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1.1 Rechargeable batteries powering a sustainable future 

Sustainable energies need to increasingly power our modern society due to the Paris climate 

agreements and the depletion of fossil fuels. However, the implementation of sustainable 

energy technologies requires large-scale energy storage due to the intermittent production of 

renewable energies such as wind and solar energy [1]. Moreover, the demand for energy 

storage is also growing due to the rapid development of mobile applications, in particular the 

development of electric vehicles as an alternative of fossil fuel powered transportation. 

Intensive research efforts have been made in search of energy storage solutions that could 

lead to a prosperous and sustainable future, in which rechargeable batteries play a key role 

[2-4].  

A rechargeable battery generally consists of two electrodes in which the active charge 

carrying element has different chemical potentials, and in between of which there is an 

electrolyte as an ionic conducting medium. During charge, electrons move from the electrode 

with a more positive potential (cathode) to the more negative one (anode) via the external 

electrical circuit, while ionic transport occurs inside the battery through the electrolyte to 

maintain the charge balance. In this process the anode gets chemically reduced and the 

cathode is oxidized, turning electrical energy into chemical energy. The reverse process 

happens during discharge to deliver electrical energy to the working load. 

To meet the increasing global demand in batteries for mobile applications and more general 

energy storage for realizing an economic, sustainable and secure energy future, rechargeable 

batteries are desired to satisfy the following requirements: 

- High energy density 

- High power density 

- Long cycle life 

- Cost effective 

- Environmentally friendly 

- Safe 

Nowadays Li ion batteries dominate the market thanks to the relatively high energy density 

(Figure 1.1a). In a Li ion battery, Li ions migrate between the anode and cathode across the 

electrolyte, as illustrated in Figure 1.1b. The commercially available Li ion battery anode 

material is graphite and LiCoO2 is most widely used as the cathode [5]. Both electrodes 
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consist of active material, 1-5 wt. % of conductive additives (mostly carbon black) and 3-5 

wt. % of binding materials (mostly polyvinylidene fluoride (PVDF)). Cu and Al foils work 

as the current collector for the anode and cathode, respectively. These two electrodes are 

physically separated by a polymer separator wetted with a liquid organic electrolyte which is 

electrically insulating but conductive for Li ion transport. 

 

Figure 1.1 (a), Comparison of different categories of rechargeable batteries [5] and (b), Schematic of 

a Li ion battery [6]. 

However, the high cost, limited capacity and lack of Li and Co resources in the world may 

become limiting for reaching the increasing scale of Li ion battery implementation in the 

future [5, 7, 8]. In recent years, both intensive and extensive research has been performed to 

find more viable alternatives including advanced Li ion batteries that utilize novel, high 

capacity and cost-effective electrodes [9, 10] and post Li ion batteries including Li-O2 [11], 

Li-S [12], solid-state [13] and Li metal [14] batteries, and beyond Li-based systems such as 

Na [15], K [16], Mg [17] and Al [18] ion batteries. Despite the progress that has been made, 

these rechargeable batteries are still in the research stage. Multiple factors have to be 

addressed before their successful commercialization, among which the high manufacturing 

cost and the lack of anode materials with high capacity and long cycle life are the major 

challenges. 

1.2 Anode materials for Li ion batteries 

Graphite has been the anode material of choice in commercial Li ion batteries for more than 

20 years due to its advantages of low cost, high electronic conductivity, relatively high 

capacity and low lithiation potential vs Li/Li+. Li ions are intercalated between the graphene 

layers of graphite and up to 1 Li atom per 6 C atoms can be stored in this way delivering a 
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specific capacity of 372 mAh g-1. However, its rather limited capacity has been a major 

drawback and this is the reason for tremendously intensive research into anode materials with 

higher capacities.  

