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Abstract  

With an ever increasing demand for efficient energy storage devices and while many micrometer 

sized bulk materials have failed to meet the high demands, fabrication of various complex 

nanostructures with controlled size, shape and composition have attracted increasing attention. 

However, due to the limiting intrinsic properties, not a single material could be developed which 

could meet all the necessary requirements, e.g., high energy density, good cycling stability; 

especially at high cycling rates and good rate capability. At this point, application of hybrid 

electrodes was proposed.  

In the present work, a rational design and development of nanostructured copper oxide based 

hybrid anodes in two categories of conversion and alloying-conversion hybrids is presented. The 

focus is to develop facile, green, template-free fabrication of free-standing hybrid anodes. 

Hybrids with explicit electrochemical properties are developed by using copper hydroxide as 

scaffold for growth. The aim of hybrid development is to benefit from multi-functionality or 

expose novel enhanced electrochemical properties and lead to hybrid anodes with high energy 

density, good cycling stability and rate capability with practical applications.  

Copper oxide is an important transition metal oxide with high theoretical capacity, high safety, 

inexpensive and environmentally abundant nature. Well aligned arrays of CuO nanoneedles is 

fabricated by anodization.  CuO nanoneedle arrays demonstrated excellent performance in high 

current densities. At 1C rate the electrode delivered an excellent discharge capacity of 559 

mAh/g, with 99.2% Coulombic efficiency after 200 cycles, while demonstrating perfect rate 

capabilities when tested to up to 50 C. Based on the above observation, copper oxide was 

selected as scaffold for fabrication of coaxial hybrids. 

A facile, two-step electrochemical method was used to fabricate free-standing Sb/Cu2Sb/Cu 

alloying hybrid electrodes grown directly on copper substrate. The hybrid is fabricated by 

electrodeposition of Sb on Cu(OH)2 nanoneedle arrays and is composed of numerous Sb 

nanoplate surrounding Cu2Sb/Cu core-shell nanoneedle arrays. The initial purpose was to 

fabricate Sb-CuO core-shell nanowire hybrids. However, electrodeposition of Sb on Cu(OH)2 

scaffold resulted in reduction of the copper hydroxide and formation of Cu2Sb/Cu core-shell. 

Compared to pure Sb nanoplates, the Sb/Cu2Sb/Cu hybrids demonstrated lower initial capacity, 

while demonstrating improved cycling stability and enhanced rate capability to up to 20 C. In 

this hybrid, the free-standing Cu core provides 1D electronic pathway and structural spacer. 

While, the mesoporous Cu2Sb nanocrystals with direct contact to the copper core and strong 

structural relationship with the lithiated phase; Li2CuSb, provides a more stable electrochemical 

performance and enhanced rate capability.  
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Next, electrochemical anodization and CVD growth was combined to develop a safe fabrication 

route for growth of free-standing Ge-Cu2O alloying-conversion hybrid with high theoretical 

capacity. To demonstrate the effectiveness of hybrid application Ge-Cu2O core-shell nanowire 

arrays were compared with Ge nanoparticles; grown directly on copper substrate. Ge-Cu2O 

hybrid demonstrated superior electrochemical properties at 0.5C and 1C rate and perfect rate 

capability when tested to up to 15C, while Ge nanoparticles demonstrated fast fading 

electrochemical properties. In-situ generation of GeO2 was observed during the cycling process 

of Ge-Cu2O, which can be explained based on the different electroactive response of hybrid’s 

building block towards Li+; with Cu2O undergoing conversion reaction and Ge undergoing 

alloying reaction, with the capability to react electrochemically with Li2O. It is suggested that the 

excellent electrochemical performance of Ge-Cu2O hybrid comes from their smart selection and 

unique hierarchical architecture.  The Ge shell with high theoretical capacity, large surface area 

and short diffusion distance for Li+ lithiation\delithiation lead to delivery of large specific 

capacities. While, the one-dimensional Cu2O nanoneedle arrays with direct contact to the current 

collector serve both as structural spacer to buffer the strain during lithiation/delithiation and act 

as a good electron pathway to improve electronic conductivity.  

Finally, two-step electrochemical fabrication was applied to fabricate coaxial Fe3O4-CuO 

conversion hybrids grown directly on copper substrate. The electrodes are made of 

electrochemically coated mesoporous Fe3O4 nanocrystals, grown on free-standing CuO 

nanoneedle arrays.  Two types of core-shell and hierarchical 3D network Fe3O4-CuO hybrids 

were fabricated by variation of electrodeposition conditions. Both Fe3O4-CuO hybrids were 

electrochemically tested at 1C rate and compared with pure Fe3O4 nanoflakes.  It was observed 

that both Fe3O4-CuO hybrids have superior electrochemical performance at 1C rate compared to 

Fe3O4 nanoflakes. The hybrids were also tested for their rate capability; exposing excellent 

properties, while being tested to up to 15 C rates. It’s believed that the high capacity, perfect 

stability and ultrafast charging/discharging capability of the coaxial Fe3O4-CuO hybrids comes 

from the intelligent integration of two compatible components to free-standing mesoporous 

architectures. In these hybrids free-standing ultra-fast CuO nanoneedle arrays core provide 1D 

electronic pathway, structural spacer and superior rate capabilities, while the mesoporous Fe3O4 

nanocrystals with high specific capacity provide active sites for lithium interaction and lead to 

high specific capacities at high cycling rates while maintaining excellent stability.  

The discussed findings highlights the many possibilities and advantages of template-free 

deposition routes and demonstrates the large opportunities of hybrid anodes to develop the next 

generation LIBs with superior electrochemical properties.  
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1 Literature review 

1.1 Energy storage challenge 

The request for light weight and high energy density devices is growing fast with emergence of 

portable consumer electronics and electric vehicles. Fierce investigation of the three major 

conversion systems, which are fuel cell, batteries and supercapacitor is being conducted by many 

researchers worldwide. There are two main factors used to evaluate the conversion systems and 

do comparison between different energy devices, the energy density (Wh/kg or Wh/L) and power 

density (W/kg or W/L). These two parameters, respectively presents the amount of energy stored 

per unit weight/volume and how quickly it can be delivered by the electrochemical device. 

Currently, the electrochemical device with the highest power density are supercapacitor, however 

this is at the cost of low stored energy (see Figure  1.1).1 Fuel cell is a device which can store the 

highest energy density, however application of this device suffers from the low efficiency 

(~50%) and high cost. In the meanwhile, batteries with high energy density, intermediate power 

rate properties are considered as a promising choice. Recently, there has been great interest in Li-

ion batteries. With the fast advancement of mobile electronic devices, the market for Li-ion 

batteries has been growing rapidly and continuously over the years (Figure  1.2A). The 

domination of Li-ion battery for mobile devices is closely related with the improvement in cell 

capacity (Figure  1.2B). Other advantages of batteries is the low weight and more 

environmentally abundant nature of these devices.2 

Currently, lithium ion cells are composed of carbonaceous material (graphite) as anode and a 

lithiated transition metal oxide (e.g. LiCoO2) as cathode.  In a lithium ion battery cell, upon 

charge the Li ions migrate to the electrolyte from cathode (deintercalation), and are attracted to 

the anode while the electrons transfer from cathode to the anode by application of an external 

electric field. The opposite process happens during discharge. A Li-ion cell is demonstrated in 

Figure  1.3. The chemical reactions happening on anode and cathode can be described as follows. 

The equations are in units of moles:2 
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Cathode:                                       LiMO�⇄�����MO� +x��	 + �� 

Anode:                                              C + xLi	 + xe ⇄ Li�C 

Total:                                            LiMO�+C⇄��� + �����MO� 

In this demonstration, the LiMO2 is the lithiated transition metal oxide used as cathode and 

carbon presented as C represents anode. 

 

Figure  1.1 Comparison of the different types of battery based on the gravimetric and volumetric energy 

density.3  

 

 

Figure  1.2 A) Li-ion battery market in mobile electronic devices, B) Trend of capacity/energy density in 

cylindrical Li-ion batteries.4 

 

 A B 
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The electrode materials known as intercalation material e.g. graphite, LiCoO2 and some similar 

transition metal oxides usually have a tunneled or layered crystal structures which upon 

charge/discharge stays unchanged. While intercalation, the graphite anode expands only ~1 % in 

plane, while the interlayer spacing increases by only 10 %.5 The outstanding electrochemical 

stability, simple fabrication and low cost are the important factors which make graphite the 

number one choice for application in commercial lithium ion batteries for over a decade. 

However, this electrode suffers from the low energy density which is due to the limited vacancy 

sites for intake of Li ions in the intercalated graphite structures. To achieve devices with higher 

energy density it is essential that new materials especially anode material with high energy 

density and electrochemical stability are explored in details. 

 

Figure  1.3 Schematic description of the charge-discharge process of a lithium-ion cell.
6
 

 

Figure  1.4 The specific capacity of a number of electrochemically active metal elements.7 
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There are different types of electrode material. One category is the alloy metals8-10 which can 

reversibly undergo alloying reaction with lithium upon polarization to a potential of about 0.1 to 

1.0 V versus Li/Li+. This can be presented by the following reaction: 

M+ xLi	 + xe� ⟷ Li�M              (M = Al, Si, Ge, Sn, Sb, etc.)   

The LixM alloys are lithiated structures with high lithium uptake. Therefore, these types of 

materials have high theoretical specific capacity and volumetric capacity. Theoretical capacity of 

several promising anode materials is compared to graphite in Figure  1.4. 

This variety of alloying negative electrode which usually created crystalline phases with Li ion is 

also called the 'insertion' electrodes.11 The lithium uptake of such structure is much larger 

compared to graphite. However, this large content of inserted lithium to structure results in huge 

volume expansions (see Figure  1.5). As an insertion electrode, uptakes Li ion and transforms 

from one crystalline phase into other huge strains is built up in the structure resulting in 

formation of cracks, loss of electrical contact due to detachment from the current collector and 

pulverization. Gradually this huge volume swings destroys the structure and the lithium ion 

battery fails.10  

Numerous strategies has been suggested and explored in order to overcome the problems of 

novel electrode materials in the recent years. One interesting and applicable approach is to 

improve the electrochemical performance by application of an AB intermetallic phase instead of 

the single metal. This way, during the insertion/extraction of lithium during cycling one metal, 

e.g., B, undergoes the desire electrochemical reaction to form lithium alloy, LixB, while the other 

metal, A, keeps the integrity of the structure by remaining as an electrochemically inactive 

matrix. By application of a suitable inactive matrix in the active-inactive strategy the finely 

distributed particles are separated by the inactive matrix resulting in much more stable 

electrochemical properties. 12
 Nanostructuring is another important and effective strategy which 

is studied extensively in the last decade. Reduction in size by nanostructuring are considered a 



 

promising method to boost the electrochemical performance of lithium

superior properties such as enhanced capacities, rate capability and capacity r

reported for nanometer sized electrodes.

Figure  1.5 Volumes (standardized for 1 mol
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any deterioration to the structure. Other advantages of nanostructure e.g. nanoparticles, 

nanowires is the large surface area, short diffusion length of lithium ion and electrons and 

buffering effect which results in improved electrochemical stability. Enhanced properties such as 

high capacities, ultra-fast diffusion and improved cycling stability are among the many 

advantages of the novel Li ion battery architecture which benefit from nanometer size effects.13 

Properties such as particle shape, size and texture strongly influence the delivered capacity and 

the structural stability during lithium interaction behavior during long term cycling. Therefore, 

by careful design of a suitable morphology, the electrochemical properties of the electrodes can 

be largely improved16 Application of suitable amorphous materials is another possible approach 

to reduce the strain build up in the structure and improve electrode cycle life. Beaulieu et' al. 

have demonstrated that thin films of patterned amorphous Si and Sn which can withstand large 

volume swings of up to 200 % without crystallization and fracture 17
 Many types of 

nanostructures are designed and investigated for application as lithium ion battery anodes and 

cathodes. Here, we will briefly discuss the major categories of nanostructured systems. 

Nanoparticles:  

As discussed the volume swing of electrode materials upon alloying with lithium is in the order 

of several hundred percentage. However, by reduction of particle size large absolute volume 

changes and destructive strain build up can be prevented.10, 18, 19 Good cycling stability of up to 

300 cycles has been reported for silicon nanoparticles by Sanyo. Despite the fact that nano-alloy 

particles can present much more stable cyclability compared to the equivalent bulk materials, 

however the good performance cannot be maintained for long. In overall, it can be concluded that 

solely reduction of the particle size is insufficient and further optimization of the structure is 

required to meet the demands for practical practice.18  

Nanowires/nanotubes:  

The concept of application of one-dimensional (1D) nanomaterials has been investigated 

extensively for application in supercapacitor and lithium ion batteries. This strategy has been 
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demonstrated with Co3O4,
20 SnO2,

21and Si22 and many other electrode types and have 

demonstrated great improvements. The small nanowire diameter enables preferable 

accommodation of large volume swing without failure and the direct 1D electronic pathway 

allows effective electron transport. In case, the electrodes are grown directly on the correct 

collector, each single wire is in direct contact with the current collector which allows enhanced 

electrical conductivity and individual contribution of each nanowire to capacity. In the 

meanwhile, the open space between the wires buffers the strain caused by the huge volume swing 

and allows efficient penetration of electrolyte in to the electrode material resulting in enhanced 

specific capacities. By application of nanotube instead of nanowires, the exposed surface area to 

the electrolyte is further increased while the relaxation of the structure from the built up stress is 

provided by the porosity of the active material. 22 Guo et al. demonstrates fabrication of porous 

Co3O4 nanotubes with enhanced electrochemical properties, such as high delivered capacity 

(1200 mAh/g) and good cycling stability.23 

Mesoporous materials:  

Application of highly mesoporous active materials which have outstanding accessible surface 

areas will decrease the transport distance for both electrons and lithium ions. Furthermore, 

electrode materials with hollow and porous nanostructures partially buffer the large volume 

change during cycling and provide long term electrochemical stability.18, 20 There is a report on 

Ge nanoparticles with 0D-3D porous assemblies. These structures demonstrated superior 

electrochemical properties with stable cycling stability. The reason for such outstanding 

performance is reported as thin wall thicknesses (<20 nm) as well as long-range ordering.24 

Self-assembled nano/micro materials:  

Application of well-engineered architectures is another important strategy to overcome the short 

comings of novel nanostructure electrode materials. Higher level nanostructure constructed from 

nanometer-sized building blocks such as nanoparticles (0D), nanorods (1D), nano films (2D) has 

demonstrated promising results. Numerous hierarchical nanostructure fabricated from many 
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promising electrode materials promoted by the fast progress in synthetic strategies has been 

extensively investigated for lithium-ion batteries.16 Many facile solution-based fabrication 

methods have been reported. Production of a highly ordered V2O5 superstructures composed of 

interconnected nanoparticles which creates nonorod and these nanorods circle to produce hollow 

microspheres has been reported with outstanding performance, such as high delivered capacity 

and superior cycling stability.25
 

1.2.2 Anode materials for lithium ion battery applications 

Copper oxide: 

Many important transition metal oxide (MOx, M=Co, Fe, Cu, Ni, …) used as lithium ion battery 

anodes go through conversion reaction. The conversion reaction mechanism is as follows: 

���� + 2���	 + 2��_ ↔ �� + ����� 

According to this reaction the metal oxide are converted to metal and Li2O in the first lithiation 

reaction and after the re-lithiation cycle they return reversibly to their original state.  Because 

more than one electron is involved in the conversion reaction and the oxidation state is 

completely utilized these types of anode materials have high reversible capacity and energy 

density. However, most of the metal oxides in this category suffer from unstable formation of 

SEI formation resulting in low initial Coulombic efficiency and poor capacity retention. 26 

Copper oxide with CuO and Cu2O phase are considered as well known P- type semiconductors. 

Tarascon et al. 27 reports that the products formed during the discharge cycle is responsible for 

the obtained reversible capacity. During the charge cycle the CuO is reduced to Cu through Cu2O 

phase. But, during the discharge process the Cu is re-oxidized to Cu2O instead of CuO.27 If the 

discharge process is reversible and the metallic Cu is turned completely to CuO a 674 MAh/g 

capacity will be achieved. Nevertheless, there are few reports available on electrochemical 

properties of copper oxide nanostructures used as LIB electrodes.28  Results report that 

crystallinity and morphology are two important factors which determine the electrochemical 

performance. The existing literature studies demonstrate that capacity fading is the main problem 

of copper oxide electrodes used as anode material for LIBs. It was also observed that the 
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electrochemical performances of copper oxide electrodes largely depends on the nature of 

synthesis and material morphology.28 An easy and low cost fabrication method has been reported 

in the literature. In this process mesoporous CuO nanosheets are directly grown of copper using 

an ammonia vapor phase corrosion method. This binder free electrode shows stable capacity of 

640 mAh/g for 100 cycles at 1C rate and demonstrates excellent electrochemical performance at 

high rates (e.g. 10C). The unique structure with high surface to volume ratio and large space 

between is the proposed reason for such superior properties.29 

CuO nanorods fabricated by Lou et al. delivered a reversible capacity of 590 mAh/ g at 1C after 

100 cycles.30 Zhang et al. also reported delivery of 583 mAh/g at 4C rate in cog-like CuO 

electrodes.30 However, despite enhanced energy storage properties fabrication of such electrodes 

require application of surfactants, long and complicated procedures and special equipments. 

Therefore, development of a facile, green and cheap fabrication route with the possibility to be 

applied in large scale to meet the requirements of safe and green LIBs with high energy and 

power density is a challenge.29  

Electrochemical anodization is considered an efficient surface treatment method which has been 

successfully applied for fabrication of several nano-architectures on conductive metals31, 32 The 

fabricated film has been utilize in many different applications.33, 34 Production of copper oxide 

films by copper anodization has an advantage over other fabrication procedures, which is that the 

compositions and morphology of the final product can be varied by controlling of  anodization 

parameters such as potential and time.35 

Recently, super-rate capabilities have been reported for nano-architecture copper oxide nanowire 

arrays electrodes. CuO pine needle like (PNL) arrays deliver the highest rate capacity of 545.9 

and 492.2 mA h/g at 15 and 20C rates.36 The super-rate properties is explained based on the 

unique PNL array structure, which provides free space for the migration of lithium ions and 

alleviate the large variation In volume. 

There are also few reports on application of copper oxide in carbon based hybrids. In a report 

CuO/C nanowires is fabricated by carbonization of glucose absorbed on Cu nanowires on current 
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collector using heart treatment. This architecture has the electroactivity of carbon and the direct 

connection of transition metal oxide to the substrate. This synergic effect is the reason for the 

high initial capacity and Coulombic efficiency of 730 mAh/g and 83% respectively.37  

Application of CNT network is also an effective strategy to boost the electrochemical properties. 

Using a simple solution method CuO/CNT nano-microspheres are fabricated and compared to 

the pure CuO. It has been demonstrated that the addition of the highly conductive 3D network 

can largely improve the stability and rate capability of the electrode. The CNT network acts as 

both a high conductive network of current collector and an elastic buffer to reduce the huge strain 

caused by the volume changes during the charge/discharge process. 38 

In another report three dimensional graphene networks is used to prepare CuO/graphene 

composite using a simple solution method. This composite exhibits excellent cycling 

performance compared to the pure CuO. At a current density of 65 mA/g, a stable capacity of 

600 mAh/g is delivered for over 100 cycles. The specific capacity is maintained at 150 mAh/g, 

even with increase of current to 6400 mA/g. The carefully engineered composite with embedded 

CuO nanoflowers in a 3D conductive graphene network are reported responsible for the superior 

battery properties.39 

Antimony and antimony based compounds: 

Antimony (Sb) undergoes alloying reaction with Lithium and transforms to Li2Sb and Li3Sb. Sb 

has a gravimetric capacity of 660 mAh/g and 1890 mAh/cm3 volumetric capacity. Sb electrodes 

suffer from high capacity decay due to the high volume change during lithiation and delithiation. 

To overcome this problem application of several Sb/C structure electrodes has been reported in 

the literature. Fabrication of a Sb-graphite hybrid electrode has been reported by Dailly et al.40 

The electrode demonstrated stable performance with charge capacity of 500 mAh/g. A Sb-C 

nanocomposite fabricated by HEMM also demonstrated superior electrochemical properties 

compared to Sb. Additionally, a Sb-C-graphite composite which was prepared by further HEMM 

of graphite with Sb-C nanocomposite was successfully fabricated. This hybrid electrode exposed 

an initial discharge capacity of 528 and maintained 86% of its capacity after 100 cycles.40 
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However, low initial Coulombic efficiency with 33% capacity loss was the problem of this 

electrode which was explained based on the breakage of graphite during the HEMM process. 

