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Abstract 

With the development of electronics and electric vehicles, high-performance batteries with high 

energy density, high safety, and aesthetic diversity are greatly needed as dominating power sources. 

However, the electrodes and electrolytes fabricated with traditional techniques have limited form 

factors, mechanical flexibility, and poor performance. Extrusion-type 3D printing techniques have 

thus been applied to fabricate 3D batteries with high performance since 3D printing techniques 

have great advantages in the fabrication of complex 3D structures and geometric shapes from 

various materials. The research in this thesis aims at fabricating high-performance Li/Na batteries 

via 3D printing of advanced electrodes and solid electrolytes. 

 

Firstly, an extrusion-type 3D printing method was applied for fabricating 3D-patterned ultrathick 

LiFePO4 electrodes. The designed unique 3D architectures could greatly improve the electron/ion 

transport even within the thick electrodes. We also demonstrated the 3D printing of patterned 

silicon (Si) anodes with vertically aligned and multi-scaled porous structures for achieving high-

areal capacity LIBs by using a low-cost aqueous-based ink.  

 

 Besides fabricating electrodes, we also fabricated LAGP (Li1.5Al0.5Ge1.5P3O12) thin solid 

electrolytes through an extrusion-type 3D printing approach. The printed thin solid electrolyte with 

short Li+ transport path can increase the energy density and power density of a solid battery.  

 

An extrusion-based 3D printing approach was also developed to construct a high-performance 

sodium metal battery (SMB) consisting of a printed Na@rGO/CNT anode and a printed O3-

NaCu1/9Ni2/9Fe3/9Mn3/9O2 (denoted as NCNFM) cathode. The 3D-printed Na@rGO/CNT anode 

possesses multiple porosities, which could provide abundant active reaction sites and enable fast 

Na+ transport. Moreover, the resultant 3D structured Na@rGO/CNT can effectively suppress the 

Na dendrite growth by decreasing the local current density and releasing the huge volume change 

of Na during cycling. On the other hand, the 3D-printed micro-structured NNCFM cathode 

composed of interconnected CNTs and porous polymer framework can enable fast electron and 

ion transport as well as facilitated electrolyte penetration within the whole electrode. 

 



 

 

III 

 

To further increase the energy density of a sodium-ion battery, we developed high-voltage layered 

P2-Na2/3Ni1/3Mn2/3O2 (NMO) cathodes. By applying ALD AlPO4 coating layer on the NMO 

particles, the reduction of Mn was suppressed upon cycling, which could improve the structural 

stability of the cathode. This high-voltage cathode can be used as materials for 3D printing of high 

energy density sodium-ion battery in the future. 

 

In summary, this thesis has successfully developed various printable inks and designed unique 3D 

architectures via an advanced extrusion-type 3D printing technique for achieving high-

performance Li/Na batteries. 

 

Keywords 

High energy density, Extrusion-type 3D printing, 3D batteries, Solid electrolyte, 3D-patterned 

LiFePO4, Patterned silicon, LAGP thin electrolyte, Short Li+ transport path, Sodium metal battery 

(SMB), Sodium dendrite growth, High-voltage layered cathodes, Atomic layer deposition (ALD), 

Aluminum Phosphate (AlPO4) 

 

Lay Summary 

Extrusion-type 3D printing is a technique that extrudes a paste-like ink with shear-thinning 

behavior through a nozzle to build 3D architectures in a layer-by-layer way. After extrusion, the 

3D architectures usually become solidification through the evaporation of solvents, chemical 

changes (cross-linking) or freeze-drying. 

 

Rechargeable batteries have attracted significant attention due to their high energy density and 

power density as well as pollution-free operation. However, traditional manufacturing methods are 

hard to fabricate thick electrodes with fast electron/ion transport due to the planar structure 

limitations. Moreover, electrodes and electrolytes fabricated by traditional techniques have limited 

form factors and mechanical flexibility. Extrusion-type 3D printing techniques thus have been 

applied to design various 3D architectures for achieving high-performance Li/Na batteries. 
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Chapter 1 

1.1 General introduction 

The issues of global warming and depletion of fossil fuels have stimulated the search for clean and 

renewable energy sources, such as solar, wind, hydro and tidal energies. Accordingly, reliable and 

cost-effective energy storage system are in great need to ensure the full utilization of these 

renewable energy sources.1 In the past few decades, various electrochemical energy storage (EES) 

devices have been investigated. Among them, rechargeable batteries and electrochemical 

supercapacitors have attracted significant attention due to the high energy density and power 

density as well as pollution-free operation.2-4 In general, a rechargeable battery or electrochemical 

capacitor is composed of two electrodes, current collectors, and liquid electrolyte together with 

separators or solid electrolytes.5 Electrode fabrication, current collector engineering, separator 

modification, electrolyte development, and device assembly are all important factors that could 

determine the electrochemical performance and practical application of energy storage devices.6-8  

 

Conventionally, an EES device is fabricated by winding or stacking cell components (anodes, 

cathodes, and separator membranes) and then packaging these components into metallic canisters 

or pouch films, followed by liquid-electrolyte injection.1 Although this manufacturing method is 

mature and successful, the energy storage devices fabricated by  conventional techniques have 

limited form factors and mechanical flexibility.9 However, with the rapid development of the 

Internet of Things (IoT), the future energy storage devices are required to be flexible, wearable, 

shape versatile, and on-chip integration into other electronics.10-11 In other words, future EES 

devices need to be customizable. Therefore, it is believed that advanced state-of-the-art 

manufacturing techniques are needed to meet the requirements for future EES devices. 3D printing 

thus has been expected to be applied and regarded as a promising technique for electrochemical 

energy storage devices.12-20  

 

3D printing, also known as additive manufacturing (AM), is a representative of advanced 

manufacturing technologies for constructing complex 3D architectures. Comparing with 

traditional methods, 3D printing is a process of constructing a three-dimensional product by 

stacking layer-upon-layer of materials starting from a digital computer model designed by a 3D 
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software (CAD). The 3D printing technique is considered as an ideal manufacturing method since 

it can significantly reduce the manufacturing cost by preventing the loss of valuable materials 

while simplifying the design for manufacturing and reducing the number of fabrication steps. To 

date, there are tremendous types of printing techniques being developed, and the most popular 3D 

printing technologies can be classified into the following four types: 

(1) Fused deposition modeling (FDM): FDM technique was first developed and patented by S. 

Scott Crump in 1989. It creates 3D objects layer-by-layer from filament shaped molten plastic 

materials extruded through a nozzle (Figure 1.1.1).21 The plastic filament is wound on a coil and 

unreeled to supply material to the extrusion nozzle, while the nozzle or the object is moved along 

three axes, which is controlled by a computer. The plastic material solidifies after extruded from 

the nozzle. The main advantages of this technique are low-cost, high speed and large size 

capabilities. However, an intrinsically limited accuracy and surface finishing and a limited number 

of feedstock materials available still limit its wide applicability in many areas.22 

 

Figure 1.1.1 Schematic of the FDM printing system.14 

 



3 

 

3 

 

(2) Stereolithography (SLA): SLA is a 3D printing technique that creates 3D objects through 

curing the photosensitive resins lay-by-layer using light. In detail, SLA utilizes a fine laser spot 

through a focused beam or lamp to scan over the photocurable resins, which induces a photo-

polymerization and subsequent solidification process (Figure 1.1.2). SLA can be applied to 

multiple materials, including ceramics and composites.23 It has proved to be an excellent method 

for constructing dense structural ceramic with high resolution and excellent surface finish.24 

However, SLA has a limitation in the multi-material deposition that greatly limits its applicability 

in multi-component devices.25 

 

Figure 1.1.2 Schematic of the SLA printing system.14 

 

(3) Selective laser sintering (SLS): SLS is a powder-based 3D printing technique that is capable 

of constructing durable and functional 3D objects through selectively fusing successive layers of 

solid material by a high-power laser beam.26 The un-sintered materials in a printing process can 

be reused for another printing job, resulting in a reduction of materials wastage.27-28 However, the 
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strong limitation appears when applied to metals and oxides with high-temperature melting 

points.29 

 

Figure 1.1.3 Schematic of the SLS printing system.14 

 

(4) Extrusion-type direct ink writing (DIW): Extrusion-type DIW is a 3D printing technique that 

extrudes a paste-like ink with shear-thinning behavior through a nozzle to build 3D architectures 

in a layer-by-layer way. After extrusion, the 3D architectures usually become solidification 

through the evaporation of solvents, chemical changes (cross-linking) or freeze-drying. DIW 

printing technique can be applied to a broad range of materials including polymers, ceramics, metal 

oxides, metal alloys, and electronically functional materials.30-32 This feature has broadened its 

applicability in a wide range of areas.16-17, 33-35  
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Figure 1.1.4 Schematic of the extrusion-type DIW printing system.36 

 

 

Compared with conventional manufacturing methods, the 3D printing technique possesses several 

advantages for fabricating EES devices: 

(1) The thickness of electrodes can be well controlled by 3D printing because of the layer-by-layer 

additive manufacturing nature. Thin-film devices can be fabricated by just depositing materials 

over a few layers, which could be applicable for flexible and wearable energy storage devices. On 

the other hand, ultra-thick electrodes can also be obtained by 3D printing, realizing high areal 

energy density EES devices. Therefore, the accurate layer-by-layer building feature of 3D printing 

allows the electrode thickness to be well controlled. 

(2) 3D printing can realize facile and accurate construction of electrodes and other components 

with controlled shapes, and interconnected porosity.19, 37-39 The designed 3D architectures with 

periodic or aligned pores enable fast ion/electron transport which is beneficial for achieving high 

power density and energy density.  

(3) 3D printing technique can fabricate micro-structured EES devices with high-aspect-ratio within 

a small areal footprint, which is hardly realized by conventional manufacturing methods.40 
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Meanwhile, the printed EES devices can be easily on-chip integrated with other shape complexed 

electronics through directly depositing the electrodes/electrolytes onto the electronics.41-42  

(4)  3D printing is a low-cost, efficient, and environment-friendly technology. This can be 

attributed to the simplified one-step fabrication process. 3D printing adopts the additive 

manufacturing strategy, suggesting that the material is deposited on demand. This feature 

maximally eliminates the materials wastage, making it much more energy-conservation and 

environment-friendly than conventional manufacturing methods. 

 Among lots of developed printing techniques, extrusion-type direct ink writing is the most popular 

and widely used in many areas. In recent years, numerous researches have employed this technique 

to design novel structures for energy storage devices. 

 

1.2 3D printing of electrodes for energy storage 

1.2.1 3D-printed electrodes for Li-ion batteries 

Li-ion batteries have been commercialized for decades and been widely used in various areas 

including portable electronics and electric vehicles.43-47 As one of the most important components 

in the LIBs system, electrodes play a vital role in determining the capacity and energy density. To 

meet the increasing energy density demand, many efforts have been devoted to optimizing the 

electrode structures for improving the electron/ion kinetics. In recent years, many researchers have 

employed 3D printing technique to fabricate advanced LIB electrodes with high performance. For 

instance, Pan et al. reported the 3D printing of LiMn1-xFexPO4 nanocrystal cathodes and assembled 

the LIBs based on the printed electrodes.48 Figure 1.2.1a is the schematic illustration of 3D 

printing of LMFP cathode and the packaging process based on the printed LMFP electrode. The 

synthesis process for the LMFP nanocrystals involves precursor calcination and carbon coating.  