There are many candidate materials for the anode of Li ion batteries [19], and their capacities 

are shown in Figure 1.2 [20]. The ongoing research on the pursuit of new anode materials 

has been focused on advanced carbon materials (e.g. graphene [21] and carbon nanotube 

[22]), alloy-based [23] and conversion reaction-based anode materials [24], and composite 

anodes [25]; and recently the research interest in Li metal anodes has been revived and 

intensified [26].  

 

Figure 1.2 Anode material candidate for Li ion batteries [20]. 

Li metal exhibits a high specific capacity for Li ion storage (3860 mAh g-1, > 10 times higher 

than graphite) and the lowest redox potential, therefore it has been considered as the “Holy 

Grail” anode for Li batteries. However, Li deposition occurs in a dendritic form that can 

result in internal short-circuits (Figure 1.3), eventually, causing thermal runaway and 

explosion hazards, which imposes immense challenges for its practical application. Various 

approaches have been researched to suppress the Li dendrite formation and to achieve a stable 

cycling performance, among which 3D conductive host frameworks have received the most 

research interest [14, 26-28]. Lu et al. [29] fabricated lithiophilic Cu–Ni core–shell nanowire 

networks as a stable host for Li deposition and improved the lifespan of Li metal anode. Xie 

et al. [30] reported an excellent cycling stability for dendrite-free Li deposition on a 3D 

graphene@Ni foam scaffold. However, the manufacturing cost involved in these metal 

anodes are high and great advances are still required towards its realization in practice. 
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abundance and thus low cost of Na compared to Li [39, 40]. Na ion batteries undergo 

analogous chemistries to Li ion batteries and most of the electrode materials for Li ion 

batteries have also been researched for Na ion storage [40-42]. However, it remains 

challenging to find an anode material with an appropriate working potential, a high capacity 

for Na ion storage and high structural stability. Research on the anode materials has been 

mainly directed towards carbonaceous materials, alloy-based materials, transitional metal 

oxides/sulphides and organic composites [40, 43, 44], as demonstrated in Figure 1.5. 

Analogous to the Li ion counterparts, Na metal, alloy and conversion reaction-based 

materials show the highest specific capacities for Na ion storage. 

 

Figure 1.5 Anode material candidates for Na ion batteries [40]. 

Metallic Na shows a great potential as an anode for Na batteries (such as Na-S [45] and Na-

O2 [46] systems) due to its high theoretical capacity and low redox potential. However, it 

exhibits a high reactivity with organic electrolyte solvents, and the dendritic Na deposition 

appears to be more hazardous compared to Li metal anodes. The research on suppressing the 

Na dendrite formation to achieve a stable Na metal anode has emerged very recently [47-50]. 

For instance, Zhao et al. [50] utilized atomic layer deposition (ALD) of Al2O3 to protect the 

Na metal anode and to suppress the dendritic Na deposition. However, the development of 

metallic Na anode is still in its infancy and significant challenges still remain. 

Among the anode material candidates for Na ion batteries, phosphorus exhibits a particularly 

high theoretical Na ion storage capacity (2596 mAh g-1 for Na3P) and thus has attracted 

substantial research attention [51]. Among the phosphorus allotropes, white phosphorus is 
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localization at just one or few points on the current collector is avoided and eventually 

homogeneous Li/Na deposition within the porous nickel host is achieved. 

 (2), How to enable stable lithiation in a high mass loading, Si-majority anodes? 

Considering that the electronic conductivity of Si will be enhanced with several orders of 

magnitude upon even minimal Li ion insertion [72-74], and that the inactive native SiOx on 

the surface of Si particle may induce the formation of a locally protective SEI layer, it can be 

anticipated that the addition of conductive additives in the Si anode can be reduced or even 

eliminated, and surface-oxidized Si may behave as non-pulverized after the initial SEI 

formation. Moreover, interconnected porosities in the electrode provide  the liquid electrolyte 

express pathways to the active materials and therefore facilitate the Li ion diffusion 

throughout the electrode. Chapter 3.1 presents a thick, carbon/binder-free, interconnected and 

thin layer surface-oxidized Li ion battery anode synthesized from scalable, high-throughput, 

Si nanoparticles deposition on a porous current collector. This novel electrode shows 

unprecedented high areal capacity at high current rates and surprisingly high cycling stability 

resulting from the one-off, uniform, locally protective SEI formation on the Si nanoparticle 

clusters throughout the electrode that maintains the structural integrity of the entire electrode. 

