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Metal foams are utilized in various applications, such as in the automotive 

industries and electrochemical devices. Herein, the Ni nanofoam (NF) is synthesized by a 

facile method for applications in energy storage devices, including Li-air cathodes, Li-ion 

anodes, and supercapacitors. Self-aligned or randomly linked Ni wires are produced with 

or without magnetic field, respectively. The surface area of Ni wires is increased by oxalic 

acid etching at 80oC with 5–30 wt% water, leading to Ni oxalate nanosheets, nanowires or 

nanoleaves. Metallic Ni are obtained by reducing Ni oxalate with H2 at 350oC in 10 min.  

Ni nanofoam is utilized as a novel current collector in Li-ion anode. C-coated Si 

nanoparticles on Ni NF (C-Si NP/Ni NF) show 38% rate enhancement in comparison to C-

Si NP/Cu foil. Higher stability of C-Si NP/Ni NF with a capacity retention of 91% is 

reached vs. 73% for C-Si NP/Cu foil over 180 cycles.  



 vi 

Regarding NiO anode, NiO-decorated Ni nanowires derived from Ni wire 

backbone is directly synthesized on commercially available Ni foam. Excellent stability 

with capacity 680 mAh g-1 at 0.5C (1C = 718 mA g-1) is achieved for 1000 cycles.  

Amorphous RuO2 nanoflakes deposited on Ni nanofoam (RuO2/Ni NF) is utilized 

in Li-O2 battery. Stability of the RuO2/Ni NF cathode is shown with ~87.7% capacity 

retention after 75 cycles. Capacity as high as 6537.8 mAh g-1 based on RuO2 weight can 

be reached at 0.02 mA cm-2 with low charge potential 3.78 V leading to high voltaic 

efficiency 70.11%.  

RuO2/Ni NF is utilized in symmetric supercapacitors. Highest specific capacitance 

678.6 F g-1 can be achieved with energy density 60.3 Wh kg-1. The template-less and self-

assembled Ni NF synthesis requires only low temperature and eco-friendly chemicals, and 

can be simply dip-coated with RuO2 nanoparticles. All of these render the Ni nanofoam 

readily adapted into mass manufacturing without efforts. 
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Chapter 1: Introduction 

1.1 Introduction 

Metal foams composed of cellular architectures have numerous unique features, 

including reduced thermal conductance, high energy dissipation and high stiffness with 

low weight.[1,2] The better mechanical characteristics make metal foams advantageous in 

structural utilizations, such as construction, automobiles, aerospace, prostheses, dental 

implants, and sporting equipment.[1] The porous feature of metal foams results in functional 

applications, e.g. acoustic control,[3] flame arrester,[1] water purification,[4] electrochemical 

reactors,[5] catalyst supports,[6,7] fuel cells[8] and battery electrodes.[9] Nevertheless, 

traditional metal foams with pore diameters of a few hundred microns still suffer from 

deficient surface area for electrochemical systems. Nanostructured metal foams with super 

low density and large surface area bring about improvement in catalytic activities, [10] 

hydrogen storage,[11] and fast rate capabilities in energy storage devices, including 

supercapacitors[12,13] and Li-ion batteries.[14]  

In the new epoch, petroleum shortage and severe climate alteration are inexorably 

challenging modern society. To lessen the dependence on fossil energy and reduce 

greenhouse gas release, it is crucial to futuristic human civilization to distribute energy in 

effective ways and harvest energy from renewable sources.  

Numerous electrochemical devices retain different features. In general, greater 

energy densities come with lower power densities.[15] Supercapacitors demonstrate energy 

and power densities in the range of 1-10 Wh kg-1 and 1000-10000 W kg-1, respectively. Li-



 2 

ion batteries possess higher energy densities (~200 Wh kg-1) yet lower power densities 

(100-400 W kg-1).[15] Accordingly, they are utilized in various fields. Supercapacitors with 

lower energy densities but high power densities are utilized in short distance electric buses 

and regenerative brakes incorporated in the electric vehicles. Li-ion batteries with lower 

power densities but higher energy densities fit the demands of long cruising range pure 

electrical vehicles and commercial electronic products.  

 

Figure 1.1 Ragone plot of various electrochemical energy storage devices, such as ordinary 

capacitors, supercapacitors, Pb-acid, redox-flow, NiMH and Li-ion batteries.[15] 

 

Amongst the energy storage systems, Li-ion batteries are the most widespread 

energy storage devices as a result of good cyclability and moderate rate capability.[16] 

Nonetheless, the capacity, gravimetric and volumetric energy density of Li-ion batteries 

are limited by the intercalation reactions of both anode and cathode,[17] where the total 

capacity (Ctotal) is calculated by the capacity of the anode (Canode) and the cathode (Ccathode) 

with this equation: 1/Ctotal = 1/Canode + 1/Ccathode.
[18] Since the total capacity is limited by the 

relative low capacity of cathode, such as LiCoO2 (~274 mAh g-1), even high capacity Si 

anode (~3600 mAh g-1 for Li15Si4) replacing C anode (~372 mAh g-1 for LiC6) only 
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improve 61% of the total capacity.[18] Accordingly, new cathode materials utilizing 

conversion reactions, such as S and O2, are proposed to raise the capacity and the energy 

density.[17] Considering the active materials of the cathode only, the theoretical gravimetric 

energy densities of LiCoO2, S (Li2S) and O2 (Li2O2) are 1031, 2567 and 3457 Wh kg-1, 

respectively.[17,19] For volumetric energy densities, they are 4383, 4261 and 7986 Wh L-1 

for LiCoO2, Li2S and Li2O2, respectively.[17,19] In addition, Li-O2 batteries are shown to 

have both higher gravimetric energy densities (Wh kg-1) and power densities (W kg-1) than 

traditional Li-ion batteries (Figure 1.2).[17] Since volumetric and gravimetric energy 

densities and power densities of O2 cathode are higher than LiCoO2, Li-O2 battery has the 

potential to largely improve the performance of Li batteries. 

 

Figure 1.2 Ragone plot for Li-ion batteries and Li-O2 batteries based on positive electrode 

weight only.[17] Left side corresponds to Li-ion cathodes, while the right side corresponds 

to various electrodes: freestanding hierarchical porous carbon graphene (FHPC Graphene), 

Vulcan Carbon (VC), carbon nanofibers (CNF), Super P carbon, and pristine Na0.44MnO2 

nanowire/Ketjen Black (P-Z-MnO2/KB). 

 

Nevertheless, the energy and power densities are still insufficient for the state-of-

the-art electrochemical energy storage devices. Since energy densities are deficient, 



 4 

smartphones require 1-2 charging per day, and the cruising range of the newest Tesla Model 

S with 100 kWh battery pack is 313 miles, which falls behind the distance of 388 miles 

from Los Angeles to San Francisco. As a result of low power densities, the charging time 

of Li-ion batteries, such as 5 hours when charging 100 kWh battery with 20 kW outlet, is 

much longer than the 3 minutes of gas pumping time. Consequently, improving the power 

densities of Li-ion batteries, or promoting the energy densities of supercapacitors are the 

two directions to achieve high energy and power densities simultaneously. 

The objective of the research is to utilize metal nanoarchitectures, especially Ni 

nanofoam, to improve the electrochemical performance of various devices, including 

supercapacitors, Li-ion batteries and Li-air batteries. In this survey, the Ni nanofoam is 

served as a novel current collector for the Si and NiO anode of Li-ion batteries, and the 

RuO2 catalysts for both the symmetric supercapacitors and Li-air cathode electrodes. 
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Chapter 2: Ni Nanofoam Synthesis for Application in Si Anode 

2.1 Introduction 

Metal nanofoams have been manufactured by numerous methods, such as 

templating,[1] dealloying,[2] nanosmelting[3] and combustion synthesis.[4,5] Templating 

using sacrificial scaffolds to yield macropores in 250-500 nm.[1] Nevertheless, infiltrating 

metal precursors and removing templates at slow rate to evaporate polystyrene spheres, are 

time-consuming steps limiting the practicability. Dealloying selectively leaching the active 

elements leading to metallic nanostructures with pores in 15-150 nm.[2] Nonetheless, the 

diffusion-limited process limits the dimension in thin films, and the unfinished etching 

results in the residual impurities.[6] Nanosmelting results in interconnected nanoparticles 

with micron-sized pores by pyrolyzing the hybrid gel of resorcinol-formaldehyde polymer 

and metal oxides.[3] Nevertheless, the diffusion-restricted solvent exchange steps still 

involves long timespan for production.[6] Rapid sintering and surface melting induced by 

combustion of energetic substances can manufacture metal foams with pores from 20 nm 

to several microns.[5,6] However, inert gas of high pressure necessary for the combustion 

chamber, organic impurities up to 50 wt% requiring further removal, and adiabatic flame 

temperature up to ~960oC impose complication on the process. Accordingly, simplistic 

synthetic procedure is still crucial for manufacturing of metal nanofoams. 

Comparatively facile methods to synthesize metal nanofoams are validated by 

nickel, which is broadly engaged in electrochemical applications due to its stability and 

inexpensiveness. Ni nanofoams with diameters 100 nm to 1 m ornamented with radiated 

nanosheets have been synthesized by refluxing nickel acetate/glycerol solution with 
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different reaction time and concentrations.[7,8] Ni films have been etched by oxalic acid 

with various water concentrations into Ni oxalate nanostructures,[9,10] which can be reduced 

to metallic Ni in reducing atmospheres.[10-12] In this work, Ni nanofoams with several 

morphologies are synthesized by heating Ni(Ac)2 and glycerol between 370-450oC for 20-

40 mins with or without magnetic field. Surface area of the Ni wires is enlarged by oxalic 

acid treatment at 80oC for 1.5 h with water concentrations 5-30 wt% into Ni oxalate 

nanostructures, such as nanosheets, nanowires and nanoleaves. Ni oxalate nanowires are 

reduced by H2/Ar (50/100 sccm) at 350oC for 10 min into Ni nanowires. The 

electrochemical application of the Ni nanowire-decorated Ni foam (Ni NWF) is 

demonstrated as a novel current collector for Li-ion battery anode. Under the same loading 

(0.28 mg cm-2), C-Si nanoparticles deposited on Ni NWF (C-Si NP/Ni NWF) without 

additional carbon additives shows 1222 mAh g-1 at 2.1 A g-1, indicating 37.5% 

improvement comparing to the 889 mAh g-1 of C-Si NP loaded on Cu foil (C-Si NP/Cu 

foil). Capacity retention of C-Si NP/Ni NWF at 2.1 A g-1 reaches 91.2%, which is higher 

than the 72.5% of C-Si NP/Cu foil electrode in 180 cycles. The greater performance can 

be attributed to the intimate electrical contact between the active material and the metallic 

support, and the porous nanostructure providing void space for fast ion diffusion[13] and 

accommodation of large volume expansion of the active material.[14] The relatively facile 

synthesis of Ni nanofoams demands simply solution-based process at ambient pressure, 

lower temperature (350-450oC) and quicker reaction time (20 min to 1.5 h) in three steps 

from Ni wire, Ni oxalate to Ni nanostructures, which might have the prospect to be directly 
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shifted into mass production, or intrigue the advance of metal nanofoams in other elements 

owning exclusive functionalities in diverse applications. 

 

2.2 Synthesis/Characterization of Ni Nanofoam and C-coated Si Nanoparticles  

2.2.1 Experimental 

Materials synthesis: Ni wires were synthesized on flattened Ni foam disk (MTI 

Corp., EQ-bcnf-16m, 15 mm diameter) with a solution (1-5 ml) of 0.04-0.16 M nickel 

acetate (Ni(Ac)2•4H2O, Sigma-Aldrich, 98%) in glycerol (Acros, 99+%) at 370-450oC in 

20-40 mins with or without the application of magnetic field from the magnetic stir rotor 

inside the hotplate. After growth, Ni wires (~6-8 mg) on Ni foam were washed with 

deionized water several times and dried on hotplate at 120oC for 5 min. Freshly prepared 

solution of 0.3 M oxalic acid (oxalic acid dihydrate, ICN Biomedicals Inc., reagent grade) 

in ethanol (Decon Lab. Inc., 200 proof, 2 ml) with 5-30 wt% deionized water was utilized 

to etch Ni wires at 80oC for 1.5 h on a hotplate into Ni oxalate nanostructures. Ni oxalate 

nanowires were reduced to Ni nanowires in a tube furnace (H2/Ar = 50/100 sccm at 20 torr) 

for 10 min at 350oC with ramping rate 30oC min-1. Si nanoparticles (Nanostructured & 

Amorphous Materials, Inc., 98+%, 50-70 nm) were C coated in a tube furnace (H2/Ar/C2H2 

= 30/180/15 sccm at 600 torr) for 20 min at 900oC with ramping rate 29oC min-1. C-Si NPs 

mixed with poly acrylic acid (PAA, Sigma-Aldrich) in 8:1 wt ratio were dripped onto Ni 

NWF or Cu foil and vacuum dried at 105oC for 2 h before the electrochemical analysis. 
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Materials characterization: Microstructural and elemental analysis were executed 

by scanning electron microscopy (SEM, FEI NovaNanoSEM 450) with energy dispersive 

X-ray spectroscopic (EDX) detector. Crystallinity was examined by X-ray diffraction 

(XRD, PANalytical Empyrean) with Cu-K radiation. 

Electrochemical characterization: Electrochemical evaluation of the anodes was 

performed in a half-cell configuration in a CR2032 coin cell (MTI Corp.) with Li chip 

(MTI Corp.) as counter electrode and porous membrane (Celgard 3501) as the separator. 

The electrolyte was composed of 1 M LiPF6 (Sigma-Aldrich, battery grade) in 

fluoroethylene carbonate (FEC, Sigma-Aldrich, 99%) and dimethyl carbonate (DMC, 

Sigma-Aldrich, anhydrous) in 1:1 volume ratio. Cells were crimped in an Ar-filled 

glovebox (VAC Omni-lab), the moisture and oxygen of which was controlled below 1 ppm. 