The LMFP slurry was extruded out through a metal nozzle and directly printed onto an Al foil. 

The electrode morphology can be adjusted by changing the dispenser pressure, printing speed, and 

the diameter of the nozzle. The electrochemical performance testing in Figure 1.2.1b and c shows 

that the 3D-printed LMFP cathodes exhibited much higher capacity at various rates than that of 

the traditional electrodes. More recently, 3D printing technique was used to fabricate high-

performance Li-ion battery anodes. Rahul et at. developed a novel approach for fabricating 3D 

microlattice Ag electrodes with hierarchical porosity through Aerosol Jet (AJ) 3D printing method 

(Figure 1.2.1d).49 The microlattice Ag electrode delivered a great improvement in areal capacity 
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and high electrode volume utilization when compared to a solid Ag bulk electrode. The superior 

electrochemical performances indicate that the 3D microlattice architectures can effectively 

facilitate the electrolyte penetration into the electrode and enhance the electrochemical reaction 

sites due to the numerous open pores within the 3D electrode. Yang et al. successfully employed 

3D printing to fabricate SnO2 QDs/graphene architectures which exhibit impressive 

electrochemical performance.50 As illustrated in Figure 1.2.1f, the ultra-small and mono-disperse 

SnO2 QDs were first synthesized through a controllable sol-gel approach, and they can be mixed 

with graphene oxide in water to form a GO-based ink with high viscosity and shear-thinning 

properties for continuous printing without clogging. Figure 1.2.1g shows a continuously 3D 

printed filament with a length of 5 meters. Moreover, various sophisticated architectures can be 

printed out (Figure 1.2.1h), suggesting the excellent rheological properties of the hybrid ink. The 

cross-sectional SEM image (Figure 1.2.1i) shows the filaments are stacked closely, and numerous 

macropores originated from the freeze-drying treatment occurred in the filaments. The 

electrochemical performance testing shows that the 3D-printed SnO2 QDs/graphene electrode 

displays highest rate performance for lithium storage compared with the SnO2 QDs/G and pure 

SnO2 QDs (Figure 1.2.1j). The superior electrochemical performance can be ascribed to the 

favorable kinetics for both electrons and ions in the 3D printed architectures.     
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Figure 1.2.1 (a) Schematic illustration of 3D printing of  LMFP cathode and battery package 

process based on 3D-printed LMFP electrode; (b) Rate capability comparison between the 

conventional electrode and 3D-printed LMFP electrode at various rates; (c) Long cycling 

performance comparison between the traditional electrode and 3D-printed electrode at 10C 

and 20C;48 (d) SEM images of the 3D-printed Ag microlattice structures using the Aerosol 

Jet 3D printing method; (e) Areal capacity comparison of the microlattice and block 

structures with different thickness;49 (f) Schematic of the 3D printing of SnO2 QDs/G 

architectures; (g) Digital image of the continuously 3D-printed filament; (h) Digital images 

of various 3D-printed patterns; (i) Cross-sectional SEM image of the printed SnO2 QDs/G 

architectures; (j) Rate capabilities comparison among the 3DP-SnO2 QDs/G, SnO2 QDs/G 

and SnO2 QDs; (k) Areal capacities of 2-layer, 4-layer, and 6-layer 3DP-SnO2 QDs/G 

architectures. 50 

 

1.2.2 3D-printed electrodes for Li-S battery 

Lithium-sulfur (Li-S) batteries have emerged as a promising substitute to LIBs due to the high 

theoretical capacity of 1675 mAh g-1 and an energy density of 2600 Wh g-1.51-53 However, 

developing high loading sulfur-based cathodes with high-performance is still facing great 

challenges: (1) Both sulfur and lithium sulfides have a low electron conductivity, making charge 

transfer difficult in the cathode; (2) A large volumetric expansion (80%) happens during the 

lithiation process, leading to exfoliation of the cathode and rapid capacity decay.54-56  

 

For solving these problems, fabricating of a 3D architecture with interconnected electron and ion 

channels within the electrode is quite promising for improving the sulfur utilization for high-

loading sulfur cathodes.57-58 In this regard, the 3D printing technique has been employed to 

construct high-loading sulfur cathodes since 3D printing technique has great advantages in 

fabricating complex 3D architectures and easily controlling the sulfur loadings by controlling the 

printing layers. For instance, Craig et al. reported the Li-S battery cathodes fabricated by the direct 

ink writing method based on a printable multiwall carbon nanotubes (MWCNTs) ink.59 The printed 

MWCNTs-based sulfur electrodes are highly conductive and multi-scaled porous, which can 

facilitate the electrolyte access into the electrodes and enhance the electron/ion diffusion. As a 

result, the printed micro-electrodes can achieve a high areal capacity of around 7 mAh cm-2 at a 
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current density of 11.5 mA cm-2 with 50% active material loading. More recently, Yang et al. 

employed an extrusion-based 3D printing approach to developing 3D sulfur copolymer-graphene 

architectures (3DP-pSG) with well-designed periodic microlattices.60 Figure 1.2.2a demonstrates 

the fabrication procedure of 3D printing sulfur copolymer-graphene architectures. The printing ink 

is based on highly concentrated graphene oxide (GO) suspensions composed of S particles and 

1,3-diisopropenylbenzene (DIB). The sulfur copolymer is formed onto the surface of reduced 

graphene oxide (RGO) after a sample thermal treatment of the 3D printed architectures. The 

resultant structures can partially suppress poly-sulfides dissolution into electrolyte due to the 

strong S-C bonds and enhance the electron conductivity because of the formed graphene network. 

Moreover, the well-designed macropores in the 3D architectures as shown in Figure 1.2.2b can 

promote the access of electrolyte to the electrodes. The 3DP-pSG electrode thus delivers a higher 

reversible capacity of 812.8 mAh g-1 with a high thickness of around 600 µm. Although the 3D-

printed sulfur copolymer-graphene architecture could improve the capacity of thick electrodes, the 

initial capacity is still too low due to the low electronic conductivity of the sulfur copolymer.  

 

In this regard, our group developed a 3D-printed freeze-dried S/C composite electrode (3DP-FDE) 

via a facile 3D printing technique for achieving high-energy-density and high-power-density Li-S 

batteries.61 As illustrated in Figure 1.2.2e, the printing ink is composed of the S/C active materials, 

acetylene black (AB) and commercial carbon nanotubes (CNTs) as the conductive additives, and 

polyvinylidene fluoride-hexafluoro propylene (PVDF-HFP) as the binder. The high loading 

amount of sulfur cathodes can be easily obtained via the layer-by-layer manufacturing process. 

The printed sulfur cathodes possess multiple levels of porosity: macroscale (several hundred 

micrometers from 3D printing design), and microscale (tens of micrometers induced by phase-

inversion and freeze-drying process), which can effectively facilitate the electron/ion transport 

within the whole electrodes (Figure 1.2.2f-h). Benefiting from the hierarchical porous 

architectures, the 3DP-FDE exhibits superior electrochemical performance, even with a sulfur 

loading of 5.5 mg cm-2, it can display high initial discharge capacities of 1009 mAh g-1 and 912 

mAh g-1 at 1C and 2C (corresponding to areal current densities of 9.2 mA cm-2 and 18.4 mA cm-

2), respectively. Moreover, the capacity retentions are as high as 87% and 85% after 200 cycles at 

1C and 2C (Figure 1.2.2i).   
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Figure 1.2.2 (a) Schematic illustration of 3D printing sulfur copolymer-graphene (3DP-pSG) 

architectures; (b) Top-view SEM image of the 3D architecture, showing periodic macropores; 

(c) Cross-sectional SEM image of the 3D architecture; (d) Cycle performances of 3DP-pSG 

and 3DP-SG at 50 mA g-1;60 (e) Schematic demonstration of the 3D printing of S/BP 2000 

thick cathodes; (f-h) SEM images of the 3D electrode at different magnifications from top 

view; (i) Cycling performance of the 3DP-FDE electrodes with a sulfur loading of 5.5 mg cm-

2 at various rates.61 

 

1.2.3 3D-printed electrodes for Li-O2/CO2 batteries 

Li-O2 batteries with Li metal as the anode and O2 cathode possess extremely high theoretical 

specific capacity energy (3505 Wh kg-1), which has attracted great attention in the past few years.62-

66 However, the insulating Li2O2 formed during the discharging process greatly restricts the 

practical specific energy. By using a porous conducting matrix to support and confine the 

accumulated insulating Li2O2 within the pores, the electrode capacity and the practical specific 

energy density can be considerably enhanced. Thus, it is vital to develop a conducting catalyst 

material with a proper porous framework.  

 

Extrusion-based 3D printing has been proven to be a powerful tool for constructing complex 3D 

architecture. Recently, Hu et at. employed extrusion-based 3D printing to construct hierarchical 

porous frameworks and demonstrated the first 3D-printed Li-O2 cathodes.67 In their work, the 
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printable ink was prepared by directly adding holey graphene oxide (hGO) to H2O at high 

concentrations (~100mg/ml). The aqueous hGO ink with proper viscoelastic behavior can be 

dispensed fine lines in a layer-by-layer arrangement (Figure 1.2.3a) and be stacked together to 

construct complex 3D printed mesh structures (Figure 1.2.3b). The freestanding 3D printed hGO 

cathodes possess multi-scaled porosity (from macroscale to nanoscale) as displayed in Figure 

1.2.3c and d, which facilitate the mass/ionic transport and improve active-site utilization, leading 

to a dramatical enhancement in overall Li-O2 battery performance. The reduced 3D printed h-GO 

mesh shows a remarkable areal capacity of 13.3 mAh cm-2 (corresponding to 3879 mAh g-1) when 

tested at 0.1 mA cm-2 (Figure 1.2.3 e), which is much higher than that of the vacuum filtrated hGO 

film. The result confirms that the macro- and microscale porosity induced by 3D printing play a 

critical role in improving the overall air cathode capacity.  