Several other types of nanostructures and hybrids such as CNT and PAN (polyacrylonitrile) has 

been reported in the literature which demonstrate improvement in electrochemical properties.41  

One of the effective strategies to improve electrochemical properties is application of 

intermetallic compounds (AxBy) with strong structural relationship to their lithiated products.42, 43 

In these compound, both elements can be electroactive towards Li+, like AlSb44 and SnSb,45 or 

one can be inactive Cu2Sb,46 MnSb, Mn2Sb47 and Cu6Sn5
48. In these structures during the 

lithiation the metal A is extruded from the crystal structure and then during delithiation cycle is 

.readmitted again. The MSby undergoes reaction with lithium based on insertion and alloying 

reaction which can be presented as follows:  

Insertion reaction: ���� + ���	 + ��� → ������� 

Alloying reaction: ���� + 3��	 + 3�� → �� �� +� 

Copper antimonide (Cu2Sb) is a Sb based intermetallic compound which has been investigated as 

a possible candidate for lithium ion battery applications. Cu2Sb fabricated by HEMM presented 

stable cyclability with a rechargeable capacity of 290 mAh/g. Strong structural relationship 

between Cu2Sb and the lithiated phase which is Li2CuSb is suggested to be the reason for such 

stable performance. Additionally, the divided copper which is extruded from the copper 

antimonide can provide good electronic conductivity during cycling and enable quick reaction 

kinetics.46 

Among the Sb based intermetallic compound, SnSb can be considered the most studied electrode 

with promising electrochemical properties. The advantages of SnSb are as follows: 

1) Both constituents Sn and Sb undergo alloying reaction with lithium resulting in high 

theoretical capacity. 

2) Ductile distributed tin phase can alleviate the volume expansion during cycling. 
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3) Reaction potentials of Sn and Sb are different; this will provide a buffering matrix and a good 

electrical connection while cycling by forming Li-based phases of Sb and Sn at different 

potentials during the charge and discharge cycles. 

4) The possibility of reconstruction of initial electrode material after the charge cycle is an 

important issue and this reconstruction is possible in SnSb electrode.41 

To achieve superior electrochemical properties various nanostructured composites/hybrids has 

been reported in the literature. A mechanochemical and electrochemically controlled SnSb/C 

which involves transformation of micron sized tin and antimony powders to uniformly distribute 

10 nm and 2-3 nm SnSb nanocrystallites in a carbon matrix by mechanochemical and 

electrochemical means has been reported in the literature. This hybrid presents highly reversible 

capacity of 706 mAh/g with good initial Coulombic efficiency and only 19% capacity loss. The 

hybrid could deliver capacity higher than 550 mAh/g after 300 cycles.49  

Germanium : 

Germanium (Ge) is an alloying anode with 1600 mAh/g theoretical capacity in its fully lithiated 

form (Li4.4Ge) which is 44% of the theoretical capacity of Li–Si electrode. However, this 

electrode undergoes a huge volume expansion of 370% during lithiation. The advantage of Ge 

compared to Si is that it has 400 times higher diffusion rate in room temperature which makes 

this electrode an attractive candidate for high power rate LIB anodes. Carbon based Ge hybrids 

have demonstrated improvement in electrochemical stability.41  

Two disparate voltage plateaus were observed in the electrochemical alloying cycle of Ge 

particles with lithium which represent the transformation of Ge to Li-Ge phases. A 3 step 

alloying reaction is proposed for Ge electrode which can be presented as follows:41 

!� → ��"!�� → ��#!�� → ���$!�% + ����!�$ 

However, Baggetto and Notten argue that in the initial discharge cycle solely Li15Ge4 is formed. 

The Ge electrode experiences large capacity decay in its initial 10 cycles. Similar behaviors were 
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observed for Sn and Si electrodes.41
 Application of various Ge thin films, nanostructures and 

hybrids with promising properties has been reported in literature.41 Embedded germanium 

nanoparticles in carbon matrix fabricated from pyrolysis of butyl-capped germanium has resulted 

in formation of an electrode with an initial capacity of 1067 mAh/g which can maintain 88% of 

its capacity for thirty cycles.50 Ge nanowire arrays have been grown directly on current collector 

to achieve direct and individual electrical contact between the active material and current 

collector. Chemical vapor deposition (CVD) has been used to fabricate free-standing carbon free 

nanowire arrays. Superior electrochemical properties have been reported by Li et al. 

demonstrating impressive improvement compared to Ge electrodes containing carbon black and 

binders. The reason for such improvement is that the free-standing wires can relax and alleviate 

the stress build up during lithiation and expose stable cycling properties (see Figure  1.6). The Ge 

nanowires show good electrochemical performance for long cycles and remain intact without 

serious pulverization.51  

 

Figure  1.6 Schematic drawing of (a) traditional battery electrode with amorphous carbon and a polymeric 

binder and (b) Nanowire array electrodes design consisting of nanowires directly grown on metallic 

substrate.51 

 

Application of various Ge thin films, nanostructures and hybrids with promising properties has 

been reported in literature.41 Embedded germanium nanoparticles in carbon matrix fabricated 

from pyrolysis of butyl-capped germanium has resulted in formation of an electrode with an 

initial capacity of 1067 mAh/g which can maintain 88% of its capacity for thirty cycles.50 Ge 
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nanowire arrays have been grown directly on current collector to achieve direct and individual 

electrical contact between the active material and current collector. Chemical vapor deposition 

(CVD) has been used to fabricate free-standing carbon free nanowire arrays. Superior 

electrochemical properties have been reported by Li et al. demonstrating impressive 

improvement compared to Ge electrodes containing carbon black and binders. The reason for 

such improvement is that the free-standing wires can relax and alleviate the stress build up during 

lithiation and expose stable cycling properties. The Ge nanowires show good electrochemical 

performance for long cycles and remain intact without serious pulverization.51  

Fabrication of a branched Sn78Ge22@ carbon core-shell nanowires which was fabricated by 

thermal annealing of butyl-capped Sn78Ge22 nanoparticles at 600 °C was also reported in 

literature (see Figure  1.7). The authors report that the agglomeration of nanoparticles is inhibited 

by application of the special branched nanostructures and carbon layer. But instead Sn78Ge22 

nanoparticles are fragmented to nanowires and nanoparticles. A high reversible capacity of 1107 

mA h/g was obtained and 94% of the capacity was maintained for 45 cycles. The structure also 

demonstrated superior properties when tested at 8C rates with 93% capacity retention.52 

 

Figure  1.7 (a) Schematic diagram of branched Sn78Ge22@carbon nanowire and TEM images of the 

Sn78Ge22@carbon nanowires (b) before and (c) thermal annealing.52 
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Iron oxide:  

Iron oxide is an attractive conversion material; both hematite (Fe2O3) and magnetite (Fe3O4) are 

extensively studies as lithium ion battery anodes because of their environmentally friendliness 

and low cost. The Li can be reversibly inserted in iron oxide in a wide range of 1.2-4.0 V vs 

Li/Li+. If the potential is decreased to 0.9V another two moles of Li can be inserted resulting in 

higher capacities, however the damage to the crystal is usually inevitable. By further reduction to 

0.005V another 8.5 moles of Li can be inserted by turning Fe3+ to Fe0 resulting in increase of 

theoretical capacity to 1007 mAh/g. The reactivity of Fe2O3 largely depends on morphology of 

the nanostructure. 26 

As mentioned before Fe3O4 is also a promising anode material with 926 mAh/g theoretical 

capacity. Zhang et al. reported fabrication of carbon coated nanospindlers of Fe3O4 with 428 nm 

length and 106 nm diameters.  It was confirmed that the carbon coating is thin and continuous. A 

high reversible capacity of 745 mAh/g was obtained. These carbon coated nanospindlers have 

much higher Coulombic efficiency and improved stability compared to pure Fe3o4 spheres. The 

uniform carbon coating which improved the electrical conductivity and holds the integrity of the 

active material was proposed responsible for the superior electrochemical properties. 53 

In the recent years application of graphene based transition metal oxide as LIB electrodes has 

attracted a lot of attention. The graphene can be used as a buffer to help maintain the integrity of 

the structure and withstand the huge strain caused by the volume changes. The high electrical 

conductivity can improve the performance of the electrode. A magnetite/graphene were 

fabricated by heat treating the mechanically mixed graphene oxide and co-precipitated Fe3O4 

nanoparticles. The monodispersed Fe3O4 nanoparticles imbedded in graphene demonstrated 

excellent rate capability, capacity and stability for over 1000 cycles. The robust graphene matrix 

and fine, monodispersed Fe3O4 nanoparticles are presented responsible for the excellent 

properties.54 

Application of porous three dimensional current collectors is another effective strategy to 

improve the electrochemical properties of oxide LIB electrodes. In a recent paper 

electrodeposition is used to fabricate a novel 3D porous Ni/Fe3O4 film.  The authors report a high 
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initial Coulombic efficiency of 86% and enhanced rate capability. The porous, binder free, 

electrode with high surface area and the direct contact between the active material and current 

collector and fast Li+ diffusion are responsible for the superior battery properties.55 

 

1.2.3 Hybrid electrodes for lithium ion battery applications 

There has been huge effort to develop the next generation lithium ion batteries which can meet 

the requirements of the emerging portable electronics and electric vehicles. Many different 

strategies has been suggested and examined in the last decade to overcome the limitations and 

develop the next generation Lithium ion batteries with enhanced properties in all aspects. 

However, finally it came to this point that limited by the intrinsic properties, e.g. low electrical 

conductivity, slow lithium ion diffusion, the single component nanostructures alone may not 

meet the high expectations.56, 57 Therefore, application of hybrid nanomaterials is being actively 

pursued in recent years.58-62  

Carbon based hybrid electrodes: 

Mesoporous electrodes have demonstrated enhanced electrochemical properties because of the so 

called ‘ionic wiring’. However, the rate performance of these electrode materials is still limited. 

CNTs alone can be used as anode in lithium ion batteries with unique shape and a high capacity. 

This application is especially useful if Li ions can be intercalated into the CNT tube. However, 

previous reports have illustrated that based on the fabrication method and the applied treatment 

the reversible capacity of carbon nanotubes can vary. However in terms of application point of 

view the high irreversible capacity due to many reasons such as detrimental surface reactions 

with solution and formation of surface films of CNT limits its application. Many methods have 

been proposed in order to overcome the CNT problems; one of them is to use CNT as additive. 

Many studies report successful application of CNT composite for Li ion batteries, such as 

SnSb/CNT, CoSb3/CNT and SnO2/CNT.63 Many metals and metal oxide with high 

electrochemical properties crack and de-attach from the current collector during charge and 
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discharge process causing fast capacity fade of the battery cell. The combining of active material 

with CNT can prevent agglomeration and improve the electrical conductivity of the electrode and 

improve the electrochemical properties. There are several reports on effectiveness of such 

network.19, 23, 64 In recently published paper manganese oxide was electrodeposited on a carbon 

nanotube (CNT) film substrate with a three-dimensional nanoporous structure. It was revealed 

that compared with the MnO2 film electrode, the MnO2/CNT electrode showed a much higher 

specific capacitance and better high-rate capability.65 Also, it’s reported that in a novel 

mesoporous nanotube composite which was fabricated by an in situ growth of mesoporous tin 

oxide on CNT superior electrochemical properties in terms of capacity and cycling stability can 

be seen in compared to mesoporous SnO2 electrode(see Figure  1.8) . The synergetic effects of 

high surface area, porosity and good electrical conductivity are reported responsible for the 

improvement in the electrochemical properties.63
 

 

Figure  1.8 Cyclic properties of (a) mesoporous SnO2/MWCNT and (b) mesoporous SnO2 tested at         

33.3 mA/g current density. Inset demonstrates voltage-capacity profiles of 16th-20th charge/discharge 

cycles. 63  

 

Graphite is currently the anode used in the commercially available LIBs. However the limited 

capacity of this material limits its application. Therefore, many studies have been conducted in 

order to replace graphite with other carbonaceous materials. Graphene is an attractive candidate 

with some unique features compared to graphite or CNT. The much higher surface area of 
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graphene can provide much more active sites for electrochemical reaction. Also the porous 

structure and high surface to volume ratio enables fast ion transport and high rate capability of 

graphene electrodes.66 However, the graphene electrode suffers from serious agglomeration and 

re- stacking when removed from solution and dried. In order to overcome this problem and make 

use of the great advantages of such structure application of several graphene/metal oxides 

composite as lithium ion battery electrodes has been studied. Many different composite structures 

of graphene/metal oxide has been reported in literature, such as graphene/MnO67, 

graphene/Fe2O3
68, graphene/Co3O4

69.  In the graphene/ metal oxide structure, graphene as the 

conductive and porous 2D network enables the uniform dispersion of metal oxides and improves 

the electrical conductivity and ion transport, while the metal oxides suppress the re-stacking 

problem of graphene and increases the energy density.66 

Conductive polymer based hybrid electrodes: 

Conducting polymers such as polyaniline (PANI), Poly(3,4-ethylenedioxythiophene) known as 

PEDOT, Polypyrrole (PPY) are known as promising electrode materials which can be coupled 

with metallic based electrodes with enhanced properties. Simplicity of synthesis, high ionic and 

electrical conductivity and the possibility to fabricate highly porous uniform films are the 

advantages of polymer based electrodes and hybrids. Integration of conducting polymer with 

metallic compound electrodes, e.g. metallic oxides results in superior electrochemical properties. 

Coated or mixed polymer can provide a flexible buffering blanket as well as improving the 

electrical conductivity of the hybrid electrode resulting in better cycling stability and often 

improved rate capabilities. Additionally, the conducting polymers demonstrate well-recognized 

reactions with lithium and can operate as good LIB electrode.70 
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Figure  1.9  Fabrication process of ordered MnO2 -PEDOT hybrid nanostructured array electrodes.71  

 

The template-based electrochemical deposition is a well-known means for fabrication of ordered 

hybrid nanostructure arrays. In this method a thin layer of gold or silver are coated at the back 

side of anodized aluminum oxide (AAO) template and subsequently electrode material is grown 

inside the AAO channels by electrodeposition and finally the template is removed chemically to 

form a well aligned nanowire arrays on a conducting substrate. A coaxial MnO2-PEDOT 

nanowire arrays is grown by Lee et al. by a single step electrodeposition process (see Figure  1.9). 

The hybrid electrode possesses both good conductivity and electroactivity resulting in high 

specific capacities at high cycling rates as well as superior rate capabilities compared to pure 

MnO2 nanowires and PEDOT nanowires. 71  

An interesting Silicon-polypyrrole hybrid which was fabricated by high-energy mechanical 

milling was also reported. In this hybrid, polypyrrole performs as buffering matrix which keeps 

the integrity during charge/discharge by holding the Si grains as they undergo reaction with Li. 

Introduction of polypyrrole results in improvement of initial Coulombic efficiency by reducing 

the SEI layer thickness. The hybrid with 50 wt% silicon fabricated by for 4 hours of milling 

exhibited good reversibility, Coulombic efficiency and cycling stability. Reasons suggested for 

such improvement are increase in conductivity due to the presence of PPY and a more stable 

electrode due to the presence of an integrating matrix. Based on the voltage profiles of Si-

PPY(9:1) and pure Si electrodes it can be suggested that the reaction mechanisms in hybrid 



20 

 

electrodes is similar to Si which means the PPY is acting as an inert matrix and the capacity is a 

result of reaction of lithium with silicon crystals.72 

Hybrid electrodes with nanostructured current collectors: 

Nanostructured current collectors are suitable scaffolds for fabrication of hybrid arrays and films. 

In order to achieve fast power source 4 resistance needs to be overcome; ion diffusion in the 

electrolyte and electrode, electrochemical reaction within the electrode and electron conductivity 

in current collector and active material. By application of 1D or 3D current collectors the 

mentioned resistance will be minimized. It should be explained that in hybrids with nanostructure 

current collector’s nanosized units support a thin electroactive material resulting in short 

diffusion distance of Li+ ion and electrons. Additionally, these hybrids have large surface area 

which enables loading a higher amount of active material while providing an open structure with 

buffering properties. The effective pathway for electron diffusion in the hybrid structure is 

another advantage of such hybrids. This leads to formation of a storage device with the so-called 

“capacitor like” rate capability and “battery like” capacity. Based on geometrical characteristic 

nanostructured current collectors can be categorized into 3 groups; 1D nanowire/nanotube arrays 

e.g., Cu pillars, 2D nanowall/nanoflake network e.g., Ni nanowalls, 3D continuous/quasi-

continuous webs e.g., Ni nets.70  

Metallic nanowire arrays are common current collector in LIB applications. 1D metallic arrays 

have the advantage of higher initial capacity and rate capability. However, the 1D current 

collector have some issues. If the diameter of the wires is too small, it will collapse during the 

cycling. While, if it’s too big it will occupy too much space and reduce the energy density of the 

hybrid electrode.70 Template-free fabrication of Cu nanowire arrays by thermal reduction of CuO 

nanowires has been reported recently. The Cu-Si nanopillar electrodes with a thin alumina layer 

delivered 1560 mAh/g capacity at 1.4 A/g current density and remained electrochemically stable 

for up to 100 cycles.73 
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Single crystal metal oxide nanowires have high electronic conductivity and in recent years 

application of some oxides such as ZnO, ITO and SnO2 has been reported in literature.70 For 

example it was reported that TiO2 electrodes supported on ITO nanowires can deliver stable 

capacities for up to 1000 cycles without any serious capacity decay.74  

 

Figure  1.10 Schematics drawing of  (a) production of 1D Ni/TiO2 nanowire arrays and (b) production of 

3D Ni/TiO2 nanowire network. (c-d) SEM and (e-f) TEM images (g) areal capacity as a function of the 

electrode length and (h) cycling performance of the 3D Ni/TiO2 nanowire network.75 

 

The difficulty to fabricate long 1D current collector without any agglomeration is another 

problem of ID electrodes. Usually the wires have 2–3 µm length which limits the material 

loading (see Figure  1.10A). To overcome this problem, Wang et al. suggested application of a 3D 

Ni network. A 3D Ni/TiO2 interconnected nanowire network is used as lithium ion battery 

electrode (see Figure  1.10). According to the SEM the Ni wires have up to 32 µm length and are 

interconnected to the surrounding wires by small bridges (see Figure  1.10B-G). The Ni/TiO2 

interconnected nanowire network compared to straight Ni/TiO2 nanowire arrays has additional 

gain in capacity with increase in nanowire lengths (see Figure  1.10G). when the length is 

increased from 5 to 30 µm the areal capacity of the 3D hybrid electrode and 1D hybrid electrode 

increases 6.8 and 4.4 times respectively. When the wires have the same length the 3D network 
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delivers 2.4 times higher areal capacity compared to the 1D Ni-TiO2 nanowire array electrode 

and 100 times higher than TiO2 thin film (see Figure  1.10H).75 This clearly demonstrates the 

importance and influence of current collector structures.  

Metallic compound hybrid electrodes: 

Although there has been many efforts to fabricate carbon based hybrid electrodes and hybrids 

which utilize nanostructured current collectors, there is few successful reports on fabrication and 

application of metallic compound hybrids especially for LIB application. Metallic compound 

hybrids have the advantage that usually all building blocks are electroactive materials. By smart 

selection of the components and careful engineering of the hybrid nanostructures, integration of 

the properties and achievement of an electrode with high energy density, long term stability and 

good rate capability would be possible. Such electrode would have the required criteria to find 

practical application in novel energy storage devices.  

Hydrothermal, CVD and electrodeposition are the three fabrication methods which are 

commonly used to produce ordered hybrid nanostructures. The CVD and hydrothermal products 

have the advantage of higher crystallinity, while the electrodeposition has the advantage of 

simplicity. However, the electrodeposition fabricated routes of hybrids are usually template 

based which makes the process more complicated.76  

Only recently there has been some promising progress in this field. An interesting SnO2-Fe2O3 

hybrid was fabricated directly on current collector by CVD and hydrothermal process. In the 

hierarchical nanostructure Fe2O3 branches were grown on SnO2 stem. The hybrid nanostructure 

exposed high initial Coulombic efficiency and superior reversibility compared to its individual 

components when tested as LIB electrode. This report is a good representative of successful 

integration of an alloying and conversion active material. The authors suggest that the transition 

metal iron improves the reversible electrochemical reaction of tin oxide with lithium.77  
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Figure  1.11 Rate performance of MnO2 @Co3O4 hybrid electrode synthesized by a hydrothermal method.78 

 

 Co3O4 porous nanowires- MnO2 ultrathin nanosheets are another ordered hybrid electrode which 

demonstrated promising properties. Carbon assisted hydrothermal approach was used to 

fabricated this hybrid. In the initial step Co3O4 nanowire arrays are grown on current collector 

and pre-coated with carbon and in the second step MnO2 shell is grown on the nanowire arrays 

by interfacial reaction with KMnO4. The interesting facts about this hybrid are the interesting 

architecture of the hybrid which is well aligned; open with direct connection to the current 

collector and that the components of the hybrid are both good pseudocapacitive materials which 

undergo reaction with the electrolyte. In this hybrid the cobalt oxide core provides 1D electron 

pathway, while the shell holds the hybrid integrity.  As a result, the hybrid electrode exhibits 

excellent properties with areal capacitance 4-10 times higher than the Co3O4 nanowire arrays (see 

Figure  1.11).78  

Silicon is an important anode material with the highest theoretical capacity. However the huge 

volume change during charge/discharge process, low ionic and electronic conductivity has 

limited the application of this electrode. Recently application of coaxial Si-Ge nanotube hybrid 

was reported in literature. The nanotube hybrid was composed of Si with the higher theoretical 

capacity as the core and Ge with higher electrical conductivity as the shell. This results in 

formation of an electrode with both impressive mechanical stability and improved kinetics. The 
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fabricated electrode was tested as LIB battery and demonstrated excellent electrochemical 

properties with 85% capacity retention after 50 cycles. This hybrid compared to Si electrodes 

tested as 3C rates demonstrated 3 times higher capacity. The authors suggest that the reason for 

such improved properties is lower max. hoop strain in the hybrid nanotubes and reduction in 

activation energy batteries of lithium ion diffusion.58  

 

Figure  1.12 (A) Schematic drawing, (B) TEM and (C) Charge capacity and Coulombic efficiency of the 

Si/TiSi2 hybrid electrode  at 8400 mA/g rate between 0.150 and 3.00 V.79 

 

Zhou et al. also reported application of a heterostructure Si-TiSi2 hybrid. For the fabrication of 

this hybrid Si nanoparticles were grown on highly conductive TiSi2 mesh using CVD. The TiSi2  

matrix is a net of TiSi2 nanowires which supply a 3D electronic pathway and good structural 

support (see Figure  1.12A-B). The Si and TiSi2 have similar crystal structure; this makes the 

interfacing quite simple. When tested as LIB battery, the hybrid deliver a high capacity of 1000 

mAh/g at a high charge rate of 8400 mA/g and retained 99% of its capacity when tested for 100 

cycles (see Figure  1.12C).79  The focus of the presented work is copper oxide based metallic 

hybrids. However, to our knowledge no copper oxide metallic hybrid is reported in the literature. 