Cyclic voltammetric (CV) profiles were scanned at 0.1 mV s-1 in 0-1.0 V vs. Li/Li+ with 

Biologic VMP3. Galvanostatic charge-discharge cycling was performed in 0.01-1.0 V vs. 

Li/Li+ by Arbin BT2000. Electrochemical impedance spectroscopic (EIS) analysis was 

executed at Ewe = 1.0 V vs. Li/Li+ in 0.1-1 MHz with amplitude 10 mV by Biologic VMP3. 

 

2.2.2 Results and Discussion 

2.2.2.1 Ni Wire Growth-Magnetic Field Effect 

 Energy storage devices can value from boosted surface area, electrical conductivity 

and chemical inertness of the supports, which can be provided by porous Ni nanofoams. 

To manufacture Ni nanofoams, Ni wires are synthesized on Ni foam by heating with the 
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solution of Ni(Ac)2/glycerol at 370oC with or without the application of magnetic field 

(Figure 2.1). Reduction of Ni2+ ions by glycerol[7] results in the nucleation of Ni 

nanoparticles, either forming randomly interconnected and entangled Ni particle webs 

without magnetic field (Figure 2.1a-b), or axially aligned and self-assembled Ni wires 

along magnetic field (Figure 2.1c-d) owing to the shape magnetic anisotropy of the Ni 

nanoparticles.[15] X-ray diffraction (XRD) pattern of Ni wire displays peaks at 45.1o, 52.5o 

and 76.9o, matching cubic phase of Ni (ref. code: 01-070-0989, Figure 2.2a). Compared to 

the sparse decoration of Ni webs, Ni wires synthesized with magnetic field give higher 

coverage (Figure 2.2b) and superior utilization of the hollow voids between the metal struts 

of pristine Ni foam (Figure 2.2c-e). Consequently, the further improvements are based on 

the aligned Ni wires with the assistance of magnetic field. 

 

  

 

Figure 2.1 Ni wire synthesis (a-b) without or (c-d) with the assistance of magnetic field.  
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Figure 2.2 (a) XRD patterns of Ni wire, Ni oxalate nanostructures (Ni oxa) and Ni nanowire 

(Ni NW). (b) Optical image of Ni wires on Ni foam (dia. 15 mm). (c-e) Pristine Ni foam 

before Ni wire deposition. 

 

2.2.2.2 Ni Wire Growth-Temperature Effect 

When the reaction temperature is 370oC, the magnetic interaction between the Ni 

particles and the magnetic field is still strong enough to restrain the development of the Ni 

wires consisting of grainy Ni particles along the direction of the magnetic field (Figure 

2.3a-b, 2.4a). The Ni wires can be as long as ~60 m. However, once the temperature is 

higher at 450oC, quicker reaction rate and severe solvent agitation results in the formation 

of clusters of Ni nanoparticle aggregates (Figure 2.3c-d, 2.4b). These cauliflower-like Ni 

clusters lightly line up with the magnetic field and form branches with shorter lengths (~5-

10 m) owing to the stronger thermal energy countering the stabilization effect of the 

magnetic field. 
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Figure 2.3 Ni wire synthesis at (a-b) 370oC and (c-d) 450oC. 

 

  

Figure 2.4 Ni wires synthesized at (a) 370oC and (b) 450oC. 

 

2.2.2.3 Ni Oxalate Nanostructure Growth 

To enhance the electrochemical performance of the Ni wires, the surface area of Ni 

wires is further amplified by oxalic acid etching with water concentration ranging from 5-

30 wt% (Figure 2.5, 2.6). After acid treatment, the nanowires still persist in the aligned and 

straight morphologies. When water concentration is 5 wt%, sheet-like nanostructures are 

made with thickness ~10 nm on the Ni wires (Figure 2.5a). Once the water concentration 
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reaches 10 wt%, Ni oxalate nanowires with length ~900 nm and diameter 40-80 nm are 

growing from the Ni wire backbones (Figure 2.5b). As the water concentration rises to 20 

and 30 wt%, the Ni oxalate transforms into leaf and petal-like nanostructures with 

diameters ~200 nm and 500 nm, respectively. The greater diameters with higher water 

concentrations can be ascribed to stronger Ni dissolution with more H+ and OH- ions 

present in the solution as more water is included, while the dissolved nickel ions form 

nickel oxalate complexes and preferentially precipitate into various morphologies.[9] The 

existence of Ni oxalate is revealed in the XRD diffraction pattern peaking at 18.9o, 23.0o, 

30.4o, 35.8o, and 41.2o (NiC2O4•2H2O, ref. code 00-014-0742, Figure 2.2a). In addition, 

Ni particles formed on the strut surface can be etched into Ni oxalate nanostructures 

according to the water concentrations, such as nanosheets with 5 wt% and nanowires with 

10 wt% water (Figure 2.7). In terms of the morphologies of acid-treated Ni wire, Ni oxalate 

nanowire possesses high surface area and well-defined hierarchical nanostructures. Hence, 

it is reduced to metallic Ni to enhance the electrical conductivity and chemical inertness 

and is utilized as a potential current collector in Li-ion batteries. 
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Figure 2.5 Ni wires etched with oxalic acid into Ni oxalate nanostructures with (a) 5, (b) 

10, (c) 20 and (d) 30 wt% water. 

 

 

  

Figure 2.6 Low magnification SEM images of Ni oxalate nanostructures with (a) 5, (b) 

10, (c) 20 and (d) 30 wt% water. 
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Figure 2.7 (a) Ni particles, (b) Ni oxalate nanosheets and (c) nanowires on the strut surface 

of Ni foam. 

 

2.2.2.4 Ni Nanowire Foam Growth 

Ni oxalate nanowires can be reduced back into metallic Ni nanowires with H2/Ar 

(50/100 sccm) at 350oC for 10 mins (Figure 2.8a-b), the metallic phase of which is 

confirmed by XRD patterns displaying only Ni peaks without the existence of Ni oxalate 

reflections (Figure 2.2a).  
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Figure 2.8 Ni oxalate nanowires reduced by hydrogen into (a-b) metallic Ni nanowires with 

inset of optical image of Ni nanowire foam in (a). (c-d) C-Si NPs loaded on Ni nanowires. 

 

2.2.2.5 Synthesis of C-Si NP/Ni NWF 

Commercial Si nanoparticles are first carbon-coated (C-Si NP) by chemical vapor 

deposition with C2H2/H2/Ar (15/30/180 sccm) at 900oC for 20 mins (Figure 2.9), while the 

energy dispersive X-ray spectroscopic (EDX) analysis shows semi-quantitative chemical 

composition of ~74 wt% Si, 25 wt% C and minute amount of O from the native oxide on 

Si NP. The C-Si NPs are mixed with binder (polyacrylic acid, PAA) in 8:1 wt ratio, 

dispersed in ethanol, dribbled onto Ni NWF and dried under vacuum at 105oC for 2 h 

(Figure 2.8c-d, 2.10). C-Si NP clusters are attached onto the Ni NWF and uniformly 

distributed macroscopically as shown in Figure 2.10. The EDX analysis exhibits the 

elemental distributions of C, Si and O from C-Si NPs and its native oxides, C and O from 

PAA binder, and Ni from Ni NWF without other impurities.  



 18 

 

 

Figure 2.9 (a-b) SEM images of C-Si NPs, and (c) EDX analysis with semi-quantitative 

elemental composition. 
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Figure 2.10 (a) SEM image of C-Si NP/Ni NWF with (b) EDX analysis and elemental 

mapping showing (c) C, (d) O, (e) Si and (f) Ni distribution. 

 

2.2.2.6 Electrochemical Analysis of C-Si NP/Ni NWF 

C-Si NPs loaded Ni NWF (C-Si NP/Ni NWF) is applied as an anode in a two-

electrode half-cell configuration with Li foil as the counter electrode. Cyclic voltammetric 

(CV) measurement is performed in 0-1.0 V at the scan rate 0.1 mV s-1 with 1st cycle starting 

from the open circuit voltage (Figure 2.11a). The cathodic broad peaks at ~0.19 V and close 

to 0 V correspond to lithiation of Si;[16,17] the anodic peaks at ~0.38 V and 0.53 V are 

ascribed to dealloying of amorphous lithium silicide.[17-19] The increase in current density 

from 1-9 cycles is ascribed to the gradual activation of the active materials.[16,17,20] It is 
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noted that Ni is demonstrated as an electrolytically inactive metal scaffold current collector 

for Si anode.[21] Ni does not form any alloy compound phases with Li, and Ni shows no 

solubility in Li.[22] Therefore, Ni might not add to the charge storage or activation process. 

The electrochemical impedance spectroscopic (EIS) analysis of C-Si NP/Ni NWF after 

each CV scan terminated at 1 V (delithiated state) is displayed in Figure 2.11b. The first 

depressed semicircle at high frequency can be attributed to the solid electrolyte interface 

(SEI) layer[23] and interface electronic contact (INT),[24] while the second semicircle stems 

from the charge transfer resistance.[24,25] The low frequency tail is ascribed to Li ion 

diffusion in the electrolyte and active materials.[23-25] The equivalent series resistances as 

the high frequency intercept at real axis increase slightly from ~2.8  at 1st cycle and 

stabilize at ~4.5  after 5th cycles. The SEI + INT resistance estimated from the first 

semicircle diameter declining from ~22 to 6 is considered as improved electronic 

contact[24] between the C-Si NPs and Ni NWF current collector. Charge transfer resistance 

estimated from the second semicircle diameter diminishing rapidly from ~102 to 13  links 

to facilitated ion conduction at the electrolyte/active material interface through better 

electrolyte wetting. The EIS results indicate the gradual activation of the active materials, 

which is consistent with the CV analysis. 
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Figure 2.11 (a) CV measurement and (b) EIS analysis of C-Si NP/Ni NWF with numbers 

indicating after which CV cycles the analysis is performed. (c) Capacity and Coulombic 

efficiency vs. cycle number at various current density of C-Si NP on Ni NWF (red) or on 

Cu foil (blue). (d) Charge-discharge profiles of C-Si NP/Ni NWF at 2.1 A g-1 in 180 cycles. 

 

The higher performance of C-Si NP/Ni NWF is compared to C-Si NP/Cu foil at 

various current density (Figure 2.11c). The first cycle Coulombic efficiency of C-Si NPs 

on Ni NWF or Cu foil at 0.105 A g-1 are 84.56% and 81.04%, respectively. In the following 

cycles at 0.21 and 0.42 A g-1, the discharge (delithiation) capacity of C-Si NP/Cu foil reduce 

quickly to 1821.4 mAh g-1, while it decreases relatively slowly to 1988.5 mAh g-1 for C-Si 

NP/Ni NWF. Compared to the gradual activation of C-Si NP/Ni NWF of CV cycling at 

shorter time (2.78 h for 1 V with 0.1 mV s-1) and lower average current densities (thus 

lower capacities), the quick capacity reduction at higher current densities results from the 

slow Li ion diffusion in the active materials to reach charge distribution equilibrium[26] and 



 22 

full capacity. After 180 cycles at 2.1 A g-1, the discharge capacity of C-Si NP/Ni NWF is 

1222 mAh g-1 (Figure 2.11d), which demonstrates 37.5% improvement with respective to 

the 888.7 mAh g-1 of C-Si NP/Cu foil electrode. Capacity retention of C-Si NP/Ni NWF is 

91.2%, which is higher than the 72.5% of C-Si NP/Cu foil in 180 cycles. The higher 

Coulombic efficiency and stability can be ascribed to the improved accommodation of 

volume expansion of active materials by porous nanostructure of Ni NWF lessening the 

detachment of active materials. In addition, the spongy Ni NWF architecture can offer short 

ion diffusion length,[13] which results in enhanced rate capability of the electrode. 

 

2.3 Conclusions 

 In summary, various features of Ni NWF synthesis are mentioned in this study. 

Arranged Ni wires or interwoven Ni webs can be synthesized with or without magnetic 

field, respectively. Low temperature synthesis gives rise to polyhedral Ni particles, while 

high temperature results in Ni nanoparticle aggregates. Surface area of Ni wires is enlarged 

by oxalic acid treatment with various water concentrations into Ni oxalate nanostructures. 