 

Later on, Wang et al. reported a novel and freestanding hierarchically porous framework 

constructed by 3D printing of Co-based metal-organic framework (Co-MOF), followed by thermal 

annealing. The 3D printed Co-MOF (Figure 1.2.3f and g) exhibits a mesh-like architecture with 

macro-sized pores (~200 µm). The 3D printed mesh-like architecture can be well maintained after 

annealing in N2 gas (Figure 1.2.3h and i), resulting in the conducting catalyst consisted of Co 

nanoparticles assembled in nitrogen-doped mesoporous carbon flakes (3DP-NC-Co). The 3DP-

NC-Co cathode could deliver a high discharge capacity of 1124 mAh g-1 based on the total mass 

of the electrode (Figure 1.2.3j). Moreover, the 3DP-NC-Co cathode also exhibits a superior rate 

capability, reaching a high discharge capacity of 525 mAh g-1 at a high current density of 0.8 mA 

cm-2 (Figure 1.2.3k). The superb Li-O2 battery performance can be attributed to the unique 3DP 

architectures consisting of abundant micrometer-sized pores formed between Co-MOF derived 

carbon flakes and meso- and micropores formed with the flakes, which benefit the efficient 

deposition of Li2O2 and facilitate their decomposition due to the confinement of insulating Li2O2 

within the pores and presence of Co electrocatalysts.  
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Figure 1.2.3 (a) Digital image showing the process of printing complex 3D architectures line-

by-line; (b) Digital image of the printed hGO mesh after freeze-drying; (c) Optical image of 

the printed freeze-dried hGO mesh. Scale bar is 500 µm. (d) Cross-sectional SEM image of 

the porous 3D printed hGO mesh structure. Scale bar is 50 µm. (e) Deep discharge 

performance of the printed r-hGO mesh;67 (f) and (h) Optical images, (g) and (i) SEM image 

of 3DP-Co-MOF and 3DP-NC-Co, respectively; (j) First discharge curves of the marked 

cathodes; (k) Rate capability of 3DP-NC-Co with different current densities;68 (i) Schematic 

of the synthesis of Ni-rGO framework; (m) Digital images of the GO and Ni-rGO 

frameworks; (n) and (o) SEM images of the Ni-rGO; (p) Cycling performance (q) 

Discharge/charge curves of the Ni-rGO at various current densities with a limit capacity. 69 

 

1.2.4 3D-printed electrodes for Na-ion batteries 

Sodium-ion batteries (SIBs) are attracting tremendous interest recently due to the abundance and 

low cost of Na.70-75 However, it is more difficult to achieve high reversible capacities and good 

rate capabilities due to the bigger size of Na+ (0.102 nm) than that of Li+ (0.076 nm). 3D printing 

has shown great potential in designing unique 3D architectures for optimizing Li-based electrodes 

for achieving high-performance LIBs. Similar to LIBs, extrusion-based 3D printing technique has 

also been employed in sodium storage.  
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For example, Yang et al. first demonstrated a facile 3D printing approach to fabricate hierarchically 

porous GO/Na3V2(PO4)3 (GO/NVP) frameworks for sodium storage.76 Figure 1.2.4a illustrates 

the process of 3D printing GO/NVP mesh structures, the printable ink was prepared by adding the 

NVP nanoparticles into the GO solution. The concentrated GO/NVP inks with suitable rheological 

properties can be dispensed into 3D mesh structures. The as-printed frameworks possess 

continuous conducting filaments with numerous hierarchical pores (Figure 1.2.4b and c), which 

are able to facilitate the fast transportation of both sodium ion and electron. The 3D printed porous 

frameworks thus show high capacity and excellent rate performance (Figure 1.2.4d and e). 

Following this work, Brown et al. employed a 3D freeze-printing (3DFP) method to fabricate 

highly porous MoS2/graphene hybrid aerogels as the anode for SIBs.77 The key innovation in this 

work is that a cold substrate plate (-30℃) is employed to rapidly freeze the aqueous ink droplets 

to the ice during the printing (Figure 1.2.4f to j). After thermal reduction, the printed hybrid 

aerogels form a continuous conductive rGO framework with MoS2 sheets attached to the graphene 

surface as the Na+ intercalation host (Figure 1.2.4k and l).  The 3D printed rGO/MoS2 porous 

framework thus delivers high specific capacity at various current densities (Figure 1.2.4m).  
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Figure 1.2.4 Printed SIBs electrodes via 3D and inkjet printing. (a) Schematic illustration of 

3D-printing GO-NVP hierarchical porous frameworks; (b, c) SEM images of 3D-printed 

GO-NVP architectures at different magnifications; (d) Cycle performance at 2C, and (e) rate 

capability of the 3D-printed rGO-NVP electrodes;76 Schematic of (f) the inkjet printing setup, 

and  (g, h) the printing process of the ATM-GO droplets in a raster fashion, ice template 

formation (i) during printing, and the resulting ATM-GO aerogel after freeze-drying (j); (k) 

An example macrostructure of the 3D printed ATM-GO aerogel after freeze-drying and the 

resulting MoS2-rGO aerogel after thermal reduction; (l) High-magnification SEM image of 

the MoS2-rGO printed on a Ni foam; (m) Rate performance of the MoS2-rGO aerogel at 

various current densities.77 
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1.2.5 3D-printed electrodes for supercapacitors 

Supercapacitors are a promising class of energy storage devices that could balance the high energy 

density and high-power density.78-82 However, there are still lots of challenges for achieving high-

performance supercapacitors due to the sluggish of electron/ion transport within thick electrodes. 

Recently, 3D printing technology has provided some new possibilities to address the existing 

challenges in supercapacitors.83-84  

 

3D-printed GO aerogels based-electrodes have shown great potential in high-performance 

supercapacitors. For example, Li et al. reported the fabrication of 3D graphene composite aerogel 

microlattices via a DIW 3D printing technique for supercapacitor.85 As illustrated in Figure 1.2.5a, 

the printable inks consist of GO, graphene nanoplate (GNP), and silica fillers. The 3D-printed 

graphene composite aerogel (3D-GCA) electrodes with engineered periodic macroporosity can 

facilitate mass transport, resulting in excellent electrochemical properties. Gao et al. developed a 

facile ion-induced gelation method to fabricate graphene aerogels microlattices (GAMs) from GO-

based ink.86 By adding trace of Ca2+, the aqueous GO can be converted into printable ink with 

suitable rheological properties (Figure 1.2.5e).  The well-designed hierarchical pores and excellent 

compressibility and electrical conductivity of the GAMs ensure admirable supercapacitor 

performances.  The 3D-printed GAMs thus display extraordinary capacitive rate and cycle 

performance. Following their previous work, Li et at. recently reported a 3D printed graphene 

aerogel scaffold, followed by electrodepositing MnO2 on the printed scaffold.87 The 3D printed 

aerogels are macroporous with 5-50 µm pores within the 3D printed filaments as shown in Figure 

1.2.5. The 3D architectures facilitate uniform deposition of MnO2 throughout the entire graphene 

aerogel and efficient ion diffusion during charging/discharging even at an ultrahigh mass loading 

of 182.2 mg cm-2, achieving a record-high areal capacitance of 44.13 F cm-2. More importantly, 

the liner increasing of areal capacitance with the thickness of 3D printed monolithic electrodes 

suggests great potential for practical application and could innovate the conventional layer-by-

layer stacking fabrication process of commercial supercapacitors.   
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Figure 1.2.5 (a) Schematic illustration of 3D printing graphene aerogel microlattice. (b) 

Gravimetric capacitance and capacitive retention calculated as a function of current density. 

Inset: schematic demonstration of the 3S-GCA SSC. (c) Cycling performance measured at a 

scan rate of 200 mV/s for 10 000 cycles. Inset shows the first and last cyclic voltammograms 

collected during the cycling stability test. (d) Comparison of the 3D-GCA SSC with reported 

values in terms of gravimetric energy densities and power densities.85 (e) Schematic of 3D 

printing rGO microlattice based on GO-CaCl2 ink. (f) Optical image of the printed GO 

microlattice. (g) SEM image of the printed GO microlattice. (h-j) Electrochemical 

performance of the 3D printed rGO microlattice.86 (k) Schematic of fabrication of a 3D 

printed graphene aerogel/MnO2 electrode. (l) SEM image of the 3D printed graphene 

aerogel/MnO2 electrode. (m) Gravimetric capacitances and volumetric capacitances of the 

3D G/MnO2 electrodes with different mass loading of MnO2. (n) Areal capacitances of 3D 

G/MnO2 and non-3D printed G/MnO2 electrodes at different current densities. 87 
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1.3 3D printing of electrolytes and separator membranes for energy storage 

Electrolytes / separator membranes are one of the important components in a battery system. 

However, the conventional liquid electrolytes have serious limitations in 3D cell assembly and 

safety problems, which limits the form factors, design of flexible batteries, and realization of high-

energy-density Li-metal batteries. In this case, it is vital to develop advanced electrolytes to replace 

the liquid electrolytes. Moreover, advanced preparation methods are required to design flexible 

and even 3D structured electrolyte and separator membranes for meeting alien shaped batteries. 

Extrusion-based 3D printing technique has shown great potential in fabricating flexible separator 

membranes and 3D structured solid electrolytes. 

 

1.3.1 3D printing of polymer separator for Li-metal batteries 

Li-metal anodes have received great attention for advanced Li-metal based batteries in recent years, 

such as Li-O2 and Li-S batteries, because of its high theoretical capacity (3860 mAh g-1) and low 

redox potential (-3.04 V vs standard hydrogen electrode).88-97 However, several intrinsic problems, 

like the growth of Li dendrites, infinite volume change, and high chemical reactivity, have greatly 

hindered its widespread utilization in consumer markets.98-99 Many efforts have been devoted to 

solving these challenges. Designing a functional separator membrane can be a facile and effective 

approach to suppress the Li dendrite growth for improving the cycling performance of Li metal 

batteries100-104.  

 

Recently, 3D printing technique has been used to fabricate functional separators for Li metal 

batteries as 3D printing is a facile and sophisticated strategy for multi-materials design and 

fabrication. Hu et al. first reported the fabrication of a novel and safe boron nitride (BN)/PVDF-

HFP composite separator via an extrusion-based 3D printing method105. The printed BN-based 

separator owes good flexibility with good mechanical strength (Figure 1.3.1b). The exiting of BN 

nanosheets in the separator could ensure a uniform thermal distribution at the interface, resulting 

in homogeneous Li nucleation. The symmetric cells with printed BN/PVDF-HFP separator thus 

displayed enhanced cycling stability with a lower overpotential over 500h (Figure 1.3.1f-i).  
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Figure 1.3.1 (a) Schematic illustration of the 3D printing machine and BN in PVDF-HFP 

separator; (b) Optical images of the 3D-printed BN/PVDF-HFP separator at different stages 

during the printing process;105 (c-e) SEM images of the 3D-BN/PVDF-HFP separator; (f-i) 

Cycling performance of the Li-Li symmetric cells at a current density of 1 mA cm-2 

 

1.3.2 3D printing of Solid-State Electrolyte 

For achieving high-energy-density Li-metal batteries, solid-state electrolyte should be applied to 

replace the traditional unsafe liquid electrolytes. However, the conventional solid-state electrolyte 

with a flat and planar geometry usually shows a high interfacial impedance due to the limited 

contact area between the electrolyte and electrodes.106-110 Furthermore, the conventional 

manufacturing method is hard to obtain a thin solid electrolyte (less than 150 µm), leading to a 

decreased energy density due to the high weight of the solid electrolytes.111-112  

 

Accordingly, 3D printing, as advanced manufacturing technology, can be employed to design 

solid-state electrolytes with unique microstructures to solve the aforementioned challenges. Hu et 

al. for the first time developed multiple solid electrolyte inks using garnet-type Li7La3Zr2O12 

(LLZO) as a model material and successfully fabricated various micro-structured LLZO solid 

electrolyte via an advanced extrusion 3D printing approach113. Figure 1.3.2a illustrated the cell 

fabrication process using the 3D printed LLZO solid electrolyte. Micro-structured and porous 

LLZO based on the “self-supporting” ink was printed on both sides of an LLZO tape substrate and 

sintered revealing thin and 3D architectures composed only of LLZO solid electrolyte. Electrodes 

can be infiltrated into the printed microporous LLZO to complete battery assembly. A symmetric 
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cell was made from the 3D printed LLZO with Li infusion into both sides (Figure 1.3.3b and c) 

and displayed lower overpotential at various current densities, indicating the high conductivity of 

the 3D printed LLZO.  

