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ABSTRACT 

 

In this study, plasma-assisted electrolytic deposition was innovatively applied to 

rapid construction of binder-free amorphous Co(OH)2 and Ni3(PO4)2 thin film 

anodes on Ti for lithium-ion batteries. In the electrochemical testing, both 

materials showed high-capacity. However, compared with amorphous Co(OH)2 

coating, the amorphous Ni3(PO4)2 coating has the better stability and the lower 

thickness, which is more hopeful for industrial application. Therefore, it is 

necessary to further study on Ni3(PO4)2 anode. In comparative electrochemical 

study between the amorphous and crystalline Ni3(PO4)2, the amorphous Ni3(PO4)2 

showed a lower degradation rate on capacity, while the crystalline one had a higher 

capacity in the initial several cycles. Nevertheless, both amorphous and crystalline 

Ni3(PO4)2 shows high capacity during cycling due to the high porosity of the films. 

To further improve the electrochemical performance of amorphous Ni3(PO4)2 

anodes in lithium-ion batteries, some possible surface modification methods 

including the Co-doping, sputtering Au coating and carbon coating were explored. 

The results indicated that the sputtering Au coating and sputtering carbon coating 

could be the better ways to improve the cycling stability and capacity of 

amorphous Ni3(PO4)2 anodes. 
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CHAPTER 1 

Introduction 

1.1 Motivation 

Recently, along with reduction of fossil fuel and aggravation of air pollutions, scientists 

tried to find a new environmentally-friendly energy conversion system with low-

consumption of natural resource to ensure the sustainable development. The lithium-ion 

battery (LIB) as an energy storage device which matches these requirements was wildly 

researched. 

 

Figure 1-1. The operation principle of the lithium-ion battery.[1] 

The working principle of lithium-ion battery has been illustrated in Figure 1-1. The 

lithium ion battery was mainly composed by the cathode, electrolyte and anode. In the 

charge process, the lithium ions leave the cathode materials and insert into the anode 

materials via the electrolyte. In the discharge process, the lithium ions extract from anode 

and return to the cathode. At the same time, the lithium-ion battery provides electrons to 

the external circuits. 
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For the cathode materials, the types of materials are limited. The research and 

applications of LIB cathodes mainly focus on lithium oxometallate materials such as the 

LiCoO2, LiMn2O4 and LiFeO4.[2-4] For the anode materials, there has a lot of choices of 

material including the carbon, silicon, metal-oxides, metal hydroxides and alloy.[5-9] 

Some examples of materials for lithium-ion batteries have been listed in Figure 1-2. 

 

Figure 1-2. Some examples of materials in lithium-ion batteries. 

Currently, due to the improvement of chemical research and manufacture technology, 

lithium-ion batteries have been successfully applied on portable devices such as laptops, 

mobile phones and watches. Along with the high consumption of petroleum resource, the 

automobile industry also needed to develop a new power system to replace the traditional 

motor engines. Lithium-ion battery was recognized as one of the best choices for the new 

power system. The hybrid and full electric vehicles were started to use lithium-ion battery 

as the power source. Therefore, the study on high-capacity and low-cost lithium-ion 

battery is necessary.  

Like the information has been mentioned above, the types of cathode materials are 
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limited, and the theoretical capacity of current cathode materials is very low. It is 

hopeless to obviously improve the capacity of lithium-ion battery by exploring the 

cathode materials. Contrarily, there are many types of candidates for anode materials with 

high theoretical capacity. So, the researchers tend to use new different types of anode 

materials to replace the traditional anode materials such as graphite and silicon.[10] Most 

current studies emphasize the nano-sized anode materials for lithium-ion batteries. 

However, nano-sized materials need a long-time and high-cost manufacture process. 

Furthermore, nano-sized or powder anode materials need a complex process in electrode 

fabrication including mixing binder, adding conductive carbon, stirring, coating and 

drying, which lead to the high cost on lithium-ion batteries. Existence of binder in nano-

powder containing anodes also injures the electrochemical performance of lithium-ion 

battery during cycling.[11] Therefore, it is significant to find a technology to rapid 

fabricate the low-cost and binder-free anodes of the high-capacity lithium-ion batteries. 

Plasma electrolytic oxidation (PEO) was a technology that a porous oxide ceramic 

coating was deposited on the substrate surface with the help of plasma discharges in the 

electrolyte. The growth mechanism of PEO coating on Mg substrate has been illustrated 

in Figure 1-3.[12] The PEO has been widely applied on wearing-resistance and corrosion 

protection of Mg, Al and Ti alloys,[13] but rarely considered as the fabrication 

technology for battery electrode. Therefore, in this study, to rapid fabricate the binder-

free anode as well as to extend the applications of PEO, the plasma-assisted electrolytic 

deposition (PAED) as a modified PEO technology was studied to fast manufacture the 

low-cost and binder-free anodes of the high-capacity lithium-ion batteries. In the PAED 

process, the Co(OH)2 and Ni3(PO4)2 actives materials grew directly on Ti foil within 2~3 
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mins to form binder-free anodes. Compared with powder anode materials, the shorter 

manufacture time of PAED can obvious reduce the cost of anode materials. The nature of 

binder-free of PAED synthesized anode materials can also efficiently simply the 

preparation process of LIB electrode. 

 

Figure 1-3. Growth process of PEO coating on Mg substrate.[12] 

1.2 Objectives of this study 

The objectives of this study are: 

1) To use the plasma-assisted electrolytic deposition (PAED) to synthesize amorphous 

Co(OH)2 binder-free anode of the high-capacity lithium-ion battery. 
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2) To use the plasma-assisted electrolytic deposition (PAED) to synthesize amorphous 

Ni3(PO4)2 binder-free anode of the high-capacity lithium-ion battery. 

3) To do a comparative electrochemical study between amorphous Ni3(PO4)2 and 

crystalline Ni3(PO4)2 anodes in lithium-ion batteries. 

4) To explore the possible methods for improving the electrochemical performance of 

amorphous Ni3(PO4)2 anodes in lithium-ion batteries. 

1.3 Organization of the Thesis 

This thesis includes seven chapters. The Chapter 1 introduced the motivation and 

objectives of this research. The chapter 2 is a literature review on anode materials of 

lithium-ion batteries and the surface coating technologies for manufacturing binder-free 

anodes materials. The chapter 3 describe the experimental details. The chapter 4 and 5 

describes the PAED synthesized Co(OH)2 and Ni3(PO4)2 binder-free anodes and their 

electrochemical performance in LIBs. The chapter 6 is a comparative electrochemical 

study between amorphous Ni3(PO4)2 and crystalline Ni3(PO4)2 anodes in lithium-ion 

batteries. In chapter 7, possible methods for improving the electrochemical performance 

of amorphous Ni3(PO4)2 anodes in lithium-ion batteries were explored. Chapter 7 is a 

conclusion. 
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CHAPTER 2 

Literature Review on Materials and Surface Coating Technologies for Lithium-Ion 

Batteries 

2.1 Cathode materials of lithium-ion batteries 

For the cathode materials, the choices of materials types are limited. Currently, the 

research and applications of cathode materials mainly focus on Lithium oxometallate 

materials such as the LiCoO2, LiMn2O4 and LiFeO4.[1-3] 

2.1.1 LiCoO2 cathode 

 

Figure 2-1. The cycling performance of LiCoO2 and Al2O3/LiCoO2 cathodes in lithium-

ion batteries.[1] 

The typical cycling performance of LiCoO2 as the cathode material has been show in 

Figure 1-2.[1] The degradation rate on capacity of LiCoO2 is very high. Even after Al2O3 

protection, the capacity only has 170 mAh/g during 50 cycles. 
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2.1.2 LiMn2O4 cathode 

 

Figure 2-2. The cycling performance of LiMn2O4 (a) and LiCo0.1Mn1.9O4 (b) cathodes in 

lithium-ion batteries.[2] 

The typical cycling performance LiMn2O4 can be found in Figure 2-2a,[2] where the 

capacity of the LiMn2O4 only can reach 120 mAh/g during 50 cycles. After the Co 

compounded (Figure 2-2b), the degradation rate on capacity of LiMn2O4 was reduced but 

the capacity still maintains at 90~110 mAh/g during cycling. 
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2.1.3 LiFePO4 cathode 

 

Figure 2-3. The cycling performance of LiFePO4 and ZrO2/LiFePO4 cathodes in lithium-

ion batteries.[3] 

Figure 2-3 shows the typical cycling performance of LiFePO4 cathode in lithium-ion 

battery.[3] Compared with LiCoO2 and LiMn2O4, the cycling stability of LiFePO4 is the 

best. However, the capacity of LiFePO4 only has about 80 mAh/g during cycling at 1C 

current density. After ZrO2 protection, the capacity of LiFePO4 was improved to around 

95 mAh/g in 100 cycles 

2.2 Anode materials of lithium-ion batteries 

According to the above brief review on cathode materials of lithium-ion batteries, it can 

be seen that the choices of materials types for cathode are less and their capacity are low 

in lithium-ion batteries. Therefore, researchers try to develop the anode materials to 

further improve the properties of lithium-ion batteries since there has more choices and 
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higher theoretical capacity for anode materials in comparison with cathode materials. The 

synthetic methods for anode materials are also more various than that of cathode 

materials. 

2.2.1 Traditional anode materials 

The main traditional anode materials are graphite and silicon. The advantages of graphite 

and silicon are their abundant resources and simple manufacture process. However, their 

performances on cycling stability and capacity are unsatisfied. The cycling performances 

of graphite and silicon were shown in Figure 2-4 and Figure 2-5,[4-5] respectively. 

 

Figure 2-4. Cycling performance of natural graphite anode (d,e and f).[4] 
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Figure 2-5. Cycling performance of silicon film anode.[5] 

According to the Figure 2-4 and Figure 2-5,[4-5] capacity of both graphite and silicon are 

lower than 300mAh/g in long-term cycling performance. The low capacities of them 

limited the wide application of current commercial lithium-ion batteries. Therefore, it is 

necessary to explore other types of anode materials with higher capacity to replace the 

traditional graphite and silicon anodes. 

2.2.2 Alloy anode materials 

Due to the low capacity of graphite, some researchers try to add the graphite or carbon 

into metal elements to synthesize alloy anode materials for lithium-ion batteries. In 

Figure 2-6,[6] carbon and graphite was used to alloy with Sb, and the capacity of these 

alloy anodes were investigated in lithium-ion batteries. 
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Figure 2-6. Comparison of cycle performance for Sb, Sb/carbon and Sb/carbon/graphite 

nanocomposites.[6] 

In Figure 2-6,[6] it can be seen that the pure Sb anode shows a poor capacity and cycling 

stability in electrochemical tests. Nevertheless, after Sb was alloyed with carbon, the 

capacity can reach 650 mAh/g initially and obtain 150 mAh/g at 100th cycle. After Sb 

was alloyed with both carbon and graphite, the capacity can maintain at 500 mAh/g in 

100 cycles. The capacity of alloy anode is higher than that of pure Sb anode and pure 

graphite anode. After alloying, the cycling stability of was also improved. These results 

indicate that the alloy is an appropriate anode material for the lithium-ion battery. 