(3), How to facilitate the Na ion transport kinetics in Si to realize reversible Na ion uptake?  

The Na ion diffusion kinetics is known to be facilitated in smaller particles; and amorphous 

Si has been predicted theoretically to be more favourable for Na ion insertion [68, 69]. In 

Chapter 3.2 we study ultra-small Si nanoparticles (~ 20 nm) with a high fraction of 

amorphous Si content as the anode for Na ion batteries. It demonstrates that reversible Na 

ion uptake in Si nanoparticles is, to the best of our knowledge for the first time, realized in 

experiments with a considerable capacity, and an electrochemical de-/sodiation mechanism 

is proposed. 

(4), How to accelerate the kinetics of Li/Na ion transport in MgH2 to improve the reversible 

lithiation performance of MgH2 and even to enable reversible Na ion uptake? 

The catalysis of TiF3 and nanosizing have been proven in gas phase experiments to 

significantly enhance the hydrogen sorption kinetics in MgH2 [75, 76]. In Chapter 4, we 

investigate the Li and Na ion insertion behaviours in nanosized MgH2 catalyzed by TiF3. The 

lithiation performance improves remarkably compared to the previous reports on MgH2 

based anodes originating from the catalysis of TiF3, electrical conduction aided by carbon 
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nanotubes, stable SEI formation, and improved Li ion transport in the porous electrode. 

Meanwhile, reversible Na ion storage in MgH2 is also evidenced for the first time though the 

reversibility is poor and the reaction mechanism remains to be elucidated. 

(5), How to improve the cycling stability of black phosphorus for Na ion storage? 

Stable binary bulk compounds of C and P do not exist. Nevertheless the presence of stable 

C-P bonds in the red phosphorus – nanostructured carbon composites are observed [52, 77, 

78]. Such interactions between phosphorus and carbon nanomaterials can thus aid to form a 

conductive C-P composite. Therefore, in Chapter 5.1 we synthesize nano-crystalline black 

phosphorus and a black phosphorus – super P carbon black nanocomposite through simple 

mechanical ball milling. The phosphorus and carbon interact actively with each other and 

form stable C-P bonds, but cannot form a thermodynamically stable binary compound. The 

black phosphorus – carbon black composite based Na ion battery anode achieves a high and 

stable cycling performance, which originates from the sustained electronic conduction 

throughout the electrode over cycling. 

(6), How to improve the specific capacity and cycle life of Sn-P compounds based anodes 

for Na ion batteries?  

Inspired by our work in Chapter 5.1 and the reports [78-80] that stable C-P interactions can 

be formed in both phosphorus – carbon and metal phosphide – carbon composites upon 

forming  nanocomposites during high energy ball milling, we present in Chapter 5.2 a mixture 

of SnP3 and graphene that is mechanically milled for an extended period. The presence of 

nanostructured carbon next to SnP3 induces the precipitation of phosphorus from SnP3 

leading to the formation of thermodynamically more stable and electrically more conductive 

Sn4P3 that is bound with the carbon matrix via strong P-C interactions. The precipitated 

phosphorus turns into black phosphorus that is also electrically connected with the 

neighbouring carbon network. In this way, without any loss of capacity for Na ion storage, 

the electronic conduction between the active materials and the conducting carbon network 

will be maintained even during long-term cycling. The structure integrity of the electrode 

also remains thanks to the confinement of the mechanically strong graphene scaffold. 