25 

 

1.3 Electrochemical deposition 

1.3.1 Principles of electrochemical deposition 

Electrodeposition is based on the principles of electrochemistry. Electrochemistry is known as a 

chemistry branch which interrelates of chemical and electrical effects. A large part of 

electrochemistry deals with production of electrical energy by chemical reactions and chemical 

changes caused by the passage of an electrical current.  

In order to determine the conditions required for the electrosynthesis of any material, we can 

begin by considering the stability of the target material in aqueous solution. A Pourbaix diagram 

indicates the pH and potential values at which chemical species are stable in aqueous solution. 

These pH/potential phase plots are thermodynamic calculations of the stability of the metal 

oxides, metal hydroxides, and metal ions in water.80 A simplified version of the Pourbaix 

diagram for Zn2+, Zn, and Zn(OH)2 at 1 atm and 25°C can be seen in Figure  1.13. 

The standard potentials for electrochemical reactions shown on the ordinate axis in a pH-

potential phase diagram (Pourbaix diagram) are measured relative to the potential difference 

between the working electrode, at which the reaction occurs, and a reference electrode. Potential 

is applied with an external power supply, and the pH is varied with the addition of acids (i.e. 

HCl) or bases (i.e. NaOH) as noted. The phase boundaries in a Pourbaix diagram indicate 

reduction/oxidation (redox) reactions that can occur during an electrochemical experiment. Such 

reactions can be written as a redox couple: 

� + &�� ⇄ ' 
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Figure  1.13 Diagram indicating the potentials and pH regions at which Zn2+, Zn, and Zn(OH)2 are stable. 

 

Where O is the oxidized species, R is the reduced species, and n is the number of electrons 

transferred per reaction. At potentials more negative than the standard reaction potential (E°), the 

reductive formation of O is more favored, while at potentials more positive than E° the oxidative 

formation of R is favored. A straightforward example is the reduction-oxidation of zinc metal 

(Zn°) and the zinc ion (Zn2+), for which the standard potential is -0.962 V vs. Ag/AgCl:81 

(&�	)*+, + 2�� ⇄ (&)-, 

At potentials more negative than -0.962 V vs. Ag/AgCl, the formation of the reduced species 

(Zn°) is more favorable, while above this potential Zn2+ is more favorable. If a redox reaction 

occurs at a high enough rate that it can be considered to be in thermodynamic equilibrium as the 

potential is swept, it is considered a reversible reaction. Such a system can, in principle, be 

reduced and oxidized an infinite number of times without adverse effect (no loss of 0 or R). Zinc 

metal deposition is an example of a reversible reaction.  

A cyclic voltammogram (CV) of the reversible zinc metal deposition can be seen in Figure  1.14. 

A CV is collected by sweeping an applied potential across the working electrode and reference 

electrode and recording the current response. Current peaks in a CV indicate movement of charge 

at or near the working electrode surface. The peak at more negative potentials is due to both Zn 

metal deposition and hydrogen evolution. The peak at more positive potentials corresponds to 

stripping of electrodeposited Zn metal.81 
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Figure  1.14 cyclic voltammogram illustrating a reversible reaction. 81 

 

1.3.2 Features of electrochemical synthesis 

By flow of an electric current between two or more electrodes which are separated by an 

electrolyte electrochemical synthesis is obtained. The synthesis takes place at the interface of 

electrode-electrolyte. We list below several features which distinguishing electrosynthesis from 

other synthetic means: 

(i) The electrochemical synthesis is taking place in a very high potential gradient of 105 V/cm 

within the electric double layer of the electrode. Under these conditions, some products can be 

obtained using electrochemistry which cannot be obtained by chemical synthesis methods. 

 (ii) The deposited product is formed on a conductive electrode in the form of a coating/thin film 

in one single step. This is especially favorable in fabrication of electrodes for energy 

conversion/storage applications. The formed electrode is binder free with good adhesion and high 

conductivity.  Further, growth of conformal coatings on substrates with any kind of shape is 

facilitated by the existence of the solid-liquid interface facilitates. 

(iii) This is a low-temperature technique which is limited by the boiling point of the electrolyte. 

This is especially favorable for fabrication of materials which are sensitive to heat such and 

experience problems such as compositional changes and decomposition in high temperature such 

as β-Zn4Sb3. However, if required, this can be raised by application of molten salt electrolytes. 
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(iv) By controlling the passed current kinetics can be controlled, while thermodynamics can be 

controlled by variation of applied cell potential with good thickness controllability and 

uniformity. 

(v) An electrochemical synthesis is an oxidation or reduction reaction. This reaction can be 

moderately controlled and fine-tuned by controlling the electrodeposition parameters. Such 

control can rarely be afforded by chemical synthesis. 

(vi) The film composition can be carefully controlled by varying the bath composition. 

(vii) The experiments are simple and easy to perform and the instruments are inexpensive and 

readily available. 

(viii) The application of electrochemical deposition allows growth of homogenous nanostructure 

with controllable features.82-84 

However, there are some disadvantages. Poorly ordered products which make structural 

characterization difficult are a result of the ambient temperature fabrication. Often, the product 

comes with X-ray amorphous impurities. Finally, only on conducting electrodes the production 

can be carried out.84 
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2 Thesis design 

2.1 Hypothesis 

2.1.1 Nanowire based hybrids 

With an ever increasing demand for efficient energy storage devices and while many micrometer 

sized bulk materials have failed to meet such demands, fabrication of various novel materials 

with controlled size, shape and composition have attracted increasing attention.13, 42, 85-89 

Nanostructured materials can give rise to new Li-storage mechanisms, allowing achievement of 

higher capacities than conventional intercalation mechanisms. Recent results demonstrate that 

Li+ can be stored on the surface, interfaces, and in nanopores. Such storage does not create any 

mechanical damage in the electrode during charge/discharge, thus results in additional lithium 

storage.90 

The concept of application of one-dimensional (1D) nanomaterials has been investigated 

extensively for application in lithium ion batteries. This strategy has been demonstrated with 

Co3O4,
20 SnO2,

21and Si22 and many other electrode types and have demonstrated great 

improvements. The small nanowire diameter enables preferable accommodation of large volume 

swing without failure and the direct 1D electronic pathway allows effective electron transport. In 

case, the electrodes are grown directly on the correct collector, each single wire is in direct 

contact with the current collector which allows enhanced electrical conductivity and individual 

contribution of each nanowire to capacity. In the meanwhile, the open space between the wires 

buffers the strain caused by the huge volume swing and allows efficient penetration of electrolyte 

in to the electrode material resulting in enhanced specific capacities. Nevertheless, the nanowire 

structure also has the disadvantage of low material loading, which results in low specific energy 

densities. 22 Many superior properties such as enhanced capacities, rate capability and capacity 

retention have been reported for nanowire electrodes.13  Superior electrochemical properties have 

also been reported by Li et al. for free-standing Ge nanowires; demonstrating impressive 

improvement compared to Ge electrodes containing carbon black and binders. The Ge nanowires 

show good electrochemical performance for long cycles and remain intact without serious 
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pulverization.51 During the lithiation/delithiation process, many different material properties, 

such as size, shape, porosity and texture influence the structural stability and determine the 

cycling stability. Therefore, by careful optimization of these parameters, the electrochemical 

performance of electrodes can be enhanced dramatically in comparison to the conventional bulk 

electrode.16 Therefore, deep understanding, careful design and engineering of influencing 

parameters are essential.   

Nevertheless, although knowledge and understanding of electrodes and energy storage devices 

has grown and deepened, not a single material could be developed which could meet all the 

necessary requirements, e.g., high energy density, good cycling stability especially at high 

cycling rates and good rate capability. At this point application of hybrid electrodes was 

proposed.70 There is no unique and vivid definition of hybrid electrodes in literature. However, in 

general hybrids are combination of chemically distinct materials with explicit properties, which 

can deliver desired properties due to multi-functionality or expose novel enhanced properties 

distinctive from their individuals due to the synergetic effects.  

Hybrids with attractive properties can be fabricated by smart assembling and fine tuning of the 

composition, shape and architecture of the constituent building blocks.91, 92 Although there have 

been many efforts to fabricate carbon based hybrids and hybrids which use nanostructured 

current collectors, there is few successful reports on application of metallic compound hybrids 

with solely electroactive constituents, especially for LIB application. 91, 92 In hybrid electrodes 

which utilizes nanostructured current collectors, such as Cu nanowire arrays or Ni mesh,  only 

small material loading is possible and a large portion of the electrode does not contribute in 

energy storage, but adds to the electrode mass and size.75 The metallic compound hybrids with 

solely electroactive materials have the advantage that all components undergo reaction with Li+, 

resulting in higher specific capacity.  Only recently there has been some promising progress in 

this field. For example, an interesting SnO2-Fe2O3 hybrid was fabricated directly on current 

collector. The hybrid nanostructure exposed high initial Coulombic efficiency and superior 

reversibility compared to its individual components when tested as LIB electrode. This report is a 

good representative of successful integration of an alloying and conversion active material. The 
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authors suggest that the transition metal iron improves the reversible electrochemical reaction of 

tin oxide with lithium.77  

Hydrothermal, CVD and electrodeposition are the three fabrication methods which are 

commonly used to produce ordered hybrid nanostructures. The CVD and hydrothermal products 

have the advantage of higher crystallinity, while the electrodeposition has the advantage of 

simplicity. 76 In general, most proposed production routes suggested in the literature are multi-

step, complicated, high temperature and atmosphere controlled processes. They also usually 

require the application of hazardous materials such as toxic reducing agents (e.g. N2H4) and 

surfactant (e.g. CTAB). However, to find practical application, the proposed anode material and 

fabrication processes needs to be environmentally friendly, facile and cheap with the capability 

to be fabricated in large scale. Additionally, the general preparation process of nanostructured 

electrodes is to mix with a binder, e.g. poly(vinylidene difluoride), and paste on conductive 

current collectors. Usually, a conductive agent such as carbon black is required to improve the 

electrical conductivity of the electrode. These additives essentially adds extra mass to the 

electrodes and reduce the overall charge capacity. While, binder free mesoporous electrode and 

1D free-standing nanowire/nanotube arrays generally fabricated by CVD and electrodeposition 

method have demonstrated promising properties. Direct deposition of electroactive materials on 

current collector by electrochemical methods is an attractive technique since it omits the need for 

any binding or pasting processes.93-96 However, nanostructures fabrication using 

electrodeposition usually need application of hard templates, e.g. anodized aluminum oxides to 

produce nanowire arrays97, 98, or polystyrene sphere for fabrication of porous nanostructures 

which need to be removed afterwards.99 This makes the process more difficult and long. 

Additionally, the probability of template remainder as impurities is high, which will affect the 

charge capacity. Therefore, development of template free fabrication methods is highly desirable.  

2.1.2 Copper oxide nanoneedles as scaffold for hybrid growth 

Copper oxide is an important oxide which is largely investigated in different applications such as 

catalysts,100 gas sensors,101 photoconductive/photochemical cells, and other electronic devices.102 



32 

 

They are cheap and nontoxic which makes them an attractive candidate for LIB electrodes. 

Recently, super-rate capabilities have been reported for nano-architecture copper oxide nanowire 

arrays electrodes. CuO pine needle like (PNL) arrays deliver the highest rate capacity of 545.9 

and 492.2 mA h/g at 15 and 20C rates.36 The super-rate properties is explained based on the 

unique PNL array structure, which provides free space for the migration of lithium ions and 

alleviate the large variation In volume. In this nanostructure the residual copper nanoparticles of 

the incomplete conversion reaction with lithium behaves as a good electron pathway and 

improves the electronic conductivity of the anode material, resulting in outstanding cycling 

stability and rate capability.  

Electrochemical anodization is considered an efficient surface treatment method which has been 

successfully applied for fabrication of several nano-architectures on conductive metals31, 32 The 

fabricated film has been utilize in many different applications.33, 34 Production of copper oxide 

films by copper anodization has an advantage over other fabrication procedures, which is that the 

compositions and morphology of the final product can be varied by controlling of anodization 

parameters such as potential and time.35 

In the presented thesis development of free-standing, coaxial, core-shell hybrids with copper 

oxide as core are pursued.  The novelty of the presented work is that, in CuO based hybrid 

systems, the CuO nanowire arrays provides similar advantages to nanostructured metallic current 

collector. The free-standing coaxial hybrid with ordered copper oxide array architecture as the 

core have the privilege of effective electronic transport due to the direct connection to the 

substrate, fast ion transport due to the existence of space between; which allow easy penetration 

of the electrolyte and solely electroactive building blocks.62
 Furthermore, the open space between 

the well aligned ordered nanostructure accommodates the volume expansion during 

lithiation/delithiation and improves cycling stability.60 Additionally, this hybrid system has the 

advantage that all components can undergo electrochemical reaction with lithium and contribute 

to capacity.  
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2.1.3 Selection of secondary phase decorating the CuO needles 

As discussed, copper oxide was selected as the appropriate scaffold for growth of coaxial 

metallic compound hybrids. In the next stage, by smart selection of the material decorating the 

CuO scaffold and careful engineering of the hybrid nanostructures, integration of the properties 

and achievement of an electrode with high energy density, long term stability and good rate 

capability would be possible.  

Antimony (Sb) is a promising anode material with high electrical conductivity which undergos 

alloying reaction upon interaction with lithium during the charge/discharge process. This 

electrodes has been widely investigad as anode due to its high theoretical capacity and better 

safety compared to the comercially available graphite anode. However, Sb experiences huge 

volume changes and stress build up upon charge/discharge, which can lead to rapid capacity 

decay.9, 103, 104 In can be anticipated that by fabrication of free-standing Sb-CuO hybrids, by direct 

growth of highly conductive Sb on several micron length Cu(OH)2 nanoneedle arrays allows 

higher material loading and electronic conductivity, as well as better structural support during 

charge/discharge cycles resulting in improved electrochemical properties.  

Germanium (Ge) is an important alloying anode with high theoretical capacity (1600 mAh/g) in 

its fully lithiated form (Li4.4Ge) and very high diffusion rate. However, as explained this 

electrode suffers from huge volume change which causes fast capacity decay. Although 

application of free-standing 1D Ge nanowires grown by CVD method have proven to be an 

effective strategy to improve electrochemical problems, the unsafe GeH4 gas used for the 

material CVD growth and the short wire length which is usually less than 1µm length limits its 

practical application.51 In Ge hybrid electrode with high theoretical capacity, direct CVD growth 

of Ge on Cu(OH)2 nanoneedles using Ge powder as source enables a safer and more practical 

growth procedure. The template based growth of Ge on several micron length copper oxide 

nanoneedles also allows higher material loading and better structural support during 

charge/discharge cycles. The contact is also improved, enhancing electrical conductivity. Ge 

shell affords high Li+ intake, as well as high diffusion rate. Additionally,  the short diffusion 
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distances for both Lithium ion and electron transport and the open interspaces between the core-

shell nanowires allows quick infiltration of electrolyte into the structure, partially 

accommodating the volume expansion during lithiation and alleviating material loss. As a result, 

the kinetic performance of the electrode is improved and the lithiation/delithiation is performed 

much more effectively. 23, 105 

Iron oxide is an important conversion material; which is extensively studied as LIB anodes 

because of their environmentally friendliness and low cost. Fe3O4 electrode has a high theoretical 

capacity, but suffers from poor cycling stability (especially at high rates) and poor rate capability. 

In Fe3O4-CuO hybrid the smart selection of two compatible components with promising 

properties and their intelligent integration to unique hierarchical architectures can result in a 

hybrid electrode with all attractive characteristics; such as, low cost and abundant nature, high 

material loading, 3D architecture with open porosity, high energy and power density. In this 

hybrid the free-standing ultra-fast CuO nanoneedle arrays as core provides 1D electronic 

pathway, structural spacer and superior rate capabilities.106 On the other hand, Fe3O4 nanocrystals 

with high theoretical capacity grown directly on CuO nanoneedles enable achievement of high 

specific capacities. Additionally, binder-free ordered array architectures have the advantage of 

effective electrical transport due to the direct connection to the substrate and fast ion transport 

due to the existence of voids that allow the easy penetration of the electrolyte.62  

 

2.2 Scope 

There has been huge effort to develop the next generation lithium ion batteries which can meet 

the requirements of the emerging portable electronics and electric vehicles. However, finally it 

came to this point that limited by the intrinsic properties, e.g. low electrical conductivity, slow 

lithium ion diffusion, the single component nanostructure electrodes alone may not meet the high 

expectations.56, 57 Therefore, application of hybrid nanomaterials is being actively pursued in 

recent years.  
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Based on the above reports and primary investigation, copper oxide was selected as the suitable 

scaffold and core for growth of coaxial metallic compound hybrids. In order to evaluate the 

capability of copper oxide as scaffold and core in metallic compound hybrids, free-standing 

copper oxide nanoneedles arrays will be developed and electrochemically investigated in chapter 

three. By smart selection of the components and careful engineering of the hybrid nanostructures, 

integration of the properties and achievement of an electrode with high energy density, long term 

stability and good rate capability would be possible.  

Antimony is a promising alloying anode material with high theoretical properties (660 mAh/g) 

and high conductivity, but low cycling stability. It can be anticipated that in Sb-CuO hybrid, the 

high conductivity of Sb imporoves the electronic conduction and rate capability of the hybrid, 

while the higly stable CuO core improves the cycling stability. Initially in chapter four, binder-

free Sb nanostructures will be developed and electrochemically investigated. Then, Sb-CuO 

hybrid will be fabricated using Cu(OH)2 nanoneedle arrays as scaffold for deposition of Sb 

nanocrystals. Finally, the electrochemical properties of the developed anodes will be compared 

and influence of application of Cu(OH)2 as scaffold will be investigated.   

Next, Germanium (Ge) with very high theoretical capacity (1600 mAh/g) and 400 times higher 

diffusion rate than Si; as the material with the highest theoretical capacity was selected as the 

suitable candidate to integrate with copper oxide to form coaxial Ge-Cu2O hybrid. By application 

of a combination of electrochemical and CVD growth method, free-standing, core-shell Ge-Cu2O 

hybrids will be developed (chapter five). In this section, the influence of interface and the 

synergetic effects between the core and shell of a hybrid with alloying and conversion building 

blocks will be thoroughly explored. To highlight the importance of electrode architecture and 

application of core-shell hybrid the electrochemical properties are further compared to Ge 

nanoparticles electrode. 

Fe3O4 is another attractive conversion material with 1007 mAh/g theoretical capacity, low cost 

and environmentally friendly nature, which is considered as an important candidate for practical 

application. In chapter six, two types of free-standing Fe3O4-CuO conversion hybrids with 



36 

 

coaxial and 3D interconnect nanostructure will be developed by a two-step template free 

electrochemical technique. 93-96 The electrochemical properties of the two hybrids will be 

investigated and compared with their individual components at high cycling rates. The influence 

of hybrid architecture and the synergetic effects of the electrochemical properties will also be 

examined in details. 
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3 Fabrication of CuO nanoneedle arrays as scaffold for 

growth of lithium ion battery hybrids  

3.1 Overview 

CuO is an attractive candidate for the substitution of graphite as the conventional anode currently 

used in most lithium ion batteries. The low cost, environmental abundant nature, better safety 

compared to graphite and superior theoretical capacity (670 mAh g1) are the advantages of CuO 

anode. However, the copper anode suffers from huge and uneven volume change, e.g. ~ 174% 

during lithiation/delithiation. This results in low cycling capacity and large capacity decay. 