 

 

Figure 1.3.2 (a) Schematic illustration of the process of 3D printing LLZO structures and 

electrode infiltration into the 3D LLZO structures; (b) Schematic of Li melted into the pores 

of the 3D-printed LLZO grids on an LLZO substrate; (c) Cross-sectional SEM of 3D-printed 

LLZO/Li metal interface; (d) Voltage profile of the Li/3D-Printed LLZO/Li metal symmetric 

cell at various current densities.113 

 

1.3.3 3D printing of Hybrid Solid-State Electrolyte  

Although ceramic solid-state electrolytes exhibit great advantages in conductivities, which is even 

comparable to the liquid electrolytes, ceramic solid electrolytes usually show poor mechanical 

properties and bad contact with electrodes.114-118 Flexible polymer electrolytes have good 

mechanical properties while show lower conductivity at room temperature and poor stability at 

high temperatures.90, 119-122 The combination of ceramic and polymer electrolytes thus could 

provide a new possibility to fabricate ideal electrolytes with suitable ionic conductivity and 

desirable mechanical strength.123-128  

 

3D printing technique has also been used in this area for developing unique and customized hybrid 

electrolytes. For example, Blake et al. reported the fabrication of high-performance and printable 

ceramic-polymer electrolytes (CPEs) by the DIW printing method129. The printable ink was 

composed of PVDF in a mixture of NMP and glycerol solution with nanosized Al2O3 filler. The 
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printed hybrid electrolyte was highly flexible and porous induced from the phase-inversion process. 

It can also be printed directly over an electrode layer for achieving high electrochemical 

performance, which provides a new avenue toward integration of flexible power on other device 

surfaces via the facile DIW printing approach. Furthermore, Bruce et al. developed a 3D ordered 

bicontinuous ceramic and polymer hybrid solid electrolyte by 3D printing.130 As illustrated in 

Figure 1.3.3a, a 3D micro-architectured polymer template was constructed by stereolithography 

3D printing technique, followed by filling LAGP powder into the empty channels of the 3D 

template and sintering the template in the air for obtaining the 3D LAGP scaffold. Symmetric 

lithium cells of printed 3D gyroid LAGP-epoxy electrolytes performed better cycling stability with 

lower overpotential than that of the LAGP pellet (Figure 1.3.3b), which is due to the improved 

mechanical properties and high conductivity of the 3D ordered and bicontinuous hybrid 

electrolytes. More recently, Shahbazian-Yassar et al. developed a novel approach to fabricate 

hybrid solid electrolytes by using an elevated-temperature DIW 3D printing technique (Figure 

1.3.3c).131 The hybrid solid electrolyte ink was composed of PVDF-HFP matrices and Li+-

conducting ionic-liquid electrolyte. Nanosized TiO2 was added into the polymer inks to modify 

the viscosity for achieving desired rheological properties. The electrolytes can be directly printed 

onto the electrode surfaces without any surface treatment. The integration of electrode and 

electrolytes was found to greatly reduce the interfacial resistance (Figure 1.3.3d to g), which 

ensured an improved capacity and rate performance than the batteries fabricated with traditional 

solution-casting prepared electrolyte.       
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Figure 1.3.3 (a) Schematic of the fabrication process of 3D-printed hybrid electrolytes. 

Corresponding SEM images of each synthesis stage of the 3D LAGP-epoxy hybrid 

electrolytes are listed below each schematic; (b) Galvanostatic cycling of Li-Li cells with 

LAGP pellet and gyroid LAGP-epoxy electrolytes cycled at a current density of 0.7 mA cm-

2;130 (c) Schematic of the elevated-temperature direct ink writing system and solid-electrolyte 

ink fabrication process; (d-g) Electrochemical impedance spectroscopy (EIS) of the hybrid 

solid-state electrolyte.131 

 

1.4 All 3D-Printed Energy Storage Devices 

1.4.1 All 3D-printed LIBs/LMBs 

With the development of microscale technologies, future electronic devices are becoming smaller 

and miniaturized. In this case, a micro lithium-ion battery would be in great need to power these 

miniaturized devices, such as microscale sensors,132-133 microscale actuators,134-136, and portable 

and implantable medical devices.137-138 Although 2D thin-film micro-batteries have been greatly 

developed and could deliver a high-power density, it is a big challenge for thin-film micro-batteries 

to achieve a high energy density due to the low active materials loading.139-140 3D micro-batteries 

could be a promising strategy for powering the miniaturizing electronic devices.141-142 Traditional 
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methods including electrodeposition and vapor deposition technique have been demonstrated to 

fabricate 3D electrodes with high-aspect-ration micropillar structures.143-145 However, these 

methods are inefficient and expensive, which are not suitable for large-scale applications. In 

contrast, 3D printing has been proven to be a promising technique to construct various 3D 

architectures.  

 

In 2013, the Lewis group first fabricated an interdigitated 3D micro-battery composed of 3D 

printed high-aspect-ratio LTO anode and LFO cathode micro-arrays that are directly printed on a 

gold current collector (Figure 1.4.1a and b).146 The printed fully packaged 3D micro-battery 

(Figure 1.4.1c) exhibited a high areal energy density of 9.7 J cm-2 at a power density of 2.7 mW 

cm-2. Later on, Hu and coworkers successfully fabricated an interdigitated Li-ion micro-battery 

via a 3D printing technique based on graphene oxide (GO) composite inks consisting of highly 

concentrated GO suspensions with the cathode (LFP) and anode (LTO) active materials added 

(Figure 1.4.1d and e).147 The printed full cell displayed a relatively stable discharge capacity of 

91 mA h g-1 (Figure 1.4.1 f and g), corresponding to a high areal capacity of 1.64 mA h cm-2 based 

on the high electrode mass loading of around 18 mg cm-2. Very recently, 3D printing technique 

has been employed to fabricate high-performance Li metal batteries (LMBs) with a 3D-printed Li 

anode and a 3D-printed LFP cathode by using cellulose nanofiber (CNF)-based inks (Figure 

1.4.1k),148 which significantly improved the energy density due to the utilization of the printed Li 

metal anode. The main novelty of this work is the utilization of printed c-CNF structures to host 

the Li metal forming a 3D c-CNF/Li anode (Figure 1.4.1i-n), which could greatly improve the 

cyclic stability of Li metal anode (Figure 1.4.1o). 
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Figure 1.4.1 3D-printed interdigitated Li micro-batteries. (a) Schematic illustration of 3D-

printed interdigitated micro-battery architectures on the gold current collector with printed 

Li4Ti5O12 (LTO) and LiFePO4 (LFP) as the anode and cathode, followed by packaging. (b) 

SEM images of printed and annealed 16-layer interdigitated LTO-LFP electrode 

architectures, respectively. (c) Optical image of 3D-printed micro-battery composed of LTO-

LFP electrodes after packaging.146 (d) Schematic of the 3D-printed interdigitated electrodes 

with LTO/GO and LFP/GO as the ink for anode and cathode electrodes, respectively. The 

gel polymer composite ink is injected in the channel between the annealed electrodes. (e) 

Digital image of the interdigitated electrodes. (f) Cycling stability of the 3D-printed full cell. 

(g) Charge/discharge profiles of the 3D-printed full cell. (h, i) Digital images of a 

miniaturized version of the 3D-printed electrodes. (j) Digital image of the 3D-printed 

electrodes arrays.149 (k) Schematic illustration of the CNF ink derived from trees and 3D-

printed LMBs fabricated by printing c-CNF/LFP cathode and c-CNF/Li anode. (i-n) 

Photographs of a CNF scaffold after freeze-drying and before carbonization, c-CNF scaffold 

after carbonization, and c-CNF/Li electrode with designed 3D structure. (o) Cycling 

performance comparison of c-CNF/Li and Li foil in a symmetric cell at a current density of 

5 mA cm-2 with areal capacity fixed at 2.5 mAh cm-2.148 
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1.4.2 All 3D-Printed Supercapacitors 

Micro-supercapacitors (MSCs) have been considered as one of the most promising power sources 

for various portable electronics since they can exhibit fast charge/discharge, relatively high 

capacity, and excellent cycling stability.150-156 However, most of the reported micro-

supercapacitors show lower areal energy densities, which limited their further development in 

many areas.157-159  

 

3D printing has been explored to fabricate various 3D micro-structured supercapacitor electrodes 

and even 3D Li-ion micro-batteries with high areal capacity. Based on previous studies, Yang et 

al. first reported the fabrication of quasi-solid-state asymmetric micro-supercapacitors (MSC) via 

an extrusion-based 3D printing approach for realizing high areal energy density (74 µWh cm-2).160 

The fabrication process included the printing of interdigitated electrodes and gel-like electrolyte 

on the substrate (Figure 1.4.2a). A thick electrode (412 µm) with an areal mass loading of 3 mg 

cm-2 was fabricated with the printing method (Figure 1.4.2b). The 3D printed micro-

supercapacitor thus delivered an ultrahigh areal capacitance of 208 mF cm-2, which outperforms 

most of the reported interdigitated micro-supercapacitors (Figure 1.4.2c and d).  

 

Apart from designing 3D micro-supercapacitors, 3D printing has also been employed to fabricate 

fiber-shaped asymmetric supercapacitors (FASCs). Although fiber-shaped supercapacitors have 

been widely studied, most of the fabrication methods used in the reported studies have limitations 

in fabrication cost, efficiency, and scalability that hinder their wide application in wearable 

devices.161-172 In this case, as illustrated in Figure 1.4.2e, a facile and low-cost extrusion-based 3D 

printing approach was developed to fabricate an all-fiber integrated electronic device via 

combining printed fiber-shaped temperature sensors (FTSs) with printed FASCs.173 It should be 

noted that the PVA/KOH gel electrolyte was also printed on the as-printed positive and negative 

fibers (Figure 1.4.2 g). The assembled all printed fiber device showed high flexibility and 

excellent cycling stability under repeated bending (Figure 1.4.2h-k). 
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Figure 1.4.2 (a) Schematic illustration of 3D printing of an interdigitated asymmetric MSC 

on the gold current collector. The gel-like electrolyte was injected into the channels between 

the anode and cathode. (b) SEM image of 3D-printed 4-layer electrodes. (c) Areal and 

volumetric capacitances of the 3D printed asymmetric MSC. (d) Comparison of the 3D 

printed MSC and other reported asymmetric interdigitated MSCs.160 (e) Schematic of 3D 

printing of the FASC device. (f) Digital image of the wet fiber during the printing process. 

(g, h) SEM images of the printed fiber electrode and assembled FASC device. (i) Schematic 

of the assembled FASCs device. (j) CV of the assembled device measured at different voltage 

window. (k) Capacitance retention of the FASC devices after repeated bending.173 

 

1.4.3 All 3D-printed Zn-based Batteries 

In addition to Li/Na batteries, Zn-based battery is another new type energy storage system, which 

has attracted much attention due to the low cost of zinc metal and high safety of using aqueous 

electrolytes.174-184 Printing techniques are efficient and low-cost additive manufacturing method. 