Ni oxalate nanowires is reduced to metallic Ni NW and utilized as the current collector of 

C-Si NPs, which shows upgraded rate capability and stability comparing to traditional Cu 

foil electrode. The facile solution synthesis with fast process time at atmospheric pressure 

and low temperature might make the Ni nanowire foam relatively easy to be manufactured 

in large scale. 
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Chapter 3: RuO2/Ni Nanofoam Li-air Cathode 

3.1 Introduction 

Li-O2 battery still suffers from numerous concerns, including low cyclability and 

low round-trip efficiency.[1,2] Low cyclability stems from the electrolyte, positive carbon 

electrode and binder decomposition.[1-3] Insoluble Li2CO3 buildup from carbon electrode 

decomposition when charging voltage is larger than 3.5 VLi, and electrolyte decomposition 

catalyzed by carbon electrode gives rise to electrode passivation and capacity fading.[3] 

Binders, e.g. polyvinylidene fluoride, can be decomposed by superoxide O2
-,[4] an 

intermediate reactant of oxygen reduction reaction (ORR).[1] Round-trip efficiency (= 

Vdischarge/Vcharge) is low owing to high overpotentials of ORR and lithium oxides 

decomposition, leading to below 70% for Li-O2 batteries compared to the 95% for Li-ion 

batteries.[2] Creation of insulating Li2CO3 and lithium carboxylates[5] upon cycling is 

responsible for high charge potentials, typically 1-1.5 V higher than the theoretical 2.96 

VLi of Li2O2.
[2,3,6] Consequently, non-carbon electrodes with catalysts active for both ORR 

and Li2O2 decomposition are indispensable to diminish the overpotentials. Carbon nitride[7] 

and transition metal oxides, including MnO2,
[8,9] NiCo2O4,

[10] CoO,[11] Co3O4
[12-14] and 

RuO2
[15-19] have been exploited as operative catalysts in Li-O2 batteries. Compared to other 

catalysts, RuO2 exhibits lower charge potentials commonly below 4 VLi,
[15-19] and 

reversible reactions between Li2O2 and Li with tiny electrolyte decomposition and 

performance fading.[16-18] Non-carbon structures, such as Ni nanowire architectures, can be 

alternative applicants to switch carbon current collector.[20-22] Commercial Ni nanofoam 

consisting of interconnected Ni nanowires ornamented with SnO2 shows good stability, 
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high capacity and rate capability for Li-ion anode.[20] Ni nanowires can be synthesized by 

glycerol and Ni acetate.[21,22] Surface area can be further enlarged by etching Ni into Ni 

oxalate nanostructures[23] followed by reduction back into Ni under reducing 

atmosphere.[24,25] 

In this work, Ni nanofoam (NF) decorated with amorphous RuO2 nanoflakes 

without any carbon additives and binders is employed as an innovative cathode for Li-O2 

battery. Highest areal and specific capacities are 1.9 mAh cm-2 and 6537.8 mAh g-1 at 0.02 

mA cm-2, respectively. Even at higher current density 0.2 mA cm-2, the RuO2/Ni NF 

cathode reveals 87.7% capacity retention after 75 cycles with average discharge and charge 

potentials ca. 2.5 and 3.5 V, respectively. These results manifest the superior performances 

in capacities, stability and round-trip efficiency of the RuO2/Ni NF electrode. 

 

3.2 Synthesis/Characterization of RuO2/Ni NF 

3.2.1 Experimental 

Materials synthesis: Detailed synthesis of RuO2/Ni NF can be found elsewhere.[26] 

Briefly, Ni foam was etched in HCl before Ni nanowire growth. HCl-etched Ni foam was 

immersed in nickel acetate/glycerol at 370oC.[22] Oxalic acid/ethanol with 5 wt% water was 

utilized to etch Ni nanowire at 120oC into Ni oxalate,[23] which was reduced to Ni with H2 

at 350oC. Amorphous RuO2 was prepared with a modified sol-gel method.[26-28] NaOH was 

dripped dropwise into RuCl3 solution to reach pH = 7. The mixed solution was centrifuged 

and washed with deionized water. RuO2 was dropped onto Ni nanofoam until its loading 



 27 

reached 0.28 mg cm-2 (0.5 mg on 15 mm diameter Ni foam disk). A balance (Explorer Pro, 

OHAUS EP64) with 0.1 mg accuracy was utilized to measure the weight difference before 

and after RuO2 deposition. RuO2/Ni NF composite was annealed at 150oC for 2 h under 

vacuum before electrochemical measurement. 

Materials characterization: Scanning electron microscopy (SEM, NovaNanoSEM 

450) with energy dispersive X-ray spectroscopic (EDX) detector was used to characterize 

morphology and elemental analysis. Crystallinity was examined by X-ray diffraction 

(XRD, PANalytical Empyrean). Transmission electron microscopy (TEM, Philips CM300) 

was used to investigate nanostructure and crystalline phase of RuO2. The Fourier transform 

infrared (FTIR) spectroscopic data were acquired using a Bruker Tensor 27 FTIR 

interferometer in attenuated total reflection (ATR) mode. X-ray photoelectron spectroscopy 

(XPS) characterization was carried out by using a Kratos AXIS Ultra DLD XPS system 

equipped with an Al monochromatic X-ray source and an electron energy hemispherical 

analyzer (165 mm of mean radius). The vacuum pressure was kept below 3 × 10-9 torr, and 

a charge neutralizer was applied during the data acquisition. 

Electrochemical characterization: Electrochemical performance of the RuO2/Ni 

NF was evaluated by Biologic VMP3 with Li foil (MTI Corp.) negative electrode in a split 

cell (MTI Corp., EQ-STC-LI-AIR) using electrolyte comprising 1 M 

Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma-Aldrich) in tetraethylene 

glycol dimethyl ether (TEGDME, Sigma-Aldrich, ≥ 99%). The cell was assembled in an 

Ar filled glovebox (VAC Omni-lab). Celgard 2400 was used as the separator. Cyclic 

voltammetry (CV) was scanned at 0.1 mV s-1 in 2.0 to 4.0 V (vs. Li/Li+). Galvanostatic 
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charge-discharge tests were measured with various current densities. Electrochemical 

impedance spectroscopy (EIS) after charge with capacity limit 0.11 mAh cm-2 at Ewe = 0 V 

vs. OCV between 0.1 to 1 MHz with amplitude 10 mV were performed. 

 

3.2.2 Results and Discussion 

3.2.2.1 Materials Characterization of RuO2/Ni NF 

Hierarchical Ni NF can function as electrical conducting backing for the RuO2 

nanocatalysts, and the open-channel construction can deliver short pathways of electrolyte 

and oxygen conduction. SEM images of the RuO2/Ni NF are presented in Figure 3.1 and 

3.2. To synthesize Ni NF, HCl-treated Ni foam is heated at 370oC with Ni(Ac)2/glycerol 

solution (Figure 3.1a, 3.2a). Ni2+ ions reduced with glycerol[22] nucleate into nanoparticles 

and grow into nanowires (dia. ~200-700 nm) along the magnetic field of magnetic stir rotor 

of the hotplate. Self-assembled magnetic orientation of ferromagnetic materials has been 

shown by Ni nanoparticles growing into nanowires in three-dimensional nonwoven 

clothes.[29] XRD peaks at 45.1o, 52.5o and 76.9o specifies cubic Ni phase (ref. code: 01-

070-0989, Figure 3.3a) of the Ni nanowires. To further increase the surface area, etching 

Ni nanowires in oxalic acid/ethanol solution offers Ni oxalate leaf-like nanostructure 

(Figure 3.1b, 3.2b) with XRD peaks at 18.9o, 23.0o, 30.4o, 35.8o, and 41.2o (NiC2O4•

2H2O, ref. code 00-014-0742). Ni NF with diameters ~30-100 nm (Figure 3.1c, 3.2c) can 

be obtained with Ni oxalate reduced by H2 at 350oC. The XRD pattern displays only Ni 

metallic phases without the existence of Ni oxalate. RuO2/Ni NF electrode is synthesized 
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by coating Ni NF with RuO2 nanoflakes followed by annealing at 150oC (Figure 3.1d, 

3.2d). EDX mapping (Figure 3.2e) validates that RuO2 is uniformly dispersed on Ni NF. 

The RuO2/Ni NF electrode indicates only Ni metal phase (Figure 3.3a), representing the 

low reflection intensity and amorphous nature of the RuO2 nanoflakes. The RuO2 

nanoflakes consist of nanoparticles with diameters ranging from 2-3 nm (Figure 3.3b). Frail 

selected area electron diffraction rings further confirm that the RuO2 is amorphous. 

  

Figure 3.1 SEM images of (a) Ni nanowires, (b) Ni oxalate nanowires, (c) Ni nanofoam 

and (d) RuO2/Ni NF. 
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Figure 3.2 High resolution SEM images of (a) Ni nanowires, (b) Ni oxalate nanowires, (c) 

Ni nanofoam, and (d) RuO2/Ni NF, where the red circles indicate RuO2 deposition. (e) 

EDX mapping of RuO2/Ni NF.  
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Figure 3.3 (a) XRD patterns of Ni nanowires (NW), Ni oxalate nanowires (Ni Oxa), Ni 

nanofoam (NF), and RuO2/Ni NF. (b) TEM image of amorphous RuO2 with the inset of its 

selected area electron diffraction pattern. 

 

3.2.2.2 Electrochemical Analysis of RuO2/Ni NF 

RuO2/Ni NF is examined in a two-electrode configuration with Li foil as the counter 

electrode. CV profiles are tested in 2.0-4.0 V at 0.1 mV s-1 (Figure 3.4a). Without RuO2 

coating, Ni NF under O2 atmosphere shows insignificant current, indicating that Ni NF 

neither decompose the electrolyte nor add to the charge-discharge capacities. For RuO2/Ni 

NF in 1 atm Ar, the CV curve displays rectangular shape without evident redox peaks, 

which can be accredited with the lithiation effects[30-32] and pseudocapacitive 

behaviors[27,28,33] of amorphous RuO2. Galvanostatic charge-discharge profiles of RuO2/Ni 

NF in 1 atm Ar (Figure 3.4b) showing linear-like zigzag curves without distinct plateaus 

further exhibit capacitive and lithiation features, corresponding to Li1.57RuO2 with capacity 

ca. 316 mAh g-1 based on RuO2 weight. When oxygen is introduced, higher current density 

beginning from ~2.75 V and reaching maximum at ~2.20 V is witnessed in the cathodic 

scan, implying the formation of lithium oxides, including Li2O2 and LiO2-like species.[34-

38] In the anodic scan, the sharp peak at ~3.22 V and a wide peak at ~3.70 V can be ascribed 
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to the oxidation of lithium oxides or hydroxide.[34,35,37-39] Introduction of O2 gives rise to 

the charge-discharge plateaus and capacity enhancements for the RuO2/Ni NF electrode 

(Figure 3.4c), signifying the decomposition and formation of lithium oxides. Charge-

discharge capacities at 0.02, 0.05, 0.1 and 0.2 mA cm-2 are 1.85, 1.00, 0.76 and 0.42 mAh 

cm-2, conforming to 6537.8, 3540.4, 2682.5 and 1501.2 mAh g-1 based on RuO2 weight, 

respectively. Round-trip or voltaic efficiencies at 0.02, 0.05, 0.1 and 0.2 mA cm-2 are 

70.11% (2.65 V/3.78 V), 66.58% (2.53 V/3.80 V), 63.28% (2.43 V/3.84 V), and 61.70% 

(2.40 V/3.89 V), respectively. Lower voltaic efficiencies and higher overpotentials at 

greater current densities are due to electrode kinetic effects.[40] Stability of the RuO2/Ni NF 

electrode is demonstrated in 2.0-4.05 V at 0.2 mA cm-2 with minute change of the charge-

discharge profiles in 75 cycles (Figure 3.5a). The capacity retention is ~87.7% after 75 

cycles (Figure 3.5b) with average coulombic efficiency 102.7%, resulting from the lower 

charge capacity ascribed to the insufficiently high charge potential and incomplete deletion 

of discharge byproducts. The lower charge voltage is set to avoid excessive electrolyte 

decomposition at high potentials and to mend electrode stability.[3] The periodic capacity 

oscillation stems from the temperature fluctuation[41,42] during a day. The morphology of 

fully discharged electrode (Figure 3.6a-b) reveals that the empty space between Ni NF is 

shielded with discharge products. XRD pattern (Figure 3.6c) with peaks at 20.7o, 32.7o and 

36.0o shows LiOH (ref. code 01-085-0777)[39] is the major discharge product. The existence 

of LiOH is further confirmed by FTIR measurement (Figure 3.6d).[43] Latest studies 

disclose that discharge product of LiO2
[44]

 and Li2O2
[39]

 can chemically react with H2O to 

produce LiOH, and low charge potentials are detected for the decomposition of LiOH either 
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by LiI redox mediator[44] or Ru catalyst.[39] In this study, the hydrous feature of the RuO2 

nanoflakes is presented in the XPS measurement (Figure 3.6e).[26] It is proposed that the 

LiO2-like species and Li2O2 made during discharge react with the water of hydrous RuO2 

following similar reaction pathways: 4LiO2 + 2H2O  4LiOH + 3O2;
[44] Li2O2 + 2H2O  

2LiOH + H2O2,
[39] while the RuO2 might catalyze the LiOH decomposition during charge: 

2LiOH  2Li+ + ½O2 + H2O + 2e-,[39]  which can elucidate the low charge potentials 

(generally below 4 V) of the RuO2/Ni NF cathode. 

 

Figure 3.4 Electrochemical measurement of RuO2/Ni NF cathode. (a) CV curves of Ni NF 

in O2, RuO2/Ni NF in Ar or O2. Charge-discharge curves of RuO2/Ni NF in (b) Ar at 0.02 

mA cm-2 and in (c) O2 at 0.02-0.2 mA cm-2.  

 

 

Figure 3.5 (a) Charge-discharge curves of RuO2/Ni NF in O2 at 0.2 mA cm-2 in 2.0-4.05 V 

for 75 cycles with (b) capacity and Coulombic efficiency vs. cycle numbers. 
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Figure 3.6 (a) SEM and (b) TEM image and (c) XRD pattern of fully discharged RuO2/Ni 

NF electrode. (d) ATR-FTIR measurement of pristine and discharged RuO2/Ni NF 

electrode. (e) XPS spectra of O 1s of RuO2 nanoflakes demonstrate the hydrous nature with 

OH and H2O hydrogen bonded to each other.[1] (f) Charge-discharge curves in 13 cycles of 

RuO2/Ni NF at 0.1 mA cm-2 with capacity limit 0.28 mAh cm-2 (1000 mAh g-1 RuO2) after 

3 full CV cycles of 2.0-4.0 V at 0.1 mV s-1. The arrows show gradual decrease and increase 

of the discharge and charge potentials, respectively. 