2.2.3 Nano-sized transition-metal oxides anode materials 

Although the electrochemical performance of alloy anode materials is better than 

traditional silicon and carbon anodes, but the capacity of alloy anodes is still low, which 

cannot satisfy the demand of batteries in automobile industry. The nano-sized transition-
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metal oxides anode materials were recognized as anode materials at initial 20th century. 

The cycling performance of four metal oxide anode materials are shown in Figure 2-7.[7] 

The capacity of FeO, NiO and CoO anodes can arrive 600-700 mAh/g. The degradation 

rate on capacity of FeO and NiO is high during 50 cycles, while the capacity of CoO is 

able to maintain around 650 mAh/g in cycling. For the Co3O4 anode, the capacity nearly 

reached 1000 mAh/g without an obvious degradation on capacity. These results indicated 

that some nano-sized transition-metal oxides are ideal anode materials for lithium-ion 

batteries. 

 

Figure 2-7. Capacity of nano-sized transition-metal oxides anode materials.[7] 

2.2.4 Graphene and carbon nanotubes anode materials 

The graphene and carbon nanotube as two types of single layer carbon materials were 

found that they have remarkable electrochemical performance as anodes in lithium ion 

batteries. Therefore, researchers tried to use carbon nanotubes(CNTs) or graphene to 

improve the electrochemical performance of alloy and metal oxide anodes in lithium-ion 
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batteries.[8]  

 

Figure 2-8. Reversible capacity of CNTs, Sb, SnSb0.5, CNTs–Sb and CNTs–SnSb0.5.[8] 

Figure 2-8 shows the cycling performances of SnSb alloy anode and carbon nanotubes 

modified SnSb alloy anodes.[8] The pure SnSb alloy anode acquires 700 mAh/g capacity 

but performs very high degradation rate on capacity during cycling. At 50th cycle, the 

capacity dropped to 100mAh/g. However, after the SnSb alloy was modified by carbon 

nanotubes, the capacity of SnSb-CNTs anode tends to be stable during cycling. After 40 

cycles, the SnSb anode still keeps the capacity of 350 mAh/g. The remarkable 

conductivity and lithium storage ability of carbon nanotubes contributes to the 

improvement on cycling performance.[8] 

Similarly, some researchers used graphene to modify the metal oxide. The 

electrochemical performance of metal oxide anodes was also improved due to adding 



 

16 
 

graphene, such as the Co3O4/graphene composite.(Figure 2-9)[9] 

 

Figure 2-9. Comparison of the cycling performance of graphene, Co3O4, and the 

Co3O4/graphene composite.[9] 

For the pure Co3O4 anode, the capacity can reach 800 mAh/g but drop to 200 mAh/g after 

25 cycles. For the pure graphene anode, the capacity can remain at 700 mAh/g during 30 

cycles without obvious degradation on capacity. After the Co3O4 was modified by 

graphene, the capacity of composite anode exhibits a rising trend during cycling, which 

results from the remarkable electrons conductivity and lithium storage capability of 

graphene. The capacity of composite anode is higher than that of pure Co3O4 anode and 

pure graphene anode since the synergistic effect between Co3O4 and graphene in the 

composite.[9] 

2.2.5 Metal hydroxide anode materials 

Metal hydroxide as a candidate for materials of supercapacitor have been recognized to 
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be use for anode materials of lithium-ion batteries. Some researchers investigated the 

electrochemical performance of Ni(OH)2 anode in lithium-ion battery.[10] 

 

Figure 2-10. Cycling performance of Ni(OH)2 and the Ni(OH)2/GO composite.[10] 

As can been seen in Figure 2-10,[10] in the cycling performance, the capacity of Ni(OH)2 

can reach 1050 mAh/g and remain at 300 mAh/g during 100 cycles. After graphene oxide 

(GO) composited, the capacity of Ni(OH)2/GO stabilized at around 1050 mAh/g during 

cycling. High capacity of Ni(OH)2 indicates that metal hydroxide could be a choice for 

anode material of the lithium-ion battery. 

2.2.6 Oxometallate anode materials 

For the oxometallate, some paper considered them as the anode materials of lithium-ion 

batteries. According to the report about the Co2TiO4 and carbon coated Co2TiO4 (Figure 

2-11),[11] the capacity of Co2TiO4 can stabilize at 150 mAh/g during 50 cycles. After 

carbon coating, the capacity of Co2TiO4@C was improved to 200 mAh/g, which indicate 
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that the oxometallate could be used as anode materials after modification with other 

materials. 

 

Figure 2-11. Cycling performance of Co2TiO4 and the Co2TiO4@C composite.[11] 

2.3 Surface coating technologies for binder-free anodes of lithium-ion batteries 

2.3.1 Physical vapor deposition (PVD) 

Although the nano-powder anode materials make lithium ion batteries obtain the high 

capacity in electrochemical tests, but long-time preparation will lead to the high-cost in 

manufacture process. Furthermore, nano-powder anodes are usually mixed with binder in 

manufacture process, which causes the decrease of electrochemical performance of 

anodes. Therefore, to fabricate anodes with advantages of low-cost and high 

electrochemical performance, some thin film synthetic technologies were used to 

fabricate the binder-free and low-cost anodes of lithium-ion batteries such as physical 
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vapor deposition (PVD). 

 

Figure 2-12. preparation method of Sn/SnO2/MWCNT composites.[12] 

Some researchers used PVD to manufacture binder-free Sn/SnO2/multi-walled carbon 

nanotube (MWCNT) anode papers for Li-ion batteries.[12] In their report, binder-free 

Sn/SnO2/MWCNT nanocomposite anode paper was prepared by thermal evaporation and 

subsequent plasma oxidation (Figure 2-12).[12] Initially, oxidation of MWCNT was 

carried out. The next steps are the thermal evaporation of metallic tin on MWCNT and 

plasma oxidation for tin matrix.[12] 
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Figure 2-13. Specific discharge capacities with cycle number of electrodes.[12] 

The cycling performance of the Sn/SnO2/MWCNT electrodes, MWCNT and Sn/SnO2 

binder-free electrodes is investigated in Figure 2-13.[12] The Sn/SnO2 shows a high 

degradation rates during 30 cycles. The capacity of MWCNT is approximately 90 mAh/g 

for long-term cycling. For the Sn/SnO2/MWCNT, the cycling performance was improved 

along with shorter evaporation time. For the Sn/SnO2/MWCNT evaporated 1 min, the 

capacity can reach 1200 mAh/g and remain at 650 mAh/g after 20 cycles. After 60 

cycles, the capacity keeps at 300 mAh/g. 

2.3.2 Chemical vapor deposition (CVD) 

The PVD provides us a simple way to manufacture the binder-free anode for lithium ion 

battery. However, in the cycling performance testing that we mentioned above, the 

capacity shows an obvious degradation in long-term cycling. Therefore, to try other 

methods to prepare the binder-free anode is necessary such as the chemical vapor 
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deposition (CVD). CVD can be used to manufacture the binder-free thin film anodes for 

lithium ion batteries, such as Si nanoparticles. The silica particles are firstly coated onto a 

stainless-steel substrate. Then, the Si is CVD deposited on it. Subsequently, the SiO2 

spheres are removed by etching. Lasty, the Si hollow spheres thin film was obtained on 

substrate.[13] The CVD synthetic process and morphology of Si anode were illustrated in 

Figure 2-14.[13] 

 

Figure 2-14. The synthetic process and morphology of Si anode.[13] 

The cycling performance of Si anode has been shown in Figure 2-15,[13] The Columbic 

efficiency keeps at around 99.5 % during the cycling. The capacity of Si hollow spheres 

anodes is very high. After 700 cycles, the discharge capacity still has 1400 mAh/g, which 

is approximately 4 times of the theoretical capacity of graphite anode (372 mAh/g). 
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Figure 2-15. Reversible discharge capacity and columbic efficiency of the hollow Si 

spheres anode in comparison with the theoretical capacity of graphite.[13] 

2.3.3 Plasma electrolytic oxidation (PEO) 

The plasma electrolytic oxidation (PEO) as a surface coating technology was usually 

used on wearing resistance and corrosion prevention of Mg, Al, Ti and their alloys. 

Recently, some researchers used the PEO to fabricate the porous SiO2/TiO2 composite 

thin film as the binder-free anode of lithium-ion battery.[14] Ti foil was used as the 

substrate. The morphology of PEO SiO2/TiO2 composite coating was performed in Figure 

2-16.[11] And the cycling performance of PEO SiO2/TiO2 anode and other types of TiO2 

anodes in lithium ion batteries was investigated in Figure 2-17.[14] 
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Figure 2-16. The morphology of PEO SiO2/TiO2 composite coating.[14] 

 

Figure 2-17. Cycling performance of PEO SiO2/TiO2 anode and other types of TiO2 

anodes in lithium ion batteries.[14] 
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In Figure 2-17,[14] the PEO SiO2/TiO2 anode obtained a higher capacity than that of the 

other types TiO2 electrodes including the TiO2 nanotrees, TiO2 microcones, TiO2 NTs, 

TiO2, TiO2 NTs/Sn/SnO and NTs/MoO3. The areal capacity of the PEO SiO2/TiO2 anode 

can reach 1000 μAh/cm2 and keep a remarkable cycling stability during 200 cycles. The 

high electrochemical performance should be attributed to the pores structure in Figure 2-

16,[14] which provides efficient Li+ diffusion paths during charge/discharge process.[14] 

2.3.4 Electrochemical anodization  

The electrochemical anodization is a technology to oxide the metal or alloy surface by 

applying current or voltage. Some researchers tried to use electrochemical anodization to 

prepare the binder-free anode materials for lithium ion batteries. According to the 

report,[15] TiO2 nanotubes binder-free anode can be prepared by electrochemical 

anodization on Ti substrate. The SEM (Figure 2-18) shows that the morphology of TiO2 

nanotubes that were fabricated by electrochemical anodization on Ti substrate.[15] 

 

Figure 2-18. Morphology of TiO2 nanotubes: (e) on Ti foam; (f) on Ti foil.[15] 

The cycling performance of TiO2 nanotubes on Ti foil and Ti foam has been show in 

Figure 2-19.[15] The capacity of TiO2 nanotubes on Ti foil can stabilize at about 40 
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µAh/cm2 during 100 cycles. The capacity of TiO2 nanotubes on Ti foam can stabilize at 

around 100 µAh/cm2 during cycling. Therefore, the electrochemical anodization could be 

a great method to synthesize the binder-free anodes of lithium-ion batteries. 