Nanostructuring is an important method to improve the electrochemical properties of LIB 

electrodes. Application of free-standing 1D nanoarrays electrodes, which is composed of one-

dimensional nanoarrays directly grown on conductive substrates, has proven to be an effective 

approach.  In this architecture, the free-standing 1D nanostructure can act both as active material 

and conductive scaffold.29 This 1D nanostructured electrode possess distinct properties, such as 

improved electronic transport path, due to the direct connection of individual nanoarrays to the 

substrate, fast Li+ migration across the interface and sufficient free space between the individual 

nanoarrays which alleviates the large volume change during lithiation-delithiation cycles.36  

Fabrication of different nanostructured CuO and its application as LIB has been reported in the 

literature. CuO thin films were fabricated by using a spray pyrolysis method. Copper acetate was 

utilized as precursor, while stainless steel was used as substrate. According to AFM images, the 

average particle size ranged from 30 to 160 nm. The CuO ⇔ Cu2O ⇔ Cu peaks was observed in 

the discharge STEP curves. At 0.2 C, the electrode exhibited capacity values of over 625 Ah kg−1 

for more than 100 cycles. This capacity, which involves a CuO ⇔ Cu reversible electrochemical 

reaction was reported 50% higher than that of bulk CuO. The good adhesion of the active 

material to current collector and the nanometer size of the particles is considered the key factors 

for the enhanced electrochemical activity.107
 Uniform Cu2O nanocubes were synthesized by a 

polyol process. By controlled oxidation of Cu2O nanocubes, CuO hollow cubes, hollow spheres, 

and urchin-like particles were produced using a sequential dissolution-precipitation process. 
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Among the different morphologies the CuO urchin-like particles demonstrated the best 

electrochemical performance as LIBs. At a current density of 150 mA/g (0.23 C), the urchin-like 

particles maintained a charge capacity of over 560 mAh/g for up to 50 cycles, whereas under the 

same conditions the hollow cubes and spheres declined gradually to 79 and 91 mAh/g, 

respectively. The superior performance of urchin-like particles may be attributed to the structural 

robustness of the thick branches and the stability of the large single-crystalline domains. The 

authors believe that although the hollow structures are initially active, but during the reduction-

oxidation reaction and the large strain build up, the hollow structures become unstable and fails. 

The rate performance of these nanostructures was not investigated in this work.108 In another 

interesting work, using a simple solution-immersion method and heat treatment, CuO nanofibers 

with network-like architectures were produced directly on copper substrate. A stable reversible 

capacity of 560 mAh g−1 was delivered after the second cycle at a current density of                  

0.2 mA cm−2, and the CuO electrode kept its capacity at 520 mAh g−1 after cycling for 50 cycles, 

exposing good cycling stability. The resulted CuO film also exhibited good rate capability, 

delivering 450 mAh g−1 at 1C, and 300 mAh g−1 at 3C. This result indicates that the CuO 

electrode exhibits good rate performance in lithium ion batteries. The authors suggest that binder 

free nature of the fabricated electrode and the direct connection of active materials to current 

collector is the main reason for the enhanced electrochemical behavior.109
 Another interesting 

morphology of CuO is flower-like architectures, which was obtained by simple immersion of 

copper foils in an aqueous solution of NaOH/SDS, followed by heat treatment. At a current 

density of 0.15 mA/cm2, a stable reversible capacity of about 600 mAh g−1 can be achieved in the 

second cycle, which decays gradually to 550 mAh/g after 50 cycles. The rate capability of this 

structure was also quite impressive, delivering a stable capacity of 341 mAh g−1 even at 4C rate. 

The authors believe that the good electrochemical performance mainly originates from the short 

diffusion path, the large contact area and direct growth of the flower-like nanostructures on 

current collector.110
 Recently, super-rate capabilities have been reported for nanoarchitectured 

copper oxide nanowire arrays electrodes. CuO pine needle like (PNL) arrays deliver the highest 

rate capacity of 545.9 and 492.2 mAh/g at 15 and 20C rates.36 The super-rate properties is 
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explained based on the unique PNL array structure, which provides free space for the migration 

of lithium ions and alleviate the large variation In volume. 

In the presented thesis, development of free-standing, coaxial, core-shell hybrids with superior 

electrochemical properties as LIB anodes is pursued.  In this chapter free-standing copper oxide 

nanoneedles will be developed and electrochemically investigated, in order to evaluate their 

capability for application as scaffold and core in metallic compound hybrids.  

 

3.2 Experimental details 

3.2.1 Electrochemical fabrication of CuO nanoneedle arrays   

All reagents used were purchased from SIGMA Aldrich and used as received, without any 

further purification. Millipore water was used in all experiments. Cu(OH)2 nanoneedle arrays 

were fabricated on copper substrate by a fast and simple electrochemical anodization of battery 

grade copper foil.  Prior to the experiment the copper foil was washed carefully in acetone, 

ethanol diluted HCl solution and deionized water to remove any impurities and oxides. A one 

compartment three electrode cell with copper foil, stainless steel sheet and Ag/AgCl reference 

electrode was used as the working, counter and reference electrode. The electrolyte was a 1 M 

NaOH solution which was deaerated by argon gas for 30 minutes prior to experiment.  The 

anodization was carried out at constant current density of 1.5 mA/cm2 for 700 second in room 

temperature to fabricate pale blue Cu(OH)2 films. The thin films were then rinsed with water and 

dried in oven. To test the electrochemical properties, Cu(OH)2 films were annealed at 120oC for 

2 h and then maintained at 200oC for 2 h to prepare free-standing CuO electrodes. 

3.2.2 Materials characterization 

The as-prepared CuO and Cu(OH)2 thin films on Cu substrates were directly used for SEM and 

XRD measurements. The thin film morphology was examined using a field-emission scanning 

electron microscopy (FESEM; JEOL, JSM-7600F). The elemental compositions of the samples 
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were characterized with energy-dispersive X-ray spectroscopy (EDX) which is attached to the 

SEM instrument. Crystallographic data of the specimen was collected using a thin film Shimadzu 

Shimadzu 6000 X-ray diffractometer and a powder X-ray diffractometer (Bruker, Cu ΚR 

radiation with λ =1.5406 Å). The determination of the phase was done using the Match software. 

For TEM characterization, the samples were scratched from the substrate and added to ethanol. 

After ultrasonication for 2-10 mins, the solution was drop cast onto carbon coated 200 mesh Cu 

grids. HRTEM and EDX were obtained by using a JEOL 2010 system operating at 200kV.  

3.2.3 Electrochemical measurements 

The coin cells were assembles inside an Ar-filled glove box with oxygen and moisture content 

less than 1.00 ppm. Coin cells were fabricated using CuO nanoneedle arrays. The free-standing 

electrodes were used directly as working electrode without addition of any binder.  The lithium 

foils were used as counter/reference electrodes and the electrolyte was a solution of 1 M LiPF6 in 

ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1, w/w). For the electrochemical 

measurement coin battery cells were installed and galvanostically tested using a NEWARE 

battery tester (vs. Li/Li+). 

 

3.3 Electrochemical fabrication of CuO nanoneedle arrays 

Figure  3.1A-B displays the scanning electron microscopy (SEM) images of nanoneedle arrays of 

copper hydroxide on cu foil, anodized at constant current density of 1.5 mA/cm2 for 700 seconds. 

The x-ray diffraction (XRD) pattern (see Figure  3.1F) demonstrates the formation of Cu(OH)2 

with orthorhombic phase (ICDS No. 68459). It can be observed in the SEM images that the 

Cu(OH)2 nanoneedles are free-standing and have grown densely and uniformly on the copper 

substrate. The nanoneedles have over 6 µm length and diameter in the range of 50-100 nm. The 

detailed microstructure of the anodized Cu(OH)2 nanoneedles is demonstrated in TEM and 

HRTEM images shown in Figure  3.1C-E. As can be seen the anodized Cu(OH)2 nanoneedles are 

highly mesoporous with fine 1-2 nm pores spreading through the Cu(OH)2 nanoneedles (see 

Figure  3.1C-D). The high resolution TEM image displays the (002) plane of orthorhombic 
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Cu(OH)2 with 0.26 nm interfringe spacing (ICDS No. 68459) (see Figure  3.1E). The selected 

area electron diffraction (SAED) pattern can be also be indexed to orthorhombic Cu(OH)2 crystal 

structure which is consistent with the XRD results (see inset in Figure  3.1E). The nanoneedles 

have single crystalline nature and grow in the [100] direction. The growth of Cu(OH)2 

nanoneedle arrays on the Cu substrate corresponds to a simple anodization process as follows: 

/0 → /0�	 + 	2�� 

/0�	 + 	2�2� → /0)�2,� 

 

 

 

 

 

 

 

 

 

 

 

 

After heat treatment of copper hydroxide at 120oC and 200oC for 2 hours each, the Cu(OH)2 is 

transformed to pure monoclinic CuO phase (ICSD No. 31059) (see Figure  3.2A). Based on our 

observation and recent report on growth mechanism of such Cu(OH)2 nanoneedle arrays, at the 

start of anodization process some copper hydroxide micro-rods grow which act as nucleates for 

further growth of Cu(OH)2 crystals. With increase in anodization time the micro-rods crack and 

start to grow in the preferred [100] orientation until finally the complete nanoneedle arrays are 

formed on copper substrate.36 The interesting fact about this structure is that based on TEM study 

performed on different Cu(OH)2 thin films, it was observed that some of the Cu(OH)2 

Figure  3.1 (A-B) SEM, (C-D) TEM, (E) HRTEM, SAED pattern and (F) XRD pattern of Cu(OH)2 

nanoneedle arrays fabricated by anodization of high purity Cu foil at 1.5 mA/cm2 for 700 second. 
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nanononeedles have a Cu core which can be clearly seen in TEM images of several copper oxide 

nanoneedles (see Figure  3.2B-D). This is probably because the process of oxidation of the copper 

is incomplete, resulting in a structure with copper core and Cu(OH)2 shell.  

 

 

 

 

 

 

 

 

 

 

3.4 Electrochemical evaluation of CuO nanoneedle arrays 

In order to evaluate the Li-ion storage capabilities of the CuO nanoneedle structures a series of 

electrochemical studies were performed based on the half-cell configuration. Here, the CuO 

nanoneedle structure grown on copper substrate was directly used as the anodes without addition 

of any binder. Figure  3.3A displays the cyclic voltammograms (CVs) of the first to third cycles 

of CuO nanoneedle arrays fabricated by anodization of copper foil in a 1M NaOH solution at 1.5 

mA/cm2 for 700 s. The observed redox peaks in the charge and discharge cycles were in 

agreement with previous reports on CuO.29, 111 The corresponding reaction can be presented as 

follows111: 
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Figure  3.2 (A) XRD of Cu(OH)2 nanoneedle arrays fabricated by anodization of high purity Cu foil at 1.5 

mA/cm2 for 700 second, (B-D) TEM Of Cu/Cu(OH)2 core-shell fabricated by incomplete anodization of 

high purity Cu foil at 1.5 mA/cm2 for 700 second 
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In the cathodic cycle the three peaks correspond to the reduction of CuO to an intermediate phase 

of copper oxide presented as Cu1-x
IICux

IO1-x/2, and then to Cu2O and finally to Cu and Li2O. 

Additionally, the two wide peaks in the anodic scan of CuO correspond to the formation of Cu2O 

and CuO respectively. As can be observed in the Figure  3.3A; the position of anodic peaks in the 

subsequent cycles is almost unchanged, while the cathodic peaks are shifted to higher potentials. 

Figure  3.3B illustrates the charge/discharge voltage profiles of the CuO nanoneedle arrays 

electrode tested at 674 mA/g (1C). In the charge and discharge curves the the potential plateaus 

were consistent with the CV results in both first and subsequent cycles. The insertion process in 

the first cycle gave a discharge capacity of 835 mA h/g and a subsequent charge capacity of 553 

mA h/g, this results gives an initial Coulombic efficiency of 66%. This is not surprising, since a 

huge initial irreversibility capacity loss is reported for many conversion anodes including CuO.29, 

105, 112 This irreversible capacity loss may be assigned to formation of solid electrolyte formation 

(SEI) and electrolyte decomposition.107, 113 In the second cycle, the discharge capacity reaches 

561 mA h/g with a corresponding charge capacity of 547 mA h/g, leading to a high Columbic 

efficiency of 97.5%. The sample exposed perfect cycling stability and remained reversibly stable 

for 200 cycles without showing any capacity fade; delivering an excellent discharge and charge 

capacity of 559 and 554 mAh/g respectively with Coulombic efficiency of 99.2% at the 200th 

cycle (see Figure  3.3C).  

The rate capability of fabricated CuO nanoneedle arrays was further examined by performing 

discharge-charge rate capability of CuO nanoneedles from 134.8 mA/g (0.2C) to as high as 

33700 mA/g (50C) (see Figure  3.3D). At 0.2C there is again a high irreversible capacity of 870 

mAh/g in the initial cycle but from the second cycle a stable capacity of 575 mAh/g could be 

achieved. With increase in rate to 0.5C, 1C, 2C, 5C and 10C still highly reversible capacities of 

respectively 555, 547, 496, 417 and 325 mAh/g with more than 99% Coulombic efficiencies 
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could be obtained. This demonstrates the high stability of CuO nanoneedle arrays in high rate 

cycling rates. Even with increase in rate to 15C, 20C and 50C corresponding to huge currents of 

10110, 13480 and 33700 mA/g discharge capacities of respectively 239,  161 and 133 mAh/g 

could be delivered. With reduction of charge/discharge rate to 0.2C the structure remained stable 

and a very stable capacity of 600 mAh/g was obtained in the second cycle.  

 

 

 

 

In order to further examine the stability of CuO nanoneedle arrays structure, lithium ion battery 

cells cycled at 1C rate for 100 cycles were opened in glove box and studies using SEM (see 

Figure  3.4. It can be observed that CuO have retained their nanoneedle morphology and although 

some agglomeration can be observed, breakage and deformation is not visible and CuO 

nanoneedles free-stand individually on the substrate. However, the diameters of nanoneedles 

have increased to about 200 nm which is a result of reaction with lithium. 126 
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Figure  3.3 (A) Cyclic voltammograms (CVs) of the first to third cycles,  (B) Charge/discharge voltage 

profiles at a current of 674 mA/g (1C), (C) Charge/discharge cycling performance at a current of 674 mA/g 

(1C), (D) Plot of the discharge and charge capacity vs. cycle number at various C rates between  0.05-3.0 V 

(vs Li/Li+) of CuO nanoneedle arrays fabricated by anodization of  copper at 1.5 mA/cm2 for 700 between 

0.05-3.00 V  (vs Li/Li+). 
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 The reason for such outstanding electrochemical properties can be related to the intrinsic 

properties of CuO and the unique nanostructure of CuO nanoneedle arrays. A recent transmission 

electron microscopy paper investigated the reactivity of CuO particles with lithium ions. This 

paper reports the continuous existence and thickening of SEI layer while cycling which could be 

the reason responsible for the good reversibility and high Coulombic efficiency after the first 

cycle.114 The direct growth of CuO nanoneedles on the cu substrates improves the contact and 

enhances electrical conductivity, while the free space between helps buffer the strain caused by 

the huge volume swing. Also, the mesoporous nature of single CuO nanoneedles enhances 

surface to volume ratio and reduces the diffusion distance.23, 105 The core-shell Cu/CuO 

nanoneedle fabricated by incomplete anodization of copper substrate also provides a good 

electronic pathway for fast electron transport and superior rate capabilities. Additionally, the 

residual copper nanoparticles of the incomplete conversion reaction with lithium behaves as a 

good electron pathway and improves the electronic conductivity of the anode material, resulting 

in outstanding cycling stability and rate capability.106  

 

3.5 Conclusion 

Copper oxide is an important transition metal oxide with high theoretical capacity, high safety, 

inexpensive and environmentally abundant nature. Herein, uniform, well aligned arrays of CuO 

nanoneedles were fabricated on copper substrate by a simple anodization process.  CuO 

nanoneedle arrays demonstrated excellent performance in high current densities delivering an 

excellent discharge capacity of 559 mAh/g with Coulombic efficiency of 99.2% at 1 C rate after 

1 µm 200 nm 

 B 

Figure  3.4 (A-B) SEM images of CuO nanoneedle arrays after Charge/discharge at current of 674 mA/g 

(1C) between 0.05-3.00 V  (vs Li/Li+) for 100 cycles. 
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200 cycles. The electrode also demonstrated perfect rate capabilities when tested to up to 50 C. 

The residual copper nanoparticles of the incomplete conversion reaction with lithium behaves as 

a good electron pathway and improves the electronic conductivity of the anode material, 

resulting in outstanding cycling stability and rate capability. Based on the above observation, 

copper oxide was selected as a suitable scaffold for fabrication of coaxial hybrid anodes. 
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4 Fabrication attempt of Sb-CuO hybrid anodes for lithium 

ion batteries 

4.1 Overview 

Antimony is a promising anode material which undergos alloying reaction upon interaction with 

lithium during the charge/discharge process. This electrodes has been widely investigad as anode 

due to its high theoretical capacity and better safety compared to the comercially available 

graphite anode. However, as explained in the literature review, Sb experiences huge volume 

changes and stress build up upon charge/discharge, which can lead to rapid capacity decay.9, 103, 

104  To overcome this problem different strategies such as nanostructuring139 and application of 

buffering matrix by using Sb based intermetallic compounds has been actively pursued, e.g. Co-

Sb103, 115, 116, Mn-Sb.47  

Hybrids with superior electrochemical performance fabricated by smart assembling of building 

blocks has been reported in the literature.91, 92  Coaxial free-standing hybrid with ordered array 

architecture have the advantage of effective electronic transport due to the direct connection to 

the substrate and fast ion transport due to the existence of void between which allow easy 

penetration of the electrolyte.62 Furthermore, the open space between the well aligned ordered 

nanostructure accommodates the volume expansion during lithiation/delithiation and improves 

cycling stability.60 Usually multi step fabrication procedures are used to fabricate the ordered 

hybrid electrodes and the growth of the second components is usually aided by interfacial 

reactions. 

In this section of the thesis, Cu(OH)2 nanoneedle arrays discussed in chapter 4 will be used as 

scaffold to grow Sb-CuO hybrids. CuO is an important transition metal oxide with quite high 

theoretical capacity (674 mAh/g). It was observed in chapter 4 that well aligned arrays of CuO 

can expose have high rate capability and demonstrate excellent performance in high current 

densities. It is believed that the residual copper nanoparticles of the incomplete conversion 

reaction with lithium behaves as a good electron pathway and improves the electronic 
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conductivity of the anode material, resulting in outstanding cycling stability and rate 

capability.106 In Sb-CuO hybrid, direct growth of Sb on several micron length CuO nanoneedles 

allows higher material loading and better structural support during charge/discharge cycles. 

Additionally, application of simple electrochemical techniques in open atmosphere and room 

temperature conditions provides a simple, cheap and practical growth procedure.  

 

4.2 Experimental details 

4.2.1 Electrochemical deposition of interconnected Sb nanoplates 

The electrodeposition of antimony was carried out in a three-electrode cell using a Ch 1200A 

potentiostat/galvanostat instrument. A Teflon cell composed of three parts were designed and 

fabricated. The copper foil is placed on top of the bottom flat disc and the middle part which is 

cup shape contained with a circle hole at bottom is placed on top. The top part which is another 

flat disk with holes for the tree electrodes is placed on top and all three pieces are screwed 

together. O-rings are used to seal the gaps and prevent electrolyte leakage. Just before deposition 

the electrolyte is poured inside through one of the top holes and the electrodes are put in place. 

The schematic drawing of the cell is illustrated in Figure  4.1. A platinum mesh with 1.5*1.5 Cm2 

in size was used as a counter-electrode and an Ag/AgCl electrode was used as the reference 

electrode. The distance between working and counter electrodes was fixed at 2.0 cm. The 

working electrodes were chosen from high-purity metallic foils (99.99%). Prior to 

electrodeposition, the copper substrate were cut into 1*1 Cm2 pieces and was rinsed with acetone 

and distilled water to remove impurities. The mass of each substrate was measured accurately 

before and after deposition for capacity calculation.  

To deposit antimony a solutions which contained 0.42 M potassium antimony tartrate trihydrate 

(K2(Sb2(C4H4O6)2)·3H2O) and 0.265 M tartaric acid was used. Pulse galvanostatic 

electrodeposition with 6.8 mA current and 0.05 seconds on and off time for a total time of 300 

seconds was applied to directly deposit Sb on copper substrate. 
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Figure  4.1 Schematic drawing of the Teflon cell designed and fabricated in house. 

 

4.2.2 Electrochemical fabrication attempt of free-standing Sb-CuO hybrids 

A two step electrochemical process was used to prepare the Sb-CuO hybrid. First, the Cu(OH)2 

films were prepared using anodization process discussed in 3.2. In the second stage Cu(OH)2 

nanoneedle arrays were used as working electrode. To deposit antimony a solutions which 

contained 0.42M potassium antimony tartrate trihydrate (K2(Sb2(C4H4O6)2)·3H2O) and 0.265M 

tartaric acid was used. Pulse galvanostatic electrodeposition with 6.8 mA current and 0.05 

seconds on and off time for a total time of 100 seconds was applied to directly deposit Sb on 

copper substrate. Finally, fabricated samples were annealed at 120oC for 2 h and then maintained 

at 180oC for 2 h to prepare free-standing Sb-CuO hybrid electrodes. 