 

It is illustrated that in Figure 3.4c the discharge curves polarize (rapid voltage drop) 

at lower current densities (0.02 and 0.05 mA cm-2) with larger capacities at the end of the 

discharge, though polarization does not noticeably occur at higher current densities (0.1 
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and 0.2 mA cm-2) with lower capacities. The non-polarized curves and lower capacities at 

higher current densities are frequently detected in various Li-ion anodes[40,45] and 

cathodes[46,47] due to sluggish ionic diffusion in the active materials.[48] Furthermore, deep 

discharge gives rise to large quantity of discharge products, which could result in pore 

blockage or loss of electrical contacts owing to the volume expansion.[49] Cycling stability 

could be enhanced if the deep discharge is disallowed. Compared to cycling without deep 

discharge (Figure 3.5a), cycling of the RuO2/Ni NF electrode at 0.1 mA cm-2 after 3 full 

CV cycles in 2.0-4.0 V at 0.1 mV s-1, which are comparable to deep discharge-charge 

cycles, with capacity limit (0.28 mAh cm-2) exhibits fast performance declining in terms 

of end discharge potentials fading from 2.21 V to 1.96 V (11.3% loss) in only 13 cycles 

(Figure 3.6f). Consequently, cycling without deep discharge helps the stability of the 

electrode. 

Performance of the carbon-free RuO2/Ni NF cathode are compared with other non-

carbon RuO2 electrodes and Li-ion cathodes in a Ragone plot (Figure 3.7) with energy and 

power densities in terms of the total weight of cathode, including RuO2 catalysts, lithiated 

lithium and lithium oxides. Energy density 2703 Wh kg-1 can be achieved at 29 W kg-1, and 

it is 1746 Wh kg-1 when power density increases to 822 W kg-1. RuO2/Ni NF cathode 

behaves better than RuO2 hollow sphere (HS)[16] and nanosheet (NS),[17] RuO2 on 

nanoporous gold (RuO2/NPG),[15] and traditional Li-ion cathodes, such as 

LiNi0.5Mn0.5O2,
[2,50] LiCoO2 and LiFePO4.

[2,51] The superior performance can be accredited 

to the intimate electrical contact between Ni NF and RuO2, and the porous architecture 
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permitting access for both the discharge product deposition and short electrolyte alleyway 

for lithium ions and oxygen diffusion. 

 

Figure 3.7 Ragone plot of RuO2/Ni NF, RuO2 hollow sphere (HS) and nanosheet (NS), 

RuO2 on nanoporous gold (RuO2/NPG), and Li-ion cathodes. 

 

EIS analysis with equivalent circuit model (Figure 3.8a) is executed to explore the 

RuO2/Ni NF cathode after cycling (Figure 3.8b). Experimental outcomes are fitted by 

straight lines with fitting factors (Table 3.1). Constant phase elements (CPEs) are non-ideal 

capacitances with Q similar to capacitance and the ideality factor n. RS is the equivalent 

series resistance (ESR) for the electrolyte, current collectors and electrode materials.[52-56] 

The first parallel branch (RINT + CPEINT) explains the interfacial contact between RuO2 

catalyst and Ni NF. The second branch labels the solid electrolyte interface (SEI) layers 

(RSEI + CPESEI) and lithium ion and oxygen diffusion in liquid phase close to the electrode 

surface (CPELD). The third branch stands for double-layer impedance (CPEDL), charge 

transfer resistance (RCT) at the interface of electrolyte and active materials,[57] and lithium 

ion diffusion within RuO2 (CPESD). The first depressed semicircle is attributed to the SEI 
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layers and RuO2/Ni NF interfaces.[57,58] The second semicircle results from charge transfer 

impedance.[57,58] The low frequency tail is credited to lithium ion diffusion in active 

materials,[56] and lithium ion and oxygen diffusion in the electrolyte, represented by CPESD 

and CPELD, respectively. CPE for diffusion processes has been effectively applied in the 

other systems.[54,59,60] 

  

 

Figure 3.8 EIS analysis with (a) equivalent circuit model and (b) Nyquist plots of 

experimental (symbols) and fitted results (lines). 

 

 
Rs RINT RSEI RCT CPEINT CPESEI CPELD CPEDL CPESD 

Cycle () () () () Q (F sn-1) n Q (F sn-1) n Q (mF sn-1) n Q (F sn-1) n Q (mF sn-1) n 

1
st
 12 10 90 950 0.9 0.95 0.8 0.85 6 0.4 7 0.85 9 0.6 

2
nd

 12.5 10 68 350 0.9 0.95 0.85 0.85 9 0.45 15 0.86 25 0.6 

4
th

 15 10 73 165 0.9 0.95 0.9 0.85 10 0.5 30 0.86 20 0.6 

6
th

 15 10 84 110 0.9 0.95 0.8 0.88 15 0.45 50 0.86 25 0.6 

9
th

 17.5 10 63 109 0.9 0.95 1.5 0.83 20 0.5 60 0.86 30 0.7 

Table 3.1 EIS fitting parameters of RuO2/Ni NF. 
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The impedance data fitting reveals the electrode enhancement after cycling. In our 

Li-O2 battery system, O2 could be reduced into O2
- or O2

2- by the reaction: O2 + ne-  O2
n-, 

n = 1 or 2.  With higher O2 concentration, charge transfer reaction is faster, resulting in 

lower RCT. RCT declines from 950  after 1st cycle and stabilized after 6th cycles at ~110 

, representing facilitated oxygen diffusion pathway[61,62] and less agglomeration of the 

cathode. Rs slightly growing from 12 to 17.5 is attributed to tiny accumulation of 

reaction byproducts. RSEI and CPESEI oscillation suggests the variation of the SEI layer 

thickness and composition. Constant RINT and CPEINT specify stable contact between RuO2 

and Ni NF. These results display the RuO2/Ni NF electrode is relatively stable during 

cycling, and offer proofs for the superior performance of RuO2/Ni NF cathode thanks to 

intimate contact and effective lithium ions and oxygen diffusion in the porous electrode. 

 

3.3 Conclusion 

In conclusion, we have revealed the utilization of RuO2/Ni NF as the cathode for 

Li-oxygen battery. Charge-discharge capacity as great as 6537.8 mAh g-1 and 1.85 mAh 

cm-2 can be met at 0.02 mA cm-2 with 70.1% voltaic efficiency. Superior energy and power 

densities stemming from intimate contact between catalysts and substrate, and the porous 

nano architecture for oxides deposition and short diffusion pathway, are shown in the 

Ragone plot and evidenced in the EIS analysis. Stability of the RuO2/Ni NF cathode is 

displayed in 75 cycles with ~87.7% capacity retention, which further make the RuO2/Ni 

NF electrode a promising candidate in Li-air batteries.  
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Chapter 4: NiO/Ni Nanofoam Li-ion Anode 

4.1 Introduction 

Nowadays, electric vehicles (EVs)[1] are enthusiastically scrutinized and 

established to lessen the dependency on fossil fuels and relieve the worsening of natural 

environment. Hybrid and plug-in hybrid EVs[2] exploiting both batteries and internal 

combustion engines (ICEs) can partially solve these concerns, but the depletion of gasoline 

and discharge of greenhouse gases from ICEs still persist challenging. Pure EVs power-

driven by only lithium ion batteries (LIBs) can totally eradicate these difficulties. 

Nevertheless, the cruise range of pure EVs is still imperfect, such as ~300 miles per charge 

of Tesla Model S.[3] Therefore, it is crucial to advance the capacity and energy density of 

LIBs while preserving the power density concurrently. Capacity of traditional graphite 

anode with potential ~0.2 V vs. Li is restricted to theoretically 372 mAh g-1 and practically 

ca. 310 mAh g-1 for LiC6 due to intercalation reactions.[2] Higher energy density and 

capacity can be achieved by using conversion reactions of metal oxides, such as FeO, CoO, 

NiO and CuO,[4,5] in potential range 0.01 - 3 V vs. Li with ~700 mAh g-1 by the equation 

MO + 2Li+ + 2e- = M + Li2O.[2,6] Amongst these, NiO is attractive owing to its high 

theoretical capacity (718 mAh g-1), environmental gentleness and low price.[6] However, it 

still suffers from low cycling stability and poor rate capability because of large volume 

expansion and low electrical conductivity, respectively.[7] 

To resolve these barriers, various NiO nanostructures have been developed to 

provide accommodations of mechanical strain during cycling, to develop electrical contact 

and truncate ion diffusion length to reduce resistivity.[6-9] Three-dimensional curled NiO 
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nanomembranes manufactured by e-beam evaporation show high capacity (721 mAh g-1) 

at 1.5C over 1400 cycles and great rate capability at 50C with ~60 mAh per gram.[8] Yet, 

expensive processes counting on high vacuum system inhibit it from large scale production. 

NiO nanorods attached on Ni foam by anodization in oxalic acid at 50 V followed by 

annealing in air at 400oC display 706 mAh g-1 at 1 A per gram.[7] Nonetheless, high voltage 

anodization exploiting electricity renders the procedure expensive. Comparatively thick 

wall of the nanorods (200-500 nm) gives rise to rapid Coulombic efficiency drop to ~98% 

after merely 70 cycles.[7] NiO nanofibers with diameters ~100 nm synthesized by 

electrospinning and air annealing at 800oC display maximum capacity 784 mAh g-1 at 80 

mA g-1 with  little capacity retention (~75%) after 100 cycles.[6] The adding of carbon 

additive and binder additionally lessening the specific capacity of the electrode. Ni/NiO 

nanofoam with skeleton diameter 200-300 nm made by burning nickel nitrate with 2-

methoxyethanol followed by oxidation at 350oC gives rise to 835 mAh g-1 at 0.5C after 200 

cycles.[9] Still, long cycle stability is doubtful since capacity retention is only 85% after 

200 cycles. Thus, NiO nanostructures with high capacity, energy density, rate capability 

and cycling stability are still extremely anticipated. 

Since NiO can be produced from Ni metal simply by annealing in air, NiO 

nanostructures can be acquired if Ni can be manufactured into nano-sized structures.[9,10] 

Commercial nano-Ni foam consisting of Ni nanowires deposited with SnO2 by atomic layer 

deposition is revealed to yield good stability, great capacity and rate performance in Li-ion 

anode.[11] Nanofoams composed of Ni nanowires (100-1000 nm dia.) can be created by 

refluxing glycerol and nickel acetate (Ni(Ac)2) at 300-400oC and atmospheric 
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pressure.[10,12] Surface area of Ni metal is additionally enhanced to Ni oxalate nanowires or 

nanosheets by oxalic acid etching,[13] while Ni metal phase is resumed by annealing Ni 

oxalate under reducing or inert atmospheres.[14-16] In this study, NiO-decorated Ni 

nanowires (dia. 30-150 nm) resulting from micro-sized Ni wire backbone (~2 m in dia.) 

is straightforwardly grown on Ni foam as an novel anode for Li-ion batteries. Micro-sized 

Ni wires are manufactured on Ni foam by heating with Ni(Ac)2/glycerol solution at 400oC. 

Ni oxalate nanoneedles (dia. 30-70 nm) are produced from Ni wires by oxalic acid 

treatment at 80oC to further upsurge in the surface area of the electrode. Ni nanowires can 

be gained by reducing Ni oxalate nanoneedles with H2 at 350oC. NiO is made on Ni 

nanowires by calcination in air from 350 to 450oC. This NiO anode reveals great stability 

with capacity 680 mAh g-1 after 1000th cycle at 0.5C, where 1C = 718 mA g-1. Although 

the anode is cycled at enormously large current rate, such as 20C and 50C, the capacities 

can still be ~164 and 75 mAh g-1, respectively, which display the superior rate capability 

of this nanostructured NiO anode. This non-carbon and binder-less NiO nanowire foam 

(NWF) anode owns low equivalent series resistance (ESR) ~3.5 , resulting in better 

power performance and little resistive losses. The NiO NWF can be produced with eco-

friendly chemicals, low temperature procedures without any templates, binders and 

conductive additives, which might be effortlessly shifted from lab scale to huge production. 
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4.2 Synthesis/Characterization of NiO/Ni NWF Anode  

4.2.1 Experimental 

Materials synthesis: Ni foam (MTI Corp., EQ-bcnf-16m) with 15 mm diameter was 

first flattened to thickness ~120 m. Flat Ni foam was immersed in a 10 ml beaker filled 

with a solution of 2.5 ml 0.08 M nickel acetate tetrahydrate (Ni(Ac)2•4H2O, Sigma-

Aldrich, 98%) in glycerol (Acros, 99+%) heated at 400oC on a hotplate for 40 min without 

stirring with Al foil cover to prevent excess solvent evaporation.[10] After growth, Ni wires 

attached on Ni foam were washed with deionized water 15 times to remove extra glycerol 

and Ni ions, and dried on a hotplate at 120oC for 5 min. Magnetic stir rotor inside the 

hotplate provided the magnetic field for the alignment of Ni wire growth. Total Ni wire 

weight attached on Ni foam was ~7.5 to 8 mg. Freshly prepared 2 ml solution of 0.3 M 

oxalic acid dihydrate (ICN Biomedicals Inc., reagent grade) in ethanol (Decon Lab. Inc., 

200 proof) with 10 wt% deionized water was used to etch the Ni wires at 80oC for 1.5 h on 

hotplate into Ni oxalate needle-like nanostructures,[13] which were further reduced back to 

Ni nanowires in a tube furnace with H2 (50 sccm), Ar (100 sccm) at 20 torr for 10 min at 

350oC with ramping rate 30oC min-1. For NiO growth, Ni nanowires attached on Ni foam 

were heated in a tube furnace flowed with air from room temperature to 450oC with 

ramping rate 2oC min-1, and the NiO-decorated Ni NWF electrode was taken out of the 

furnace immediately without holding at elevated temperature to control the oxide loading. 