 

Figure 2-19. Cycling performance of TiO2 nanotubes on Ti substrates anodes in lithium 

ion batteries.[15] 
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CHAPTER 3 

Experimental Details 

3.1 Preparation of binder-free anode 

A Ti foil (Sigma Aldrich, thickness: 0.127mm) was immersed in an electrolyte in a 

stainless-steel vessel. One side of the Ti foil was protected by the special fixture (Figure 

3-1). Then the Ti foil and stainless-steel vessel were connected with positive and negative 

terminals of a DC power supply, respectively. Lastly, 3A current were applied for 2-3 

mins to obtain an amorphous film on Ti.(Figure 3-2) Sample was dried under 60 ºC in 

Vacuum Oven.(Figure 3-3) 

 

Figure 3-1. The fixture for single side protection. 
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Figure 3-2. Schematic drawing of instrument. 

 

Figure 3-3. Vacuum Oven. 
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3.2 Characterization of structure and morphology 

Phases of the films were determined by X-ray diffraction (XRD, PROTO AXRD) (Figure 

3-4) and X-ray photoelectron spectroscopy (XPS, Kratos Axis Nova). The XRD was set 

to detect samples from 10-70 or 20-80 2 theta degree. The microstructure observation 

was performed by scanning electron microscopy (SEM, Hitachi, TM 3030) (Figure 3-5). 

The EDS attachments can be seen on the right side of SEM in Figure 3-5. 

 

Figure 3-4. XRD. 
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Figure 3-5. SEM and EDS attachments. 

3.3 Battery packaging 

The sample was cut to 16mm diameter disc which served as the working electrode. The 

lithium ribbon (Sigma Aldrich) and separator was cut to 16mm and 19mm diameter discs 

by the special cutter, respectively. (Figure 3-6) (MTI Crop.) The lithium is the counter 

electrode. Then, they were sealed into a CR2032 coin cell case with spring and steel disc 

by a coin cell sealer (Figure 3-6 and Figure 3-7) (MTI Crop.). The placement sequence of 

different parts in coin cell from bottom to top is: bottom shell (“+” mark), Cu, anode, 

separator, lithium, steel disc, spring and top shell. The LiPF6 is the electrolyte (Sigma 
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Aldrich, EC: DMC 1: 1), which should be added 4-5 drops on the anode surface before 

placing the separator. All the operations were completed in an Argon gas glove box 

(LABmaster 130) (Figure 3-8). 

 

Figure 3-6. Cutter and coin cell sealer. 

 

Figure 3-7. All parts in coin cell. 
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Figure 3-8. Argon gas glove box. 

3.4 Battery testing 

The cycling performance and rate capability of batteries were tested by LAND battery 

testing system CT2001A (Figure 3-9). The parameters of cycling performance test can be 

found in Figure 3-10. The parameters of rate capability test can be found in Figure 3-11. 

All the tests on battery testing system start from the discharge program.  
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Figure 3-9. LAND Battery Testing System CT2001A. 

 

Figure 3-10. Parameters of cycling performance test. 
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Figure 3-11. Parameters of rate capability test. 

The cyclic voltammetry (CV) was tested by the electrochemical work-station (Bio-

logic).(Figure 3-12) The corresponding parameters of testing can be found in Figure 3-13. 
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Figure 3-12. Bio-logic electrochemical work-station. 

 

Figure 3-13. Parameters of CV test. 
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3.5 Sputtering coating 

The sputtering coating was carried out in a sputtering coater with 10 times running 

(Quorum Q150R S) (Figure 3-14). 

 

Figure 3-14. Sputtering coater. 

3.6 Preparation of metallographic specimens 

The Ti foil was hot mounted and then polished. The polished surface was etched by the 

solution with 2ml HF and 4ml HNO3 in 100ml deionized water. The etching time was 

12s. Lastly, the metallography was performed by microscopy (Olympus BX51M) (Figure 

3-15). 
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Figure 3-15. Microscopy. 
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CHAPTER 4 

One Step Fast Synthesized Foam-like Amorphous Co(OH)2 Flexible Film on Ti Foil by 

Plasma Assisted Electrolytic Deposition as a Binder-free Anode of High Capacity 

Lithium Ion Battery 

4.1 Introduction 

Lithium ion battery (LIB) as an energy storage system for portable devices and 

automobile industry has attracted huge research interest.[1] To achieve high lithium ion 

storage, researchers started focusing on developing anode materials of LIB by 

nanotechnologies; for instance, anode nanomaterials such as Co3O4, CoO with different 

structures (nanowire and nanoparticles) have been prepared or combined with 

graphene.[2-4] Although those nanomaterials exhibited high capacity, the lengthy 

manufacture time and high cost likely limit their commercial applications, and they have 

to be mixed with binder and adhesive in LIB manufacture.3 Besides their extra cost, the 

binder may decompose in long term and weaken ion diffusion and thus depreciate the 

capacity of LIB.[5] Therefore, development of binder-free low-cost flexible electrode is 

desirable.[6] 

The Co(OH)2 which was previously studied for supercapacitor applications,[7] was 

recently discovered to be a good candidate of anode materials for LIB.[8] As for phase 

structures, amorphous active materials are found beneficial to improve specific capacities 

over a wide potential window of LIB because of short-range structural ordering and 

ability to accommodate lattice distortions without phase transitions.[9] 

The plasma electrolytic deposition (PED) as a surface coating technology has been used 

to grow oxide ceramic coatings on Mg, Al and Ti for wear resistance and corrosion 

prevention.[10] In this research, the plasma assisted electrolytic deposition as a modified 
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PED was innovatively used for one step preparation of an amorphous Co(OH)2 flexible 

film on a Ti foil (Figure 4-1c) as an inexpensive active anode material, where a Ti foil 

(Figure 4-1a) was immersed in a Co-containing aqueous solution and applied with high 

current and voltage (Figure 4-1b) to generate plasma discharges, leading to the formation 

of amorphous Co(OH)2 on Ti surface.  

 

Figure 4-1. Schematic illustration of experimental process (a-c), growth of Co(OH)2 on 

Ti foil by plasma assisted electrolytic deposition (b1-b3). 

4.2 Experimental section 

4.2.1 Synthesis of amorphous Co(OH)2 on Ti foil 

20g/L (CH3COO)2Co (Sigma Aldrich, 98%) was dissolved in deionized water as an 

electrolyte used for plasma assisted electrolytic deposition process, and then H3PO4 

(Sigma Aldrich, 85%) was added into the electrolyte to adjust PH around 5. A titanium 

foil (Sigma Aldrich, 0.0127mm) (Figure 1a) was cut to fit the size of fixture that makes 

sure only one side of the Ti foil was exposed to the electrolyte. The fixture with the Ti 

sample was dipped into the electrolyte contained in a stainless-steel tank. The Ti sample 
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and the tank were connected to a DC power supplier to its positive terminal and negative 

terminal, respectively (Figure 1b). When a 3A current was applied, the plasma 

discharging was generated on the Ti foil surface where the plasma assisted electrolytic 

deposition process took place. During the process, the electrolyte was stirred for even 

solution temperature distribution. The plasma assisted electrolytic deposition was 

conducted for 3.5min, leading to form a flexible Co(OH)2 film on the Ti foil (Figure 1c). 

The sample was subsequently washed by 1L deionized water and vacuum dried at 50 °C. 

4.2.2 Structural Characterization 

Structural determination was performed using X-ray diffraction (XRD, PROTO AXRD) 

and X-ray photoelectron spectroscopy (XPS, Kratos Axis Nova), and the microstructures 

were analyzed using scanning electron microscopy (SEM, FEI Quanta 200 

Environmental SEM). 

4.2.3 Electrochemical Measurements 

For the preparation of coin half-cell sample, a lithium chip (Sigma Aldrich, thickness-

0.75mm) used as the counter electrode (D-16mm), a porous composite of polypropylene 

(PP) and polyethylene (PE) (MTI Crop) as the separator (D-19mm), the Co(OH)2 on the 

Ti foil as the working electrode (D-16mm),  a copper foil (Sigma Aldrich, thickness-

25µm) as current collector (D-16mm), and LiPF6 as electrolyte (Sigma Aldrich, EC:DMC 

1:1) were sealed into a CR2032 coin cell case (MTI Crop)  with the operation in an 

Argon gas glove box (LABmaster 130). For the electrochemical testing, cycling 

performance, galvanostatic cycling profiles and rate capability were measured using a 

LAND battery testing system (CT2001A), and the cyclic voltammetry (CV) test was 

performed by an electrochemical work-station (Bio-logic). 
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4.3 Results and discussions 

The growth process of Co(OH)2 on Ti foil by the plasma assisted electrolytic deposition 

is schematically shown in Figure 4-1b1-b3. As the Figure 1b1 shows, when the current 

(voltage up to 500V) is introduced, numerous plasma discharging sparks with core 

temperature 5000-6000K formed on the Ti surface would melt the Ti surface spot by 

spot,[11] and dissociate the H2O.[10] 

2H2O+2e-→ 2OH-
(aq) +H2(g)   (1) 

Although in the weak acidic electrolyte, this reaction still can be carried out because the 

anode reaction in plasma assisted electrolytic deposition is different with normal 

electrolysis of water. In plasma reaction, the formation of OH- is due to the high 

temperature plasma discharging-induced H2O decomposition.[12,13] The OH- will 

combine with Co2+ by high temperature plasma, and the reaction is:[14] 

Co2+
(aq)+2OH-

(aq)→ Co(OH)2(s) (2) 

Subsequently, the Co(OH)2 starts growing on the Ti substrate, and some gas vapor 

formed in the plasma can be trapped in the Co(OH)2 melt (Figure 4-1b2), and then these 

small gas mass spits out to cause the formation of pores and channels in the Co(OH)2 

coating (Figure 4-1b3).[13] 
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Figure 4-2. (a) XRD pattern, XPS spectra of (b) Co 2p and (c) O 1s, (d) expanded Co 2p 

spectrum. 

From the XRD pattern (Figure 4-2a), it seems that the Co(OH)2 on Ti foil is amorphous 

structure, and only one weak peak at 19 two theta degrees might be attributed to the (001) 

crystal plane of β-Co(OH)2.[15] To further determine the structure, it is necessary to 

analyze it by XPS. The XPS data has been shown in Figure 4-2b-c. In Figure 4-2b, the 

peak on 781.1 eV can be attributed to Co 2p3/2 of Co(OH)2.[14] In Figure 4-2c, two 

peaks at 531.5 eV and 532.9 eV observed in O 1s spectrum represent the bound 

hydroxide groups and the structural water in Co(OH)2.[14,16] The peaks at 786 eV and 

802.9 eV in expanded Co 2p spectrum (Figure 4-2d) are the satellite peaks of Co(OH)2 

that are the certification of presence of Co2+ oxidation state.[14,17] Therefore, according 
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to the analysis of XPS data, it has clearly indicated that our flexible film on Ti substrate is 

Co(OH)2, and the formation of amorphous phase can be explained as the quenching 

process that the high temperature plasma spark would melt Co(OH)2 which is then fast 

cooled by electrolyte without enough time for crystallization. Similar phenomena can be 

seen in fast solidification for preparation of an amorphous alloy in metal casting.18 

 

Figure 4-3. The surface SEM images of Co(OH)2 on Ti substrate, (a-b) surface structure, 

(c) cross sectional structure and (d) surface structure after 50 charging-discharging 

process. 