4.2.3 Materials characterization 

The as-prepared thin films on metallic substrates supported with glass were directly used for 

SEM and XRD measurements. The Sb based morphology was examined using a field-emission 

scanning electron microscopy (FESEM; JEOL, JSM-7600F). The elemental compositions of the 

samples were characterized with energy-dispersive X-ray spectroscopy (EDX) which is attached 

to the SEM instrument. Crystallographic data of the specimen was collected using a thin film 

Shimadzu Shimadzu 6000 X-ray diffractometer and a powder X-ray diffractometer (Bruker, Cu 
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ΚR radiation with λ =1.5406 Å). The determination of the phase was done using the Match 

software. For TEM characterization, the Sb based samples were scratched from the substrate and 

added to ethanol. After ultrasonication for 2-10 mins, the solution was drop cast onto carbon 

coated 200 mesh Cu grids. HRTEM and EDX were obtained by using a JEOL 2010 system 

operating at 200kV.  

4.2.4 Electrochemical measurements 

Assemble of the coin-type battery cells were performed in an Ar-filled glove box with moisture 

and oxygen lower than 1.00 ppm. The working electrode was Sb, and Sb/Cu2Sb/Cu electrodes. Li 

foil was used both as the counter and reference electrodes while 1M LiPF6 in ethylene carbonate 

(EC)/diethyl carbonate (DEC) (1:1 by volume) was used as the electrolyte.  

In order to distinguish the redox reactions, cyclic voltammograms (CVs) was performed on coin 

cells at a scanning rate of 0.5 mV/s using the potentiostat/galvanostat Ch 1200A instrument. The 

scanning was performed for two complete cycles. All of the coin cells were tested using a 

NEWWARE battery tester galvanostatically between 0.0 V and 2.0 V (vs. Li/Li+) at a current 

density of 100 mA/g.  

 

4.3 Electrochemical fabrication attempt of Sb-CuO hybrids 

4.3.1 Electrodeposition of Sb nanoplates 

Figure  4.2A-B displays the scanning electron microscopy (SEM) images of 1-1.5 µm antimony 

nanoplate bundles on cu foil. Each bundle is made of numerous antimony plates stacked together 

while growing perpendicular to the substrate. Each plate is about 150-250 nm in diameter with 

20-40 nm thickness. The x-ray diffraction (XRD) pattern (see Figure  4.2C) of the as-prepared Sb 

thin films confirms the formation of rhombohedral Sb phase (ICSD No.55402). The detailed 

microstructure of the Sb nanoplates is demonstrated in TEM and HRTEM images shown in 

Figure  4.2D-F. As can be seen the Sb nanoplates bundles are composed of several plates stacked 
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together from the sides (see Figure  4.2D). Each plate is highly mesoporous with fine 1-2 nm 

pores (see Figure  4.2E). The high resolution TEM image displays that Sb plates have 

polycrystalline nature with grain size in the range of 5-10 nm. It was also observed that exposed 

lattices have an interfringe spacing of 0.23 nm, corresponding to the )114, plane of 

rhombohedral Sb phase (ICSD No.55402) (see Figure  4.2F). This indicates that the crystals grow 

mainly in the [114] direction. 

The electrodeposition reactions which involves electrodeposition of antimony and a simultaneous 

release of tartrate can then be demonstrated as follows117: 

���)2���,�
��

+ 6�� → 2�� + 22���
%� 

22���
�% + 42	 → 2��� 

���)2���,�
��

+ 42	 + 6�� → 2�� + 2��� 

 

 

Based on our observation and literature report on growth of Sb nanoplates different reason can be  

 

 

 

Figure  4.2 (A-B) SEM, (C) XRD pattern (D-E) TEM and (F) HRTEM pattern and Sb nanoplates fabricated 

by galvanostatic pulse electrodeposition by application of -6.8 mA current for 300 s with 0.05s on and off 

time. 
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Such preferred growth direction has been reported repeatedly in the literature for materials with 

hexagonal or rhombohedral crystal structures. It is also believed that the application of pulsed 

current is another reason for the preferred growth direction of Sb crystals, since the application of 

constant current of -6.8 mA resulted in formation of nanoparticles with 50-80 nm diameters (see 

Figure  4.3). By application of pulse a 0.05 s relaxation time is provided for the Sb3+ ions to 

recover and the crystal to grow in its preferred orientation, making the preferred growth 

orientation more obvious. This observation is also in good agreement with the literature.118  

4.3.2 Electrochemical fabrication attempt of free-standing Sb-CuO hybrid 

Fabrication of Sb-based hybrid was performed in two steps. In the initial step Cu(OH)2 

nanoneedle arrays were fabricated by anodization of copper foil as discussed. Then in the second 

step, Cu(OH)2 thin film was utilized as substrate and pulsed galvanostatic electrochemical 

process discussed in chapter 5 was used to grow Sb. Finally, the fabricated hybrid was heat 

treated at 120oC and 200oC for 2 hours each. 

1 µm 

B A 

100 nm 

Figure  4.3 SEM images of Sb nanoparticles fabricated by galvanostatic electrodeposition by 

application of -6.8 mA for 300 s. 
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Figure  4.4A-B displays the scanning electron microscopy (SEM) images of Sb based hybrid 

fabricated by pulse electrodeposition for 200 seconds. It can be observed that the film is 

composed of numerous Sb nanoplates surrounding the nanoneedles. Sb plates are stacked 

together while growing around the wires. Each plate has about 150-250 nm diameter with 20-40 

nm thickness. With increase in the total deposition time (see Figure  4.4C-D) the amount of Sb 

nanoplates increase and the Sb thickness increases reaching close to the tip of nanoneedles. At 

first it was assumed that the wires are CuO, but according to the x-ray diffraction (XRD) pattern 

(see Figure  4.5) it was proven otherwise. According to the XRD study the formation of 

rhombohedral Sb phase (ICSD No.55402) was confirmed, but there was no peaks belonging to 

any type of copper oxide. The additional peaks could be matched perfectly with tetragonal Cu2Sb 

phase (ICSD No.42323).  

1µm 

B A 

D C 

 

0.5 µm 

1µm 0.5 µm 

Figure  4.4 SEM of Sb-Cu2Sb hybrid anode fabricated by galvanostatic pulse electrodeposition of -6.8 mA 

current with 0.05s on and off time for (A-B) 200 s, (C-D) 300 s. 
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Formation of Cu2Sb and absence of copper oxide can be explained as follows. As explained in 

the previous section application of a reductive pulse current results in electrodeposition of 

antimony based on the following reactions117: 

���)2���,�
��

+ 6�� → 2�� + 22���
%� 

22���
�% + 42	 → 2��� 

���)2���,�
��

+ 42	 + 6�� → 2�� + 2��� 

However, simultaneous to Sb reduction, application of the reductive current can result in 

reduction of copper hydroxide and formation of Cu based on the following reactions: 

/0)�2,� + 2�� → /0 + 2�2� 

By application of heat treat treatment at 120oC for 2 h and then at 180oC for 2 h copper and 

antimony are diffused together and Cu2Sb is formed.  
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Figure  4.5 XRD of Sb based hybrid anode fabricated by galvanostatic pulse electrodeposition of Sb at -6.8 

mA current with 0.05s on and off- time for 200 s on free-standing Cu(OH)2 nanoneedle arrays. 
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Based on the TEM observation shown in Figure  4.6A both Sb plates and core-shell 

nanostructures were observed. The Sb nanoplates were in a large size range between 30-150 nm 

(see Figure  4.6A-B) and with polycrystalline nature and highly mesoporous structure. The pore 

distribution was un-uniform with small round shape pores in the size range of 1-2.5 nm in the 

middle and stretched pores with a wide size range of 3-14 nm at the sides. The Sb 

nanocrystallites size also had a wide range of 5-15 nm. The exposed lattices of Sb had an 

interfringe spacing of 0.23 nm, corresponding to the )114, plane of rhombohedral Sb phase 

(ICSD No.55402) (see Figure  4.6C). The wires observed in the TEM study all had core-shell 

structure with 50-100 nm core and 30-70 nm shell (see Figure  4.6D-E). Based on the discussion 

regarding the growth of Cu2Sb, it was assumed that the core-shell nanowires had a Sb-Cu2Sb 

composition. Similar pore distribution to Sb plates was observed in the Cu2Sb shell with round 

pores close to the interface and stretched pores closer to the edge with length as high as 8 nm (see 

Figure  4.6D). HRTEM studies indicate that shell is also polycrystalline with 2-5 nm 

nanocrystallites (see Figure  4.6C-F). The exposed lattices had an interfringe spacing of 0.2 nm 

A 

F 

0.2 nm 

1 nm 

A B 

D E 

20 nm 100  nm 

100  nm 50  nm 2 nm 

0.23 nm 
);;<, 

C 

0.25 nm 

(112) 

(111) 

5 

(110) 

 (220) 

5 1/nm 

Cu 
Cu2Sb 

(111) 
(012) 

 (200) (112) 

(220) 

Figure  4.6 TEM and HRTEM of (A)Sb-Cu2Sb/Cu hybrid (B-C) Sb of Sb-Cu2Sb/Cu hybrid, (D-F) 

Cu2Sb/Cu of Sb-Cu2Sb/Cu hybrid, fabricated by galvanostatic pulse electrodeposition of Sb on Cu(OH)2 

nanoneedle arrays at -6.8 mA current with 0.05s on and off time for 200 s. 
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and 0.25 nm respectively corresponding to the (112) and (111) plane of tetragonal Cu2Sb phase 

(ICSD No.42323) (see Figure  4.6F).  

 

4.4 Electrochemical evaluation of Sb/Cu2Sb/Cu hybrids 

4.4.1 Electrochemical properties of interconnected Sb nanoplates  

Electrochemical studies were performed based on the half-cell configuration. Here, the Sb 

nanoplates grown on copper substrate were directly used as the anodes without addition of any 

binder. Figure  4.7A displays the cyclic voltammograms (CVs) of the first and second cycles of 

Sb nanoplates. The observed redox peaks in the charge and discharge cycles were in agreement 

with previous reports on Sb.119, 120 The corresponding reaction can be presented as follows: 

Charge:                                              �� → ����� → �� �� 

Discharge:                                                     	�� �� → �� 

According to the above reactions when the voltage is reduced, the Sb nanocrystals first undergo a 

reaction with 2 Li+ ions and then intakes another Li+ ion. During discharging, at around 1.1V the 

Li3Sb phase is disappeared due to the extractions of the 3 Li+ ions and Sb phase is reformed.    

Figure  4.7B illustrates the charge/discharge voltage profiles of the Sb nanoplates tested at 133 

mA/g (0.2C). In the charge and discharge curves the potential plateaus were consistent with the 

CV results in both first and second cycles. The alloying process in the first cycle gave a 

discharge capacity of 827 mA h/g and a subsequent charge capacity of 631 mA h/g, resulting in 

an initial Coulombic efficiency of 76%. As observed the initial capacity is higher than the 

theoretical value of 660 mAh/g. However such behavior is repeatedly reported for Sb and other 

alloying materials in the literature and can be explained based on the SEI formation in the initial 

cycle.119, 121 The initial irreversible capacity loss of 24% can also be assigned to the formation of 

solid electrolyte formation (SEI) and electrolyte decomposition.107, 113 In the second cycle, the 

discharge capacity reaches 658 mA h/g with a corresponding charge capacity of 619 mA h/g, 

leading to a high Columbic efficiency of 94%. The sample exposed good cycling stability and 
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remained reversibly stable until the 9th cycle, beyond which the capacity dropped abruptly until 

the 20th cycle, which it delivered 141 and 123 mAh/g discharge and charge capacity respectively 

with low Coulombic efficiency of 87% (see Figure  4.7C).  Thereafter, the capacity decay 

continued gradually while retrieving its Coulombic efficiency, to finally reach 34 mAh/g 

discharge capacity with 98.5% Coulombic efficiency in the 70th cycle. The rapid decay in 

capacity in the initial cycles is also reported in other works in literature. 119, 120  The reason for 

such rapid capacity drop in the initial cycles can be explained base on the huge volume change 

during the lithiation process which leads to stress build up and crack formation in the structure 

which will result in pulverization and loss of active material. 121 Although nanostructuring of the 

material helps achieve high initial capacity and stabilize the capacity in the initial cycles, but this 

capacity cannot be maintained and further improvement of the structure is required to overcome 

the huge stress build up. 42
 

The rate capability of fabricated Sb nanoplates was also examined by performing discharge-

charge rate capability from 132.8 mA/g (0.2C) to 3300 mA/g (5C) (see Figure  4.7D). At 0.2C 

there is again a high irreversible initial discharge capacity of 877 mAh/g with 27% irreversible 

capacity loss. In the second cycle although the capacity continued to fade but the Coulombic 

efficiency is increased to 96%. In overall the rate performance of Sb nanoplates can be 

considered very poor. With increase in cycle number and rate the delivered capacity continued to 

decay continuously. With increase in rate to 0.5C, 1C, 2C, 5C fading capacities of respectively 

603, 429, 227 and 80 mAh/g with Coulombic efficiencies of higher than 94% could be obtained. 

With reduction of charge/discharge rate to 0.2C the capacity could not be recovered and only 202 

mAh/g discharge capacity could be delivered which continued to fade in the subsequent cycles. 

The reason for such poor electrochemical properties especially at high cycling rate can be related 

to the intrinsic properties of Sb and the huge volume swing imposed on the structure during 

lithiation which results in pulverization of the electrode and fast capacity decay.  Although the 

direct growth of Sb nanoplates on the cu substrates and binder free electrode fabrication 

improves the contact and enhances electrical conductivity, however the compactness of the 

nanostructure and lack of open space makes it hard for the strain to be relaxed during the cycling, 
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resulting in crack formation and material loss which will lead to poor cycling stability and rate 

capability.114 106 Crack formation and the breakage of active material is so severe that when the 

cell was opened after cycling to investigate the active material after lithiation, obvious cracks 

could be seen in the film and some of the active material were detached from the current 

collector. To improve the electrochemical properties of the Sb electrodes it is essential that other 

strategies are employed to overcome the discussed problems. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2 Electrochemical properties of Sb/Cu2Sb/Cu hybrid  

Figure  4.8A depicts the discharge CV curve of Sb/Cu2Sb/Cu during the 1st and 2nd cycles in the 

voltage range of 0.5-3.0 V vs. Li/Li+. The cycling was performed to up to 3.0 V in order to 

confirm the absence of copper oxide. It can be observed that the characteristic 

oxidation/reduction peaks of copper oxide discussed in chapter 4 are absent in the derived CV 

Figure  4.7 (A) Cyclic voltammograms (CVs) of the first and second cycles,  (B) Charge/discharge voltage 

profiles at a current of (0.2C), (C) Charge/discharge cycling performance at a current of (0.2C), (D) Plot of 

the discharge and charge capacity vs. cycle number at various C rates of Sb nanoplates fabricated by 

galvanostatic pulse electrodeposition by application of -6.8 mA current for 300 s with 0.05s on and off time 

between 0.05-2.00 V  (vs. Li/Li+). 
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derives. Nevertheless, oxidation/reduction peaks of Sb are clearly visible. The electrochemical 

reactions of Sb and Cu2Sb can be suggested as follows:  

�� + 2��	 → �����	 + ��	 → �� �� 

/0��� + 2��	 → ���/0�� + /0 

���/0�� + /0 → �� �� + /0 

There is strong structural relationship between Cu2Sb and the lithiated phase which is Li2CuSb, 

which is suggested as the reason for the more stable performance of Cu2Sb. Additionally, the 

divided copper which is extruded from the copper antimonide can provide good electronic 

conductivity during cycling and enable quick reaction kinetics.46 

The electrochemical properties of the Sb-based hybrid were tested at 0.2C (see Figure  4.8B-C). 

The 1st, 2nd, 100th charge–discharge profiles of Sb-based hybrid is compared to pure Sb 

nanoplates at 0.2C rate in the potential range of 0.05-2.0 V (vs Li/Li+). In the case of the Sb-

based hybrid, the electrode delivers a discharge capacity of 748 mAh/g followed by 615 mAh/g 

charge capacity. The 20% irreversible capacity in the initial cycle can again be ascribed to the 

formation of SEI layers. Nevertheless, in the subsequent cycle 608 and 582 mAh/g discharge and 

charge capacity was respectively obtained, elevating the coulombic efficiency to 96%. The 

capacity then degrades gradually until it almost stabilizes in the 50th cycle with 219 mAh/g 

discharge capacity (see Figure  4.8C), beyond which the capacity decays very slowly to deliver 

186 mAh/g discharge capacity with 99 % coulombic efficiency in the 100th cycle.  

If the electrochemical properties of Sb hybrid are compared to pure Sb nanoplates, it can be 

observed that although the initial capacity of Sb hybrid has decreased compared to pure Sb, due 

to the reduction in theoretical capacity, the cycling stability has improved. Good battery 

performance of Sb/Cu2Sb/Cu hybrids comes from their effective hierarchical architecture. The 

one-dimensional Cu core acts as a structural spacer and provides a good one dimensional 

electrical pathway, while the mesoporous Cu2Sb crystals with high surface area undergos 

electrochemical reaction. Sb nanoplates grown between the Cu2Sb/Cu nanoneedle arrays fill the 
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free space between and increase the specific capacity. However, although the mesoporous Sb 

nanocrystals increase the delivered capacity, the compactness of the nanoplates structure and the 

huge volume swing of Sb during charge/discharge cycles, results in agglomeration and stress 

build up in the hybrid electrode, which can lead to material pulverization and capacity decay. 

 

 

 

 

 

 

To do a more detailed investigation regarding the rate capabilities of the fabricated hybrid, the Sb 

hybrids were examined from 0.2 C to 20 C for 6 cycles at each current rate (see Figure  4.8E). At 

0.2C an initial discharge capacity of 791 mAh/g with 77% Coulombic efficiency was achieved 

which reduced to 610 mAh/g in the second discharge cycle and continued to decay to deliver 521 

mAh/g in the 6th cycle. As expected Sb hybrids displayed irreversible capacity drop in the first 

cycle each time the rate was increased, beyond which it stabilized, delivering an almost  

reversibly stable capacity at each rate. Thereafter, capacity of 436, 338, 243, 195, 68 and 57 
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Figure  4.8 (A) Cyclic voltammograms (CVs) of the first and second cycles,  (B) Charge/discharge voltage 

profiles at a current of (0.2C), (C) Charge/discharge cycling performance at a current of (0.2C), (D) Plot of 

the discharge and charge capacity vs. cycle number at various C rates of Sb nanoplates fabricated by 

galvanostatic pulse electrodeposition by application of -6.8 mA current for 300 s with 0.05s on and off 

time between 0.05-2.00 V  (vs. Li/Li+). 
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mAh/g was delivered at 0.5, 1, 2, 5, 10 and 20 C respectively. After applying such high rates to 

the electrode, when the rate was again decreased to 0.2C the Sb hybrid first gave an initial 

capacity of 383 mAh/g and then increased to deliver 419 mAh/g discharge capacity. However, 

the capacity was not stabilized and it continued to decay gradually. These results demonstrate 

high delivered capacity of Sb hybrid with improved cycling stability at high cycling rates 

compared to pure Sb nanoplates. Compared to Sb thin films the presented hybrid presents better 

electronic pathway and improved Li ion transport efficiency, resulting in enhanced rate 

capability. 

 

4.5 Conclusion 

Herein, we report a facile, template free, two-step electrochemical method to fabricate free-

standing Sb/Cu2Sb/Cu hybrid electrodes grown directly on copper substrate. Although the aim of 

this project was to fabricate Sb-CuO core-shell nanowires, electrochemically coating of Sb on 

Cu(OH)2 nanoneedle arrays scaffold resulted in reduction of the copper hydroxide and formation 

of Cu2Sb/Cu. The fabricated hybrid is composed of numerous Sb nanoplate surrounding 

Cu2Sb/Cu core-shell nanoneedle arrays.  

The Sb/Cu2Sb/Cu hybrid electrodes were directly used as lithium-ion battery anodes,without use 

of any binder and compared with pure Sb nanoplates. Compared to pure Sb nanoplates, the 

Sb/Cu2Sb/Cu hybrids demonstrated lower initial capacity, due to their lower theoretical capacity, 

while demonstrating improved cycling stability and enhanced rate capability to up to 20 C. The 

authors believe that this improvement is due to the effective integration of Sb nanoplates and 

Cu2Sb/Cu core-shell nanowires to a unique hierarchical architecture. In this structure the free-

standing Cu core provides 1D electronic pathway and structural spacer. While, the mesoporous 

Cu2Sb nanocrystals with direct contact to the copper core and strong structural relationship with 

the lithiated phase Li2CuSb, provides a more stable electrochemical performance and enhanced 

rate capability. This structure allows buffering of huge volume swings at high cycling rates and 

reduction of Li+ ions diffusion length.  
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5 Fabrication of Ge-Cu2O hybrid anodes for lithium ion 

batteries 

5.1 Overview 

Germanium is an alloying anode with high theoretical capacity (1600 mAh/g) in its fully lithiated 

form (Li4.4Ge). The advantage of Ge compared to Si is that it has 400 times higher diffusion rate 

in room temperature, which makes this electrode an attractive candidate for high power rate LIB 

anodes. However, this electrode undergoes huge volume expansion of 370% while lithiation.  