Ultimately, the novel Sn4P3-black@graphene composite Na anode achieves a highly stable 

cycling performance and an ultra-long cycle life.  
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Abstract 

 

Metallic Li and Na have the highest theoretical anode capacity for Li/Na batteries, but the 

operational safety hazards stemming from uncontrolled growth of Li/Na dendrites and 

unstable electrode-electrolyte interfaces hinder their real-world applications. We herein 

introduce a facile and single-step route to honeycomb-like 3D porous Ni@Cu scaffolds via 

a hydrogen bubble dynamic template (HBDT) electrodeposition method. This current 

collector exhibits an outstanding cycling performance for Li/Na plating and stripping by 

accommodating the volume change in the porous host and suppressing the dendritic Li/Na 

growth. The beneficial role of LiNO3 as an electrolyte additive in improving the mechanical 

integrity of solid electrolyte interface (SEI) and mechanistic insights into how the 3D porous 

structure facilitates Li/Na plating/stripping are comprehensively presented. 
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2.1 Introduction 

Energy storage is one of the key issues of modern society, and the Li metal anode is regarded 

as the “Holy Grail” of energy storage systems which offers an extremely high theoretical 

capacity of 3860 mAh g-1 and superior electrochemical reduction potential of -3.04 V vs. 

standard hydrogen electrode. Because of these figures-of-merit, Li metal anodes were 

intensely investigated in the early 1980s but sooner the efforts were largely stymied due to 

observations where the dendritic growth of Li constituted serious safety hazards. But the 

ongoing research on high-capacity cathode materials based rechargeable battery systems, 

such as Li-O2 and Li–S batteries, in order to cope with the increasing energy storage density 

demand, has recognized the imperative of revisiting this once-abandoned research [1-5]. 

Meanwhile, driven by the limited and uneven distribution of global lithium resources in 

addition to the higher abundance and lower cost of Na compared to Li, Na metal batteries 

have also attracted considerable research interest [6-8]. 

However, the Li dendrite formation that is fatal to battery operation has largely hindered the 

practical application of high-energy-density metal anodes. The formation of dendrites is 

caused by inhomogeneous distribution of current density on the metal anode and generation 

of charge concentration gradient at the electrolyte/electrode interface [2-4]. Dendrites are 

tapered branch-like structures that grow out from the anode during cycling [9], which gives 

rise to several plaguing issues [2-5], such as (1), serious safety concerns which arise when 

the dendrites penetrate through the separator and come into physical contact with the cathode, 

which leads to short-circuit of the batteries; (2), the virtually infinite volume expansion owing 

to its host-less nature that exerts a formidable stress on the solid electrolyte interphase (SEI) 

layer, leading to the mechanical instability of the SEI layer and low Coulombic efficiency, 

and when the porous dendritic Li growth occurs this aggravates the problem; (3), the creation 

of “dead Li” due to the unstable interfacial chemistry, which are basically electrically isolated 

Li metal generated after repetitive cycling resulting in the loss of active materials and thus 

the capacity decay. In short, the Li dendrite formation not only jeopardizes the safe operation 

of Li metal batteries, but also results in a low Coulombic efficiency and limited cycle life. 

With similar phenomena plaguing Na metal anodes, the progress towards Na metal batteries 

is also hampered. 

In the pursuit of a dendrite-free Li metal anode, different methodologies have been developed 

to mitigate the above issues. There are many approaches undertaken including Li metal 
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electrodes with engineered surfaces [10-15] and structures [16-24], structured current 

collectors [25-38], modified electrolytes [39-47] and separators [48-50]. Among these, 3D 

conductive host matrices attract the most research interest [21-37] because they hold promise 

for acting as a scaffold that can accommodate the volume changes whilst ensuring a more 

homogeneous charge distribution, and thus warranting an improved cycling performance. 