Morphologies of Co(OH)2 are shown by SEM images in Figure 4-3. Figure 4-3a indicates 

that the Co(OH)2 film contains high density of porous structures. Under a higher 

magnification (Figure 4-3b), some volcanic vent liked pores can be obviously seen. This 

is because the squirting process of gas mass brings out the Co(OH)2 melt which deposit 
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around pores in plasma assisted electrolytic deposition process.[13] Cross-sectional 

image (Figure 4-3c) shows the thickness of Co(OH)2 film on Ti substrate (bright area) is 

50 µm, and the cross-section has pores and multiple channels with foam-like structure. 

The porosity of Co(OH)2 film is around 36.5% (Figure S4-1). After 50 charge-discharge 

cycles, the pores in Figure 4-3d turn to be smaller and shallower than those in Figure 4-

3b, however, the general porous structure has unobvious change and the integrated film is 

also kept porous structure without exfoliation. 

 

Figure 4-4. Electrochemical testing of Co(OH)2 anode in lithium ion battery, (a) cycling 

performance (0-3V, 400 µA/cm2), (b) galvanostatic cycling profiles (0-3V, 400 µA/cm2), 

(c) rate capability and (d) cyclic voltammetry (0.1mV/s). 
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The electrochemical testing results are shown in Figure 4-4a-d, In Figure 4-4a, the 

cycling performance at current density 400 µA/cm2 indicates that initial discharge 

capacity arrived to 2000 µAh/cm2, and at the last 5 cycles of the test, the capacity still 

kept at 930 µAh/cm2. This result is higher than other reported areal discharge capacity of 

binder free TiO2 nanotree and TiO2/CoO nanotube anode materials on Ti and Ti-Co alloy 

foil.[19,20] The high areal capacity can be explained as the large area of pores connected 

to numerous internal channels in the Co(OH)2 film (Figure 4-3b-c), which provides 

enough lithium ion diffusion paths in the charge-discharge process that warrants the 

lithium ions to effectively react with Co(OH)2.The degradation of capacity at late stage 

might be due to the partially blocking to ion diffusion path in pores (Figure 4-3d) during 

intercalation and deintercalation of lithium ion. The galvanostatic cycling profiles (Figure 

4-4b) show that the initial discharge capacity is higher than initial charge capacity by 350 

µAh/cm2, which is due to formation of solid electrolyte interface (SEI).[21] After 10 

cycles, the columbic efficiency kept at 98%. In Figure 4-4c, the rate capability shows that 

even if the testing current density is 1200 µA/cm2, the discharge capacity still kept at 250 

µAh/cm2. The discharge capacity of the last 10 cycles under 400 µA/cm2 came back to 

1000 µAh/cm2 that is coincident with the result in Figure 4a. Such a result indicates that 

our Co(OH)2 film anode has a good rate capability. The cyclic voltammetry (CV) curve is 

exhibited by Figure 4-4d where the CV curve started to overlap after two cycles. The 

enlarged scanning area in subsequent cycles compared with first two cycles can be 

explained by the activation process.[22] After two cycles, the peak at 2.15V in the anodic 

process is corresponding to reaction of Co to Co(OH)2, and 1.1V in the cathodic process 
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is corresponding to reaction of Co(OH)2 to Co.[23] Therefore, the conversion reactions of 

Co(OH)2 in the lithium ion battery can be written as follows:[8] 

Co(OH)2+2Li++2e- 
𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑖𝑜𝑛
→      Co+2LiOH   (3) 

Co+2LiOH-2e- 
𝑑𝑒𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑖𝑜𝑛 
→         Co(OH)2+2Li+ (4) 

It is noted that the CV curve shape of amorphous Co(OH)2 is not very similar to the 

crystalline Co(OH)2 CV shape.[23] The slight changes of position of anodic and cathodic 

peaks of amorphous Co(OH)2 compared with crystalline Co(OH)2 is because the long 

term disorder of amorphous Co(OH)2 is more flexible for lithiation and delithiation.[24] 

The broadened anodic and cathodic peaks are attributed to amorphous Co(OH)2 that can 

sustain a higher stress/strain than crystalline Co(OH)2 in charging-discharging 

process.[25] This is also beneficial to the high areal capacity. 

4.4 Conclusions 

In this research work, the Co(OH)2 film was prepared on a Ti foil using a plasma assisted 

electrolytic deposition technique within only 3.5 min. The XRD and XPS analyses 

suggest that the active materials film is amorphous Co(OH)2. SEM observations identify 

the foam-like structure with large number of pores and internal channels. This type of 

structure offered enormous surface areas and lithium ion diffusion paths and thus high 

cycling capacity. The results indicate that our fast manufacturing process can produce a 

porous amorphous Co(OH)2 flexible film on a Ti foil, which can be used as a binder and 

adhesive free anode material for a low-cost and high-performance lithium ion battery. 

However, the degradation of cycling capacity needs to be addressed in future research.  
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SUPPORTING INFORMATION 

 

 

Figure S4-1. The SEM images of Co(OH)2 on Ti substrate (a) surface and (b) cross 

sectional structure, and corresponding porosity analysis (insert a and b). 

The porosity analysis was carried out by an Image Software as shown in Figure S1a-b, 

insert. The dark area represents the area of pores. The porosity of surface area is around 

31.6%, and the porosity of cross-sectional area is around 41.4%. Therefore, the porosity 

of Co(OH)2 can be estimated as the average 36.5%. 
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CHAPTER 5 

Porous Ni3(PO4)2 Thin Film as a Binder-free and Low-cost Anode of a High-capacity 

Lithium-ion Battery 

5.1 Introduction 

The lithium ion battery (LIB) needs further improvement in its electrochemical 

performance as an energy storage system to be built in future portable electronic devices 

and electrical vehicles [1]. Beyond the conventional graphite anodes, the development of 

nanotechnology makes it possible to obtain the nanostructured high-capacity anode 

materials, such as NiO nanotubes, Co3O4 nanowire and Si nanowire [2-4]. However, the 

commonly-used methods of synthesizing nanomaterials, including the sol-gel process, the 

hydrothermal process and the chemical vapor deposition, require tedious preparation of 

raw materials, a long reaction time and a long product-washing process. With the 

limitation of productivity of nanomaterials, a high cost could not be avoided. 

Additionally, it is hard to control the size, purity and repeatability of nano-materials in 

the preparation process, causing the quality of products inconsistent. The mixing of 

binders and adhesives with powder-nanomaterials could lead to the disconnection 

between the active materials units in the charge/discharge cycles within a LIB [5]. These 

constraints restrict the wide applications of LIB when applied in automobile industries. 

Therefore, the objective of this study is to discover a simple and fast way to manufacture 

a low-cost and binder-free thin film anode for high capacity LIBs. 

The plasma electrolytic deposition (PED) process, used as a surface coating technology, 

is utilized to grow a ceramic metal oxide coating for wear-resistance and corrosion 

prevention of an alloy [6-8]. In our previous report, plasma assisted electrolytic 

deposition (PAED), a modified PED, was initially used to obtain a Co(OH)2 thin film 
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binder-free anode of LIB [9]. However, the Cobalt-containing substance requires rare 

Cobalt resources, and there is a great need of making Cobalt-free electrodes for LIBs. 

Metal phosphate was considered as an anode material for LIB due to the presence of 

spectator atom “P” which can prevent the aggregation of metal atoms during the cycling 

[10]. In this work, the Ni3(PO4)2, a former candidate of supercapacitor material [11], was 

proposed to be the anode material of LIB. A porous Ni3(PO4)2 thin film was thus 

prepared as a binder-free anode on a Ti foil via PAED, and the total process time was two 

minutes. In contrast to our previous report on Co(OH)2 [9], the thickness of Ni3(PO4)2 

flexible thin film was one fifth the thickness of the Co(OH)2 film. However, the capacity 

reached 50% of that of the Co(OH)2. The preparation time was 40% shorter than the 

preparation time of Co(OH)2 (2 min vs 3.5 min). Those imply that the Ni3(PO4)2 film has 

a lighter weight, a higher mass loading capacity, a lower manufacture cost and better 

flexibility. XRD, XPS and SEM were used to characterize the Ni3(PO4)2 thin film. The 

electrochemical performance was investigated by an electrochemical workstation and a 

battery testing system. 

5.2 Experimental 

5.2.1 Synthesis of Ni3(PO4)2 on Ti Foil 

15-20g/L (CH3COO)2Ni (Sigma Aldrich) and 15-20g/L H3PO4 (Sigma Aldrich) were 

dissolved in deionized water as an electrolyte. A Ti Foil with thickness 0.127mm (Sigma 

Aldrich) was masked by a fixture to ensure that only one side was exposed to the 

electrolyte. Then, the fixture was dipped into the electrolyte and connected with a 

positive terminal of pulsed DC power supply. The negative terminal was connected to a 

small stainless-steel plate immersed in the electrolyte. Next, a 3A current was applied and 
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remained for 2 minutes, forming a the deep yellow Ni3(PO4)2 thin film on the Ti foil. 

Subsequently, the coated Ti foil was taken out from the fixture and then was washed by 

deionized water. Lastly, the sample was dried under a temperature of 60°C. 

5.2.2 Structural Characterization 

The structural determination was conducted with X-ray diffraction (XRD, PROTO 

AXRD) and X-ray photoelectron spectroscopy (XPS, Kratos Axis Nova). The 

microstructure was observed using scanning electron microscopy (SEM, FEI Quanta 200 

Environmental SEM). 

5.2.3 Preparation of coin cell 

A lithium chip (Sigma Aldrich, 0.75mm thickness) was used as the counter electrode (D-

16mm), a composite film of polypropylene (PP) and polyethylene (PE) (MTI Crop.) as 

the separator (D-19mm), the Ni3(PO4)2 on the Ti foil as the working electrode (D-16mm),  

a copper foil (Sigma Aldrich, 25µm thickness) as the current collector (D-16mm), and 

LiPF6 as the electrolyte (Sigma Aldrich, EC:DMC 1:1) were all sealed into a CR2032 

coin cell case (MTI Crop.) with the operation completed in an Argon gas glove box 

(LABmaster 130). 

5.2.4 Electrochemical testing 

Cycling performance, galvanostatic cycling profiles and rate capability were investigated 

by a LAND battery testing system (CT2001A), and the cyclic voltammetry (CV) was 

performed by an electrochemical workstation (Bio-logic). 
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5.3 Results and discussion 

 

Figure 5-1. (a-d) PAED process of formation of Ni3(PO4)2 thin film on Ti Foil. 