Thus, the employment of printing technique in Zn-based batteries can further reduce the total 

fabrication cost and improve the efficiency, thereby boosting the development of Zn-based 

batteries as promising energy storage system, especially wearable power source systems.185-187  

 

For example, Wang et al. first reported the fabrication of a rechargeable, skin-worn Ag-Zn tattoo 

battery consisting of screen-printed electrodes, temporary tattoo paper, alkaline gel electrolytes 

and a PDMS cover for sealing the battery (Figure 1.4.3a).188 The designed Ag-Zn tattoo battery 

exhibited a high capacity in the range of 1.3-2.1 mAh cm-2 and can be easily worn by a person for 
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powering a red LED. Steingart et al. reported highly flexible, printed Zn-MnO2 batteries based on 

mesh-embedded electrodes by using the stencil printing method.189 As illustrated in Figure 1.4.3b, 

a nylon mesh was applied as a support for the electroactive inks. The Zn and MnO2 inks were then 

stencil printed on the nylon-mesh substrates. Silver ink was stencil printed onto the mesh as the 

current collector. Finally, the battery was assembled by stacking the mesh-embedded electrodes 

and a PAA gel polymer electrolyte. The flexible Zn-MnO2 battery displayed a high discharge 

capacity of 5.6 mAh cm-2 at a current of 0.5 mA. Moreover, the discharge capacity remained well 

without any decrease even after repeated bending. Wang et al. reported for the first time an all-

printed, stretchable Zn-Ag2O rechargeable battery by using low-cost screen printing of highly 

elastic, conductive inks.190 The novelty of this study hinged on the using of polystyrene-block-

polyisoprene-block-polystyrene (SIS) as an elastic binder for stretchable batteries. The printed Zn-

Ag2O battery can be stretched into various shapes and exhibited a reversible capacity of around 

2.5 mAh cm-2 even after multiple iterations of 100% stretching. Despite the great progress in 

printed Zn-based batteries, the capacity densities are still not desirable. More recently, 

Subramanian et al. developed a packaged, fully printed Zn-Ag2O battery with a vertical cell 

geometry by using the stencil printing approach (Figure1.4.3d).191 The printed battery was 

constructed by a zinc anode and a monovalent silver oxide cathode with an aqueous potassium 

hydroxide (KOH) electrolyte. The fully printed cell with vertical geometry and electrodes as small 

as 1 mm2 was achieved, demonstrating a high areal capacity of 11 mAh cm-2 with 250 µm thick 

electrodes. 
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Figure 1.4.3 (a) Schematic illustration of the fabrication process of the Ag-Zn cell through 

the screen printing method and the prototype of the Ag-Zn cell on temporary transfer tattoo 

support.188 (b) Flow diagram showing the fabrication steps for the mesh-embedded, printed 

MnO2 cathode and Zn anode with a printed silver current collector, and the optical image of 

a flexible Zn-MnO2 battery laminated inside a polyethylene pouch.189 (c) Schematic of screen 

printing of a Zn-Ag2O battery on a stretchable textile and corresponding digital photos of 

sealed battery with different stretched stages.190 (d) Schematic illustration of fabrication 

process of the printed Zn-Ag2O battery and 1mm printed Zn anode compared to a 

commercially packaged device and an unpackaged chip.191 

 

1.5 Thesis objectives 

As has been thoroughly reviewed, the extrusion-based 3D printing technique has been widely used 

in energy storage fields due to its great advantages in fabricating 3D macro/microstructures with 

controllable shape and thickness. The application of 3D printing in batteries are mainly divided 



28 

 

28 

 

into three categories: 1) 3D printing of advanced anodes or cathodes, 2) 3D printing of solid-state 

electrolytes, and 3) fabrication of all 3D-printed high-energy-density micro-structured batteries. 

Based on this, the thesis objectives are divided into five topics. 

(1) To fabricate 3D macro/micro-structured Li-ion battery cathodes (LiFePO4) via the 3D printing 

method. The designed 3D structures can facilitate the electron/ion transport within thick electrodes, 

which can realize high energy and power density LIBs. 

(2) To construct hierarchically porous Si electrodes via a low-cost and efficient 3D printing 

approach. The 3D-printed hierarchically porous structures can effectively address the huge volume 

change of Si anodes. Meanwhile, the unique structures can allow fast electron/ion transport. 

(3) To fabricate thin solid-state electrolytes via a low-cost and scalable 3D printing approach. 

Solid-state batteries are promising due to high safety and high energy density. However, it is of 

great challenge to fabricate a thin solid electrolyte via a low-cost and facile approach. Thus, 3D 

printing offers a promising strategy to fabricate shape-versatile and thin solid electrolytes, which 

can reduce the total weight of a cell and shorten the Li+ transport path, thereby increasing the 

energy density and power density of a solid battery. 

(4) To construct high-performance sodium metal batteries via the 3D printing method. 3D-printed 

Na@rGO/CNT composites were fabricated for suppressing the Na dendrite problem during 

cycling. Meanwhile, a sodium layered cathode was printed for achieving a high energy density 

sodium metal battery. 

(5) To develop high-voltage layered oxides cathodes for SIBs. In order to further improve the 

energy density of 3D-printed sodium batteries, P2- Na2/3Ni1/3Mn2/3O2 high-voltage cathodes were 

synthesized. Atomic layer deposition (ALD) of AlPO4 was applied to the cathode for improving 

the cycling performance.   

 

1.6 Thesis outline 

The outline of this thesis is listed as follows: 

Chapter 1 presents a general introduction of various 3D printing techniques, particularly the 

extrusion-type 3D printing technology, and an overview of current research states of extrusion-

type 3D printing applied in fabricating various 3D architectures for energy storages devices. 
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Chapter 2 describes the experimental methods and characterization apparatus used in the work of 

this thesis. 

 

Chapter 3 describes the employing of extrusion-type 3D printing method for constructing 3D-

patterned ultrathick LiFePO4 electrodes for high-areal-energy and high-power-density LIBs. The 

excellent electrochemical performances are attributed to the unique 3D architectures which could 

greatly improve the ion and electron transport within the whole electrode. 

 

Chapter 4 demonstrates the realization of patterned silicon electrodes with vertically aligned and 

multi-scaled porous structures for achieving high-areal capacity LIBs through a facile and low-

cost 3D printing approach. Compared to conventional flat 2D Si electrodes, the 3D-printed Si 

electrodes possess vertically aligned mass/ionic transport pathways and macro/micro-scaled 

porosities, which can facilitate the electron/ion transport and effectively mitigate the huge volume 

expansion during the cycling process by providing extra free space. 

 

Chapter 5 presents the fabrication of shape-versatile and thin LAGP solid electrolytes for high-

performance solid-state Li-metal batteries via a low-cost and efficient extrusion-based 3D printing 

approach. Compared with the conventional pressed thick solid-state electrolyte pellets, the 3D-

printed LAGP thin electrolytes can increase the energy density and power density of a cell. In 

addition, various patterned LAGP architectures are easily fabricated, which broadens the diversity 

of solid batteries with various size and shapes. 

 

Chapter 6 describes the constructing of a high-performance SMB consisting of a printed 

Na@rGO/CNT anode and a printed O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 (denoted as NCNFM) cathode. 

The 3D-printed Na@rGO/CNT can effectively suppress the Na dendrite growth by decreasing the 

local current density and releasing the huge volume change of Na during cycling. On the other 

hand, the 3D-printed micro-structured NNCFM cathode composed of interconnected CNTs and 

porous polymer framework can enable fast electron and ion transport as well as facilitated 

electrolyte penetration within the whole electrode.  
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Chapter 7 describes the study of using an electrochemically stable nanoscale surface coating of 

AlPO4 to stabilize the P2- Na2/3Ni1/3Mn2/3O2 with controllable thickness via atomic layer 

deposition (ALD). The right amount of AlPO4 coating layer can suppress the reduction of Mn upon 

cycling, thus improving the structural stability of the cathode material. 

 

Chapter 8 presents a summary of the work in this thesis and describes future work.  
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Chapter 2 

2 Experimental Methods and Characterization Techniques 

2.1 Experimental methods 

2.1.1 3D printing of free-standing patterned LiFePO4 (LFP) thick electrodes 

The preparation process includes two steps: LFP ink preparation and 3D printing process. The LFP 

ink preparation process can be described as follow: Commercialized LFP nanoparticles were used 

as active materials. Highly concentrated LFP ink was prepared by first mixing 1400 mg of LFP 

nanoparticles, 200 mg of acetylene black (AB), and 100 mg multi-wall carbon nanotubes 

(MWCNTs, diameter of 40~60 nm, length of 2 µm) and grinding them well for a few minutes. 

Then 300 mg PVDF-HFP powder (Mw ~ 400000, Sigma-Aldrich) was dissolved in 1200 mg 1-

methyl-2-pyrrolidinone (NMP, Sigma-Aldrich), which was added into the mixed powder as a 

binder. Afterward, the obtained concentrated LFP gel was further mixed in a conditioning mixer 

(ARM 310, Thinky) at 2000 rpm for 25 min. Finally, a homogenized LFP paste was obtained for 

the 3D printing process.  

 



55 

 

55 

 

Figure 2.1 ARM 310 Thinky Mixer for ink preparation 

For 3D printing process: The as-prepared LFP ink was used to fabricate 3D structured electrodes 

by using a fused filament fabrication (FFF) DeltaMaker 3D printer modified with a paste 

extrusion-type tool head.  In detail, the as-prepared LFP ink was first loaded into a 3cc syringe. 

The syringe was subsequently subject to centrifugation at 3000 rpm for 3 min to expel out all air-

bubbles in the ink. A metal nozzle with an inner diameter of 200 µm was adopted and a Nordson 

EFD computer-controlled pneumatic fluid dispenser was used to control the printing extrusion 

pressures between 30 psi to 50 psi. The printing speed ranges from 6 mm s-1 to 10 mm s-1. After 

printing, the 3D structures were first immersed into a water coagulation bath for few minutes to 

remove the solvent, followed by freeze-drying for 24 h.  

 

Figure 2.2 Fused filament fabrication (FFF) DeltaMaker 3D printer  
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2.1.2 3D Printing of Patternable Silicon Electrodes  

The fabrication process includes two steps: Silicon (Si) ink preparation and 3D printing process. 

The Si ink preparation process can be described as follow: Si-SA(Sodium Alginate) ink was 

prepared by first mixing 350 mg of Si nanoparticles (50nm, Hongwu Nano), 140 mg multi-wall 

carbon nanotubes (MWCNTs, diameter of 40-60 nm, length of 2 um), and 70 mg of acetylene 

black (AB) and grinding them well by hand for a few minutes. After that, the SA solution (2.8 g, 

5 wt%) was added to the mixed powders as an aqueous binder. After that, the composites were 

further mixed in a conditioning mixer (ARM, Thinky) at 2000 rpm for 40 minutes to obtain a 

homogenous and viscous ink. Finally, the obtained Si-SA ink was loaded into a 3cc syringe for 

printing.  

 

Figure 2.3 Freeze-Drier for drying the printed structures 

 

For 3D printing process: 3D printing process was conducted on a fused filament fabrication (FFF) 

DeltaMaker 3D printer modified with a paste extrusion-type tool head. The syringe with Si-SA ink 

was subject to centrifugation at 3000 rpm for 3 minutes to expel out the air-bubbles prior to the 

printing process. A Nordson EFD computer-controlled pneumatic fluid dispenser provides the 
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appropriate pressure to extrude the ink through a metal nozzle with an inner diameter of 200 um 

and control the flow rate. The printing speed ranges from 6 mm s-1 to 10 mm s-1 depending on the 

printing pressure and ink viscosity. The 3D structures were printed directly on the Cu foil. The 

printed 3D Si electrodes were post-treated in two ways: one was directly dried in air. The other 

was freeze-dried for 24h to obtain the designed 3D architecture. 