This can be attributed to the large surface area, which, according to Sand’s model, can delay 

the initial growth of dendrites [2, 5, 51, 52]. Of particular interest are metallic 3D scaffolds 

which are more promising because of their increased electronic conductivity and mechanical 

stability. Many 3D structured hosts have been explored including various 3D porous Cu 

substrates [27-30], free-standing Cu nanowires [31], lithiophilic Cu-Ni core-shell nanowires 

[24], and 3D graphene@Ni scaffold [32] to name a few. The Cu-Ni core-shell network was 

prepared through the solution-based synthesis of Cu nanowires onto which Ni was 

electrodeposited [24]. The 3D porous Cu substrates were prepared from routes e.g. H2 

reduced CuO nanocluster [27] or de-alloying of Cu-Zn alloy [30]. The free-standing Cu 

nanowires were prepared through a solvent evaporation assisted assembly technique [31]. 

These 3D porous metallic structures exhibit high mechanical strength and extremely high 

surface area, ensuring homogeneous charge distribution during Li plating/stripping and 

pronounced cycling stability of Li metal anode. However, most of these approaches are 

advanced, complex and costly, which largely limits their commercial viability. Although 

these efforts have yielded optimistic and encouraging results, with immense scope for further 

improvement, the commercial realization requires a facile, fast and scalable manufacturing 

method, which is still to be developed. 

On the other hand, sodium metal battery research is still in its infancy but is rapidly evolving 

since the beginning of this decade. This is mainly motivated by the scarcity of Li and 

abundancy of Na and therefore the development of Na metal batteries could be a timely 

substitute to meet the electricity storage challenge.  

Similar to the studies on Li metal anodes, research on metallic Na anodes also involve 

different approaches, including modified electrolytes [53-55], surface coating [56-58], 3D 

host structures [59] and engineered current collectors [60]. For instance, Luo et al. [59] 

developed carbonized wood with vertical channels as a scaffold for Na metal, which achieves 

a high cyclability over 500 h at 1.0 mA cm-2 but involves a relatively complex fabrication 

process. Cohn et al. [60] developed a nanocarbon nucleation layer on Al current collector 
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which exhibits a high cycling stability over 1000 plating/stripping cycles, but it was cycled 

at a low current rate (0.5 mA cm-2) and with a low Na loading (0.25 mAh cm-2). 

In this work we introduce a honeycomb-like hierarchical 3D porous nickel electrodeposition 

on a plain Cu substrate, which is facilely synthesized with a one-step, rapid (~ 30 s) hydrogen 

bubble dynamic template (HBDT) electrodeposition method [61], fabricating high 

performance current collectors for both Li and Na metal anodes. The 3D Ni@Cu current 

collector exhibits excellent electrochemical performance for reversible Li plating/stripping 

( > 300 cycles at 0.5 mAh cm-2 and over 200 cycles at 1.0 mAh cm-2 cycling at 1.0 mA cm-

2); the effect of LiNO3 additive in the electrolyte has been comprehensively studied and the 

Li plating mechanism in the porous host has been unveiled. These electrodes also show 

outstanding cycling performance of Na plating/stripping (stable over 240, 110 and 50 cycles 

for 0.5, 1.0 and 2.0 mAh cm-2 at 1.0 mA cm-2). Thus, our newly-engineered current collectors 

may serve as an efficient solution to suppress the detrimental dendrite formation, enabling 

stable Li and Na metal anodes, as illustrated in Figure 2.1. 

 

Figure 2.1 A schematic of the Li/Na plating process on a 3D Ni@Cu and a planar Cu foil. 

2.2 Methods 

2.2.1 Current collector preparation 

The 3D Ni@Cu current collector was prepared by galvanostatic electrochemical deposition 

using the HBDT method. A simple two-electrode setup (Figure S2.1) was used, in which the 

working electrode was a polished Cu foil and the counter electrode was a Ni foil. The base 
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Figure 2.2 Characterization on the as-synthesized 3D Ni@Cu. (a), XRD patterns. (b) – (c), top view 

and (d) - (e), cross-sectional SEM images. 