In the PAED process, plasma sparks were first generated on the surface of Ti foil in the 

Nickel-containing electrolyte under a pulse DC current, which started to melt the Ti 

substrate (Figure 5-1a). At the same time, the Ni2+ and (PO4)
3- were attracted to the 

surface of the Ti foil via the bipolar pulse current and sintered under high temperatures of 

the plasma discharging (Figure 5-1b). Simultaneously, small gas mass can be sealed in 

the Ni3(PO4)2 melt (Figure 5-1c). Subsequently, some gas vapor would spit out, leaving 

connected pore systems on the Ni3(PO4)2 thin film after its solidification (Figure 4-1d). 
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Figure 5-2. (a) X-ray diffraction pattern. (b-d) XPS spectra of (b) Ni2p, (c) P2p and (d) 

O1s. 

According to the results of the XRD (Figure 5-2a), all peaks marked by stars can be 

attributed to the Ti substrate [12], and there are no peaks for the Ni3(PO4)2, which reveals 

that the Ni3(PO4)2 thin film is an amorphous phase. The formation of an amorphous phase 

can be explained as the Ni3(PO4)2 film that did not have enough time to undergo 

crystallization under a fast cooling rate in an electrolyte [9]. The XPS was used to further 

identify the structure of the thin film. In Figure 5-2b, two peaks at 856.2eV and 873.9eV 

can be explained as the 2p3/2 and 2p1/2 splitting of Ni2+, and the other two green marked 

satellite peaks at 862.2eV and 880.2eV further identify the presence of Ni2+. The peak at 
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133.1eV in Figure 5-2c reveals P-O interactions in Ni3(PO4)2. In Figure 5-2d, the strong 

peak at 531.2eV represents the Ni-O and P-O bounding, and the peak at 532.8eV is 

correspondent to structural water. These results match well with XPS of Nickel 

phosphate [11], indicating that the thin film on the Ti foil is indeed Ni3(PO4)2. 

 

Figure 5-3. (a) Flexible Ni3(PO4)2 thin film photo. (b-d) SEM images of (b) surface 

morphology, (c) cross-sectional structure and (d) magnification of surface morphology. 

Figure 5-3a is a photo which exhibits the flexibility of the binder-free Ni3(PO4)2 thin film 

anode (yellow region) on the Ti foil, where the color again suggests that the thin film is 

Ni3(PO4)2. The surface morphology of a Ni3(PO4)2 thin film is shown in a SEM image in 

Figure 5-3b where obvious and abundant pores can be observed (Porosity: 20.54%, 

Figure S5-1.). The porous structure is significant for the subsequent explanation of the 
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high areal capacity of the Ni3(PO4)2 anode in LIB. In the image with a high magnification 

of the film’s surface (Figure 5-3d), a volcanic vent-like structure can be seen around 

pores. This resulted from the fact that the gas mass spat out during the PEAD process 

which also brought the melted Ni3(PO4)2 out. The melted Ni3(PO4)2 then deposited 

around the pores after it cooled and solidified [9]. The thickness of the Ni3(PO4)2 film is 

around 13µm (Figure 5-3c). 

 

Figure 5-4. Electrochemical testing of the Ni3(PO4)2 anode in the LIB: (a) cycling 

performance and coulombic efficiency (0-3V, 400 μA/cm2); (b) galvanostatic cycling 

profiles (0-3V, 400 μA/cm2); (c) rate capability (0-3V); (d) CV (0.1 mV/s). 

Figure 5-4a shows the cycling performance and coulombic efficiency of a Ni3(PO4)2 thin 

film anode in LIB. The reversible areal capacity reaches 1400 μAh/cm2 (i.e., 310 mAh/g, 
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or 2.8 mAh for the single coin cell) and remains steady at 750 μAh/cm2 (i.e., 165 mAh/g, 

or 1.5 mAh for the cell) after 40 cycles, when the test current density is 400 µA/cm2 (i.e., 

90 mA/g, or 0.8 mA for the cell). The areal capacity performance is significantly 

improved, compared with the other binder-free anodes on Ti substrate as shown by the 

bottom two curves (CoC/TiO2 and TiO2 nanotrees) in Figure 5-4a [13, 14]. The 

gravimetric capacity of Ni3(PO4)2 is also higher than that of carbon nanotubes anode [15]. 

The high capacity can be attributed to the porous structure which provides sufficient 

diffusion paths for lithium ions during the charge/discharge process [9]. The coulombic 

efficiency after the initial cycle is almost 99%. Figure 5-4b shows that the initial 

discharge capacity can reach 2100 μAh/cm2. The 700 μAh/cm2 loss in capacity at the first 

cycle can be explained through the formations of Li3PO4 and solid electrolyte interface 

(SEI) [16-18]. After 50 cycles, the reduction of pore size (Figure S5-2.) was occurred to 

some of pores (Figure S5-2 vs. Figure 5-3d). The decreased pores partially retarded 

diffusions of the lithium ions in the charge/discharge process, which led to the 

degradation of capacity. The decrease of pore sizes was likely due to insertion-extraction 

of lithium ions which could cause damage to the internal structure of Ni3(PO4)2.  

It seems that the Ni3(PO4)2 thin film was robust to high current charge/discharge 

processes. High charge/discharge current densities (e.g., 500µA/cm2 - 1200µA/cm2) did 

not cause obvious degradation in capacity of the Ni3(PO4)2 thin film, as demonstrated in 

Figure 5-4c vs. Figure 5-4a. Even a current density of 1200 µA/cm2 is applied, the areal 

capacity can still reach 600 μAh/cm2. In the last 10 cycles of the test under 400 µA/cm2 

(Figure 5-4c), the capacity returns to 750 μAh/cm2 which matches the data shown in 

Figure 5-4a. This remarkable rate capability can be explained by the long-term disordered 
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structure of amorphous Ni3(PO4)2, which is more flexible for shuttles of lithium ions 

during the lithiation and delithiation under a high current density [19]. According to the 

CV curves in Figure 5-4d, the peak on cathodic process at 1.0V was formed due to the 

formation of Li3PO4 in the irreversible reaction at the initial cycle, as well as the 

formation of SEI [20]. In the subsequent scan, the anodic peak at 2.1V and the cathodic 

peak at 1.75V can be attributed to the lithiation and delithiation associated with the 

reversible Li-Ni alloy reaction [21]. Based on similarity of anode reactions of Tin 

phosphate and Pb3(PO4)2 in a LIB, the electrode reactions of Ni3(PO4)2 in a LIB should 

be written as follows [21, 22]: 

6Li+ + Ni3(PO4)2 + 6e- = 3Ni + 2Li3PO4 (Initial Cycle) (1)  

xLi+ + Ni + xe- = LixNi (Lithiation) (2) 

LixNi - xe- = xLi+ + Ni (Delithiation) (3) 

The broadened CV peaks of Ni3(PO4)2 further reveals the presence of the amorphous 

phase [23], and the large scanning area of the CV curve also reflects the high capacity of 

the Ni3(PO4)2 anode. 

5.4 Conclusion 

A porous Ni3(PO4)2 thin film anode was successfully fabricated using a PAED process 

which only needed 2 minutes as the fabricating time. The SEM observations confirm that 

the Ni3(PO4)2 thin film has a porous structure with 13µm film thickness and more than 

20% porosity. The electrochemical testing results show that the reversible areal capacity 

can reach 1400 μAh/cm2 and remains steady at 750 μAh/cm2 after 40 cycles. Even a 

current density of 1200 μA/cm2 is applied, the areal capacity still reaches 600 μAh/cm2, 
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which is higher than that of most anodes reported. The porous structure and the 

amorphous phase of a Ni3(PO4)2 film provide abundant diffusion paths for lithium ions 

and internal spaces for lithiation and delithiation. This work illustrates that our Ni3(PO4)2 

film can be used as a potential binder-free, high-capacity anode material for a low-cost, 

rapidly manufactured lithium ion battery. However, the degradation of capacity in the 

early stage of cycling still need to be resolved in future research. 
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SUPPORTING INFORMATION 

 

 

 

Figure S5-1. Porosity of porous Ni3(PO4)2 thin film. 

 

 

 

Figure S5-2. The surface morphology of Ni3(PO4)2 electrode after 50 cycles. 
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CHAPTER 6 

Plasma-Assisted Electrolytic Deposition Synthesized Porous Ni3(PO4)2 Thin Film: A 

Comparative Study of Amorphous and Crystalline Ni3(PO4)2 Binder-Free Anodes in 

Lithium-Ion Batteries 

6.1 Introduction 

Lithium-ion battery (LIB) as an energy storage device for portable electronic products 

and automobile industry has attracted wide research interests.[1] Currently, graphite and 

silicon are most-commonly used as anode materials.[2] Much works have been carried 

out to improve the electrochemical performance of LIBs via advanced anode materials. 

Most research in the anode materials emphasizes on metal oxide and metal hydroxide, 

such as nano-sized Co3O4, Ni(OH)2 and their composites with modifications of graphene 

or carbon nanotubes.[3-5] Beyond these, only a few reports focus on other types of anode 

materials. For instance, very few papers could be found to study oxometallates and metal 

phosphates as active materials for LIB anodes.[6-7] The metal phosphates like Co3(PO4)2 

and manganese phosphate have been widely investigated for applications in 

supercapacitors and electrocatalysts,[8-9] but they are rarely proposed to be used as 

anodes of LIBs. However, a few researchers still recognized that metal phosphates could 

be the possible candidates for LIB anodes because phosphor (P) as a spectator atom can 

prevent the aggregation of metal atoms during the cycling through the demonstration of 

Tin phosphate anode research.[10] In this research, Ni3(PO4)2 was selected to extend 

application areas of metal phosphate and provide more possible choices for anode 

materials of LIBs. A binder-free Ni3(PO4)2 porous thin film anode on a Ti foil was thus 

prepared using a plasma electrolytic synthesis (PES) method. Then, the crystalline 

Ni3(PO4)2 was obtained after the annealing treatment of the film which was amorphous 
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initially. The binder-free anodes provide a chance to clearly observe the change of 

electrode surface morphology before and after LIB cycles, which helps us analyze the 

different cycling performance between amorphous and crystalline Ni3(PO4)2 anodes in 

details based on the structural change of pores and cracks in the film. Furthermore, the 

rate capability and first derivative of cyclic voltammetry were also investigated to support 

our analysis in this comparative study. 

In this work, the new plasma assisted electrolytic deposition synthesis (PAED) method 

was able to fabricate the porous Ni3(PO4)2 binder-free anodes of LIB with only 2 minutes 

as the synthesizing time. The high areal capacity of Ni3(PO4)2 indicates that the PES is a 

low-cost and rapid way to manufacture anodes potentially for mass production without 

need of those high-cost and time-consuming nanotechnologies such as sol-gel and 

hydrothermal methods.[11-12] 

6.2 Experimental section 

6.2.1 Preparation of Ni3(PO4)2 on Ti 

A Ti foil (Sigma Aldrich, thickness: 0.127mm) was immersed in an electrolyte (10-20g/L 

(CH3COO)2Ni and 10-20g/L H3PO4 in deionized water, Sigma Aldrich) held in a 

stainless-steel vessel. One side of the Ti foil was fully covered, and the other side was 

exposed to the electrolyte. Then the Ti foil and stainless-steel vessel were connected with 

positive and negative terminals of a power supply, respectively. Next, 3A current was 

applied for 2 mins to obtain an amorphous Ni3(PO4)2 film on Ti. Lastly, the sample was 

dried under 60 ºC. The crystalline Ni3(PO4)2 sample was obtained by annealing the 

amorphous Ni3(PO4)2 film (700 ºC, 3h). 
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6.2.2 Materials characterization 

Phases of the films were determined by X-ray diffraction (XRD, PROTO AXRD) and X-

ray photoelectron spectroscopy (XPS, Kratos Axis Nova). The microstructure 

observation was performed by scanning electron microscopy (SEM, Hitachi, TM 3030). 