NiO loading was equal to m * [M.W. of NiO]/[M.W. of O] = m * 74.69/16, where m 

is the weight difference of the electrode before and after oxidation according to the reaction 

2Ni + O2 = 2NiO[9]. NiO loading was ~0.5 mg cm-2 per electrode. 
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Materials characterization: Surface morphology and elemental analysis were 

performed by scanning electron microscopy (SEM, FEI NovaNanoSEM 450) with energy 

dispersive X-ray spectroscopic (EDX) detector. Crystal structures were examined by X-ray 

diffraction (XRD, PANalytical Empyrean) with Cu-K radiation. Raman spectroscopy 

(Renishaw DXR) utilizing 532 nm laser with 8 mW excitation power and 100x objective 

lens was used to characterize NiO NWF electrode. Chemical states of NiO were examined 

by X-ray photoelectron spectroscopy (XPS, Kratos AXIS ULTRA DLD XPS system) with 

Al K monochromated X-ray source and 165-mm mean radius electron energy 

hemispherical analyzer. Thermogravimetric analysis (TGA, TA instruments, SDT Q600) 

was performed on the electrode with air from room temperature to 700oC with 2oC min-1 

to determine the weight change and oxidation temperature of the NiO NWF electrode. N2 

adsorption/desorption for Brunauer-Emmett-Teller (BET) surface were measured on NiO 

NWF electrodes at 77 K on a Micromeritics ASAP 2020 analyzer.  

Electrochemical characterization: Electrochemical performance of the NiO NWF 

anode was evaluated in two-electrode half-cell configuration with Li foil (MTI Corp.) 

counter electrode in CR2032 coin cell (MTI Corp.) using electrolyte comprising 1 M LiPF6 

(Sigma-Aldrich, battery grade) in fluoroethylene carbonate (FEC, Sigma-Aldrich, 99%) 

and dimethyl carbonate (DMC, Sigma-Aldrich, anhydrous) in FEC:DMC 1:1 (v/v) ratio. 

Cells were assembled in an Ar filled glovebox (VAC Omni-lab) with moisture and oxygen 

concentration below 1 ppm. Porous membrane (Celgard 3501) was used as the separator. 

Cyclic voltammetry (CV) was scanned at 0.1 mV s-1 in the range 3.0 to 0.02 V (vs. Li/Li+) 

with Biologic VMP3. Galvanostatic charge-discharge and cycling measurements were 



 48 

investigated in 3.0 to 0.02 V (vs. Li/Li+) with various current rates by Arbin BT2000. 

Electrochemical impedance spectroscopy (EIS) at Ewe = 3.0 V (vs. Li/Li+) between 10 mHz 

to 1 MHz with amplitude 10 mV were performed with Biologic VMP3. 

 

4.2.2 Results and Discussion 

4.2.2.1 Materials Characterization of NiO/Ni NWF 

Porous NiO NWF anode with large surface area can lodge volume expansion during 

lithiation/delithiation, permit fast lithium ion transportation and offer intimate contact 

between the active materials and the current collector. Synthetic processes and the scanning 

electron microscopic (SEM) images of the NiO NWF are displayed in Figure 4.1. Ni foam 

is right immersed in a solution of 0.08 M Ni(Ac)2/glycerol at 400oC and atmospheric 

pressure. Ni2+ ions reduced by glycerol nucleate into Ni polyhedral nanoparticles which 

are developed into micro-sized Ni wires under the magnetic field of the magnetic stir rotor 

contained in the hotplate (Figure 4.1a and b). The feasibility of non-template and self-

assembled synthesis of ferromagnetic materials into nanowires has been presented by 

metallic Ni nanowire nonwoven clothes as potential NiO anode for Li-ion batteries.[17] The 

as-synthesized Ni wires exhibit X-ray diffraction (XRD) peaks at 45.1o, 52.5o and 76.9o, 

revealing the characteristic of Ni metal phase (ref. code: 01-070-0989, Figure 4.2a). The 

surface area of the Ni wires can be enlarged by etching in 0.3 M oxalic acid/ethanol solution 

with 10 wt% water at 80oC (Figure 4.1c) by the formation of Ni oxalate nanowires, the 

presence of which is showed by XRD peaks at 18.9o, 23.0o, 30.4o, 35.8o, and 41.2o (Figure 

4.2a, NiC2O4•2H2O, ref. code 00-014-0742). By hydrogen reduction at 350oC, Ni oxalate 
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can renovate completely into Ni nanowire (Figure 4.1d, 4.3a,c) with the XRD patterns 

displaying only Ni metallic phase without the existence of Ni oxalate (Figure 4.2a). By 

annealing in air to 450oC, the Ni NWF can be shielded with NiO layer (Figure 4.1e, 4.3b,d), 

XRD patterns of which show peaks at 37.2o, 43.4o and 63.0o (Figure 4.2a, ref. code 01-

071-6719) along with the metallic Ni configurations from the underlying Ni nanowires and 

Ni foam. Nitrogen adsorption–desorption isotherms and pore size distribution of NiO NWF 

(Figure 4.3e-f) show mesoporous feature of the active materials. BET surface area of the 

NiO NWF is 143.43 m2 g-1, indicating the high specific surface area of the electrode. 

Uniform distribution of NiO on the Ni NWF is shown by energy dispersive X-ray 

spectroscopic (EDX) analysis and elemental mapping (Figure 4.4). The presence of NiO is 

further validated by Raman spectrum (Figure 4.2b) presenting four broad peaks 

corresponding to one-phonon longitudinal optical mode (LO at 531 cm-1),[8] two-phonon 

transverse optical mode (2TO at 722 cm-1),[18] TO + LO (at 925 cm-1)[18] and 2LO (at 1065 

cm-1)[8] modes. Thermogravimetric analysis (TGA, Figure 4.5) shows NiO formation starts 

from ~350oC and the Ni NWF is uninterruptedly oxidized with elevated temperature.  

 

 



 50 

                      

 

  

Figure 4.1 (a) Schematic of synthesis of NiO nanowire foam (NWF). SEM images of (b) 

Ni wires, (c) Ni oxalate nanoneedles, (d) Ni nanowires and (e) NiO NWF. 
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Figure 4.2 (a) XRD patterns of Ni wire, Ni oxalate nanowire (Ni Oxa NW), Ni nanowire 

(Ni NW) foam, and NiO NW foam. (b) Raman spectrum of the NiO NWF. 
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Figure 4.3 SEM images with large magnification for (a) Ni nanowire and (b) NiO nanowire 

foam, and low magnification for (c) Ni nanowire and (d) NiO nanowire foam, where the 

visual cues indicate Ni foam strut surface is coated with Ni and NiO nanowires, 

respectively. (e) Nitrogen adsorption–desorption isotherms and (f) pore size distribution of 

NiO nanowire foam. 
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Figure 4.4 (a) EDX spectrum of NiO NWF. (b) Electron image of NiO NWF, and EDX 

elemental maps of (c) Ni and (d) O. 

 

 

Figure 4.5 TGA curve of oxidation of Ni NWF into NiO NWF with air from room 

temperature to 700oC with 2oC min-1. 

 

4.2.2.2 XPS Analysis of NiO/Ni NWF  

Ni and NiO NWF are inspected by X-ray photoelectron spectroscopy (XPS) to 

determine the valence states and composition with O 1s and Ni 2p core levels (Figure 4.6). 

For Ni NWF, O 1s peaks (Figure 4.6a) at ~531.5 eV and 529.7 eV are ascribed to Ni3+ from 

Ni2O3 and Ni2+
 from NiO, respectively, with stronger intensity from Ni3+ because a Ni2O3 
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layer tends to form on metallic nickel in air.[19] For NiO NWF, the O 1s peak of Ni2+ at 

~529.5 eV displays stronger signals than that of Ni3+ at ~531.2 eV (Figure 4.6c), indicating 

that NiO is the dominant species after air annealing. Signals from 870-885 eV and 850-865 

eV stand for Ni 2p1/2 and Ni 2p3/2 levels, respectively.[8]  Metallic Ni peak detected in Ni 

NWF at ~852.7 eV[19] is absent in NiO NWF, indicating good oxide layer coverage after 

oxidation without metallic backbone exposed. Peaks at 855.9 eV and 861.4 eV in Ni 2p3/2 

for Ni NWF further validate Ni2O3 is the main surface composition, while peaks at 853.8, 

855.7 and 860.9 eV for NiO NWF can be mostly ascribed to Ni2+ from NiO.[19] Survey 

spectrum of Ni and NiO NWF are presented in Figure 4.7. 

 

 

Figure 4.6 XPS spectrum of Ni NWF for (a) O 1s and (b) Ni 2p levels, and of NiO NWF 

for (c) O 1s and (d) Ni 2p levels. 
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Figure 4.7 Survey XPS spectrum of (a) Ni NWF and (b) NiO NWF. 

 

4.2.2.3 Electrochemical Analysis of NiO/Ni NWF 

 NiO NWF is examined as an anode in a two-electrode half-cell configuration with 

Li foil as the counter electrode. Cyclic voltammetric (CV) profiles are examined in the 

potential window 0.02-3.0 V at the scan rate 0.1 mV s-1 (Figure 4.8a). In the cathodic scan 

of the first cycle, an strong peak at ~0.41 V is accredited to the formation of solid electrolyte 

interface (SEI) layer, initial reduction of NiO and Li2O formation (NiO + 2Li+ + 2e-  Ni 

+ Li2O).[8,9,20] In the following cycles, this discharge peak potential develops weaker and 

shift to ~1.09 V.[8,9] During anodic scan, the broad peak at ~1.45 V and the stronger peak 

at ~2.23 V stand for SEI layer decomposition and NiO formation/Li2O decomposition (Ni 

+ Li2O  NiO + 2Li+ + 2e-), respectively.[8,9,20] Charge-discharge potential curves of the 

1st to 10th cycles of the NiO NWF anode within the 0.02-3.0 V voltage window at the 

current rate 0.2C (1C = 718 mA g-1) are revealed in Figure 4.8b. For the 1st discharge, a 

potential plateau at ~0.6 V is detected. For the subsequent cycles, the discharge potentials 

shift to a slope from ~1.6 to 1.0 V, while the charge potential plateaus at ~1.5 V and 2.2 V 

are preserved, which is consistent with the CV results. The 1st cycle Coulombic efficiency 

(CE) of 70.0% calculated from 1st cycle charge capacity (541 mAh g-1) divided by 1st cycle 
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discharge capacity (773 mAh g-1) is accredited to the formation of SEI layer between the 

active materials and the electrolyte.[8-10] The NiO NWF anode exhibits discharge (577 mAh 

g-1) and charge capacity (570 mAh g-1) of the 10th cycle for CE of 98.8%, suggesting 

superior recyclability of the electrode.  

  

Figure 4.8 (a) Cyclic voltammetric diagrams of the NiO NWF anode for 5 cycles with 0.1 

mV s-1. Charge-discharge curves of (b) selected cycles at 0.2C (1C = 718 mA g-1) and (c) 

at various C rates. 

 

Charge-discharge voltage profiles at various current rate from 0.2C to 20C are 

revealed in Figure 4.8c. Higher overpotentials (lower discharge and higher charge 

potentials) detected for higher C rates can be ascribed to the kinetic effect of the 

electrode.[8] Similar curve profiles regardless of current density imply decent stability 

under high C rates. Discharge capacities at 0.2C, 1C, 2C, 5C, 10C and 20C are 577, 482, 

406, 313, 236 and 164 mAh g-1, respectively (Figure 4.9a). Remarkably, even at 

exceedingly high current rate (50C = 35900 mA g-1), the capacity can still get 75 mAh g-1. 

The capacity can be resumed to ~430 mAh g-1 in 2 cycles when the current rate is lowered 

to 0.2C, and the NiO NWF anode is still stable for 430 cycles with 460 mAh g-1 at 500th 

cycle with Coulombic efficiency oscillates between 99.5-102.6%. The capacity recovery 

with lower current density can be elucidated as lower overpotentials of the charge-
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discharge process leading to longer charge-discharge time and thus greater capacities in a 

fixed potential range (i.e. 0.02-3.0 V), which is also witnessed in the literatures.[8,21-24] 

Failure of the capacity recovery to the values of 0.2C in the first 10 cycles might be ascribed 

to the nanostructural alteration after cycling at ultra-high current densities, such as 20C and 

50C. However, the porous characteristic of the nanowire structure can lodge the mechanical 

strain to a certain degree and maintain its capacities in the following cycling process. The 

gradual increase in capacity and CE higher than 100% can be attributed to the activation 

of anode materials after cycling.[8,25] The superior rate capability can be credited to the tight 

electrical contact between NiO active materials and the conductive metallic Ni support, 

and the porous framework rendering access for the electrolyte giving rise to short ionic 

diffusion distance.[8] Compared to the 482 mAh g-1 at 0.72 A g-1 of NiO NWF, new 

studies[26,27] reveal higher capacities at similar current densities by ornamenting NiO 

nanosheets onto porous carbon supports, including sulfonated polystyrene hollow particles 

(SPS)[26] with 736 mAh g-1 at 0.8 A g-1 and carbon rods (CMK-3)[27] with 824 mAh g-1 at 

0.8 A g-1. Although the high specific surface area of carbon supports helps the rate 

capabilities of NiO, relatively inferior 1st cycle Coulombic efficiencies (67% of SPS, ~30-

50% of CMK-3) suggest larger amount of SEI layer formation during the first cycle giving 

rise to irreversible Li consumption of the cathode materials (e.g. LiCoO2) and everlasting 

capacity loss when applied in full cells. Thus, improving rate capabilities without 

compromising 1st cycle Coulombic efficiencies still stays challenging of the state-of-the-

art NiO electrodes. 
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Figure 4.9 (a) Rate capability of the NiO NWF anode with C rates ranging from 0.2C to 

50C, and stability at 0.2C for 430 cycles. (b) Discharge capacity of the NiO NWF anode 

started with 0.05C followed by 0.5C for 1000 cycles comparing with the capacity of 

graphite. 