Application of various Ge thin films, nanostructures and hybrids has been reported in literature 

with promising properties.41 Ge nanowire arrays have been grown directly on current collector to 

achieve direct and individual electrical contact between the active material and current collector. 

Chemical vapor deposition (CVD) has been used to fabricate free-standing carbon free nanowire 

arrays. Superior electrochemical properties have been reported by Li et al. demonstrating 

impressive improvement compared to Ge electrodes containing carbon black and binders. The 

reason for such improvement is that the free-standing wires can relax and alleviate the stress 

build up during lithiation and expose stable cycling properties. The Ge nanowires show good 

electrochemical performance for long cycles and remain intact without serious pulverization.51  

Although application of free-standing 1D Ge nanowires grown by CVD method have proven to 

be an effective strategy to improve electrochemical problems, the unsafe problematic GeH4 gas 

used for CVD growth of Ge nanowires and the short wire length, which is usually less than 1µm 

length limits its practical application.51 In Ge-Cu2O hybrid, direct CVD growth of Ge on Cu2O 

nanoneedles using Ge powder as source provides safer and more practical growth procedure. 

Additionally, the template based growth of Ge on several micron length copper oxide 

nanoneedles arrays allows higher material loading and better structural support during 

charge/discharge cycles. 
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5.2 Experimental Details 

5.2.1 Fabrication of free-standing Ge-Cu2O hybrids 

A two-step process was used to prepare the Ge-Cu2O hybrids. First, the Cu(OH)2 films were 

prepared using anodization process discussed previously (section 3.2). Second, the Ge-Cu2O 

core-shell nanostructures were grown using a custom-made vapor transport setup which includes 

a horizontal tube furnace (Lingberg Blue M) that is connected with a flow meter and vacuum 

pump (see Figure  5.1). Germanium (Alfa Aesar, 99.999%) and activated carbon (Alfa Aesar) 

powder were mixed in a molar ratio of 1:2 and placed into a one end closed quartz tube (~12mm 

diameter). The quartz tube is then placed in the middle of the tube furnace. The Cu(OH)2 

nanowires substrate is then placed 18 cm downstream from the source materials. Before the 

deposition, the quartz tube was evacuated to ~10-2 mbar and flowed with forming gas (5% H2/Ar) 

at a flow rate of 200 sccm. For Ge deposition, the furnace is heated to 1273 K for 1h at a heating 

rate of 20 K min-1. During the deposition, the ambient pressure is ~1.7 mbar. The furnace is then 

cooled to room temperature and the grown Ge-Cu2O thin films were removed from the furnace 

without further treatment. For comparison purposes Ge was directly grown on copper substrates 

using the same CVD growth procedure. 

 

 

 

 

 

Figure  5.1 Schematic drawing of the CVD set up. 

Forming gas 

18 cm 

Tube Furnace 

Pump
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5.2.2 Materials characterization 

The as-prepared Ge-Cu2O thin films on metallic substrates were directly used for SEM and XRD 

measurements. The sample morphology was examined using a field-emission scanning electron 

microscopy (FESEM; JEOL, JSM-7600F). The elemental compositions of the samples were 

characterized with energy-dispersive X-ray spectroscopy (EDX) which is attached to the SEM 

instrument. Crystallographic data of the specimen was collected using a thin film Shimadzu 

Shimadzu 6000 X-ray diffractometer and a powder X-ray diffractometer (Bruker, Cu ΚR 

radiation with λ =1.5406 Å). The determination of the phase was done using the Match software. 

For TEM characterization, the Ge-Cu2O were scratched from the substrate and added to ethanol. 

After ultrasonication for 2-10 mins, the solution was drop cast onto carbon coated 200 mesh Cu 

grids. HRTEM and EDX were obtained by using a JEOL 2010 system operating at 200kV.  

5.2.3 Electrochemical measurements 

The coin cells were assembles inside an Ar-filled glove box with oxygen and moisture content 

less than 1.00 ppm. Two sets of coin cells were fabricated using the three types of fabricated 

anodes; Ge-Cu2O and Ge. The free-standing electrodes were used directly as working electrode 

without addition of any binder.  The lithium foils were used as counter/reference electrodes and 

the electrolyte was a solution of 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate 

(DMC) (1/1, w/w). For the electrochemical measurement coin battery cells were installed and 

galvanostically tested using a NEWARE battery tester (vs. Li/Li+). 

 

5.3 Electrochemical fabrication of free-standing coaxial Ge-Cu2O core-

shell hybrid 

Ge-Cu2O hybrid electrodes were fabricated by chemical vapor deposition of Ge on Cu(OH)2 

nanowire arrays fabricated by anodization. The XRD results confirm the formation of pure cubic 

Ge (ICSD No. 53788) and cubic Cu2O (ICSD No. 261853) (see Figure  5.2). This pattern 

demonstrates transformation of Cu(OH)2 to Cu2O during CVD growth of Ge without formation 

of any binary phases.   
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SEM Figure (see Figure  5.3A-B) displays Ge-Cu2O core-shell nanowires arrays grown at a 

substrate distance (dsub) of 18 cm from the center of the tube furnace with substrate temperature 

of TS ~556 K, which is judged from the temperature profile of the furnace at 1273 K (see Figure 

 5.4). In substrate distance (dsub) of 17 cm, with substrate temperature of TS ~631 K, additional to 

the core-shell structure some Ge nanoparticles in the size range of 100-300 nm were also grown 

on Ge-Cu2O nanowires (see Figure  5.3C-D). Based on the TEM study, Ge coating with 50-80 nm 

thickness were grown homogenously and uniformly on Cu2O nanoneedles (see Figure  5.5A-B). 

HRTEM studied indicates that Ge shell is mesoporous with uniform pores in the range of 0.5-2 

nm (see Figure  5.5B). The Ge coating has polycrystalline nature with nanocrystalys in the size 

range of 6-10nm (see Figure  5.5C) and interfringe spacing of 0.32 nm corresponding to (111) 

plane of cubic Ge phase (ICSD No. 53788) (see Figure  5.5D) which is in good agreement with 

the XRD results. Because of the core-shell morphology, grains representing Cu2O were not 

observed. But the SAED (selected area diffraction pattern) display diffraction rings of both cubic 

Cu2O (ICSD No. 261853) and cubic Ge (ICSD No. 53788) phase (see Figure  5.5D). This was 

also confirmed by performing energy dispersive line scanning which exhibited Cu2O as core and 

Ge as shell (see Figure  5.5E).  
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Figure  5.2 XRD of Ge-Cu2O Hybrid 
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Figure  5.3 SEM images of Ge-Cu2O hybrid fabricated by CVD growth of Ge on Cu(OH)2 nanoneedle 

arrays in substrate distance (dsub) of (A-B)18 cm, (C-D) 17 cm. 
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Figure  5.4 Temperature profile of the CVD furnace 
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Figure  5.5 (A-C) TEM, (D) HRTEM, (D) EDS linear scan of Ge-Cu2O core-shell fabricated by CVD 

growth of Ge on Cu(OH)2 nanoneedle arrays at substrate distance 18 cm using Germanium and activated 

carbon powder,  (F) Ge-copper oxide hybrids fabricated by CVD growth of Ge on Cu(OH)2 nanoneedle 

arrays at substrate distance 18 cm using GeO2 and activated carbon powder. 

 

GeO2 was also used as source following the same growth procedure discussed above. 

Interestingly it was observed that the core-shell nanowire arrays grown using this source were 

covered with numerous fine nanowires with 0.5 µm length and 40-50 nm diameters. However, 

the adhesion of these electrodes was very poor and the fabricated thin film peeled off easily upon 

handling. Therefore, further examination of these electrodes was not performed (see Figure 

 5.5F).  

For comparison purposes Ge nanoparticles were also grown directly on copper substrate using 

Ge powder as source. The same growth conditions applied for the growth of Ge on Cu(OH)2 was 

applied. It can be observed in SEM images displayed in Figure  5.6A that growth Ge has 

nanoparticle morphology. The Ge nanoparticles have polycrystalline nature and compose of 

nanocrystalys in the size range of 6-15nm (see Figure  5.6B) and inter-fringe spacing of 0.32 nm 

corresponding to (111) plane of cubic Ge phase (ICSD No. 53788) (see Figure  5.6C). The 

0 10 20 30
0

5

10

15

20

25

  O K

  CuK

  GeK  

 

C
o

u
n

ts

Distance (nm) 

Cu

O Ge

5 nm 

C 

E 

10 nm 

B Cu2O 

Ge 

F 

1µm 

C 

 

5 nm 
0.32 nm (111) 

D 

5 

(133) 
 (022) 
(022) 
(111) 
(111) 

5 1/nm 

Ge 
Cu2O 

100 nm 

50nm 
70nm 

80nm 

A 



68 

 

diffraction pattern presented as inset in Figure  5.6C and XRD of Ge thin film also demonstrates 

formation of cubic Ge phase (ICSD No. 53788) (see Figure  5.6D).  

 

 

 

 

5.4 Electrochemical evaluation of free-standing coaxial Ge–Cu2O core-

shell hybrid 

Figure  5.7 depicts the initial three CV curves of core-shell Ge-Cu2O hybrid nanowire arrays. The 

cathodic cycle lower than 1.5V correspond to the reduction of Cu2O to Cu and Li2O. The 

observed redox peaks in charge and discharge cycles were in agreement with previous reports on 

Cu2O and the reaction can be proposed as following: 

(1) Reduction of Cu2O to Cu at plateau region <1.5V: 

1

2
/0�� + ��	 + �� → /0 +

1

2
���� 

The Ge is an alloying electrode which undergoes reaction with lithium ions at potentials lower 

than 0.5V.122 The cyclic voltammetry of pure Ge nanoparticles grown on copper is demonstrated 

for reference (see Figure  5.8). The reaction can be presented as follows: 

(2) Alloying reaction of Ge at plateau region of <0.5V: 
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Figure  5.6 (A) SEM, (B) TEM, (C) HRTEM images and diffraction pattern and (D) XRD of Ge 

nanoparticles on copper substrate grown by CVD at substrate distance 18 cm. 
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!� + ���	 + ��� → ���!� 

In the initial anodic cycle the first reaction happening at potential ~0.6V is the de-alloying 

reaction of LixGe. 122 In the anodic sweep of pure Ge nanoparticles grown on copper substrate 

this peak is observed in the same position as a single anodic peak (see Figure  5.8). However, 

since Li2O is present in the Ge-Cu2O interface as a result of reductive reaction of Cu2O with Li, 

based on electrochemical thermodynamics and literature Ge undergoes an oxidation reaction to 

form GeO2 in the potential over 1 V.123, 124 The discussed reactions of Ge can be proposed as 

follows: 

(1) De-alloying reaction of Ge at potential~0.6V: 

���!� → !� + ���	 + ��� 

(2) Oxidation of Ge to GeO2 at potential plateau >1.0V: 

!� + 2���� → !��� + 2��	 + 2�� 

When the potential is increased further to 2.5V the copper is oxidized to form Cu2O based on the 

following reaction: 

(3) Oxidation of Cu to form Cu2O: 

2/0 + ���� → /0�� + 2��	 + 2�� 

It is assumed that since some of the oxygen has been consumed by Ge to form GeO2, there is not 

sufficient oxygen for copper to completely oxidize back to Cu2O and therefore there will be some 

copper remaining in the structure. This residual copper can provide an electronic pathway and 

improve the electronic conductivity of the electrode.  
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Figure  5.7 Cyclic voltammograms (CVs) of the first to third cycles of Cu2O-Ge core-shell nanowire arrays 

between 0.05-3.00 V  (vs Li/Li+). 

 

In the second cathodic sweep there is a wide plateau between 1.3V and 2.2V which is proposed 

to be mostly related to formation of SEI layer and an amorphous LixGeO2 phase.125  Again 

reduction reaction of Cu2O to copper will take place at potentials lower than 1.2V. Additionally, 

the Geo2 reacts with Li+ through a conversion reaction to form Ge at potential around 0.7V.124 

These reactions at plateau region <1.2 V can be proposed as follows: 

(1) Reduction of Cu2O: 

/0�� + 2��	 + 2�� → 2/0 + ���� 

(2) Conversion reduction of GeO2 to Ge: 

!��� + 4��	 + 4�� → !� + 2���� 

When the potential is decreased further to lower than 0.5V alloying reaction of Ge with Li takes 

place similar to the initial cycle.  

(3) Alloying reaction of Ge at plateau lower than 0.5V: 

!� + ���	 + ��� → ���!� 
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Figure  5.8 Cyclic voltammograms (CVs) of the first to third cycles of Ge nanoparticles between           

0.05-1.5 V  (vs Li/Li+). 

 

In the second anodic sweep of Ge-Cu2O, the peak positions are similar to the first cycle and the 

reaction can be considered as reversible. Again in the third cyclic voltommogram the peak 

position are the same as second cycle, so it can be concluded that the materials and reactions are 

stabilized. To confirm the proposed mechanism XRD was performed on Ge-Cu2O hybrids which 

had lithiated for 50 cycles. As can be observed in the XRD pattern shown in Figure  5.9 the Cu2O 

peaks remain unchanged while the Ge peaks disappear. In the meanwhile, some new peaks have 

appeared which match the cubic GeO2 phase (JCPDS 23-0999). 89, 127 Peaks of Ge were also 

detected, illustrating that some Ge still remains unchanged inside the structure.51, 126 However, 

the formation of GeO2 is confirmed, since obvious peaks could be recognized in the lithiated 

electrode. Based on the above observation, it can be concluded that in-situ generation of GeO2 

hybrid has taken place by lithiation-delithiation of Ge-Cu2O hybrid electrode. This 

transformation is based on different types of electroactive response of hybrid’s building block 

toward Li+; with Cu2O undergoing conversion reaction and Ge undergoing alloying reaction with 

the capability to react electrochemically with Li2O. 
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Figure  5.9 XRD pattern of Ge-Cu2O hybrid lithiated at 0.5C for 50C between 0.05-3.00 V (vs Li/Li+). 

 

The electrochemical properties of the Ge-Cu2O core-shell were tested at 0.5C and 1C (see Figure 

 5.10A-B). Figure  5.10A compares the 1st, 2nd, 100th charge–discharge profiles of Ge-Cu2O core-

shell at 0.5C rate in the potential range of 0.05-3.0 V (vs Li/Li+). In the initial cycle the electrode 

delivers a discharge capacity of 1356 mAh/g followed by 1193 mAh/g charge capacity. This 

results in only 12.20% irreversible capacity which can be ascribed to the formation of SEI layers. 

In the subsequent cycle 1143 and 1107 mAh/g discharge and charge capacity was respectively 

obtained, elevating the Coulombic efficiency to 96.8%. The capacity then degrades very 

gradually until it reaches 732 mAh/g discharge capacity in the 100th cycle with 99.2% Coulombic 

efficiency (see Figure  5.10B). The electrochemical respond of Ge-Cu2O was also evaluated at 1C 

rate. At this rate the core-shell Ge-CuO nanowire arrays delivered an initial discharge capacity of 

1302 mAh/ followed by 1108 mAh/g charge capacity resulting in 15% capacity loss which is 

similarly subsided in the subsequent cycle by delivering 1098 and 1063 mAh/g discharge and 

charge capacity respectively and achieving 95% Coulombic efficiency. The capacity then 

degrades eventually to deliver 468 mAh/g discharge capacity in the 100th cycle with 98% 

Coulombic efficiency.  
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 According to the presented results, it can be concluded that Fe3O4-CuO hybrids have superior 

electrochemical performance compared to the individual components  

To make a comparison and demonstrate the significance of Ge-Cu2O nanowire arrays hybrid on 

electrochemical properties, Ge nanoparticles grown on copper substrate were also tested at 0.5C 

rate (see Figure  5.10B). In the Ge electrode the insertion process in the first cycle gave a 

discharge capacity of 1112 mA h/g and a subsequent charge capacity of 817 mA h/g, this results 

in an initial Coulombic efficiency of 78%. In the second cycle, the discharge capacity dropped to 

915 mAh/g with corresponding charge capacity of 879 mA h/g, resulting in 96% Columbic 

efficiency. The Ge nanoparticles continued to fade abruptly and reached 164 mA h/g discharge 

capacity with 98.7 Coulombic efficiency by the 40th cycle. The capacity decay decreased from 

this point onwards. However, the sample delivered capacities lower than 100 mAh/g after 100 

cycles. The large volume change of Ge electrodes, compact nanostructure and lack of open 

porosities of nanoparticles thin film can be considered the main reason for low initial capacity 

and fast fading electrochemical properties of Ge nanoparticles.  
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Figure  5.10 (A) Charge/discharge voltage profiles at (0.5C), (B) Charge/discharge cycling performance at 

0.5C and 1C rate (C) Plot of the discharge and charge capacity vs. cycle number at various C rates of core-

shell Ge-Cu2O nanowire arrays hybrid between 0.05-3.00 V  (vs Li/Li+). 
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To further investigate the rate capabilities, Ge-Cu2O electrodes were electrochemically examined 

from 0.2 C to 15 C for 6 cycles at each current rate (see Figure  5.10C). It was observed that the 

Ge-Cu2O presented an initial discharge capacity of 1372 mAh/g and 88.4% Coulombic 

efficiency. In the second cycle discharge capacity of 1136 with 96.6% Coulombic efficiency was 

achieved. Thereafter, the capacity continued to drop gradually to finally reach discharge capacity 

of 820 mAh/g in the 6th cycle with 99% Coulombic efficiency. As expected, a sudden capacity 

drop was observed every time the capacity was increased. However, the structure was stabilized 

thereafter and a reversibly stable capacity was achieved at each rate. Stable capacity of 845, 694, 

581, 380, 333 and 336 mAh/g were achieved at 0.5, 1, 2, 5, 10 and 15C. When the rate was again 

reduced to 0.2C discharge capacity of 1079 mAh/g with 95% Coulombic efficiency could be 

achieved in the second cycle and the Coulombic efficiency increased to over 98% Coulombic 

efficiency in the subsequent cycles.  

In order to further examine the stability of Cu2O-Ge core-shell hybrid structure, lithium ion 

battery cells cycled at 1C rate for 100 cycles were opened in glove box and studies using SEM 

(see Figure  5.11). It can be observed that Cu2O-Ge hybrid have retained their nanowire 

morphology. However, the wires are no longer free-standing and individual. It seems like while 

cycling the wires are curled up together to form woven like islands. Nevertheless, the open 

structure is retained and no breakage and deformation of wires is visible. It needs to be noted that 

the diameters of nanoneedles have increased to about 400 nm, which is a result of undergoing 

reaction of Cu2O-Ge with lithium during cycling. 126 

 

5 µm 1 µm 

A B 

Figure  5.11 SEM images of Ge-Cu2O core-shell hybrid after Charge/discharge at (1C) between 0.05-3.00 

V  (vs Li/Li+) for 100 cycles. 
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 The reason for such outstanding electrochemical properties can be related to the intrinsic 

properties of CuO and the unique nanostructure of CuO nanoneedle arrays 

Excellent electrochemical performance of Ge-Cu2O hybrid comes from their smart selection and 

unique hierarchical architecture (Figure  5.12). The one-dimensional Cu2O nanoneedle arrays 

with direct contact to the current collector serve both as structural spacer to buffer the strain 

during lithiation/delithiation and act as a good electron pathway to improve electronic 

conductivity. In Ge-Cu2O electrode direct growth of Cu2O nanoneedles on cu substrates 

improves contact and enhances electrical conductivity. Ge shell with uniform mesoporosity 

affords short diffusion distances for both Lithium ion and electron transport and open interspaces 

between the core-shell nanowires allow quick infiltration of electrolyte into the structure, 

partially accommodating the volume expansion during lithiation and alleviating material loss. As 

a result, the kinetic performance of the electrode is improved and the lithiation/delithiation is 

performed much more effectively. However, although in Ge thin film the nanoparticles are small 

with nanometer grain size, but the compact structure increases diffusion length of electrons and 

lithium ions and makes lower layer of Ge inaccessible to the electrolyte, resulting in low initial 

capacity. Additionally, large volume swings of Ge and lack of open space between results in 

agglomeration and pulverization of active material, leading to huge capacity decay.  

 

 

 

 

 

 

 

 

 

Figure  5.12 Schematic drawing of (A) Cu(OH)2 nanoneedle arrays fabricated by anodization of high 

purity Cu foil at 1.5 mA/cm2 for 700 second, (B) coaxial Ge-Cu2O core-shell arrays fabricated CVD of 

Ge on Cu(OH)2 nanoneedle arrays. 