6.2.3 Electrochemical measurements 

The Ni3(PO4)2 on the Ti foil served as the working electrode with lithium chip (Sigma 

Aldrich) as the counter electrode. Then, they were sealed into a CR2032 coin cell case 

(MTI Crop.) with LiPF6 electrolyte (Sigma Aldrich, EC:DMC 1:1), separator (MTI 

Crop.) and copper current collector (Sigma Aldrich). All the operations were completed 

in an Argon gas glove box (LABmaster 130). Cycling performance and rate capability 

were tested by a LAND battery testing system (CT2001A), and the cyclic voltammetry 

(CV) was performed by an electrochemical workstation (Bio-logic). 

6.3 Results and Discussion 

 

Figure 6-1. (a-d) PAED growth process of amorphous porous Ni3(PO4)2 thin film on Ti 

foil. 

The PAED process for the film growth can be illustrated by Figure 6-1. Firstly, the high 

temperature electrical discharge sparks were generated on Ti foil and the localized 

surface was melted (Figure 6-1a). Then Ni2+ and (PO4)
3- in the electrolyte gathered on the 

Ti surface under a bipolar power mode and reacted as follows: 
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(1)    3Ni2+ (aq) + 2(PO4)
3- (aq) = Ni3(PO4)2 (s) 

At the same time, the Ni3(PO4)2 thin film started growing and sealed some small gas mass 

in the film (Figure 6-1b-c). Lastly, the gas mass spit out, leaving amorphous porous 

Ni3(PO4)2 thin film (Figure 6-1d).[13] The as-prepared sample was shown in Figure S6-1. 

 

Figure 6-2. XRD pattern of (a) amorphous Ni3(PO4)2 and (b) crystalline Ni3(PO4)2. 

The XRD results of amorphous and crystalline Ni3(PO4)2 are shown in Figure 6-2. In 

Figure 6-2a, four peaks (green marks) appeared at 38º, 40º, 53º and 71º can be attributed 

to (002), (101), (102) and (103) crystal planes of Ti, respectively.[14] There is no peak 

for Ni3(PO4)2, which indicates the formation of amorphous phase. XPS analysis was 

carried out and able to identify that the amorphous coating was Ni3(PO4)2 (Figure S6-2a-

c). In Ni 2p spectrum (Figure S6-2a), two peaks at 856.2 eV and 873.9 eV can be 

explained as the splitting of Ni2+ on 2p3/2 and 2p1/2. Two satellite peaks at 862.2 eV and 

880.5 eV also indicate the presence of +2 state of Ni. In P 2p spectrum (Figure S6-2b), 

the peak at 133.5 eV represents the P-O interaction. Peaks at 531.2 eV and 532.9 eV in O 

1s (Figure S6-2c) should be assigned to Ni-O bonding and structural water, 
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respectively.[15] These results reveals that the amorphous coating is Ni3(PO4)2. The 

reason for formation of amorphous phase is similar with fast-solidification process of 

amorphous metal casting.[16] In Figure 6-2b, the peaks for the annealed film at 21º, 24º, 

25º, 29º, 33º, 43º, 49º and 51º should be assigned to (110), (201), (210), (21-1), (310), 

(42-1), (022) and (11-3) crystal planes of Ni3(PO4)2.[17] This result further illustrates that 

the coating on Ti is Ni3(PO4)2 and the crystalline phase was formed after the annealing 

treatment. 

 

Figure 6-3. SEM images of Ni3(PO4)2 coatings:  surface morphologies of (a-c) 

amorphous Ni3(PO4)2 coating and (d-f) crystalline Ni3(PO4)2 coating. 

In SEM images of Ni3(PO4)2 coatings (Figure 6-3a-f), it can be observed that both of 

amorphous and crystalline Ni3(PO4)2 have a large quantity of pores, which are the 

important locations for diffusion of lithium ions in cycles of LIBs. Compared with 

amorphous Ni3(PO4)2, the surface of crystalline Ni3(PO4)2 has some obvious cracks. The 
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formation of crack might result from the dehydration reaction in the annealing process, 

which can lead to the shrinkage of a ceramic film.[18] 

 

Figure 6-4. SEM images of Ni3(PO4)2 coatings: (a) cross-sectional morphologies of 

amorphous Ni3(PO4)2 coating and (b) crystalline Ni3(PO4)2 coating. 

According to the cross-sectional morphology (Figure 6-4a-b), the thicknesses of both 

amorphous and crystalline Ni3(PO4)2 are approximately 13µm. It can also be observed 

that there are numerous pores along the cross-sections. This phenomenon indicates that 

pores on Ni3(PO4)2 were not isolated but formed a connected channel system structure in 

the film. This structure is significant for high-capacity of Ni3(PO4)2 anodes in LIBs. 
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Figure 6-5. Electrochemical testing of the Ni3(PO4)2 anode in the LIB: (a) cycling 

performance (0-3V, 400 μA/cm2) of amorphous Ni3(PO4)2 anode; (b) cycling 

performance (0-3V, 400 μA/cm2) of crystalline Ni3(PO4)2 anode; (c) comparison of 

discharge capacity of amorphous and crystalline  Ni3(PO4)2 anodes (0-3V, 400 μA/cm2); 

(d) comparison of rate capability of amorphous and crystalline  Ni3(PO4)2 anode (0-3V). 

Electrochemical performance of Ni3(PO4)2 anodes was performed in Figure 6-5a-d. For 

the amorphous Ni3(PO4)2 anode (Figure 6-5a), the first irreversible capacity results from 

the formation of solid electrolyte interface (SEI).[19] In subsequent cycles, the discharge 

capacity started from 1400 μAh/cm2 and remained at 600 μAh/cm2 after 60 cycles. For 

the crystalline Ni3(PO4)2 anode (Figure 6-5b), the discharge capacity changed from 1500 

μAh/cm2 to 500 μAh/cm2 in 70 cycles. Both of amorphous and crystalline capacity of 
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Ni3(PO4)2 (current density: 400 μA/cm2) are higher than the capacity (current density: 

100 μA/cm2) of other reported binder-free anode on Ti foil.[20] In Figure 6-5c, 

comparison of discharge capacity shows the capacity of crystalline Ni3(PO4)2 anode is 

higher than that of amorphous Ni3(PO4)2 anode at the early stage of cycles. Similar 

phenomena have been observed in some other reports.[21-23] In a crystalline structure, 

due to the ordered crystal lattice, locations for Li+ insertion are fixed. These fixed 

locations mean that the crystalline Ni3(PO4)2 is more active for Li+ insertion and is easier 

to obtain higher capacity in first several cycles compared with an amorphous 

structure.[24] Additionally, the tiny cracks on crystalline Ni3(PO4)2 (Figure 6-3d-f) was 

beneficial for  Ni3(PO4)2  to react with electrolyte due to the increase of surface area,[25] 

which can also improve the capacity. However, along with the increase of cycles, the 

repeated insertion-extraction of Li+ started destroying the lattice structure of crystalline 

Ni3(PO4)2 due to the volume change in each cycle Therefore, the capacity of crystalline 

Ni3(PO4)2 dropped fast and began to be lower than capacity of amorphous Ni3(PO4)2 in 

subsequent cycles. Contrarily, the capacity of amorphous Ni3(PO4)2 gradually intended to 

be stable after 50 cycles and almost remained 600 μAh/cm2 capacity in the last 10 cycles. 

This performance is to some degree higher than that of the crystalline Ni3(PO4)2. 

Compared with the crystalline phase, the long-term disordered structure of amorphous 

phase provides more flexible interstitial spaces for shuttle of Li+ to sustain high 

stress/strain in charge and discharge process.[26] The rate capability (Figure 6-5d) further 

verifies this explanation. Along with the increase of current density, the gaps of capacity 

between amorphous and crystalline Ni3(PO4)2 became bigger. It is interesting to note that 

the capacity of amorphous anodes are usually obviously higher than crystalline anodes in 
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reports.[21,23] But in this work, the capacity of amorphous Ni3(PO4)2 is not too much 

higher than the crystalline Ni3(PO4)2 in the test condition, which should be attributed to 

the connected channel system in the film. The connected channel system contributes to 

lithium ion diffusion and alleviation of volume expansion in cycles. It indicates that the 

connected channel system plays a very important role for electrochemical performance. 

Therefore, it is possible for a crystalline anode to achieve electrochemical performance 

similar to its corresponding amorphous anode in LIBs by properly designing their 

microstructures during preparations. 

 

Figure 6-6. SEM images of Ni3(PO4)2 coatings after 70 cycles:  surface morphologies of 

(a-b) amorphous Ni3(PO4)2 coating and (c-d) crystalline Ni3(PO4)2 coating. 

Surface morphology of amorphous and crystalline Ni3(PO4)2 anodes after 70 cycles have 

been shown in Figure 6-6a-d. Cracks can be obviously seen on both of amorphous and 
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crystalline Ni3(PO4)2 anodes. The cracks might cause disconnections of the film 

horizontally but the films itself was still intact to the Ti substrate which contacted with 

the copper current collector in the LIB cell. As mentioned above, the cracks also make 

Ni3(PO4)2 have more reactive channels for ions due to the increase of surface areas.[25]  

Therefore, using cracks to explain the degradation of capacity may not be appropriate.   

The main reason of degradation of capacity is likely due to the decrease of pores' size. 

Compared with Figure 6-3a-f, the pores' size of both amorphous and crystalline Ni3(PO4)2 

are obviously smaller after the test cycles. Those smaller pores partially blocked the 

lithium ion diffusion paths, leading to the decrease of capacity for both cases.  It is 

necessary to point out that the reduction of pores' size cannot be explained by assuming 

the lattice expansion caused by permanent inserted lithium ions, because the coulombic 

efficiency in the cycling performance is nearly 100%. Compared with amorphous 

Ni3(PO4)2 anode after 70 cycles, the pores quantity of crystalline Ni3(PO4)2 anode after 70 

cycles is obviously less. It is because during the charge and discharge processes in 

crystalline Ni3(PO4)2, along with repeating insertion-extraction of lithium ions, the 

expansion and shrinkage of Ni3(PO4)2 lattice would lead to the structure collapse in 

lattice.  The yellow-marked regions in Figure 6-6c-d show where the pores were sealed 

after 70 cycles. Contrarily, due to the long-term disordered structure of amorphous phase, 

amorphous Ni3(PO4)2 has more flexible interstitial spaces for shuttle of Li+ to sustain the 

high stress/strain of volume change. Therefore, in comparison with crystalline Ni3(PO4)2, 

the quantity of pores in the amorphous Ni3(PO4)2 film after cycles is higher and the size 

of pores is larger. These surface morphology changes explain the reasons for capacity 

degradation and further support our above discussion about why the degradation rate on 



 

77 
 

capacity of crystalline Ni3(PO4)2 anode is higher than amorphous Ni3(PO4)2 anode. 