 

Cycling stability of the NiO NWF anode is further examined by cycling at 0.05C 

for the first cycle followed by 0.5C for 999 cycles in the potential window 0.02-3.0 V 

(Figure 4.9b). Greater cycling performance is revealed by originally capacity fading to 620 

mAh g-1 in 100 cycles, progressively growing to 735 mAh g-1 at the 500th cycle, keeping 

steadily to 717 mAh g-1 at the 900th cycle, and then gradually declining to 680 mAh g-1 at 

the 1000th cycle, which is markedly close to the theoretical value of NiO (718 mAh g-1) 

and larger than traditional graphite[28] (372 mAh g-1) anode. Characteristic charge-

discharge curves from the 100th to 500th cycles (Figure 4.10a) specify steady material 

activation with less polarization of delithiation. After 500 cycles, discharge profiles begin 



 59 

to drop the plateau with more polarization,[8] implying higher energy needed for lithiation, 

while similar charge curves are sustained until reaching the 1000th cycle (Figure 4.10b). 

 

Figure 4.10 Charge-discharge curves of NiO NWF anode for (a) 100th to 500th cycles and 

(b) 500th to 1000th cycles. 

 

Higher NiO loading (1.3 mg cm-2) can be reached with ramping rate 30oC min-1 to 

higher temperature (500oC) and maintained at 500oC for 1 h in air. Compared to 0.5 mg 

cm-2, high temperature and lengthened annealing time result in higher NiO loading with 

more robust NiO reflections (Figure 4.11a). Discharge capacities of 1.3 mg cm-2 NiO 

(Figure 4.11b) are close to 0.5 mg cm-2 at 1C and 2C. However, capacities reduce to lower 

values after 5C, which is ascribed to the resistive feature of thicker NiO layer leading to 

higher overpotentials at large current densities. Higher loading harms the rate capability of 

the electrode. Consequently, to further upsurge the areal loading, structural optimization 

could be accomplished on the NiO NWF, such as growing areal density of Ni wire 

backbone by surface treatment of Ni foam,[16] diminishing the diameter of Ni wire by 

variation of synthetic temperature or Ni(Ac)2 concentrations,[10,12] and water concentrations 

during oxalic acid etching[13] to adjust Ni oxalate nanostructures in the future study. 
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Figure 4.11 (a) XRD patterns of NiO NWF with 0.5 and 1.3 mg cm-2. (b) Discharge 

capacities of 1.3 mg cm-2 NiO NWF electrode at various current densities. (c-e) SEM 

images of NiO NWF after 1000 cycles.  

 

Greater stability of the NiO NWF is revealed in the SEM images after 1000 cycles 

(Figure 4.11c-e). Central structure consisting of Ni wire backbone is still undamaged 

(Figure 4.11c-d). While the void space between NiO nanowires is occupied with SEI 

products (Figure 4.11e), the form of nanowires is noticeable without obvious cracking or 

detachment, which further clarify the ability of accommodation of mechanical strain of the 

NiO NWF electrode. 
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Electrochemical impedance spectroscopy (EIS) are done to further confirm the greater 

electrochemical performance of the NiO NWF anode after one, three and five CV cycles 

(Figure 4.12). The equivalent circuit revealed in Figure 6a is utilized to fit the impedance 

data. Experimental results displayed in solid symbols (Figure 4.12b) are fitted by straight 

lines using parameters presented in Table 4.1. Constant phase elements (CPEs) labeling 

non-ideal capacitances with parameters Q analogous to capacitance and the ideality factor 

n are required owing to the presence of spatial and chemical non-uniformity across the 

electrode and the solid electrolyte interphase (SEI) surface.[29,30] RS is the equivalent series 

resistance (ESR),[31-33] which characterizes resistances of electrolyte, metallic leads,[34] cell 

hardware, current collectors and electrode materials.[35] The first parallel impedance branch 

in the equivalent circuit defines the SEI layers (RSEI + CPESEI) and diffusion of lithium ions 

in liquid phase near the electrode surface (CPELD). The second impedance branch explains 

double-layer impedance (CPEDL) and charge transfer resistance (RCT) at the interface of 

electrolyte and active materials,[36] and diffusion of lithium ions within the solid phase of 

the electrode (RSD + CPESD).  The first and second depressed semicircles (inset of Figure 

4.12b) with characteristic frequencies at ~9470 Hz and 455 Hz can be credited to the SEI 

layers and charge transfer resistance, respectively.[37] The low frequency impedance tail 

can be attributed to lithium diffusion in the electrolyte and active materials,[35] which is 

demonstrated by CPELD and CPESD + RSD, respectively. 
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Figure 4.12 EIS analysis of the NiO NWF with (a) the equivalent circuit and (b) the Nyquist 

plots of experimental results (solid symbols) and fitted results (solid lines) after 1, 3 and 5 

CV cycles. 

 

 
Rs R

SEI
 R

CT
 CPE

SEI
 CPE

LD
 CPEDL CPESD RSD 

Cycle () () () Q (F sn-1) n Q (mF sn-1) n Q (F sn-1) n Q (mF sn-1) n (k) 

1st 3.5 5 30 6 0.85 15 0.5 70 0.75 4.5 0.93 50 

3rd 3.5 5 23 5 0.82 15 0.5 65 0.73 6 0.92 50 

5th 3.5 5 18.5 7 0.78 16 0.5 60 0.75 8 0.92 50 

Table 4.1 EIS fitting parameters of NiO NWF anode after 1st, 3rd and 5th CV cycles 

 

The outcomes obtained from impedance data fitting exhibit the stability of the NiO 

NWF anode. Charge-transfer resistance declines by 38% between the first and the fifth 

cycle, which relates to the simplification of lithium ion diffusion via electrolyte wetting. 

Resistance conforming to the SEI layers (RSEI) remains constant throughout the initial 

cycles. This reveals the formation of stable passivating layers in the first cycle, which eases 
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capacity loss with cycling. The ideality n of SEI layers declines a little from 0.85 to 0.78, 

representing negligible structural change during the first few cycles. The idealities of 

double layer capacitance and the diffusion capacitances do not alter much, and ESR retains 

constant during the initial cycles, which also imply enhanced stability of the electrode. 

 

4.3 Conclusions 

In conclusion, we have technologically advanced NiO-decorated Ni nanowire foam 

with solution-based synthesis, low temperature hydrogen reduction followed by air 

annealing process. NiO NWF has been presented as a promising anode for Li-ion batteries. 

Brilliant stability with slight capacity fading over 1000 cycles with 680 mAh g-1 at 0.5C, 

and decent rate capability at very high current rates (20C and 50C, with ~164 and 75 mAh 

g-1, respectively) designate the greater electrochemical performance of the anode. Excellent 

rate capability and stability are proven with EIS results representing low ESR of ~3.5 and 

stable electrochemical parameters with cycling, respectively. Simple production processes 

using liquid-based solution, eco-friendly compounds and low temperature make the mass 

production of the NiO NWF anode possible. 
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Chapter 5: RuO2/Ni Nanofoam Symmetric Supercapacitors 

5.1 Introduction 

In the new epoch, oil emergency and severe climate alteration are relentlessly 

exciting modern society. To lessen the dependence on fossil fuels and reduce greenhouse 

gas emission, it is essential to future human civilization to convey energy in efficient ways 

and harvest energy from renewable sources. However, high power prerequisite is often 

required owing to the intermittent characteristics of these sources, such as unstable tidal 

and wind current, and in breaking regenerative recharge in electric vehicles.[1] In this case, 

supercapacitors with higher power density than Li-ion batteries, and higher energy density 

than traditional capacitors will play important parts in these fields. Nevertheless, electric 

double-layer capacitors (EDLCs) storing energy by electrostatic charges fail to meet the 

prerequisite because of its lower energy density.[2-4] Pseudocapacitors take advantage of 

quick and reversible surface redox reactions to deliver 10-100 times higher energy density 

than EDLCs.[2] Traditional pseudocapacitor materials contain conducting polymers, e.g. 

polyaniline (PANI),[5] polypyrrol (PPy)[6,7] and polythiophene (PTh),[8] and transition metal 

oxides, including MnO2,
[9,10] TiO2,

[11] MoO3,
[12] NiO,[13] Ni(OH)2,

[14] and RuO2.
[15-17]  

Although conducting polymer is comparatively cheap, it suffers from strict 

operating potential window, mechanical degradation and short cycle life.[2] Among metal 

oxides, RuO2, especially hydrous and amorphous RuO2 displays greater performance 

resulting from its high theoretical specific capacitance (1450 F g-1 of RuO2 and 1360 F g-1 

of RuO2•0.5H2O over 1 V window), metallic electrical conductivity, and quick proton 

transport through the structural water.[1]  Yet, scarcity and high expense of ruthenium avoid 
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it from large scale production. Efforts have been done to minimize RuO2 loading by 

affixing it onto nanostructures.[17,18] Nanoporous gold electroplated with RuO2 exhibits 

specific capacitances (1150-1450 F g-1) very close to theoretical value.[17] Though, 

tremendously low RuO2 loading (2 to 16 g cm-2) and costly gold substrate forbid it from 

practical utilization. Hydrous RuO2 attached on graphene sheet composite (ROGSC) 

displays stable specific capacitance (300-570 F g-1) for 1000 cycles.[18] Nevertheless, 

comparatively low Ru content (38.3 wt%) on ROGSC, the need of conductive carbon black 

and polytetrafluoroethylene (PTFE) binder further diminishes active material loading. 

RuO2 nanoparticles in tetragonal phase inserted in electrospun carbon nanofibers display 

~200 F g-1 for 3000 cycles.[19] However, RuO2 nanoparticles inside carbon nanofibers are 

inactive for surface redox reaction, and the crystalline feature further lower its specific 

capacitance. Graphene and carbon nanotube (CNT) hybrid foam is manufactured as 

funding for hydrous RuO2 with specific capacitance of ~220-500 F g-1 and is stable over 

8100 cycles.[15] Still, costly manufacturing procedures, such as high vacuum e-beam 

evaporated Ni catalysts and high temperature graphene/CNT growth, make this support 

impractical for large scale production. Consequently, cheap while effective RuO2 

nanostructural supports are still indispensable.  

Nickel is broadly exploited in electrochemical devices because of its chemical 

stability, cheap price and high accessibility. Lately, commercially available Ni nanofoam 

composed of interconnected Ni nanowires is ornamented with SnO2 by atomic layer 

deposition.[20] High capacity, high rate capability and stability for Li-ion anode are realized 

with this structure. Ni nanofoam with different diameters (100-1000 nm) is manufactured 
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by refluxing glycerol and Ni acetate (Ni(Ac)2).
[21,22] Ni is further etched by oxalic acid into 

Ni oxalate nanowires and nanosheets to raise surface area,[23] which can be further reduced 

into Ni metal under inert or reducing atmosphere.[24,25] In this study, Ni nanodendrite (ND, 

diameter ~30-100 nm) affixed on Ni nanowire (~300 nm in dia.) backbone is manufactured 

right on Ni foam as a novel support for hydrous RuO2 nanoparticles in symmetric 

supercapacitors. Ni nanowires are synthesized on HCl-treated Ni foam with Ni(Ac)2 and 

glycerol at 370oC. Ni nanowires are converted into leaf-like Ni oxalate nanostructures by 

oxalic acid treatment at 120oC. Ni oxalate nanoleaves are further reduced into Ni ND on 

Ni foam (NDF) by H2 at 350oC. Hydrous RuO2 nanoparticles are dip-coated onto NDF and 

annealed at 150oC under vacuum without any binder and conductive additive. Highest 

specific capacitance (678.6 F g-1) is reached at 0.5 A g-1, with energy density 60.3 Wh kg-

1. Even at large current density 100 A g-1, specific capacitance is still 222.0 F g-1 with high 

energy density 19.7 Wh kg-1 and power density 40 kW kg-1. The entire NDF metal support 

without any conductive additive and binder results in very low equivalent series resistance 

(ESR) ~0.5 , giving rise to low resistive loss and great power performance. More 

importantly, Ni NDF entails only low temperature production, environmentally gentle 

chemicals, no templates for nanostructure growth, and simple dip-coating procedure, 

which can be revised into large scale fabrication without efforts.  
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5.2 Synthesis/Characterization of RuO2/Ni Nanofoam Electrodes  

5.2.1 Experimental 

Materials synthesis: Ni foam (MTI Corp., EQ-bcnf-16m) with 15 mm diameter was 

first flattened to thickness ca. 120 m, and etched in concentrated HCl (EMD, GR ACS, 

37%) for 5 min to remove native oxide and increase nucleation cites for Ni nanowire 

growth. After etching, Ni foam was washed with deionized water for 15 times, and dried 

on hotplate at 100oC for 5 min. Average weight loss after HCl etching is ~5 mg. HCl-etched 

Ni foam was immersed in a 10 ml beaker filled with a solution of 2.5 ml 0.08 M nickel 

acetate tetrahydrate (Ni(Ac)2•4H2O, Sigma-Aldrich, 98%) in glycerol (Acros, 99+%) 

heated at 370oC on a hotplate for 20-40 min without stirring and covered with Al foil to 

prevent excess solvent evaporation.[21] After growth, Ni nanowires attached on Ni foam 

were washed with deionized water for 15 times, and dried on hotplate at 120oC for 5 min. 