Polyethylene glycol (PEG) is a common additive in the electrodeposition process [62], which 

works as a surfactant to reduce the surface tension between the gas-liquid (H2 - electrolyte) 

interface in order to inhibit the coalescence of the bubble resulting in reduced bubble sizes 

and thus smaller pore sizes in the electrodeposition layer. The overall porosity of the 3D 

nickel layer, calculated based on the Faradaic efficiency, amounts to 81.7 % (details in the 

SI). Such a high porosity is more favorable to accommodate the substantial volume expansion 

upon Li deposition. Moreover, the estimated volumetric and gravimetric capacities of a Li 

metal anode with such nickel scaffold is significantly higher than a commercial graphite 

anode (Table S2.2 & S2.3). 

2.3.2 Li deposition 

2.3.2.1 Electrochemical performance & effects of LiNO3 

Li-ion cells were assembled using either a planar Cu foil or 3D Ni@Cu as the working 

electrode and Li metal foil as the counter electrode; and the Coulombic efficiency and voltage 

hysteresis are measured as the benchmark to evaluate the reversible Li plating/stripping 

performance.  

As shown in Figure 2.3a – b, cycling at 1.0 mA cm-2 in a LiTFSI (without LiNO3) based 

electrolyte, the cycling performance is found to be stable with a Coulombic efficiency of > 

96 % over 300 cycles for an areal capacity of 0.5 mAh cm-2; and a high performance can be 
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The positive effects of LiNO3 addition in the electrolyte is also supported by the galvanostatic 

voltage profiles (Figure 2.3d – f) and EIS spectra (Figure 2.3g – i). It is observed that the 

charge transfer resistance of the bare Cu electrode grows gradually over cycling and so does 

the voltage hysteresis between charge and discharge. In comparison, the 3D Ni@Cu electrode 

exhibits a much lower charge transfer resistance but with an increasing voltage hysteresis 

(without LiNO3 addition). The gradual increase of resistance for both cases roots in the 

continuously growing SEI layer. However, when LiNO3 is added, the initial resistance during 

Li plating is higher than that using a LiNO3-free electrolyte due to the presence a compact, 

non-conductive SEI layer and therefore a higher nucleation energy barrier, but the resistance 

remains stable over cycling. The voltage hysteresis halts at ~ 120 mV after 100 cycles 

(compared with 179 mV after 100 cycles in a LiNO3-absent electrolyte) illustrating that the 

SEI stabilizes after the first cycle and further growth is negligible. Moreover, when the 

cycling rate increases from 1.0 to 5.0 mA cm-2, the voltage hysteresis between charge and 

discharge merely increases by ~ 50 mV (Figure S2.8e) indicating that the DC resistance of 

the LiNO3 based SEI layer is basically low, which is also consistent with the previous report 

[65]. 

To further understand the role of the LiNO3 during cycling, the evolution of the morphology 

and chemical composition of the SEI layer is studied with SEM, XRD and X-ray 

photoelectron spectroscopy (XPS) techniques. SEM images of the 3D nickel electrodes 

(Figure 2.3j – p) reveal that, cycling in an electrolyte without LiNO3, the surface of the nickel 

layer has been covered by a distinct SEI stratum after merely 5 cycles which thickens over 

cycling, and consequently, the resistance and overpotential increases. In comparison, the SEI 

layer on the electrode cycled in a 1 wt.% LiNO3-LiTFSI based electrolyte is hardly noticeable 

after 5 cycles and only a thin and fluffy interphase layer is formed after 50 cycles suggesting 

the significant suppression of SEI growth and hence a stabilized low resistance due to the 

presence of a stable SEI layer. This is in good agreement with the voltage and EIS analysis. 