 

Figure 6-7. Cyclic Voltammetry (CV) (0.1mV/s) and derivative plot of 4th scanning: (a-

c) amorphous Ni3(PO4)2; (d-f) crystalline Ni3(PO4)2. 

The cyclic Voltammetry and derivative plots of amorphous and crystalline Ni3(PO4)2 are 

shown in Figure 6-7a-f. In Figure 6-7a and Figure 6-7d, the peaks at 1.1V on reduction 

result from the formation of SEI.[19] Peaks at 1.7V and 2.05V are corresponding to the 

redox reactions of Ni3(PO4)2 anodes. According to the electrode reactions of Pb3(PO4)2 

and VPO4 anodes in LIBs,[7,27] the electrode reactions of Ni3(PO4)2 should be written as 

follows: 

6Li+ + Ni3(PO4)2 + 6e- = 3Ni + 2Li3PO4 (Initial Cycle) (2)  

xLi+ + Ni + xe- = LixNi (Lithiation) (3) 

LixNi - xe- = xLi+ + Ni (Delithiation) (4) 
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In comparison between Figure 6-7b-c and Figure 6-7e-f, the dI/dV near redox potential of 

crystalline Ni3(PO4)2 are obviously higher than that of amorphous Ni3(PO4)2. It indicates 

that for the crystalline anode, redox reactions were almost carried out on a fixed potential, 

which means the inserted locations of Li+ in crystalline Ni3(PO4)2 lattice were also fixed. 

This result supports our above discussion that the crystalline Ni3(PO4)2 is more active for 

Li+ insertion in the early stage of cycles compared with the amorphous Ni3(PO4)2. 

However, for the amorphous Ni3(PO4)2, a smaller slope of dI/dV near redox potential 

indicates that the redox reactions were carried out in a larger range of potential, which 

implies that the inserted locations of Li+ in amorphous phase are not fixed due to the 

long-term disordered structure. It also reflects that the amorphous phase has more flexible 

interstitial spaces for shuttle of Li+. These CV analysis results further support our above 

discussion that the crystalline phase can be more active for Li+ insertion in the early stage 

of cycles and the amorphous phase can sustain higher stress/strain in cycles. 

6.4 Conclusions 

In this research, PAED was used to fast manufacture porous amorphous Ni3(PO4)2 anode 

of LIB. The crystalline Ni3(PO4)2 was obtained after an annealing treatment. From study 

of both amorphous and crystalline Ni3(PO4)2 anodes in LIBs, the change in pores 

morphology of the anodes suggested that the degradation of cycling performance resulted 

from the microstructure collapse in lattice. Compared with amorphous Ni3(PO4)2, 

crystalline Ni3(PO4)2 performed with a higher capacity during the early stage of cycles is 

attributed to: i) the ordered crystalline structure is more active for Li+ insertion, and ii) 

the formation of cracks after the annealing made Ni3(PO4)2 offers more active channels 

for transportation of the electrolyte. However, the capacity of crystalline Ni3(PO4)2 
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dropped faster than amorphous Ni3(PO4)2 in cycles since the long-term disordered 

structure of amorphous Ni3(PO4)2 provides more flexible interstitial spaces for shuttle of 

Li+, which enhances the ability to sustain stress/strain of volume change in cycles. 

Moreover, unlike other reports, the cycling performance of crystalline and amorphous 

Ni3(PO4)2 is generally similar. The similarity indicates that the connected channel system 

structure in the film plays a very important role to electrochemical performance. The 

connected channel system provides microscale spaces for volume expansion and 

diffusion paths for lithium ions. Therefore, it is possible for crystalline anodes to achieve 

the same electrochemical performance with amorphous anodes by properly designing 

their microstructures during anode preparations. The cycling performance shows that the 

areal capacity of amorphous Ni3(PO4)2 anode reached 1400 μAh/cm2 and remained at 

600 μAh/cm2 after 60 cycles, which indicates that the Ni3(PO4)2 can be an appropriate 

anode material for LIB and PAED is a low-cost way to fast fabricate binder-free porous 

anode materials. 
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SUPPORTING INFORMATION 

 

 

 

Figure S6-1. Photo of as prepared Ni3(PO4)2 anode. 

 

 

 

Figure S6-2. XPS spectra of amorphous Ni3(PO4)2 (b) Ni2p, (c) P2p and (d) O1s. 
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Figure S6-3. EIS of amorphous and crystalline Ni3(PO4)2 anodes in lithium-ion batteries. 

 

Figure S6-4. Metallography of Ti foil before (a) and after (b) annealing. 
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CHAPTER 7 

Possible Methods to Improve the Electrochemical Performance of Amorphous Ni3(PO4)2 

Anode in Lithium-Ion Battery 

7.1 Introduction 

The amorphous Ni3(PO4)2 anode exhibited the high capacity in Lithium-ion battery.[1] 

However, the degradation of the capacity is a problem that impedes the amorphous 

Ni3(PO4)2 anode moving toward to practical application. Therefore, in this study, we 

provided some possible methods to improve the cycling stability and capacity of 

Ni3(PO4)2 anodes in lithium-ion batteries. Firstly, the Co-doped Ni3(PO4)2 anode was 

researched but the electrochemical performance is bad since the reduced porosity of 

coating in comparison with pure Ni3(PO4)2 coating. Then, the sputtering Au modified 

Ni3(PO4)2 anode was investigated. The cycling stability of Au coated Ni3(PO4)2 anode 

was obviously increased, which could be attributed to the remarkable conductivity of Au. 

Lastly, the Ni3(PO4)2 anodes were modified by sputtering carbon and dip coating carbon 

nanofibers, respectively. The electrochemical testing shows that the both capacity and 

cycling stability of Ni3(PO4)2 anode were improved by modification of sputtering carbon, 

which results from the contribution of carbon to conductivity and capacity. However, 

after dip carbon nanofibers coating, the Ni3(PO4)2 anode has a little improvement on 

capacity but no obvious improvement on cycling stability because the existence of binder 

blocks the efficient transfer of ions and electrons during cycling.  

7.2 Experimental Section 

7.2.1 Co-doped Ni3(PO4)2 

A Ti foil (Sigma Aldrich, thickness: 0.127mm) was immersed in an electrolyte 

(5g/L(CH3COO)2Co, 20g/L (CH3COO)2Ni and 17g/L H3PO4 in deionized water, Sigma 
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Aldrich) held in a stainless-steel vessel. One side of the Ti foil was fully covered. Then 

the Ti foil and stainless-steel vessel were connected with positive and negative terminals 

of a power supply, respectively. Lastly, 3A current was applied for 2 mins to obtain an 

amorphous Ni3(PO4)2 film on Ti. Sample was dried under 60 ºC. 

7.2.2 Sputtering Au coated Ni3(PO4)2 

Amorphous Ni3(PO4)2 sample was placed in the Au coater with 10 times running. The Au 

coater worked under the fix parameters for SEM samples. 

7.2.3 Dip carbon nanofibers coated Ni3(PO4)2 

The carbon nanofibers, PVDF (wt% 2: 1) was mixed in NMP and stir 24 hours to make 

slurry. Then Ni3(PO4)2 sample was dipped into slurry and taken out after 30s. This 

operation was repeated for 5 times. Subsequently, The Ti side was cleaned and the 

sample was vacuum dried for 12h at 80 C 

7.2.4 Sputtering carbon coated Ni3(PO4)2 

Amorphous Ni3(PO4)2 sample was placed in the carbon coater with 10 times running. The 

carbon coater worked under the fix parameters for SEM samples. 

7.2.5 Materials characterization 

The microstructure observation was performed by scanning electron microscopy (SEM, 

Hitachi, TM 3030). 

7.2.6 Electrochemical measurement 

The samples served as the working electrode with lithium chip (Sigma Aldrich) as the 

counter electrode. Then, they were sealed into a CR2032 coin cell case (MTI Crop.) with 

LiPF6 electrolyte (Sigma Aldrich, EC:DMC 1:1), separator (MTI Crop.). All the 
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operations were completed in an Argon gas glove box (LABmaster 130). Cycling 

performance was tested by a LAND battery testing system. 

7.3 Results and Discussion 

7.3.1 Co-doped Ni3(PO4)2 

 

Figure 7-1. SEM characterization of Co-doped Ni3(PO4)2: (a) elements mapping; (b) 

surface morphology; (c) EDS. 

The SEM results are shown in Figure 7-1. In Figure 7-1a, the elements mapping 

illustrates that the contents of coating are O, P, Ni and Co. The atomic parentage of these 

four elements are determined by EDS analysis (Figure 7-1c). The results indicate that 

presence of Co in the Ni3(PO4)2 coating. According to the surface morphology (Figure 7-

1b), the porosity of Co-doped Ni3(PO4)2 coating is lower than that of pure Ni3(PO4)2 

coating, which could be attributed to the fact that adding co-containing solute changed 

the discharging effects of Ti foil in electrolyte. The inferior discharging leads to the 

formation of bulk structure coating without abundant pores. The reasons of inferior 
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discharging effects are unspecified. Reducing the concentration of Co-containing solute 

might improves the discharging capacity, which can be as the future works for group. 

 

Figure 7-2. Cycling performance of Co-doped Ni3(PO4)2 anode. 

The cycling performance of Co-doped Ni3(PO4)2 is shown in Figure 7-2. The capacity 

can reach 810 μAh/cm2 and only 200 μAh/cm2 was kept after 40 cycles. Both capacity 

and cycling stability are lower than that of pure Ni3(PO4)2 anode in LIB. It results from 

the reduction of porosity. The inferior discharging lead to the low porosity which means 

the less diffusion paths for lithium ions during the charge/discharge process. The gap 

between the charge and discharge capacity could be explained by the low surface area. 

The low surface area leads to the unstable SEI on electrode, which makes the columbic 

efficiency is low in cycles.[2] 
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7.3.2 Sputtering Au coated Ni3(PO4)2 

 

Figure 7-3. SEM characterization of Au/Ni3(PO4)2: (a) elements mapping; (b) surface 

morphology; (c) EDS. 

In Figure 7-3, the elements mapping (Figure 7-3a) and EDS (Figure 7-3c) reveal the 

presence of Au, Ti, Ni, O and P elements. The Ti, O, P and Ni should be attributed to the 

Ti substrate and Ni3(PO4)2 film. The Au can be assigned to the sputtering Au coating. 