Magnetic field was provided from the magnetic stir rotor inside the hotplate. Ni nanowire 

weight is ~5.5 mg. Freshly prepared 4 ml solution of 0.3 M oxalic acid dihydrate (ICN 

Biomedicals Inc., reagent grade) in ethanol (Decon Lab. Inc., 200 proof) with 5 wt% 

deionized water was used to etch Ni nanowire at 120oC for 2 h on hotplate into Ni oxalate 

leaf-like nanostructure,[23] which was further reduced back to Ni nanodendrite in a tube 

furnace with H2 (50 sccm), Ar (100 sccm) at 20 torr for 10 min at 350oC with ramping rate 

32.5oC min-1. Hydrous RuO2 was prepared with a modified sol-gel method[15,18] with the 

reaction RuCl3 + 3NaOH = Ru(OH)3 + 3NaCl. 0.8 ml 1 M NaOH (Fisher Scientific, 

Certified A.C.S.) aqueous solution was dripped dropwise (10 l per drop) into a 2.3 ml 0.1 

M ruthenium chloride hydrate (RuCl3•xH2O, Sigma-Aldrich, ReagentPlus) aqueous 
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solution to reach pH = 7 and stirred for 10 min. The mixed solution was centrifuged and 

washed with deionized water 8 times, and 3.6 ml water was added to make the RuO2 

solution concentration ~4 mg ml-1. RuO2 solution was dropped onto Ni nanodendrite foam 

(RuO2-NDF) and dried at room temperature several times until the desired loading was 

reached. RuO2-NDF composite was annealed at 150oC for 2 h under vacuum before 

electrochemical measurement. 

Materials characterization: Surface microstructure and elemental analysis were 

characterized by scanning electron microscopy (SEM, FEI NovaNanoSEM 450) with 

energy dispersive X-ray spectroscopic (EDX) detector. Crystalline phase was determined 

by X-ray diffraction (XRD, PANalytical Empyrean) with Cu-K radiation and scan rate 

3.5o min-1. Nanostructure and crystalline phase were investigated by transmission electron 

microscopy (TEM, Philips FEI CM300) operated at 300 kV with selected area electron 

diffraction. TEM samples were prepared by dripping RuO2 nanoparticles dispersed in 

ethanol onto C film coated TEM grid. Chemical states of RuO2 were examined by X-ray 

photoelectron spectroscopy (XPS, Kratos AXIS ULTRA DLD XPS system) with Al K 

monochromated X-ray source and 165-mm mean radius electron energy hemispherical 

analyzer. 

Electrochemical characterization: Two-electrode symmetric supercapacitors were 

prepared with two pieces of RuO2-NDF circular electrodes (dia. 15 mm) separated by two 

pieces of Celgard 3501 porous membrane (dia. 19 mm) inside a split cell (MTI Corp.) filled 

with 2M Li2SO4 (≥ 98.5%, Sigma-Aldrich) aqueous electrolyte. Cyclic voltammetry (CV), 
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galvanostatic charge/discharge and electrochemical impedance spectroscopy (EIS) at Ewe 

= 0 V vs. open circuit voltage between 0.1 to 1 MHz with amplitude 10 mV were 

performed. Total capacitance (Ct) of the two-electrode capacitor is calculated by Ct = 

i/(V/t), where i, V and t are current, potential window and discharge time, 

respectively. Since the two electrodes are in series, 1/Ct = 1/Co + 1/Co, where Co is the 

capacitance of single electrode assuming the capacitance of one electrode is very close to 

the other.[52] Accordingly, Co = 2Ct = 2i/(V/t). Specific capacitance of single electrode 

(Cs) is Cs = Co/m where m is the mass of RuO2 of one electrode. Total energy E = 

(1/2)CtV)2. Total power P = E/t. Both energy density (E/2m) and power density (P/2m) 

are based the total weight of RuO2 of the two electrodes. 

 

5.2.2 Results and Discussion 

5.2.2.1 Materials Characterization of RuO2/Ni NDF  

 Hierarchical nanostructure of NDF offer enormous surface area, short proton 

conduction channels, and electrical conductive sustenance for RuO2 deposition. Schematic 

of production and scanning electron microscopic (SEM) images of NDF are displayed in 

Figure 5.1. To create NDF, HCl-treated Ni foam is heated up to 370oC with 0.08 M Ni(Ac)-

2/glycerol solution (Figure 5.1a). Ni nanoparticles made by reduction of Ni2+ ions with 

glycerol[21] nucleate into larger polyhedral nanoparticles, and develop into nanowires (~ 

200-700 nm in diameter) along the magnetic field delivered by the magnetic stir rotor 

inside the hotplate (Figure 5.1b). Magnetic alignment of Ni nanoparticles developing into 
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Ni nanowires has been revealed in three-dimensional nonwoven clothes,[26] which 

ascertains the practicability of manufacturing ferromagnetic materials into self-assembled 

nanowires without templates. X-ray diffraction (XRD) profile of Ni nanowires exhibits 

peaks at 45.1o, 52.5o and 76.9o, which are typical of cubic Ni metal (ref. code: 01-070-

0989, Figure 5.2a). Ni oxalate leaf-like nanostructure can be attained by etching Ni 

nanowires in 0.3 M oxalic acid/ethanol solution at 120oC (Figure 5.1c), which additionally 

rise the surface area of the nanowires. XRD peaks at 18.9o, 23.0o, 30.4o, 35.8o, and 41.2o 

specify the presence of Ni oxalate (NiC2O4•2H2O, ref. code 00-014-0742). Ni oxalate is 

reduced back into Ni ND by H2 at 350oC (Figure 5.1d) with diameters ~30-100 nm, which 

displays only Ni crystalline phases without presence of Ni oxalate (Figure 5.2a). Hydrous 

RuO2 made by mixing RuCl3 with NaOH is dripped onto NDF, and the entire electrode is 

annealed at 150oC under vacuum (Figure 5.1e). RuO2 loading is measured as the weight 

difference of NDF before and after RuO2 coating. RuO2 nanoflakes is homogeneously 

suspended on these dendritic braces, which delivers intimate contact and open space for 

quick electrical and ionic conduction, respectively. Energy dispersive X-ray spectroscopic 

(EDX) analysis and elemental mapping (Figure 5.3) display uniform distribution of RuO2 

on NDF with a minute amount of Na ions from the reaction by-products. XRD profile of 

the RuO2-coated NDF displays only Ni metal phase (Figure 5.2a), which designates the 

hydrous RuO2 is amorphous. High resolution transmission electron microscopic (HRTEM) 

image (Figure 5.2b) of the hydrous RuO2 displays that RuO2 nanoparticle diameters range 

from 2-3 nm. Most of the nanoparticles do not reveal lattice fringes, and very weak 
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diffraction rings of selected area electron diffraction pattern further confirm the amorphous 

feature of the hydrous RuO2.  

 

Figure 5.1 (a) Schematic of the synthesis of Ni nanodendrite foam (NDF). SEM images of 

(b) Ni nanowires, (c) leaf-like Ni oxalate nanowires, (d) Ni nanodendrites, and (e) RuO2-

coated NDF. 
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Figure 5.2 (a) XRD patterns of Ni nanowires (Ni NW), leaf-like Ni oxalate nanostructure 

on Ni nanowire (Ni Oxalate), Ni nanodendrite (Ni ND), and RuO2-coated Ni ND (RND). 

(b) HRTEM image of hydrous RuO2 with the inset of its selected area electron diffraction 

pattern. Red circles indicate the lattice fringe structures of locally crystalline RuO2 

nanoparticles.  
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Figure 5.3 EDX elemental mapping of RuO2 coated NDF of 0.6 mg cm-2: (a) electron image 

with superposed elemental maps, and (b) O, (c) Ni, (d) Ru maps and trace amount of (e) 

Na from reaction by-products and (f) EDX spectrum. (g) Electron image with superposed 

elemental maps, and (h) O, (i) Ni, (j) Ru maps of 0.3 mg cm-2 RuO2. (k) Electron image 

with superposed elemental maps, and (l) O, (m) Ni, (n) Ru maps of 0.9 mg cm-2 RuO2. 



 77 

5.2.2.2 XPS Analysis of Hydrous RuO2  

Hydrous characteristic of RuO2 synthesized by sol-gel procedure and low 

temperature annealing is clarified by X-ray photoelectron spectroscopy (XPS). O 1s peak 

(Figure 5.4a) for Ru-O-Ru from RuO2 is at 529.1 eV,[27] while the co-adsorbed H2O-OH 

layer with OH and H2O hydrogen bonded to each other gives rise to peaks at 530.4 and 

531.6 eV from OH (HO-H2O) and water (H2O-HO), respectively.[28] Ru 3p3/2 (Figure 5.4b) 

is deconvoluted into RuO2 (462.0 eV)[29] and RuOH (464.2 eV)[15] signals presenting an 

intensity ratio of 1 : 0.9.  Ru 3d (Figure 5.4c) displays seven constituents including Ru 3d5/2 

of RuO2 at 280.6 eV,[29] RuOH at 282.6 eV,[15] and at 281.4 eV from final-state screening 

effect (FS).[30] Binding energy is calibrated using C 1s peak at 285.0 eV from sample 

support, and the rest peaks are accountable for Ru 3d3/2. Survey spectrum is revealed in 

Figure 5.5. 

 

 

Figure 5.4 XPS spectra of hydrous RuO2 (a) O 1s (b) Ru 3p, and (c) Ru 3d. 
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Figure 5.5 Hydrous RuO2 survey XPS spectrum. 

 

5.2.2.3 Electrochemical Analysis of RuO2/Ni NDF 

Electrochemical behaviors of the two-electrode symmetric supercapacitors 

composed of hydrous RuO2 on NDF with aqueous electrolyte (2M Li2SO4) and polymer 

separator (Celgard 3501) are revealed in Figure 5.6. Cyclic voltammograms (CVs) of the 

electrodes with RuO2 loading 0.6 mg cm-2 are revealed in Figure 5.6a with scan rate from 

10 to 200 mV s-1 between 0-1.6 V. The four-sided shape of the CV curves without clear 

redox crests designates ideal capacitive behaviors even at high scan rate 200 mV s-1, which 

illustrates better rate capability of the RuO2-NDF supercapacitors. The extended potential 

window to 1.6 V is higher than most aqueous electrolyte supercapacitors (~1.0 V). This 

can be accredited to the usage of neutral Li2SO4 aqueous electrolyte, which offers strong 

hydration energy of lithium cations and sulfate anions with water molecules resulting in 

water decomposition potential higher than 1.23 V.[31] Furthermore, RuO2 has been 

presented to disallow water decomposition in neutral Na2SO4 aqueous electrolyte, leading 

to high overpotentials for both hydrogen and oxygen evolution reactions.[32] Without RuO2 

coating, water is decomposed robustly at 1.5 V with Ni NDF only (Figure 5.7). Hence, 
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RuO2-NDF in aqueous Li2SO4 electrolyte can be functioned in a wide potential window, 

which is favorable to meet high specific capacitance, energy and power density.  

 

Figure 5.6 Electrochemical measurement of two-electrode symmetric RuO2-NDF 

supercapacitors. (a) CV curves with scan rate 10, 20, 50, 100 and 200 mV s-1, and (b) 

galvanostatic charge/discharge curves with 0.5, 1 and 2 A g-1 of 0.6 mg cm-2 RuO2 loading. 

(c) Specific capacitance (F g-1) variations with respect to various current density and RuO2 

loading. (d) Capacitance retention and Coulombic efficiency relationship with various 

RuO2 loading and cycle number. 
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Figure 5.7 CV curves of Ni NDF without RuO2. Symmetric shape is achieved for 0-1.0 V, 

while vigorous water decomposition occurs at 1.5 V. 

 

Galvanostatic charge/discharge profiles of 0.6 mg cm-2 RuO2 with different current 

density establish nearly linear and symmetric zigzag lines (Figure 5.6b), specifying 

outstanding capacitive behavior of the RuO2-NDF supercapacitor. Specific capacitance (F 

g-1) is calculated with RuO2 loading ranging from 0.3 to 0.9 mg cm-2 at different current 

density (Figure 5.6c). At current density 0.5 A g-1, specific capacitance as high as 678.6, 

664.3 and 525.7 F g-1 (0.20, 0.40, 0.47 F cm-2) can be obtained for 0.3, 0.6 and 0.9 mg cm-

2 RuO2, respectively. Even at very high current density 100 A g-1, specific capacitance of 

222.0 F g-1 is achieved by 0.3 mg cm-2 RuO2, which implies Ni NDF offers quick electronic 

conduction between active material and current collector, and the open structure eases ionic 

transport between RuO2 and the electrolyte. Specific capacitance of single electrode (Cs) 

is calculated by Cs = 2(i/m)/(V/t), where i, m, V and t are current, mass of RuO2 of 

one electrode, potential window and discharge time, respectively. Current density is based 

on RuO2 weight of one electrode. Contribution of specific capacitance from Ni ND is 

regarded insignificant (~3.9 F g-1) because it contributes to only 4.8% and 2.4% for 0.3 and 
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0.6 mg cm-2 RuO2, respectively (Figure 5.8). Capacitance contributions of Ni ND in 0.3 

mg cm-2 and 0.6 mg cm-2 RuO2 electrodes calculated by the ratio of respective discharge 

time are 25.2/521.2 = 4.8% and 25.2/1063.0 = 2.4%, respectively. Specific capacitance Cs 

of Figure 5.8a Ni ND = 2(i/m)/(V/t) = 2*(0.07 A/g)/(0.9 V/25.2 s) = 3.9 F g-1, Figure 

5.8b 0.3 mg cm-2 RuO2 at 1 A g-1 = 2*(1 A/g)/(1.6 V/521.2 s) = 651.5 F g-1, and Figure 

5.8c 0.6 mg cm-2 RuO2 at 0.5 A g-1 = 2*(0.5 A/g)/(1.6 V/1063.0 s) = 664.4 F g-1. 