Cu(OH)2 Nanoneedle Arrays 

A 

Ge-Cu2O Core-Shell Hybrid  

B 

CVD of Ge   



76 

 

5.5 Conclusion 

Herein, we report a facile, template free two-step fabrication of free-standing Ge-Cu2O core-shell 

nanowire arrays hybrids by combining electrochemical anodization of copper and Ge CVD 

growth. The electrodes are composed of free-standing Cu2O nanoneedle arrays coated with 

mesoporous Ge.  The electrochemical properties of Ge-Cu2O hybrids were thoroughly studied 

and compared with Ge nanoparticles thin films grown directly on Cu foil. In-situ generation of 

GeO2 was observed from the initial charge/discharge cycle of Ge-Cu2O hybrid electrodes. The 

formation of GeO2 was explained based on the different electroactive response of hybrid’s 

building block towards Li+; with Cu2O undergoing conversion reaction and Ge undergoing 

alloying reaction with the capability to react electrochemically with Li2O. The Ge-Cu2O hybrid 

demonstrated superior electrochemical properties at 0.5C and 1C rate and perfect rate capability 

when tested to up to 15C, while Ge nanoparticles demonstrated fast fading electrochemical 

properties. Excellent electrochemical performance of Ge-Cu2O hybrid comes from their smart 

selection and unique hierarchical architecture. Direct growth of Cu2O nanoneedles on cu 

substrates improves contact and enhances electrical conductivity. While, mesoporous Ge shell 

with high theoretical capacity, large surface area and short diffusion distance lead to delivery of 

large specific capacities. The authors believe that constructive design and development of such 

hierarchical hybrids can open new opportunities in energy storage application and many other 

fields. 
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6 Fabrication of Fe3O4-CuO hybrid anodes for lithium ion 

batteries 

6.1  Overview 

Hybrids with superior electrochemical performance can be fabricated by smart assembling and 

fine tuning of the composition, shape and architecture of the constituent building blocks.91, 92  

Coaxial free-standing hybrid with ordered array architecture have the advantage of effective 

electronic transport due to the direct connection to the substrate and fast ion transport due to the 

existence of void between which allow easy penetration of the electrolyte.62 Furthermore, the 

open space between the well aligned ordered nanostructure accommodates the volume expansion 

during lithiation/delithiation and improves cycling stability.60  

Reducing the size and mass of the lithium ion battery, while improving its storage capacity is 

another important factor. Fabrication of 2D and 3D thin film Li micro-batteries with high areal 

capacities is presented as an effective strategy.127, 128 The 3D hybrids such as core-axial 

nanowires or nanotube arrays have the tendency to increase the material loading in the vertical 

dimension while maintaining the open structure and short Li diffusion lengths.129 Direct 

electrodeposition of active materials by electrochemical techniques is an encouraging method for 

fabrication of high areal capacity 3D hybrid electrodes.93-96 However, fabrication of such 

structures e.g. nanowires, nanotubes arrays is usually template assisted,97, 98 which makes the 

process more difficult, expensive and unpractical. Therefore, detailed investigation of template 

free fabrication processes is highly recommended.130 

Study of hybrids in the literature mainly focuses on carbon based hybrids and application of 

nanostructured current collectors, while there is little investigation related to coaxial metallic 

hybrids with both constituents with electroactive properties. 91, 92 The coaxial metallic hybrids 

have the advantage that both components undergo reaction with Li+, resulting in higher specific 

capacity. CuO is a transition metal oxide with quite high theoretical capacity of (674 mAh/g), 

high safety, inexpensive and environmentally abundant nature. Recently it has been reported that 
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well aligned arrays of CuO have high rate capability and demonstrate excellent performance in 

high current densities.36 The residual copper nanoparticles of the incomplete conversion reaction 

with lithium behaves as a good electron pathway and improves the electronic conductivity of the 

anode material, resulting in outstanding cycling stability and rate capability.106 Fe3O4 is also 

considered as one of the most promising and practical anodes for high performance lithium ion 

batteries, for its high theoretical capacity (924 mAh/g) and half-metallic conductivity,131 and its 

practicality due to its low cost, abundant and environmentally friendliness.132 However, 

application of Fe3O4 in lithium-ion batteries is limited by its poor cycling performance especially 

in high cycling rates due to its huge volume swing and severe aggregation during 

Lithiation/delithiation.53, 131  

Herein, we report a simple, template free two-step electrochemical method to fabricate 

hierarchical heterogeneous Fe3O4-CuO electrodes grown directly on copper substrate. The 

electrode is composed of CuO nanoneedle arrays fabricated by a simple anodization process with 

ultra-fast lithium ion properties as core and electrochemically coated Fe3O4 nanocrystals as shell. 

In this report, first the electrochemical properties of single phase CuO and Fe3O4 nanostructures 

as the hybrid components will be thoroughly studied. Next, the properties of two types of core-

shell and hierarchical 3D network of Fe3O4-CuO hybrids will be studied and discussed in details 

to demonstrate how application of hybrids can emerge multifunctional performance, as well as 

novel enhanced electrochemical properties due to the synergetic effects. To our knowledge such 

hybrids has not been reported in the literature. 

 

6.2 Experimental details 

6.2.1 Electrochemical deposition of interconnected Fe3O4 nanoflakes    

An aqueous alkaline solution consisting of Fe2(SO4)3.5H2O (0.09M) stabilized with tri-ethanol-

amine (TEA) (0.14M) was used to prepare the Fe3O4 thin films. A 2 M NaOH solution was used 

to adjust the Ph of the solution. Electrodeposition of Fe3O4 was performed in a three electrodes 
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system at temperature of 60oC under constant stirring. A copper foil cleaned with acetone, 

ethanol, diluted HCl solution and deionized water was used as the working electrode, while a Pt 

mesh electrode (CH instrument) and Ag/AgCl electrode was used as the counter and reference. 

To fabricate a uniform Fe3O4 deposit a constant potential of -1.2 V was applied for 60 seconds.  

6.2.2 Electrochemical fabrication of free-standing Fe3O4-CuO hybrids  

A two step electrochemical process was used to prepare the Fe3O4-CuO hybrids. First, the 

Cu(OH)2 films were prepared using anodization process discussed in 3.2 In the second stage 

Cu(OH)2 nanoneedle arrays were used as working electrode to deposit Fe3O4 nanostructures 

using the same solution explained in section 6.2.1. The deposition was again performed at 60oC 

under constant stirring. Constant potential of -1.1 to -1.2V was applied for 60 to 200 seconds. 

Finally, fabricated samples were annealed at 120oC for 2 h and then maintained at 200oC for 2 h 

to prepare free-standing Fe3O4-CuO hybrid electrodes. 

6.2.3 Materials characterization 

The as-prepared Fe3O4-CuO hybrid and Fe3O4 thin films on metallic substrates were directly used 

for SEM and XRD measurements. The sample morphology was examined using a field-emission 

scanning electron microscopy (FESEM; JEOL, JSM-7600F). The elemental compositions of the 

samples were characterized with energy-dispersive X-ray spectroscopy (EDX) which is attached 

to the SEM instrument. Crystallographic data of the specimen was collected using a thin film 

Shimadzu Shimadzu 6000 X-ray diffractometer and a powder X-ray diffractometer (Bruker, Cu 

ΚR radiation with λ =1.5406 Å). The determination of the phase was done using the Match 

software. For TEM characterization, the samples were scratched from the substrate and added to 

ethanol. After ultrasonication for 2-10 mins, the solution was drop cast onto carbon coated 200 

mesh Cu grids. HRTEM and EDX were obtained by using a JEOL 2010 system operating at 

200kV.  
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6.2.4 Electrochemical measurements 

The coin cells were assembles inside an Ar-filled glove box with oxygen and moisture content 

less than 1.00 ppm. Two sets of coin cells were fabricated using two types of fabricated anodes; 

Fe3O4 and Fe3O4-CuO thin films. The free-standing electrodeposited electrodes were used 

directly as working electrode without addition of any binder.  The lithium foils were used as 

counter/reference electrodes and the electrolyte was a solution of 1 M LiPF6 in ethylene 

carbonate (EC)/dimethyl carbonate (DMC) (1/1, w/w). For the electrochemical measurement 

coin battery cells were installed and galvanostically tested using a NEWARE battery tester 

between 0.005 and 3.00 V (vs. Li/Li+). 

 

6.3 Fabrication of Fe3O4-CuO hybrids 

6.3.1 Electrodeposition of interconnected Fe3O4 nanoflakes 

Electrodeposition of various iron oxide morphologies using different electrolyte baths has been 

reported in the literature. 133, 134  In several reports TEA has been used as an effective complexing 

agent for Fe2+ and Fe3+ to form a complex metal compound with liberation to water and prevent 

the formation of insoluble Fe3+ hydroxide.133, 134   

The XRD of the deposited Fe3O4 thin film also confirms the formation of magnetite Fe3O4 (ICSD 

No. 64829) (see Figure  6.1). SEM images of Iron oxide nanoflakes obtained by application of     

-1.2 V at 60oC for 60s (see Figure  6.2A-B) demonstrates formation of interconnected iron oxide 

nanoflakes with open porosities. The iron oxide deposits are continuous and uniform with small 

porosities in the range of 80-250 nm. The nanoflakes are very thin with 10-20 nm thickness and 

as can be seen in the TEM image the flakes appear translucent while spreading to the sides (see 

Figure  6.2C-D). It needs to be noted that each flake is highly mesoporous with fine porosities in 

the range of 0.5-2 nm (see Figure  6.2E). The high resolution TEM (HRTEM) observation (see 

Figure  6.2F) of the Fe3O4 nanoflakes indicates that the flakes are single crystal with interfringe 

spacing of 0.25 nm corresponding to the (113) plane of magnetite Fe3O4 (ICSD No. 64829).  
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In overall the electrochemical deposition of Fe3O4 in Fe3+- TEA can be presented as follows:  
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Figure  6.2 (A-B) SEM and (C-D)TEM images, (E-F) HRTEM images of interconnected Fe3O4 

nanoflakes electrodeposited from FeIII-TEA system by application of -1.2 V for 60 seconds at 60oC. 
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Figure  6.1 (XRD) of Fe3O4 nanoflakes structure electrodeposited on Cu foil from a Fe3+-TEA system at 

60oC by application of -1.2 V for 60 s.  
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The process is composed of three stages, the electrochemical reduction of Fe3+- TEA complex, 

dissociation of Fe2+- TEA to form Fe2+ and finally the precipitation of Fe3O4. Temperature has 

significant influence on the morphology of the electrodeposited Fe3O4 thin film in a Fe3+- TEA 

complex system and such nanoflakes morphology cannot be obtained at lower temperatures. This 

can be explained based on the dependency of ion/complex activity and mobility on temperature. 

It’s common that ligand dissociation increases with raise in solution temperature. At higher 

temperature the Fe2+- TEA becomes more unstable, favoring the second reaction and rapidly 

forming numerous Fe2+ ions. These ions then undergo reaction with Fe(TEA)3+ to form Fe3O4 

nanoflake deposits.133 

6.3.2  Electrochemical fabrication of Fe3O4-CuO hybrids 

Fabrication of hybrid Fe3O4-CuO electrodes was performed in two steps. In the initial step 

Cu(OH)2 nanoneedle arrays were fabricated by anodization of copper foil at 1.5 mA/cm2 for 700 

s in a 1 M NaOH. Then in the second step, Cu(OH)2 thin film was utilized as substrate to grow 

Fe3O4 nanostructures using the solution applied to fabricate mesoporous Fe3O4 nanoflakes 

structure discussed in section 5.2.2. Two constant potentials of -1.1 and -1.2 V are applied for 

100 s to produce two different heterogeneous structures. The fabricated hybris structure is then 

heat treated at 120oC and 200oC for 2 hours each to transform the copper hydroxide to CuO and 

improve the electrical conductivity of the hybrid electrode. The XRD results confirms the co-

existence of both magnetite Fe3O4 (ICSD No. 64829) and monoclinic CuO (ICSD No. 31059) for 

both core-shell CuO/Fe3O4 and 3D hierarchical CuO/Fe3O4 thin films (see Figure  6.3).  

By application of -1.1 V a homogeneous coaxial core-shell CuO/Fe3O4 nanostructure was formed 

in which CuO nanoneedles was coated homogeneously with Fe3O4 nanocubes (see Figure  6.4A-

B). The Fe3O4 nanocubes with the size range of 20-50 nm cover the nanowires uniformly and 

completely from the root to the tip. According to the TEM observation the stacked nanocubes 

growing in random directions are highly mesoporous with uniform pores in the range of 0.5-2 nm 

(see Figure  6.4C-D). This is a great advantage when the sample is used as lithium ion battery 

electrodes. According to HRTEM study, Fe3O4 crystals in core-shell CuO/Fe3O4 structure are 
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single crystals with interfringe spacing of 0.25 nm corresponding to (113) plane of magnetite 

Fe3O4 phase (ICSD No. 64829) (see Figure  6.4E). With increase in deposition time from 60 to 

200 s the nanocubes size enlarges to 0.2-0.5 µm, while maintaining its cubic shape (see Figure 

 6.4F).  
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Figure  6.4 (A-B) SEM, (C-D) TEM, (E) HRTEM images of Fe3O4-CuO core-shell hybrid fabricated by 

electrodeposition of Fe3O4 at -1.1 V on CuO nanoneedle arrays for 60s,  (F) SEM of Fe3O4-CuO core-shell 

hybrid fabricated by electrodeposition of Fe3O4 at -1.1 V on CuO nanoneedle arrays for 200s.   
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Figure  6.3 XRD of Fe3O4-CuO hybrid fabricated by two step electrochemical fabrication method. 
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For the second set of samples while keeping all parameters constant the electrodeposition 

potential was increased to -1.2 V. As a result a 3D hierarchical CuO/Fe3O4 hybrid composed of 

CuO nanoneedle arrays as core covered completely with a thin layer of interconnected Fe3O4 

nanoflakes was fabricated (see Figure  6.5A-B). According to the TEM observation the core-shell 

form of CuO/Fe3O4 is maintained, however due to close packing of CuO arrays and nanoflakes 

nature of Fe3O4 deposits in this electrodeposition condition porous hierarchical CuO/Fe3O4 3D 

network is formed as a result (see Figure  6.5C). According to HRTEM study, Fe3O4 crystals are 

polycrystalline with 1-5 nm nanocrystallites. The exposed nanocrystals with interfring spacing of 

0.25 nm and 0.29 nm correspond to (113) and (022) plane of magnetite Fe3O4 phase (ICSD No. 

64829) (see Figure  6.5D).  

 

 

 

6.4 Electrochemical evaluation of Fe3O4-CuO hybrid 

6.4.1 Electrochemical properties of interconnected Fe3O4 nanoflakes  

To evaluate the electrochemical performance of the Fe3O4 electrodes half-cell electrodes were 

installed and tested in a discharge/charge window of 0.05-3.0 V (vs. Li/Li+). The CV profile of 

interconnected Fe3O4 nanoflakes for the first two cycles is shown in Figure  6.6A. In the initial 
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Figure  6.5 (A-B) SEM, (C) TEM, (HRTEM) images of Fe3O4-CuO hybrid network fabricated by 

electrodeposition of Fe3O4 at -1.2 V on CuO nanoneedle arrays.  
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cycle the cathodic peak observed in 0.8V could be attributed to the reduction of Fe3+and Fe2+ to 

Fe0.135 In the anodic cycle the two peaks appearing in the 1.6 and 1.8V correspond to the 

reversible oxidation of Fe0 to Fe3+and Fe2+. As can be observed in the CV curve in the following 

cycles, the oxidation and reduction peaks are both slightly shifted. This phenomenon also 

reported by others is due to the polarization of Fe3O4.
135. The overall lithiation-delithiation 

process of Fe3O4 can be presented as follows:  

=� �% + ���	 + ��� → ���=� �% 

���=� �% + )8 − �,��	 + )8 − �,�� → 4���� + 3=� 

3=� + 4���� → ���=� �% + )8 − �,��	 + )8 − �,�� 

���=� �% + ��� → ���	=� �% + ��� 

In terms of practical application it is important to investigate the electrochemical behavior in 

high currents. Therefore, the stability performance of electrodeposited Fe3O4 nanoflakes structure 

was tested in 924 mA/g (1C). The first, second and hundred charge/discharge curves of Fe3O4 

nanoflakes in the potential window of 0.05–3.0 V (vs. Li/Li+) at a rate of 1 C is shown in Figure 

 6.6B.  The sample delivered an initial discharge capacity of 1180 mAh/g and a subsequent charge 

capacity of 860mA h/g, resulting in an initial Columbic efficiency of 72%. Due to the high 

irreversible capacity in the first cycle the initial coulombic efficiency is low, which is very 

common in nanostructured metal oxide electrodes with high surface/volume ratio.136 After the 

first cycle the Coulombic efficiency improves significantly. In the second cycle, the discharge 

capacity drops even further to 852 mAh/g, but delivers 819 mAh/g charge capacity, leading to a 

high Columbic efficiency of 96%. However, the capacity continues to decay gradually until 

discharge capacity of 260 mAh/g is obtained in the 100th cycle with a Coulombic efficiency of 

98.6% (see Figure  6.6B). This result demonstrates that although the fabricated Fe3O4 nanoflakes 

with favorable honeycomb structure can initially deliver capacities close to the theoretical value, 

this capacity cannot be maintained at such high currents (924 mA/g) and the nanostructure 

continues to collapse leading to gradual capacity loss. It should be noted that the initial discharge 
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capacities of Fe3O4 electrode exceeds the theoretical capacity of Fe3O4 (924 mAh/g). This 

behavior was also observed for CuO electrodes and other reports of Fe3O4 electrodes.137, 138 As 

explained, such phenomenon is observed extensively in transition metal oxides.135, 136  

 

 

 

 

 

 

 

 

Figure  6.6 (A) Cyclic voltammograms (CVs) of the first three cycles,  (B) Charge/discharge voltage 

profiles at a current of 924 mA/g (1C), (C) Charge/discharge cycling performance at a current of 924 mA/g 

(1C), (D) Plot of the discharge and charge capacity vs. cycle number at various C rates of  interconnectd  

Fe3O4 nanoflakes fabricated by electrodeposition between 0.05-3.00 V (vs Li/Li+). 

 

To further investigate the rate capabilities, the Fe3O4 nanoflakes electrodes were examined from 

0.2 C to 15 C for 6 cycles at each current rate (see Figure  6.6D). The Fe3O4 nanoflakes structures 

delivered an initial discharge capacity of 1321 mAh/g with 70% Coulombic efficiency. However, 

from the second cycle onwards the capacity continued to drop to finally reach discharge capacity 

of 744 mAh/g in the 6th cycle with 95% Coulombic efficiency. An irreversibly capacity drop was 

observed in the initial cycle each time the rate was increased. At 0.5C an initial capacity of 662 

with 95% Coulombic efficiency was delivered which decreased even further to 641 with 96% 

Coulombic efficiency in the second cycle. Fairly stable capacity of 401, 261, 122 mAh/g was 

achieved respectively at 1, 2, 5C. With increase of cycling rate to 10 and 15C the delivered 
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capacity dropped below 100 mAh/g; demonstrating poor rate capability. When the rate was again 

reduced to 0.2, discharge capacity of 541 mAh/g with 87% Coulombic efficiency was achieved 

in the second cycle, but the capacity did not stabilized and continued to deplete in the following 

cycles.  

0 10 20 30 40 50 60 70 80 90 100
0

200

400

600

800

1000

1200

1400

 

 

 

 

Cycle Number

C
a
p

a
c
it

y
(m

A
h

/g
)

184 mA/g (0.2C)

 

Figure  6.7 Charge/discharge cycling performance of interconnectd  Fe3O4 nanoflakes fabricated by 

electrodeposition between 0.05-3.00 V (vs Li/Li+) at a current of 184 mA/g (0.2C). 

 

The focus of this study is to fabricate nanostructures which can function effectively at high 

cycling rates. But, it still needs to be mentioned that the fabricated Fe3O4 nanoflakes structure 

exposed acceptable electrochemical performance at lower rates (0.2C) (see Figure  6.7).  The 

Fe3O4 nanoflakes delivered a high initial discharge capacity of 1255 mAh/g. Upon initial 

charging to 3.00 from the fully discharged condition, only 70% charge capacity corresponding to 

883 mAh/g could be extracted. However, after the first cycle similar to what was observed in 1C 

rate the Coulombic efficiency improved extensively to reach 90% Coulombic efficiency. The 

Fe3O4 sample demonstrated rapid capacity decay in their initial 33 cycles, however henceforth 

the structure was stabilized and the capacity gradually improved to reach 615 mAh/g with 99.6% 

Coulombic efficiency in the 100th cycle. This observation clearly demonstrates that Fe3O4 thin 

films with favorable hierarchically mesoporous structure and large surface area deliver high 

specific capacity and demonstrate fairly stable cycling performance at low current density, but 

fail to buffer the strain at higher cycling rates and lead to poor electrochemical properties. Since 

Fe3O4 undergoes a conversion reaction with three components Fe3O4, Fe0, and Li2O, the kinetics 
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plays an important role. Therefore, it is necessary to decrease the diffusion length, while maintain 

a good electronic pathway.134 

6.4.2 Electrochemical properties of free-standing Fe3O4-CuO hybrids 

Figure  6.8A depicts the discharge CV curve of CuO/Fe3O4, CuO and Fe3O4 during the 1st and 2nd 

cycles. All the reduction and oxidation peaks of CuO and Fe3O4 discussed 6.4.1 and 3.4 sections 

can be observed in the CV curve of Fe3O4-CuO. It should be noted that the cathodic peaks of 

CuO and Fe3O4 in the range of 0.5-1.2 V (vs Li/Li+) over lap and project a wider plateau. The 

Longer plateau of redox reactions in Fe3O4-CuO CV curve compared to CuO and Fe3O4 clearly 

demonstrates the superior performance of the hybrid compared to its single components.  Since 

for many applications of lithium ion batteries e.g. power tools, fast discharge/charge rates are 

crucial, it is necessary to test the functionality of the hybrid at high rates. Therefore, the 

electrochemical properties of the CuO/Fe3O4 core-shell and 3D hierarchical Fe3O4-CuO network 

were tested at 1C (see Figure  6.8B-C). Figure  6.8B compares the 1st, 2nd, 100th charge–discharge 

profiles of the CuO/Fe3O4 core-shell and 3D hierarchical Fe3O4-CuO network at 1C rate in the 

potential range of 0.05-3.0 V (vs Li/Li+). In the case of the CuO/Fe3O4 core-shell, the electrode 

delivers a discharge capacity of 1207 mAh/g followed by 870 mAh/g charge capacity. The 30% 

irreversible capacity in the initial cycle can again be ascribed to the formation of SEI layers. 