 

2.1.3 3D Printing of Thin Solid-State Electrolyte LAGP (Li1.5Al0.5Ge1.5P3O12) 

The fabrication process includes two steps: Ink Preparation and 3D printing process. The typical 

fabrication process of LAGP ink was described as follows: 4.0 g LAGP powders were first mixed 

with 1.0g of Pluronic F127 solution (10%) to obtain the homogeneous gel. After that, 2g polyvinyl 

alcohol (PVA) aqueous solution (15%) and 0.6 g sodium alginate (SA) aqueous solution (10%) as 

binders were added into the obtained gel to increase the viscosity of the ink. Subsequently, the 

obtained LAGP gel was further mixed well in a conditioning mixer (ARM, Thinky) at 2000 rpm 

for 10 min to obtain a homogenous and viscous ink for 3D printing. 

 

3D printing process: The as-prepared ink was first loaded into a 3ml syringe. Afterward, the ink 

was subject to centrifugation for 5min at 3000 rpm to remove the air bubbles. A fused filament 

fabrication (FFF) DeltaMaker 3D printer modified with a paste extrusion-type tool head was used 

to fabricate uniform solid electrolyte film. The ink was deposited onto a glass substrate with 

extrusion pressure controlled by a Nordson EFD fluid dispenser. A metal nozzle with an inner 

diameter of 150 µm was adopted. The printing speed was adjusted in a range from 6 to 12 mm s-1 

depending on the ink viscosity. After printing, the 3D-printed structures with glass substrate were 

aged in the air for drying. The dried structures were then sintered in a muffle furnace at 900℃ for 

6h with a ramping rate of 2.5℃ min-1.  
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2.1.4 3D Printing of GO/CNT skeleton 

The typical fabrication process of GO/CNT ink was described as follows: 50 mg MWCNT 

(diameter of 40 – 60 nm, length of 2 µm) was dispersed into 50 ml GO aqueous solution (GO ~ 

4mg/ml) and the mixture was then ultra-sonicated for 3h to obtain a well-dispersed suspension. 

Afterward, the GO/CNT suspension was concentrated by centrifugation to form a higher 

concentration of around 40 mg/ml. The concentrated suspension was further mixed well in a 

conditioning mixer (ARM, Thinky) at 2000 rpm for 10 min to obtain a homogenous and viscous 

ink. The 3D printing process was conducted on a fused filament fabrication (FFF) DeltaMaker 3D 

printer modified with a paste extrusion-type tool head. The syringe with GO/CNT ink was subject 

to centrifugation at 3000 rpm for 3 minutes to expel out the air-bubbles prior to the printing process. 

A Nordson EFD computer-controlled pneumatic fluid dispenser provides the appropriate pressure 

to extrude the ink through a metal nozzle with an inner diameter of 200 um and control the flow 

rate. The printing speed ranges from 8 mm s-1 to 12 mm s-1 depending on the printing pressure and 

ink viscosity. 

 

2.1.5 Fabrication of 3D Na@rGO/CNT composite electrode  

The printed GO/CNT skeleton was used as a 3D Na host. Thermal infusion of Na melting was 

carried out inside the Ar-filled glove box with both water and O2 level less than 0.1 ppm. Bulk Na 

(from Aldrich) was cut into small pieces first and then melted in a stainless-steel boat on a hot 

plate at ~ 300℃. The GO/CNT skeleton was instantaneously reduced to rGO/CNT by contacting 

with molten Na. Afterward, Na was slowly absorbed into the rGO/CNT skeleton, and the amount 

of Na infused can be controlled by controlling the contact time. The Na@rGO/CNT composite 

was finally obtained and can be directly used as the anode. 

 

2.1.6 Synthesis of O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 by Solid-State Reaction Method 

The O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 (NCNFM) was synthesized by a traditional solid-state reaction. 

Typically, a stoichiometric mixture of Na2CO3 (99%, Sigma-Aldrich), CuO (99%, Sigma-Aldrich), 

NiO (99%, Sigma-Aldrich), Fe2O3 (99%, Sigma-Aldrich), and Mn2O3 (99%, Sigma-Aldrich) was 

ball-milled for 5h in ethanol. An excess of 5% Na2CO3 was added to compensate the sodium loss 

at high temperature. The mixture was dried at 80℃ for 10h. The obtained powders were then 
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pressed into pellets, afterward, the pellets were heated at 850℃ for 15h. The heated pellets were 

cooled to room temperature and then transferred to an argon-filled glovebox until use. 

 

 

Figure 2.4 Thermal furnace for heating the O3-NCNFM precursor pellet 

 

2.1.7 3D Printing of O3-NCNFM skeleton 

The NCNFM ink was prepared by first mixing 900 mg of as-prepared Na-CNFM powders, 200 

mg of acetylene black (AB), and 100 mg of MWCNT followed by mixing them well for a few 

minutes. Then 1500 mg of 20% PVDF-HFP dissolved in NMP (PVDF-HFP 300 mg) was added 

into the mixed powders as a binder, the mixed gel was then transferred into a conditioning mixer 

(ARM 310, Thinky) to further mix the ink at 2000 rpm for around 30 min. After that, a 

homogenous and high viscous ink was obtained for 3D printing. The 3D printing process was 

conducted on a fused filament fabrication (FFF) DeltaMaker 3D printer modified with a paste 

extrusion-type tool head. The syringe with NCNFM ink was subject to centrifugation at 3000 rpm 

for 3 minutes to expel out the air-bubbles prior to the printing process. A Nordson EFD computer-

controlled pneumatic fluid dispenser provides the appropriate pressure to extrude the ink through 

a metal nozzle with an inner diameter of 200 um and control the flow rate. The printing speed 

ranges from 8 mm s-1 to 12 mm s-1 depending on the printing pressure and ink viscosity. 
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2.1.8 Synthesis of P2-Na2/3Ni1/3Mn2/3O2 (NMO)by Solid-State Reaction Method 

The P2-Na2/3Ni1/3Mn2/3O2 powders were synthesized by a simple solid-state reaction method. 

Typically, a stoichiometric mixture of Na2CO3 (99%, Sigma-Aldrich), NiO (99%, Sigma-Aldrich), 

and Mn2O3 (99%, Sigma-Aldrich) was ball-milled for 5 h in ethanol. An excess amount of 5% 

Na2CO3 was added to compensate for the sodium loss at high temperature. The mixture was dried 

at 80℃ for 10 h. The obtained powders were then pressed into pellets, afterward, the pellets were 

heated at 900℃ for 12 h. The heated pellets were cooled to room temperature and then transferred 

to an argon-filled glovebox until use. 

 

Figure 2.5 Ball-milling machine used for preparing P2-Na2/3Ni1/3Mn2/3O2 precursor 

 

2.1.9 Atomic layer deposition coating of AlPO4 on P2-Na2/3Ni1/3Mn2/3O2 Cathode 

AlPO4 was deposited on the P2-Na2/3Ni1/3Mn2/3O2 powders at 250℃ in a Savannah 100 ALD 

system (Ultratech/Cambridge Nanotech, USA) using trimethylaluminum (TMA, (CH3)3Al, 98% 

STREM Chemicals), trimethyl phosphate (TMPO, (CH3)3PO4, 97% STREM Chemicals), and 

distilled water (H2O) as precursors. AlPO4 was deposited in an exposure model by the sequence 

of TMA pulse (0.5 s) - exposure (1s) - purge (10 s) – H2O pulse (1s) – exposure (1s) – purge (15 

s) – TMPO pulse (2s) – exposure (1s) – purge (10 s)- H2O pulse (1s)- exposure (1s)-purge (10s). 

Nitrogen gas (99.999 %) was used as a carrier gas at a flow rate of 20 sccm. AlPO4 layers were 
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directly deposited on the P2-Na2/3Ni1/3Mn2/3O2 powders by repeating the above ALD cycles. In 

this work, 2, 5, 10, and 20 ALD cycles were selected to control the coating thickness, each of the 

sample was denoted as NMO-nAP, where n means the ALD cycle number and AP means AlPO4.  

 

 

Figure 2.6 Savannah 100 ALD system (Cambridge Nanotech, USA) 

 

2.2 Characterization Techniques 

2.2.1 Physical Characterization methods 

A variety of techniques including SEM, EDX, XRD, RAMAN, TEM, FTIR, and XAS are used to 

characterize the morphologies, composition, crystal structures, functional groups, and chemical 

environment of the materials studied. This section will give a brief review of these techniques. 

 

The morphology of the materials was checked by using SEM (Hitachi S-4800). The SEM was 

operated at 5 kV under high vacuum condition to observe the morphologies of the samples. The 

SEM was coupled with an EXD which could provide information about elemental distribution and 

compositions within the samples. 
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Figure 2.7 High-Resolution Field-Emission SEM (Hitachi 4800) 

 

X-ray diffraction (XRD) is a useful tool for studying the crystal structure of the materials. XRD 

measurements were conducted using a Bruker D8 Advanced (Cu Kα source, 40 kV, 40 mA) 

spectrometer. The digital photo of XRD device is shown in Figure 2.8. 

 

 

Figure 2.8 X-ray Diffraction System (Bruker D8 Advance) 
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Raman spectroscopy is a spectroscopic technique used to identify molecules and study the 

vibration of chemical bonds through detecting the inelastic scattering of incident monochromatic 

light. The laser light interacts with molecular vibrations, resulting in the energy shift and gives 

information about the vibration models in the system. The Raman spectra were collected on a 

HORIBA Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser as shown in 

Figure 2.9. 

 

 

Figure 2.9 Raman Spectroscopy System (HORIBA Scientific LabRAM HR) 

 

TEM is an important technique for studying the detailed morphology of the materials. Compared 

to SEM, TEM is capable of imaging at a much higher resolution, which could gain several 

nanometers- and even atomic-resolution information. TEM measurements were carried out on an 

instrument of FEI Quanta FRG 200F operated at 200 kV.  
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Figure 2.10 High-Resolution Field-Emission TEM (FEI Quanta FRG 200F) 

 

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain the infrared 

absorption or emission of a sample. FTIR spectra were collected by a Nicolet 6700 FTIR 

spectrometer. 

 

Figure 2.11 Nicolet 6700 FTIR spectrometer 
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X-ray absorption spectroscopy is a synchrotron radiation technique, which is used to study the 

chemical states and local structure of materials through the absorption of X-ray by atoms, where 

the core-level electrons are ejected and core-holes are left. The absorption energy is determined 

by the electronic structures of atoms in the samples studied, therefore it can provide detailed 

information on the chemical states and local structures of materials. Figure 2.11 presents the 

beamlines at the Canadian Light Source. 

 

 

Figure 2.12 Schematic of beamlines at Canadian Light Source 

 

 

2.2.2 Electrochemical measurements 

The electrochemical performances of all the electrodes were measured using CR2032 coin cells. 