XRD patterns (Figure S2.9) show that no peaks belonging to the SEI layer can be observed, 

indicating that it is amorphous; meanwhile, the peak intensity of the nickel phase reduces 

after cycling owing to the coverage of the SEI layer, and the reduction is more pronounced 

using a LiNO3-free electrolyte. It reveals that the LiNO3 has effectively controlled the SEI 

formation resulting in a much thinner SEI layer, which is consistent with the micrographs. 

XPS spectra (Figure S2.10) indicate that the SEI layer formed in a pure LiTFSI based 
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electrolyte consists of Li2CO3, Li2O, R3COLi–(CH2)– , R3CO–R, LixSOy, LiF and Li2Sx, etc. 

[66-69] originating from the decomposition of LiTFSI salt and DME/DOL solvents. In 

comparison, the SEI grown in a 1 wt.% LiNO3-LiTFSI based electrolyte contains R3CO–R, 

LixNOy, LixSOy and LiF, etc. [66-69], and remarkably no Li2CO3, Li2O, R3COLi–(CH2)– and 

Li2Sx is observed. It also verifies the suppressed SEI formation due to the presence of LiNO3 

which first decomposes and forms a stable and compact LixNOy based layer and ultimately 

inhibits the continuous progression of SEI growth. 

Based on the observations in Figure 2.3 and Figure S2.8 – S2.10, we can conclude that the 

failure mechanism of the 3D Ni@Cu current collector for Li plating/stripping roots in the 

following aspects: (i), when a LiNO3-free electrolyte is used, the unstable and thus 

continuous SEI growth results in a low Coulombic efficiency and the accumulation of non-

conductive interphase that increases the internal resistance and overpotential. (ii), using a 

LiNO3-containing electrolyte, the Coulombic efficiency has been significantly promoted (> 

96% over 200 cycles) but still indicates that a minor fraction of the deposited Li is not 

recovered during stripping. For both (i) and (ii), the limited Coulombic efficiency may 

originate from the long Li diffusion pathway in the nanopores of the nickel host, apart from 

the finite intrinsic Li diffusion kinetics. This problem will be aggravated when a higher 

cycling current density and/or a higher Li deposition capacity is applied. (iii), the mechanical 

strength of the nickel structure appears to be limited over repetitive Li plating and stripping 

(Figure 2.3p), which needs to be improved to maintain the structural integrity of the electrode 

to prolong its cycle life.  
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Figure 2.3 Performance of the planar Cu and 3D Ni@Cu for reversible Li deposition and the 

morphological evolution of 3D Ni@Cu during cycling. (a) – (c), Cycling performance, (d) – (f), 

Cycling voltage profiles and (g) – (i), EIS spectra of bare Cu and 3D Ni@Cu electrode for Li plating 

and stripping cycling at 1 mA cm-2. Here the capacity of Li deposition is fixed at 0.5 mAh cm-2 in Figure 

(a) and 1.0 mAh cm-2 in all the other figures. (j) – (p), SEM images of the 3D Ni@Cu electrodes: (j), 

pristine; (k) – (m), after 1, 5 and 50 cycles in the LiNO3-free electrolyte; (n) – (p), after 1, 5 and 50 

cycles in the LiNO3-containing electrolyte. In Figure (k) – (p), the capacity is fixed at 1.0 mAh cm-2 

and the applied current density is fixed at 1.0 mA cm-2. Length of the scale bars in the insets: 500 nm. 
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Figure 2.4 Mechanisms of Li plating in the 3D Ni@Cu structure in a LiTFSI based electrolyte 

with 1 wt. % LiNO3. (a) – (f), SEM images of the 3D Ni@Cu with 0.5 mAh cm-2 Li deposited under 

varying current densities from 0.05 to 2.0 mA cm-2; (e) and (g) – (k), micrographs of the 3D Ni@Cu 

with different amounts of Li deposits cycling at 1.0 mA cm-2. (l), a schematic illustrating the Li deposit 

growing mechanism in the 3D Ni@Cu based on the micrographs in Figure (a) – (k). 








































































































































































































































































































