Nevertheless, in the subsequent cycle 868 and 839 mAh/g discharge and charge capacity was 

respectively obtained, elevating the Coulombic efficiency to 96.6%. The capacity then degrades 

gradually until it reaches its minimum in the 25th cycle with 699 mAh/g discharge capacity (see 

Figure  6.8C), beyond which the capacity increases steadily to deliver 953 mAh/g discharge 

capacity with 98.7% Coulombic efficiency in the 100th cycle. The gradual increase in capacity of 

Fe3O4-CuO hybrids is probably due to effective contact of electrolyte and electrode and also 

increased thickness of SEI film.29, 114 Additionally, the synergetic effect of the CuO and Fe3O4 

cannot be neglected. The wider plateau of redox reaction observed in the CV curve is an 

indication of such phenomenon. Additionally, the synergetic effects of CuO and Fe3O4 cannot be 

neglected. The 3D hierarchical Fe3O4-CuO network also demonstrates similar behavior at this 
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rate (1C). An initial capacity of 1225 mAh/g is obtained for 3D hierarchical Fe3O4-CuO network 

followed by 872 mAh/g charge capacity resulting in 29% capacity loss which is similarly greatly 

alleviated in the subsequent cycle by delivering 872 and 816 mAh/g discharge and charge 

capacity respectively and achieving 93.6% Coulombic efficiency. The capacity then degrades 

eventually to reach its lowest value of 567 mAh/g in the 33rd cycle. Thereafter, the capacity 

increases to achieve 751 mAh/g discharge capacity with 99% Coulombic efficiency after 100 

cycles.  

To do a more detailed investigation regarding the rate capabilities of the fabricated hybrids, the 

CuO/Fe3O4 core-shell and CuO/Fe3O4 3D network were examined from 0.2 C to 15 C for 6 

cycles at each current rate (see Figure  6.8D). Both structures displayed an irreversibly capacity 

drop in the first cycle each time the rate was increased, beyond which it stabilized, delivering a 

reversibly stable capacity at each rate. For core-shell Fe3O4-CuO an initial discharge capacity of 

1269 mAh/g with 73% Coulombic efficiency was achieved which reduced to 870 mAh/g in the 

second discharge cycle. Thereafter, a stable capacity of 734, 630, 538, 416, 319 and 204 mAh/g 

was delivered at 0.5, 1, 2, 5, 10 and 15C respectively. After applying such high rates to the 

electrode, when the rate was again decreased to 0.2C the Fe3O4-CuO core-shell first gave an 

initial capacity of 383 mAh/g and then increased to reach a reversibly stable capacity of 860 

mAh/g with 95% Coulombic efficiency which increased to over 98% in the subsequent cycles. In 

case of hierarchical Fe3O4-CuO 3D network the performance was also very impressive with an 

initial discharge capacity of 1283 mAh/g and 70% Coulombic efficiency, which as expected 

reduced to 875 in the second cycle. Thereafter, similar to Fe3O4-CuO core-shell stable capacity of 

727, 628, 525, 368, 248 and 140 mAh/g were delivered at 0.5, 1, 2, 5, 10 and 15C respectively. 

Again, when the rate was decreased to 0.2C after application of such high currents to the 

structure, the Fe3O4-CuO 3D network first gave an initial capacity of 382 mAh/g and then 

increased to reach a reversibly stable capacity of 860 mAh/g with 95% Coulombic efficiency 

which gradually increased to reach higher than 98% in the following cycles. 
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Electrochemical impedance spectroscopy was applied to investigate the influence of CuO-Fe3O4 

hybrid compared to their individual CuO and Fe3O4 counterparts in terms of the total internal 

electrochemical impedances of a cell. The characteristic impedance curves (Nyquist plots) of 

CuO, Fe3O4 and CuO-Fe3O4 are illustrated in Figure  6.9 . The Nyquist plots of the three thin 

films are similar except for the diameters of the semicircles. Impedance spectroscopy is divided 

to the high and low frequency region. The high frequency of the spectrum is related to charge 

transfer phenomenon, while low frequency activity is attributed to mass transfer processes.139 

The CuO nanoneedle arrays demonstrate the lowest diameter of semicircle, while interconnected 

Fe3O4 nanoflakes display the largest diameter. Here, the main reason for such behavior can be 

attributed to the highest electrical conductivity of CuO nanoneedle arrays and lowest 

conductivity of Fe3O4 nanoflakes. The highest conductivity of CuO Nanoneedle can be explained 

based of the existence of the residual copper, which is a result of incomplete anodization process 

and conversion reaction with lithium.106 It can be concluded that in CuO-Fe3O4 hybrid, CuO 
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Figure  6.8 (A) Cyclic voltammograms (CVs) of the first three cycles,  (B) Charge/discharge voltage 

profiles at 1C cycle rate, (C) Charge/discharge cycling performance at 1C cycle rate, (D) Plot of the 

discharge and charge capacity vs. cycle number at various C rates of CuO-Fe3O4 heterostructures 

fabricated by two step electrochemical method between 0.05-3.00 V (vs Li/Li+). 
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nanoneedle arrays used as scaffold for growth of Fe3O4, behaves as good 1D electron pathway 

and improve the electronic conductivity of the hybrid anode material. 
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Figure  6.9 Nyquist plots of CuO, Fe3O4 and CuO-Fe3O4 core-shell electrodes obtained by application of a 

sine wave At amplitude of 10.0 mV over the frequency range 10 kHz–0.1 Hz. 

 

In order to further examine the stability of CuO-Fe3O4 core-shell hybrid structure, lithium ion 

battery cells cycled at 1C rate for 100 cycles were opened in glove box and studies using SEM 

(see Figure  6.10). It can be observed that CuO-Fe3O4 hybrid have retained their free-standing 

nanowire morphology and while some agglomeration can be observed, connecting some wires 

together, the open structure in retained and no breakage and deformation is visible. It needs to be 

noted that the diameters of nanoneedles have increased to about 300-400 nm, which is a result of 

undergoing reaction of CuO-Fe3O4 with lithium during cycling. 126 

 

5 µm 1 µm 

A B 

Figure  6.10 (A-B) SEM images of CuO-Fe3O4 core-shell hybrid after Charge/discharge at (1C) between 

0.05-3.00 V  (vs Li/Li+) for 100 cycles. 
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The reason for such outstanding electrochemical properties can be related to the intrinsic 

properties of CuO and the unique nanostructure of CuO nanoneedle arrays. 

 

 

 

 

 

 

 

 

 

 

 

According to the presented results, it can be concluded that Fe3O4-CuO hybrids have superior 

electrochemical performance compared to the individual components (CuO and Fe3O4). The 

authors believe that the high capacity, perfect stability and ultrafast charging/discharging 

capability of coaxial Fe3O4-CuO hybrids comes from the smart selection of two compatible 

components with promising properties and their intelligent integration to unique hierarchical 

architectures. As can be observed in the schematic drawing in Figure  6.11, the free-standing 

ultra-fast CuO nanoneedle arrays as core provides 1D electronic pathway, structural spacer and 

superior rate capabilities due to the existence of copper cores formed by incomplete anodization 

and lithium conversion reactions.106 On the other hand, the mesoporous Fe3O4 nanocrystals with 

high specific capacity are grown directly on CuO with perfect adhesion, while maintaining the 

CuO Nanoneedle Arrays 

CuO/Fe3O4 Core-Shell   

CuO/Fe3O4 3D Network  

B 

C 

A 

Figure  6.11 Schematic drawing of (A) CuO nanoneedle arrays fabricated by anodization of high purity Cu 

foil, (B) Fe3O4-CuO core-shell fabricated by electrodeposition of  Fe3O4 at -1.1 V on CuO nanoneedle arrays, 

(C) Fe3O4-CuO 3D network hybrids fabricated by electrodeposition of Fe3O4 at  -1.2 V on CuO nanoneedle 

arrays. 
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open structure. This allows buffering of huge volume swings at high cycling rates and 

penetration of the electrolyte to the depth of the 3D structure. The mesoporosity of both 

components decreases the Li+ ions diffusion length and provide active sites for reaction. This 

results in high delivered capacity with exceptional cycling stability at high cycling rates. 

Compared to 2D thin films or 3D nanowire arrays the presented hybrids presents much higher 

areal capacity, due to the efficient loading of additional active material in the vertical dimension, 

while maintaining similar Li ion transport efficiency and porosity. 

Two types of Fe3O4-CuO hybrids with core-shell and hierarchical 3D network was fabricated and 

investigated in this study. As discussed, at 1C rate initially both hybrids presented similar 

electrochemical properties, but with increase in cycle number the gradual capacity fade in the 

initial cycles became more rapid in the hierarchical Fe3O4-CuO 3D network. Nevertheless, the 

capacity was stabilized after the 33th cycle, delivering stable capacity thereafter. Similar 

situation was observed when the hybrids were examined for their rate capabilities. Both hybrids 

exposed similar behaviors up to 1C, but with increase of rate to 2C and higher rates the 

hierarchical Fe3O4-CuO 3D network started to drop to lower specific capacities. Additionally, 

when the rate was again decreased to 0.2 C the core-shell Fe3O4-CuO retrieved its initial 

capacity, while the hierarchical Fe3O4-CuO 3D network could not recover completely. The 

reason for such behavior can be the fact that in the hierarchical Fe3O4-CuO 3D network with 

interconnected nanoflakes, Fe3O4 plays a more dominant role and influences the electrochemical 

performance with its poorer rate capabilities, while in core-shell Fe3O4-CuO this short coming is 

suppressed. These results demonstrate the importance of electrode engineering and their huge 

influence on electrochemical properties. 

 

6.5  Conclusion 

Herein, we report a facile, template free two-step electrochemical method to fabricate free-

standing coaxial Fe3O4-CuO hybrid electrodes grown directly on copper substrate. The electrodes 

are made of free-standing CuO nanoneedle arrays electrochemically coated with mesoporous 
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Fe3O4 nanocrystals.  The Fe3O4-CuO electrodes were directly used as lithium-ion battery anodes 

without use of any binder. The electrochemical properties of two types of core-shell and 

hierarchical 3D network of Fe3O4-CuO hybrids were thoroughly studied and compared with the 

single phase CuO and Fe3O4 nanostructures as the hybrid building blocks. The Fe3O4-CuO 

hybrids demonstrated superior properties at 1C rate and perfect rate capability when tested to up 

to 15C. Excellent electrochemical performance of Fe3O4-CuO hybrids comes from their smart 

selection and unique hierarchical architecture. The three-dimensional mesoporous Fe3O4 

nanocrystals offers high surface area for electrochemical reaction, while the one-dimensional 

CuO nanoneedle arrays with direct contact to the current collector serve both as structural spacer 

to buffer the strain during lithiation/delithiation and act as a good electron pathway to improve 

electronic conductivity.  Further constructive design and development of such hierarchical 

hybrids can open new opportunities in energy storage application and other fields such as sensing 

and photoconversion. 
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7 Conclusion and future work 

7.1 Conclusion 

In this thesis, a rational design and development of advanced nanostructured copper oxide based 

hybrid anodes with two main electrochemical reactions of alloying and conversion was carried 

out. The concentration of this work was to develop facile, green, template free electrochemical 

fabrication processes for fabrication of coaxial, binder-free, free-standing hybrid anodes with 

high energy density, good cycling stability; especially at high cycling rates and good rate 

capability with practical application. 

Detailed investigation of synergetic effects of the hybrids constituents and the important 

parameters influencing the electrochemical performance such as nanostructure, porosity, 

architecture was carried out. Development and application of different types of hybrids by 

combining chemically distinct materials with explicit electrochemical properties were pursued 

with the aim to achieve multi-functionality or expose novel enhanced electrochemical properties. 

Schematic drawing of summary of the copper oxide based hybrids developed in the presented 

thesis is presented in Figure  7.1.   

Copper oxide was selected as the suitable core and scaffold for growth of metallic compound 

hybrid. CuO nanoneedle arrays were fabricated by a simple anodization process. In 

electrochemical examination, when tested at 1C, CuO nanoneedle array anodes demonstrated 

outstanding stability, delivering 559 mAh/g specific capacity to up to 200 cycles, while 

illustrating perfect rate capability to up to 50 C. It is believed that the residual copper of the 

incomplete anodization during production and irreversible conversion reaction during cycling 

behaves as a good electron pathway and improves the electronic conductivity of the anode 

material, resulting in outstanding cycling stability and rate capability.  
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Next, a safe fabrication route was utilized to fabricate free-standing several micron lengths, core- 

 

Sb nanoflakes bundles with high uniformity and purity were formed using pulse galvanostatic 

method. Antimony is a promising anode material with high electrical conductivity which 

undergos alloying reaction upon interaction with lithium during the charge/discharge process. 

Although binder free Sb nanoplates exposed high initial capacity close to the theoretical value 

(660 mAh/g), the property could not be maintained and after nine cycles the electrode faded 

abruptly to reach capacities lower than 100 mAh/g after 70 cycles. To develop an anode with 

improved electrical conductivity and electrochemical stability, free-standing Sb/Cu2Sb/Cu hybrid 

electrodes were grown directly on copper substrate by a two-step electrochemical method, using 

CuO/Fe3O4 Core-Shell  

Hybrid 

B 
Sb/Cu2Sb/Cu Core-Shell 

Hybrid  

CuO/Fe3O4 3D Network 

Hybrid  

Ge/Cu2O Core-Shell  

Cu(OH)2 Nanoneedle 

Arrays 

 

Figure  7.1 Schematic drawing of summary of the copper oxide based hybrids developed in the presented 

thesis.  
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Cu(OH)2 nanoneedle arrays as scaffold for Sb deposition. The aim of this attempt was to 

fabricate Sb-CuO core-shell nanowires. However, application of a reductive current resulted in 

reduction of copper hydroxide to copper and formation of Cu2Sb/Cu core-shell during heat 

treatment. It was observed that compared to pure Sb nanoplates, Sb/Cu2Sb/Cu hybrids 

demonstrated improved cycling stability and enhanced rate capability to up to 20 C. The authors 

believe that this improvement is due to application of free-standing Cu core which provides 1D 

electronic pathway and structural spacer. While, the mesoporous Cu2Sb nanocrystals with direct 

contact to the copper core and strong structural relationship with the lithiated phase; Li2CuSb, 

leads to enhanced rate capability and a more stable electrochemical performance.  

Next, a safe fabrication route was utilized to fabricate free-standing several micron lengths, core- 

shell Ge-Cu2O hybrid nanowire arrays. The aim was to achieve a highly stable anode with high 

specific capacity and fast diffusion rates. The Ge-Cu2O hybrid nanowire arrays with conversion-

alloying reactions were developed by combining electrochemical anodization and CVD growth. 

The Ge shell with 50-80 nm thickness was highly mesoporous with good adhesion to the Cu2O 

core. At 0.5C and 1C large improvement in electrochemical performance was observed in core-

shell Ge-Cu2O hybrid compared to Ge nanoparticles; which demonstrated fast fading 

electrochemical properties. In-situ generation of GeO2 was observed in Ge-Cu2O hybrid 

electrodes from the initial cycle. The formation of GeO2 was explained based on the different 

electroactive response of hybrid’s building block towards Li+; with Cu2O undergoing conversion 

reaction and Ge undergoing alloying reaction with the capability to react electrochemically with 

Li2O. The superior electrochemical performance of Ge-Cu2O hybrid comes from their smart 

selection and unique hierarchical architecture. Ge shell with high theoretical capacity and 

uniform mesoporosity affords short diffusion distances and achievement of high specific 

capacities. Direct growth of 1D Cu2O nanoneedle arrays on cu substrates improves contact and 

enhances electrical conductivity resulting in better rate capabilities. The open interspaces 

between the core-shell nanowires allow quick infiltration of electrolyte into the structure, 

partially accommodating the volume expansion during lithiation and alleviating material loss. 
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Finally, two types of free-standing coaxial Fe3O4-CuO conversion hybrids, with core-shell and 

hierarchical 3D network architecture were developed using a facile, template-free, two-step 

electrochemical method. Interconnected Fe3O4 nanoflakes delivered high initial capacity, but 

faded fast when tested at high cycling rates. Nevertheless, the Fe3O4-CuO hybrids demonstrated 

superior properties at 1C rate and perfect rate capability when tested to up to 15C. For example 

core-shell Fe3O4-CuO hybrid delivered a high initial discharge capacity of 1208 mAh/g which 

reduced to 868 mAh/g in the second cycle. The hybrid demonstrated perfect stability, delivering 

954 mAh/g discharge capacity with 99% Coulombic efficiency after 100 cycles. It is believed 

that the excellent electrochemical properties of Fe3O4-CuO hybrids come from their unique 

hierarchical architecture. The three-dimensional mesoporous Fe3O4 nanocrystals offer high 

surface area for electrochemical reaction, while the one-dimensional CuO nanoneedle arrays with 

perfect rate capability and direct contact to the current collector serve both as structural spacer to 

buffer the strain during lithiation/delithiation and act as good electron pathway to improve 

electronic conductivity.   

The discussed findings highlights the many possibilities and advantages of deposition routes and 

demonstrates the large opportunities of hybrid electrodes to overcome the limiting intrinsic 

properties of single component electrodes and develop the next generation Lithium ion batteries 

with enhanced properties in all aspects.  

 

7.2 Future work 

Based on the findings of the present work, further investigation and development of template free 

electrodeposition technique can be encouraged. Fabrication of free-standing nanostructured thin-

films is largely investigated in many fields, e.g., energy storage and conversion, photovoltaic. 

Electrochemical technique is a simple, cheap and fast method which can be performed in room 

temperature under air atmosphere. Generally, electrodeposition usually needs application of hard 

templates to fabricate nansotrcuture, e.g. anodized aluminum oxides to produce nanowire 

arrays97, 98, or polystyrene sphere for fabrication of porous nanostructures which need to be 
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removed afterwards. However, as presented template free methods like pulse plating, high over-

potential conditions can be successfully utilized to grow different types of nanostructured 

electrodes and hybrids, e.g., nanoflake, nanowires, cubes, … of different materials, e.g., CuO, 

Sb, Fe3O4, …The authors believe that the developed template free fabrication routes is applicable 

to many other promising materials and hybrids for different applications, e.g. Sn, Co3O4, TiO2, 

TiO2-Fe3O4, TiO2-SnO2.  

Growth and application of many one-dimensional nanomaterials and hybrids for energy 

conversion and storage is reported in large scale. However, the 3D interconnected nanostructures, 

in addition to having the advantage of open structure and short diffusion length, the problem of 

complete disconnection and loss of active material is largely subsided due to the 3D 

interconnection. The 3D electrode also has the advantage of higher material loading compared to 

2D electrodes. In the current thesis successful fabrication of Fe3O4 3D network, composed of 

interconnected flakes was pursued using electrodeposition. Based on this observation, further 

detailed investigation of 3D interconnected nanostructured hybrids of promising electroactive 

materials such as Si, Fe3O4, Co3O4 is encouraged. The process is simple and straight forward and 

allows fast and cheap template free formation of binder-free three dimensional nanostructures 

directly grown on current collector. 

With the prevalence of portable electronic the claim for rechargeable energy storage devices with 

high energy density and low-weight has been raising rapidly. Many different strategies has been 

suggested and examined in the last decade. However, finally it has come to this point that limited 

by the intrinsic properties of materials the single component nanostructures may not meet the 

high expectations. Based on the presented study of the influencing parameters smart design and 

development of many different hybrid electrodes with 1D, 2D and 3D nanostructures and 

combination of different types of electroactive materials such as TiO2-SnO2, Fe2O3-SnO2, Fe3O4-

SnO2, SnO2-Co3O4 can be encouraged. Careful examination of hybrid‘s interface, evolution of 

hybrid constituent’s in terms of chemical composition, phase and nanostructure during lithiation 

and the synergetic properties of the hybrid’s building block can deepen our understanding of 
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hybrid electrodes. Physical and mathematical calculation in addition to simulation studies of the 

hybrid interfaces, electronic and ionic conductivity can open whole new possibilities to novel 

superior hybrids. The investigation of structural change and stress build up in different hybrid 

systems, composed of different materials with different morphologies such as core-shell wire or 

particles can help develop novel electroactive hybrid electrodes. 

Understanding and application of the proposed strategies can open new opportunities to develop 

the next generation energy conversion and storage devices, which can meet the high energy 

demands of today and tomorrow. 
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