The 3D-printed electrodes (3D-printed LFP, 3D-printed Si, 3D-printed Na@rGO/CNT, and 3D-

printed NNCFM) are directly used as the electrodes in various batteries systems without any post-

treatment. For the AlPO4 coated P2-NMO sodium cathode electrode, the electrodes were prepared 

by mixing active material, acetylene black (AB) and poly (vinylidene fluoride) (PVDF) in a ratio 

of 80:10:10 in N-methyl-pyrrolidone (NMP). The slurry was then pasted on Al foils and dried at 

80℃ under vacuum for overnight. The electrolytes used in this thesis are determined by the 

batteries system and materials studied. For 3D-printed self-supported LFP cathodes: the liquid 

electrolyte was 1M LiPF6 dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate 
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(DMC), and diethyl carbonate (DEC) with a volume ratio of 1:1:1, and a polyethylene Celgard 

2400 was used as the separator. For 3D-printed micro-patterned Si anodes: 1M LiPF6 dissolved in 

a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1) with 10% FEC as additive 

was used as the electrolyte, and a polyethylene Celgard 2400 was used as the separator. For 3D-

printed thin solid electrolyte LAGP, the printed thin film was directly used as electrolyte and 

separator without using liquid electrolyte and separator membrane. For 3D-printed Na@rGO/CNT 

electrodes, the electrolyte used was 1 M sodium hexafluorophosphate (NaFP6 98%, Aldrich) 

dissolved in diglyme (Sigma Aldrich) without any additives. For P2-NMO sodium cathode: 0.5 M 

sodium hexafluorophosphate (NaFP6 98%, Aldrich) dissolved into propylene carbonate (PC, 2% 

FEC) was used as the electrolyte. Glass fiber (GF) was used as the separator. All the coin cells are 

assembled in a highly pure Argon-filled glove box with the O2 and H2O level less than 0.1 ppm. 

Figure 2.13 is a digital photo of the Argon-filled glove box. The electrochemical performances of 

all the coin cells were tested on a LAND test system (Figure 2.14).  

 

 

Figure 2.13 Argon-filled glove box for coin-cell assembly 
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Figure 2.14 Digital photo of the LAND battery testing system 

Cyclic voltammetry (CV) is an important and widely used electroanalytical technique for studying 

the electrochemical behaviors of Li/Na batteries. CV is a type of potentiodynamic electrochemical 

measurement. In a CV experiment, the working electrode’s potential is ramped in the opposite 

direction to return to the initial potential. The current at the working electrode is plotted vs. the 

applied voltage to give the cyclic voltammogram trace. For Li/Na batteries, the CV curves can 

reflect potentials where lithium/sodium insertion/desertion or the redox reactions take place. 

Figure 2.15 shows the optical photo of the Bio-Logic multichannel potentiostat 3/Z (VMP3) for 

CV measurements.  

 

Figure 2.15 Photo of the Bio-Logic multichannel potentiostat 3/Z (VMP3) 
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Chapter 3 

3 Toward High Areal Energy and Power Density Electrode for Li-

Ion Batteries via Optimized 3D Printing Approach 

High-energy and power density lithium-ion batteries are promising energy storage systems for 

future portable electronics and electric vehicles. Here, three-dimensional (3D) patterned 

electrodes are created through the paste extrusion-based 3D printing technique realizing a trade-

off between high-energy density and power density. The 3D electrodes possess several distinct 

merits over traditional flat thick electrodes, such as higher surface area, shorter ion transport 

path, and improved mechanical strength. Benefiting from these advantages, the 3D-printed thick 

electrodes present the higher specific capacity and improved cycling stability compared with those 

of the conventional thick electrodes. Comparing to the previous studies on 3D-printed electrodes, 

this study investigates the influence and optimization of 3D printed LiFePO4 (LFP) electrodes with 

three different geometric shapes to achieve a high rate performance and long-term cycling stability. 

Accordingly, a series of 3D electrodes with different thickness were created and an ultrathick 

(1500 µm) 3D-patterned electrode exhibits a high areal capacity of around 7.5 mA h cm-2, 

presenting remarkable value for state-of-the-art LFP cathodes. This work demonstrates 

patternable 3D printing as a potential strategy to fabricate thick electrodes toward high areal 

energy density and power density, which holds great promise for the future development of high-

performance energy storage devices.  
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3.1 Introduction 

The advance of portable electronics and electric vehicles has stimulated the development of energy 

storage devices with increasingly higher energy density and power density during the past decades. 

1-4 To meet the growing demands for advanced energy storage systems, tremendous efforts have 

been devoted to developing new electrode materials with high capacity.5-7 The design of electrode 

architectures for achieving higher energy density and power density storage devices is a particular 

point of focus. Regarding this respect, it is important to have the capability to optimize the 

electrode architecture design as it greatly affects the transport of ions and electrons, as well as the 

kinetic reaction. 8-12 One promising strategy is to create thicker electrodes with higher areal mass 

loading to meet the high energy density requirement.13 Unfortunately, the traditional blade-casted 

thick electrode limits the transport of ions and electrons across the thick electrode, resulting in 

poor power density and incomplete utilization of active materials.8, 14 Moreover, the active material 

detaches from the current collector with cycling, leading to a shorter cycle life. Three-dimensional 

(3D) batteries have been proposed to be a promising alternative approach to achieve a trade-off 

between high energy density and power density.15 Batteries with 3D architectures can possess 

higher energy density by increasing the electrode height to provide more active materials, while 

the ion diffusion length could be maintained at a constant value, suggesting that the energy density 

can be improved without sacrificing power density.   

 

3D printing, also known as advanced additive manufacturing (AM), has recently attracted much 

attention in the energy storage field due to its capability to enable the construction of complex 3D 

architectures accurately and efficiently.16-20 Importantly, 3D printing techniques can control 

electrode thickness by simply adjusting the printing layer count, changing the printing nozzle, and 

modifying the printing speed and pressures.21-23 For instance, Lewis and co-workers fabricated the 

first 3D-printed interdigitated Li-ion micro-battery architectures using a paste-extrusion type 

printing technique, where the printable cathode and anode inks were composed of LiFePO4 (LFP) 

and Li4Ti5O12 (LTO) nanoparticles dispersed in a highly concentrated slurry.24  Later on, Hu and 

coworkers successfully fabricated an interdigitated Li-ion micro-battery via a 3D printing 

technique based on graphene oxide (GO) composite inks consisting of highly concentrated GO 

suspensions with the cathode (LFP) and anode (LTO) active materials added.25 The printed full 

cell displayed a relatively stable discharge capacity of 91 mA h g-1, corresponding to a high areal 



70 

 

70 

 

capacity of 1.64 mA h cm-2 based on the high electrode mass loading of around 18 mg cm-2.  More 

recently, the 3D printed hierarchical porous framework containing graphene/Na3V2(PO4)3 

composite as Na-ion battery cathode was reported and displayed a high specific capacity as well 

as better cycling stability up to 900 cycles.26 Despite the progress being made on 3D printing for 

batteries, there has yet been a study that investigates the electrode micro-pattern effects on the 

electrochemical performance through the 3D printing technique. Meanwhile, great challenges still 

lie in the pursuit to develop low-cost, facile, and scalable printing processes/inks for practical 

application in future advanced energy storage systems.  

 

Herein, for the first time, we report the design of various 3D-patterned thick LFP electrodes that 

achieved high areal energy density performance through an optimized extrusion-based 3D printing 

approach. The printing ink in this work is quite similar to the general electrode slurry composition 

used for lithium-ion battery, which consists of LFP nanoparticles active material, acetylene black 

(AB), and multiwalled carbon nanotubes (MWCNTs) dispersed in a highly concentrated slurry 

composed of poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) dissolved in n-

methyl-2-pyrrolidone (NMP).  The 3D-printed micro-structured electrodes showed several distinct 

advantages over the conventional slurry-coated thick electrode: 1) The well-designed macro-pores 

in 3D-patterned architectures could increase the surface area of the electrode and facilitate the 

penetration of electrolyte into the active materials; 2) The continuous filaments composed of 

interconnected porous polymer framework and conducting MWCNTs networks with controllable 

inter-distance are able to accelerate the electron and ion transport. Moreover, the 3D-patterned 

thick electrode is composed of the filament with a shorter lithium ion diffusion length (less than 

150 µm) than that of the conventional slurry coating thick electrode; 3) The mechanical strength 

of the 3D-printed structures could help mitigate the challenge of deformation in conventional thick 

electrodes, thus improving the cycling stability of LIBs under high loading. As a result, three types 

of 3D-printed patterned thick electrodes have been developed; each of them presents a higher 

specific capacity and improved cycling stability compared with those of the conventional flat thick 

electrode. Furthermore, we fabricated a series of 3D electrodes with different printing layers and 

an ultrathick (1500 µm) 8-layers 3D-patterned electrode with an areal mass loading of around 50 

mg cm-2, exhibiting the high areal capacity of around 7.5 mA h cm-2 and presenting a desirable 

value for LFP cathode in practical high energy density LIBs application.  
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3.2 Experiment Section 

3.2.1 Preparation of LFP ink 

Commercialized LFP nanoparticles were used as active materials. Highly concentrated LFP ink 

was prepared by first mixing 1400 mg of LFP nanoparticles, 200 mg of acetylene black (AB), and 

100 mg multi-wall carbon nanotubes (MWCNTs, diameter of 40~60 nm, length of 2 µm) and 

grinding them well for a few minutes. Then 300 mg PVDF-HFP powder (Mw ~ 400000, Sigma-

Aldrich) was dissolved in 1200 mg 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich), which was 

added into the mixed powder as a binder. Afterward, the obtained concentrated LFP gel was further 

mixed in a conditioning mixer (ARM 310, Thinky) at 2000 rpm for 25 min. Finally, a homogenized 

LFP paste was obtained for the 3D printing process.  

 

3.2.2 3D printing process 

The as-prepared LFP ink was used to fabricate 3D structured electrodes by using a fused filament 

fabrication (FFF) DeltaMaker 3D printer modified with a paste extrusion-type tool head.  In detail, 

the as-prepared LFP ink was first loaded into a 3cc syringe. The syringe was subsequently subject 

to centrifugation at 3000 rpm for 3 min to expel out all air-bubbles in the ink. A metal nozzle with 

an inner diameter of 200 µm was adopted and a Nordson EFD computer-controlled pneumatic 

fluid dispenser was used to control the printing extrusion pressures between 30 psi to 50 psi. The 

printing speed ranges from 6 mm s-1 to 10 mm s-1. After printing, the 3D structures were first 

immersed into a water coagulation bath for few minutes to remove the solvent, followed by freeze-

drying for 24 h.  

 

3.2.3 Materials characterizations 

The morphologies of all the samples were observed by using a Hitachi S-4800 field-emission 

scanning electron microscope (SEM). X-ray diffraction (XRD) measurements were conducted 

using a Bruker D8 Advance (Cu-Kα source, 40 kV, 40 mA) spectrometer.   

 

3.2.4 Electrochemical measurements 

The electrochemical performance of the 3D-printed LFP electrodes was tested in 2032-coin cells.  

All cells were assembled in an Ar-filled glovebox with Li foil as counter and reference electrodes. 