Above results reveal the existence of Ag on Ni3(PO4)2 film. In Figure 7-3b, it can be 

observed that some cluster of Au on the surface of Ni3(PO4)2 film, which further identify 

the existence of Au. 
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Figure 7-4. (a)Cycling performance of Au/Ni3(PO4)2 and Ni3(PO4)2; (b) Surface 

morphology of Au/Ni3(PO4)2 after 50 cycles. 

The cycling performance of Au/Ni3(PO4)2 in LIB was shown in Figure 7-4a. The capacity 

of Au/Ni3(PO4)2 can reach 1000 μAh/cm2 and keep 800 μAh/cm2 after 50 cycles. 

Compared with Ni3(PO4)2, the cycling stability of Au/Ni3(PO4)2 was obviously improved, 

which can be attributed to the high conductivity of Au.[3] The high conductivity of Au 

enhances the ions and electrons transfer efficiency during the cycling. However, the 

capacity of Au/Ni3(PO4)2 does not have an obvious increase. It because the Au can only 

contribute conductivity but not capacity. For the capacity gap between the Au/Ni3(PO4)2 

and Ni3(PO4)2 in first 15 cycles, it has been observed in many reports, but the principle is 

still unspecified.[2-4] The surface morphology of the anode after cycling has been 

showed in Figure 7-4b. Compared with 7-3b, the shrink of pores can be observed, which 

explains the little degradation on capacity during the cycling. The effects of Au coating 

thickness on electrochemical performance of Ni3(PO4)2 anode can be as the future works 

for group. 
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7.3.3 Dip carbon nanofibers coated Ni3(PO4)2 

 

Figure 7-5. SEM characterization of carbon nanofiber/Ni3(PO4)2: (a) elements mapping; 

(b) surface morphology; (c) cross-section; (d) EDS. 

In Figure 7-5a and d, the elements mapping and EDS indicate the existence of carbon. 

The N and F elements come from the binder. In Figure 7-5b, it can be observed the 

structure of binder on Ni3(PO4)2 film. In the cross-sectional image, the thickness of the 

dip coating materials is around 30μm. 
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Figure 7-6. Cycling performance of carbon nanofibers/Ni3(PO4)2 and Ni3(PO4)2. 

The cycling performance of Carbon nanofibers/Ni3(PO4)2 has been shown in Figure 7-6. 

After the modification of carbon nanofibers, the capacity of Ni3(PO4)2 was improved due 

to the capacity contribution form the carbon nanofiber. The cycling stability of Ni3(PO4)2 

cannot be improved. However, carbon nanofibers have good conductivity, but didn’t 

stabilize the capacity, which could be attributed to the presence of binder. The existence 

of binder injures the conductivity of carbon nanofiber since the formation of unconnected 

active materials units.[1] 
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7.3.4 Sputtering carbon coated Ni3(PO4)2 

 

Figure 7-7. SEM characterization of C/Ni3(PO4)2: (a) elements mapping; (b) surface 

morphology; (c) EDS. 

In Figure 7-7a and c, the elements mapping and the EDS results shows the presence of C, 

P, O, Ni and Ti elements. The Ni, O and P elements come from the Ni3(PO4)2. The Ti 

elements comes from the substrate. The C elements can be assigned to the sputtering 

carbon coating. These results indicate that the carbon coating has been on the Ni3(PO4)2 

film after the sputtering. In Figure 7-7b, pores structure still can be observed after the 

carbon coating. 
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Figure 7-8. (a) Cycling performance of C/Ni3(PO4)2 and Ni3(PO4)2; (b) Surface 

morphology of C/Ni3(PO4)2 after 50 cycles. 

The cycling performance of sputtering carbon/Ni3(PO4)2 anode was shown in Figure 7-

8a. The capacity of carbon/Ni3(PO4)2 can reach 1400 μAh/cm2 and keep 1000 μAh/cm2 at 

40th cycles. After the carbon coated, both capacity and cycling stability of Ni3(PO4)2 

were increased, which results from the capacity contribution and the high conductivity 

from the carbon. The high conductive stabilized capacity by the highly efficient electron 

and ion transfer. The lithium storage capability of carbon adds capacity for Ni3(PO4)2.  

Therefore, the sputtering carbon coated Ni3(PO4)2 could be the best choice for improving 

the electrochemical performance of Ni3(PO4)2 in comparison with above 2 methods. The 

surface morphology of the anode after cycling has been showed in Figure 7-8b. 

Compared with 7-7b, the shrink of pores can be observed, which explains the little 

degradation on capacity during the cycling. The effects of coating thickness on 

electrochemical performance of Ni3(PO4)2 anode can be as the future works for group. 
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7.4 Conclusions 

In this work, the possible methods for improving the electrochemical performance of 

Ni3(PO4)2 were illustrated. The Co-doping cannot improve the electrochemical 

performance due to the low porosity. The sputtering Au coating can only improve the 

cycling stability of Ni3(PO4)2 because the contribution of conductivity from Au. The dip 

carbon nanofibers coating can only improve the capacity of Ni3(PO4)2 because the 

contribution of capacity from carbon. The sputtering carbon coating not only improve the 

capacity but also the cycling stability, which should be attributed to the both contribution 

of capacity and conductivity form carbon. The effects of different coating materials and 

thickness on electrochemical performance of modified Ni3(PO4)2 anodes can be as the 

future works for group. 
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CHAPTER 8 

Conclusions and Future Work  

 

In this study, the plasma-assisted electrolytic deposition (PAED) was used to rapidly 

fabricate the amorphous Co(OH)2 and Ni3(PO4)2 binder-free thin film anodes of lithium-

ion batteries (LIBs). The short manufacture time allows us to obtain the low-cost anodes. 

The nature of binder-free and amorphous phase makes anodes acquire the high capacity 

and great rate capability in electrochemical tests. The capacity of amorphous Co(OH)2 

anodes can reach  2000 μAh/cm2 and remain at 930 μAh/cm2 after 45 cycles (current 

density: 400 μA/cm2) in lithium-ion batteries. When the charge/discharge current density 

was increased to 1200 μA/cm2, the Co(OH)2 still keeps capacity of 250 μAh/cm2. The 

amorphous Ni3(PO4)2 anodes can reach 1400 μAh/cm2 and remain at 750 μAh/cm2 after 

40 cycles (current density: 400 μA/cm2). Even current density of 1200 μA/cm2 was 

applied during cycling, the capacity of Ni3(PO4)2 still has 600 μAh/cm2. The high 

capacity of both materials can be attributed to the pores structured films, which provide 

the abundant diffusion paths for lithium ions during cycling. The great rate capability of 

both materials results from the long-term disordered amorphous phase which has enough 

spaces to sustain the stress/strain in charge/discharge process. Compared with amorphous 

Co(OH)2 coating, the amorphous Ni3(PO4)2 coating has the better stability and the lower 

thickness, which is more hopeful for industrial application. Therefore, Ni3(PO4)2 anode 

was further studied. 

In comparative electrochemical study between the amorphous and crystalline Ni3(PO4)2, 

the amorphous Ni3(PO4)2 showed a lower degradation rate on capacity, while the 

crystalline one had a higher capacity in the initial several cycles. However, both 
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amorphous and crystalline Ni3(PO4)2 shows the similar high capacity during cycling 

because of the high porosity of films, which reveals that the pores structure plays the 

most important role on acquisition of high capacity.  

Lastly, the possible methods for improving the electrochemical performance of 

amorphous Ni3(PO4)2 were explored including Co-doping, sputtering Au coating, dip 

carbon nanofibers coating and sputtering carbon coating. According to cycling 

performance of modified Ni3(PO4)2 anodes, the sputtering Au coating can only improve 

the cycling stability of Ni3(PO4)2 because of the contribution of conductivity from Au. At 

the 50th cycle, the capacity of Au/Ni3(PO4)2 was only degraded by 150 μAh/cm2, which 

is obviously less than the degradation on capacity of Ni3(PO4)2. The dip carbon 

nanofibers coating can only improve the capacity of Ni3(PO4)2 because the contribution 

of capacity from carbon nanofibers. The sputtering carbon coating improved not only the 

capacity but also the cycling stability of Ni3(PO4)2, which should be attributed to the both 

contribution of capacity and conductivity form carbon. The capacity of carbon/Ni3(PO4)2 

can reach 1400 μAh/cm2 and keep 1000 μAh/cm2 after 40th cycles. Therefore, based on 

the consideration of electrochemical performance and fabrication cost, the sputtering 

carbon coating cloud be the best way to improve the properties of Ni3(PO4)2 anodes in 

lithium-ion batteries. 

In summary, this study illustrated that the plasma-assisted electrolytic deposition (PAED) 

is a low-cost way to rapid manufacture the binder-free anode materials of high-capacity 

lithium-ion batteries. Additionally, after the reasonable surface modification, the 

electrochemical performance of PAED synthesized anode materials in lithium-ion 

batteries are hopeful to be improved. 
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In the future work, to further reduce the cost on manufacture, the PAED synthesized iron 

phosphate anodes could be obtained in the iron acetate electrolyte since the resource of 

Fe is more abundant than that of Co and Ni in the earth. The Ti foil substrate of anodes 

might be replaced by some cheaper materials such as the steel and aluminum foil. 

Through the reasonable current density setting and electrolyte concentration control, it is 

hopeful to get the metal phosphate films on aluminum or steel.  

For the amorphous Ni3(PO4)2 anode, the effects of thickness on electrochemical 

performance in lithium-ion batteries is waiting to be investigated. The sputtering Au 

coating has been identified that it is an available way to stabilize the capacity of 

Ni3(PO4)2 anode during cycling. Therefore, it is necessary to understand the effects of Au 

coating thickness on electrochemical performance in future works. The other coating 

materials such as Ag and Si could also be investigated. Ag and Si will reduce the cost of 

materials in comparison to Au. For the dip carbon nanofibers coating, the properties of 

Ni3(PO4)2 anode was not obviously improved in lithium-ion battery. However, it does not 

mean that the dip coating is an inappropriate method. Some materials with high cycling 

stability like CoO or SiO2 could be used to modify Ni3(PO4)2 film by dip coating. The 

cycling performance of Ni3(PO4)2 might be stabilized and increased by dip CoO and SiO2 

coating. According to the current progress, the sputtering carbon coating makes 

Ni3(PO4)2 anode acquire the best electrochemical performance in lithium-ion battery with 

the lowest cost in comparison with other 2 methods. The effects of carbon thicknesses on 

cycling performance of Ni3(PO4)2 anodes during the charge/discharge process were 

recommended to be studied in future work. 
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Lastly, to extend the applications of PAED synthesized thin film beyond the anode 

materials, the PAED could be considered to synthesize cathode materials. Adding lithium 

acetate in Fe-containing electrolyte during PAED process is possible to obtain the 

LiFePO4 cathode materials. The LiNiPO4 might be synthesized by annealing the as-

prepared Ni3(PO4)2 with Li2CO3 powder. 
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