Accordingly, the capacitance contribution of RuO2 in the 0.3 mg cm-2 RuO2 at 1 A g-1 and 

0.6 mg cm-2 RuO2 at 0.5 A g-1 electrodes are 651.5 F g-1 * (1 - 4.8%) = 620.2 F g-1 and 

664.4 F g-1 * (1 - 2.4%) = 648.5 F g-1, which are still close to the electrode values of 651.5 

F g-1 and 664.4 F g-1, respectively. Therefore, it is reasonable to consider RuO2 as the only 

active material. Specific capacitance upsurges as RuO2 loading declines from 0.9 to 0.3 mg 

cm-2 since less agglomeration of RuO2 nanoflakes makes more surface area of active 

material contributing to the pseudocapacitance (Figure 5.9). Compared to the specific 

capacitances of 0.3 mg cm-2,  similar values (2.2% to 9.9% drop) are gained for 0.6 mg cm-

2, while 23% to 44% drop of capacitance is detected when it is enlarged to 0.9 mg cm-2, 

which suggests that  ~0.5 mg cm-2 might be the best loading for the Ni NDF. 
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Figure 5.8 Galvanostatic charge/discharge curves at total current of 0.53 mA (0.3 mA cm-

2) of (a) Ni NDF without RuO2 at 0.07 A g-1 based on Ni ND weight (not including Ni foam 

weight) on one electrode (discharge time = 25.2 s), (b) 0.3 mg cm-2 RuO2 at 1 A g-1 

(discharge time = 521.2 s) and (c) 0.6 mg cm-2 RuO2 at 0.5 A g-1 based on RuO2 loading 

of one electrode (discharge time = 1063.0 s).  
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Figure 5.9 SEM images of (a) Ni NDF without RuO2, (b) 0.3 mg cm-2, (c) 0.6 mg cm-2 and 

(d) 0.9 mg cm-2 RuO2 on Ni NDF. Higher resolution SEM images of (e) Ni NDF without 

RuO2, (f) 0.3 mg cm-2, (g) 0.6 mg cm-2 and (h) 0.9 mg cm-2 RuO2 on Ni NDF. Some 

locations of RuO2 nanoflakes are indicated by red circles or red arrows. 

  

Stability inspection is executed on RuO2-NDF of active material 0.3 to 0.9 mg cm-

2 with 10000 charge-discharge cycles at 20 A g-1 (Figure 5.6d) since long cycle life is 
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anticipated for supercapacitors in real use. After 10000 cycles, the retention lessens 

radically to ~40% for 0.3 mg cm-2, while for 0.6 and 0.9 mg cm-2 the values rise to ~104% 

and 126%, respectively. It is proposed that 0.3 mg cm-2 of RuO2 is unsatisfactory to cover 

the entire surface of Ni NDF (Figure 5.9b and f), which might result in water decomposition 

and O2/H2 gas evolution at high potential, leading to local pH variation[33-35] and dissolution 

of Ni substrates,[36,37] disassembly of weakly-bonded RuO2 from Ni ND and subsequently 

faded capacitance after long cycle. For 0.6 mg cm-2, capacitance decay to ~88% after 3000 

cycles, but gradually rise to 104% after 10000 cycles. This might result from minute O2/H2 

evolution and Ni dissolution of uncovered Ni ND surface (Figure 5.9c and g) inducing 

small amount of unstable RuO2 elimination in the start, but reduced agglomeration of RuO2 

nanoflakes slowly advance the capacitance. For 0.9 mg cm-2, the surface is well shielded 

with comparatively thick RuO2 layer (Figure 5.9d and h), and more and more active surface 

is open to electrolyte during the cycling process. Consequently, 0.6 mg cm-2 might be the 

proper loading amount on the Ni NDF considering the cycling stability. Large Coulombic 

efficiencies, defined as the percentage of discharge time over charge time,[38] ranging from 

97 to 101% are realized on all loading of RuO2, which designates they are highly efficient 

during charge and discharge procedure. 

Electrochemical impedance spectroscopy (EIS) is utilized to discover extra 

information concerning the RuO2-NDF supercapacitor of 0.6 mg cm-2 RuO2 (Figure 5.10) 

with complex impedance plots before and after 10000 cycles. The equivalent circuit model 

and fitting parameters are displayed in Figure 5.10a and Table 5.1, respectively. Equivalent 

series resistance (ESR) tells the resistances of electrolyte, current collectors and electrode 
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materials.[39,40] ESR attenuation from 0.665 to 0.515  (Table 5.1) after cycling might 

result from steady activation of agglomerated materials, and the low ESR values specify 

greater power capability. Charge transfer resistance (RCT) corresponds to the overpotential 

at the electrode-electrolyte interface during both cathodic and anodic electron transfer.[41] 

RCT stays steady after cycling, which offers evidence for outstanding stability of the 

electrode. Leakage resistance (RL) signifies irreversible capacity loss. RL before and after 

cycling are still considerably high (300 and 120  respectively), signifying that current 

drawn to irreversible procedures is insignificant. Constant phase elements (CPEs) have 

been applied to model distributed feature of capacitance in a spatially non-uniform 

electrochemical system.[42] CPEDL and CPEP are the non-uniform capacitances due to 

double layer formation[43] and pseudocapacitive RuO2 species,[15] respectively. CPEP 

reduction induced by degradation of active materials is compensated by CPEDL 

enhancement because of increased surface area due to reduced aggregation of RuO2 

nanoflakes,[15] which leads to ~4% enhancement (Figure 5.6d) in total capacitance after 

10000 cycles. A Warburg element (WO) is applied to model electrolyte diffusion within 

the porous-like electrode. Tiny Warburg region in the intermediate frequency range (Figure 

5.10b and c) and inattentiveness of Warburg parameters before and after cycling (Table 

5.1) specify no vigorous difference in ion diffusion path lengths of the electrodes is 

observed.[15,44]  
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Figure 5.10 EIS analysis of RuO2-NDF with 0.6 mg cm-2 RuO2. (a) Equivalent circuit 

model with equivalent series resistance (ESR), constant phase element for double layer 

(CPEDL) and pseudocapacitance (CPEP), resistance for charge transfer (RCT) and leakage 

(RL), and Warburg element (Wo). Model and experimental Nyquist plot of impedance 

spectra for (b) before cycling and (c) after 10000 cycles. Complex capacitance before (0th 

cycle) and after 10000 cycles for (d) imaginary and (e) normalized real capacitance. 
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Table 5.1 EIS fitting parameters of RuO2-NDF supercapacitor before/after 10000 cycles 
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Stability of the RuO2-coated Ni NDF electrodes is additionally argued by 

comparing the EIS spectrum (Figure 5.11) and charge/discharge profiles before and after 

10000 cycles (Figure 5.12). Before long cycles, the EIS Nyquist plots of the three different 

loadings in the low frequency region display linear and vertical-like features representing 

ideal capacitive behaviors.[44,45] After 10000 cycles, these features are basically maintained 

with some deviances from ideality because of the frequency dispersion of broader pore size 

distribution of the porous electrodes after long cycles.[15,46] ESR of the three different RuO2 

loadings show low resistance variations (0.3 mg cm-2: 0.689 to 0.711 ; 0.6 mg cm-2: 0.665 

to 0.515 ; 0.9 mg cm-2: 0.567 to 0.613 ). The steady ESR values designate no serious 

alterations of the current collector structure, the composition of electrolyte and electrode 

materials because ESR represents the resistances of electrolyte, current collector and 

electrode materials.[39,40] These evidences validate that severe water decomposition and Ni 

ND dissolution leading to enormous electrolyte composition alteration, electrode material 

corrosion, and structural destruction do not occur in the RuO2-NDF electrode. Capacitive 

features of the three RuO2 loadings before and after 10000 cycles are demonstrated by the 

symmetric charge/discharge profiles (Figure 5.12), which display no plateaus at high 

potentials, indicating water decomposition or Ni dissolution are not the prevailing reactions 

regardless of the capacitance alterations after 10000 cycles. Average Coulombic efficiency 

(Figure 5.6d) of 0.3, 0.6 and 0.9 mg cm-2 are 99.26%, 99.72% and 99.86%, respectively, 

which display almost all charges provided during recharge steps are supplied back at the 

discharge steps. These again reveal the irreversible reactions, including gas evolution[47] or 

Ni dissolution, leading to low Coulombic efficiency are not the prevailing reactions. The 
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somewhat lower Coulombic efficiency of 0.3 mg cm-2 is consistent with minute gas 

evolution or Ni dissolution, resulting in loss of active materials and capacity fading. 

Stabilities of Ni current collectors functioned in aqueous sulfate electrolytes and high 

potentials are presented in numerous literatures.[47-49] In 0.5 M Na2SO4 aqueous electrolyte, 

Ni mesh is stable in -1.0 to 1.2 V vs. saturated calomel electrode, and 10000 cycles with 

insignificant capacitance loss (<3%) is attained using asymmetric activated 

carbon//NaMnO2 assembly in 0 and 1.9 V.[47] Asymmetric supercapacitors composed of 

graphite oxide//CuO@MnO2 on Ni foils are cycled in 0-1.8 V for 10000 times with 101.5% 

capacitance retention in 1 M Na2SO4 aqueous electrolyte.[48] Ru films coated on Ni foam 

by chemical replacement reaction as both negative and positive electrodes in symmetric 

supercapacitors are functioned for 2000 cycles in 1 M Na2SO4 without substantial 

capacitance loss in the potential window 0-1.8 V.[49] Consequently, Ni can be steadily 

cycled in high potentials with sulfate aqueous electrolytes as current collectors for both 

negative and positive electrodes. 
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Figure 5.11 EIS Nyquist plots of (a) 0.3 mg cm-2, (b) 0.6 mg cm-2, and (c) 0.9 mg cm-2 

RuO2 loading, where black and red symbols correspond to before and after 10000 cycles, 

respectively. Closer look of the Nyquist plots of (d) 0.3 mg cm-2, (e) 0.6 mg cm-2, and (f) 

0.9 mg cm-2 RuO2 loading at high frequencies shows variation of ESR before and after 

10000 cycles. 

 

 



 90 

 

Figure 5.12 Charge/discharge curves of (a) 0.3 mg cm-2, (b) 0.6 mg cm-2, and (c) 0.9 mg 

cm-2 RuO2 loading for the 1st to 4th cycles and of (d) 0.3 mg cm-2, (e) 0.6 mg cm-2, and (f) 

0.9 mg cm-2 RuO2 loading for the 9997th to 10000th cycles in the long cycling process at 20 

A g-1. 

 

Complex capacitance investigation is executed on 0.6 mg cm-2 RuO2-NDF 

supercapacitor (Figure 5.10d and e) by considering it as a complete capacitor with 

impedance Z(w) = [jwC(w)]-1, where w and C(w) are angular frequency and complex 

capacitance, respectively.[50] The impedance data are acquired right from EIS 

measurement. If Z(w) is expressed as real part Z’(w) and imaginary part Z’’(w), complex 

capacitance can be split into real part C’(w) and imaginary part C’’(w). C’(w) characterizes 

available stored energy and C’’(w) is accountable for energy loss during charge storage,[51] 

where C’(w) = - Z’’(w)/[w│Z(w)│2] and C’’(w) = Z’(w)/[w│Z(w)│2]. Frequency f0 at 

local maximum of C’’(w) specifies dielectric relaxation time constant 0 = 1/f0. Capacitors 

retain mainly capacitive and resistive behaviors when the frequency is lower and higher 
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than f0, respectively.[51] RuO2-NDF supercapacitor displays higher frequency (5.3 Hz) after 

10000 cycles compared to the 1.3 Hz before cycling, indicating that the device can be 

operated in a broader frequency domain and provide energy quicker (from 0.76 s to 0.19 

s) after cycling. This is consistent with smaller ESR (from 0.665  to 0.516 ) after 

cycling, because higher power is delivered with lower ESR in a shorter period.[51] Wider 

operating frequency range after cycling is also demonstrated in normalized C’ (Figure 

5.10e). These measurements imply the RuO2-NDF supercapacitor can preserve and even 

gradually advance its performance after long cycles. 

Performance of the RuO2-NDF supercapacitors are compared with other two-

electrode symmetric supercapacitors by energy density (Wh kg-1) and power density (kW 

kg-1) in a Ragone plot (Figure 5.13). Both energy density and power density are established 

on the total weight of RuO2 of the two electrodes. For 0.3 mg cm-2, energy density 60.32 

Wh kg-1 is attained at 0.2 kW kg-1, while it declines to 19.73 Wh kg-1 when power density 

upsurges to 40 kW kg-1. These values are similar to those of 0.6 mg cm-2 (59.05 Wh kg-1 at 

0.2 kW kg-1, 17.78 Wh kg-1 at 40 kW kg_1). Energy and power density decline radically for 

0.9 mg cm-2 (46.73 Wh kg-1 at 0.2 kW kg-1, 11.11 Wh kg-1 at 40 kW kg_1) owing to 

ineffective utilization of large RuO2 loading. Yet, the performance of these RuO2-NDF 

supercapacitors are still close to or even superior than most RuO2 composite 

supercapacitors.[15,18,19,32] Although RuO2 on graphene/CNT foam (RGM)[15] performs 

marginally better when power density is beyond 20 kW kg-1, high vacuum environment for 

catalyst deposition and high temperature development of graphene/CNT foam make RGM 

unfeasible for real products. Considering the liquid-based, low temperature, and 
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environmentally benign procedure, RuO2-NDF electrodes are relatively simple, cheap and 

suitable for large scale production. 

 

Figure 5.13 Ragone plot showing energy density and power density relationship of two-

electrode symmetric supercapacitors: RuO2-NDF of RuO2 loading 0.3, 0.6 and 0.9 mg cm-

2, RuO2 on graphene/CNT foam (RGM),[15] RuO2 on carbon nanofiber (RuO2-CNF),[19] 

RuO2 nanoparticle (RuO2 NP),[32] and hydrous RuO2/GS composite (ROGSC).[18]  

 

5.3 Conclusions 

In conclusion, Ni NDF has been revealed as an effective current collector for RuO2 

nanoparticles. High specific capacitance, high energy and power density, and better cycling 

stability over 10000 cycles are achieved with RuO2-NDF electrodes. Simple producing 

processes, including liquid base, low temperature and environmentally friendliness, results 

in the possibility of mass production of this novel electrode.  
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