72 

 

72 

 

The liquid electrolyte was 1M LiPF6 dissolved in a mixture of ethylene carbonate (EC), dimethyl 

carbonate (DMC), and diethyl carbonate (DEC) with a volume ratio of 1:1:1. The galvanostatic 

charge-discharge performance was evaluated with a LAND test system in a voltage range of 2.5-

4.2 V (vs. Li/Li+) at room temperature.  

 

3.3 Results and Discussion 

3.3.1 Morphology and Structural Characterization 

Figure 1a is a schematic illustration of the fabrication process of 3D printing self-supported LFP 

electrodes. The printable LFP composite ink (Figure S1a) was prepared by first adding LFP 

nanoparticles, AB and MWCNTs into PVDF-HFP/NMP to form the slurry. The high-

concentration mixture was then mixed homogeneously by a Thinky mixer prior to the printing 

process. Subsequently, the obtained LFP ink was loaded into a syringe as shown in Figure S1b 

and then extruded through a metal nozzle with an inner diameter of 200 µm onto a glass slide 

substrate. The process was controlled by a pre-designed program. The 3D printed object together 

with the glass slice substrate was then subjected to a water bath for solvent exchange. After soaking 

in the water bath for few minutes, the printed structure was smoothly peeled off from the glass 

substrate and a free-standing electrode with a smooth surface and improved mechanical strength 

was obtained after freeze-drying for 24h. Figure 1b shows various 3D-printed complex shapes 

and structures designed by a 3D-software, demonstrating that 3D printing technique has great 

ability and potential in fabricating batteries with complex shapes and configurations.  
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Figure 3.1 a) Schematic illustration of 3D-printed self-supported LFP electrodes, and b) 

Optical images of 3D-printed LFP structure with various patterns.  

 

Since 3D printing can construct various shapes and structures, three typical circle-shaped patterns 

were selected for printing LFP electrodes to explore the best electrochemical performance in coin-

cell LIBs as shown in Figure S2. The microstructures and morphologies of the three types of 3D-

printed LFP electrodes were first investigated by scanning electron microscopy (SEM) as shown 

in Figure 2. Figure 2a, 2e, and 2i show the schematic of the circle-grid, circle-ring, and circle-

line pattern LFP electrodes, respectively. The microstructure of the grid-like pattern is clearly 

visible in Figure 2b. The diameter of the filament is around 100 µm-150 µm, which is a little 

smaller than that of the metal nozzle used for the printing. The diameter decreasing results from 

the shrinkage of the polymer binder during the solvent removal step in the drying processes. It 

should be noted that the decreased diameter of the dried filament might reduce the ion transport 

length, thereby improving the rate performance of the electrodes. The interval between the two 

filaments, which could be controlled by the printing procedure, is controlled to be around 500 µm. 

The well-designed interval space was able to facilitate the diffusion of electrolyte to the active 

materials. The surface of the filament is very smooth and each filament shows a very dense 

structure, ensuring a high material loading density. The magnified SEM images in Figure 2c and 

2d show that the LFP nanoparticles and AB nanoparticles are uniformly wrapped by the PVDF-

HFP binder, and the CNTs are interconnected between the LFP and AB nanoparticles, thus 

forming an interconnected porous framework and continuous conducting network. Figure 2f and 

2j show the microstructure with a ring-like pattern and line-like pattern, respectively. The 

diameters of the filaments in these two patterns are similar to that of the grid pattern. The magnified 

SEM images in Figure 2h and 2i also reveal that these two patterned electrodes are constructed 

by the layered filaments consisting of the active material wrapped by a porous polymer framework 

and conducting carbon network, thereby facilitating the ion/electron transport.   
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Figure 3.2 Schematic and SEM images of three types of 3D-printed LFP electrodes. a) 

Schematic illustration and b, c, and d) SEM images of 3D-printed circle-grid pattern LFP 

electrode. e) Schematic illustration and f, g, and h) SEM images of 3D-printed circle-ring 

pattern LFP electrode. i) Schematic illustration and j, k, and l) SEM images of 3D-printed 

circle-line pattern LFP electrode. 

 

To further examine the uniform distribution of LFP nanoparticles into the printed architectures, 

SEM-EDS elemental mapping was carried out as shown in Figure S3. The elemental mapping 

images suggest a homogeneous distribution of C, F, Fe, P, and O in the whole structure. Figure 

S4 shows the EDS spectra and corresponding elemental percentage table of the 3D-printed LFP 

electrode. The atomic ratio of Fe: P: O in the printed electrode is around 0.94:1:4.3, which is very 

close to the theoretical atomic ratio of Fe: P: O (1:1:4).  To verify the phase stability of the LFP 

during the ink preparation and freeze-drying process, X-ray diffraction (XRD) measurement was 

conducted to compare the phase of pristine LFP nanoparticles and that of the 3D-printed LFP 

electrodes. As presented in Figure S5, the LFP powders and 3D-printed LFP electrodes exhibit 
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the same diffraction peaks, indicating that the ink preparation and post-drying process did not alter 

the crystal phase of the LFP, which is critical for maintaining desired electrochemical performance.  

 

3.3.2 Electrochemical Characterization 

The electrochemical performances of the three types of 3D-printed LFP electrodes were evaluated 

in coin-cells. All three LFP electrodes have an areal mass loading of around 10 mg cm-2. The rate 

capabilities of the 3D-printed three types of LFP electrodes were first examined at different rates 

from 0.1 C to 4.0 C within the voltage window of 2.5-4.2V.  As shown in Figure 3a, each of the 

three types of LFP electrodes exhibits the high specific capacity of around 150 mA h g-1at a low 

current density of 0.1C at the initial cycle, close to the theoretical specific capacity of LFP (170 

mA h g-1). It is interesting that the three types of LFP electrodes present similar specific capacities 

when cycling at lower C-rates such as 0.1 C, 0.5 C, and 1 C, however, the specific capacities show 

obvious differences at higher C-rates of 2.0 C and 4.0 C among the three patterned LFP electrodes. 

When the current density changed back to 0.1 C, all of the three patterned LFP electrodes exhibit 

a specific capacity of around 150 mA h g-1, indicating a good reversibility of the 3D-printed LFP 

electrode. The rate performance comparison among the three patterned LFP electrodes indicates 

that the micro-structures of the electrodes have a distinct effect on the battery performance. Figure 

3b, 3c, and 3d show the charge/discharge curves of the three patterned electrodes at various 

current densities, revealing a clear pattern on the electrochemical behavior of the cells. The 

comparison of overpotential at various current densities for the three types of patterned electrodes 

is presented in Figure S6. It should be noted that the line-patterned electrode exhibits much lower 

overpotential at various cycling rates due to its well-designed micro-structure, facilitating the ion 

and electron transport, particularly at high current densities.  

 

The cycling stability of the 3D-printed patterned LFP electrodes was further examined at the 

current density of 1 C with the first six cycles activated at 0.1 C. As shown in Figure 3e, the initial 

discharge capacities of the grid, ring, and line patterned electrodes are 149.3, 145.8, and 144.6 mA 

h g-1, with the initial Coulombic efficiency of 98.88%, 98.98%, and 98.14%, respectively. Each of 

the three patterned LFP electrodes displayed the discharge capacity of around 132 mA h g-1 after 

a few cycles at the lower current density of 0.1 C. Moreover, the line-patterned electrode presents 

an excellent cyclability over 150 cycles without any capacity fading. By contrast, the grid-
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patterned and ring-patterned electrodes deliver a discharge capacity of 102.4 and 105 mA h g-1, 

demonstrating the capacity retention of 77.4% and 79.1%, respectively. This result suggests that 

the line-pattern microstructure possesses more advantages over the other two patterned 

microstructures, which is in accordance with the results from the rate performance comparison. 

For demonstrating the advantages of 3D-printed electrodes in achieving high-performance 

batteries, conventional slurry-coated thick electrodes were fabricated to compare with 3D 

patterned electrodes. As observed in Figure S7a, the electrode with an areal mass loading of 

around 10 mg cm-2 was prepared by using the slurry with the same composition with the printing 

ink. Some cracks were observed on the electrode. When the thickness of the conventional electrode 

was further increased, as demonstrated in Figure S7b, severe electrode cracking and detachment 

from the Al current collector was observed. This phenomenon is common in thick electrodes 

fabricated by a typical slurry coating process, can be attributed to the weak adhesion between the 

electrode components and metal current collectors and the shrinkage of the electrode materials 

during the drying process, which causes a failure to maintain the electrode structural integrity.11, 

27-28 The ease of deformation of the conventional thick electrode leads to the shorter cycle life and 

poor safety. As shown in Figure S7c, the conventional thick electrode with an areal mass loading 

of around 10 mg cm-2 exhibits an initial discharge capacity of approximately 124 mA h g-1 with a 

dramatic capacity fade occurring with a capacity retention of 51.8% after 115 cycles.  This 

comparison clearly indicates that all the 3D-printed patterned electrodes show an improved 

specific capacity and cycling stability compared to the performance of the conventional thick 

electrode. The enhanced electrochemical performance of 3D-printed electrodes can be ascribed to 

the micro-scaled and nano-scaled multi-channeled architecture, which allows for fast lithium ion 

diffusion and efficient electrolyte penetration. In addition, the superior mechanical structure 

stability of the 3D-printed patterned electrodes is also a factor that contributes to the enhanced 

cycling stability.  
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Figure 3.3 Electrochemical performance of the three types of 3D-printed LFP electrodes. a) 

Comparison of rate performance of the three types of LFP electrodes. Charge-discharge 

voltage curves of b) 3D-printed grid pattern, c) 3D-printed ring pattern and d) 3D-printed 

line pattern LFP electrodes at various rates. e) Cycling performance of the three types of 

LFP electrodes at 1C with the first six cycles activated at 0.1 C.  

 

To further consider the superiorities of the 3D printing technique in building high-performance 

thick electrodes for LIBs, a series of line-pattern LFP electrodes with different thickness were 

fabricated by the 3D printing method. Figure S8 shows four 3D-patterned electrodes with different 

printing layers (2 layers, 4 layers, 6 layers, and 8 layers) on the same glass slice substrate before 
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dried. After coagulation in a water bath followed by freeze-drying, free-standing electrodes with 

increased mechanical strength were obtained and the pre-designed patterned structures were 

successfully reproduced (inset in Figure 4a).  Figure 4a presents the comparison of the practical 

and theoretical thickness of the printed electrodes as a function of printing layer number. The 

theoretical thickness of one layer is set to be 0.2 mm. It should be noted that the practical value of 

the electrodes thickness is a little bit smaller than the theoretical value due to above-mentioned 

shrinking. As shown in Figure S9, the thickness of 8 layers of electrode is 1.5 mm, and the printed 

electrode thickness demonstrates an approximately linear relationship with the printing layer 

number, which can be ascribed to the uniform features of each printing filament layer. This result 

also discloses that the bottom filament layer is mechanically strong enough to maintain the 

structure during the entire layer-by-layer printing process.  

 

The electrochemical performance comparison of the 3D-printed electrodes with different printing 

layers is displayed in Figure 4b. It clearly shows that electrodes with 2 layers, 4 layers, 6 layers, 

and 8 layers exhibit the high stable areal capacity of around 2.07, 4.3, 6.0, and 7.5 mA h cm-2, 

respectively. All these areal capacity values, especially 7.5 mA h cm-2, demonstrate the practical 

application for LFP cathodes in LIBs. Moreover, it should be mentioned that the areal capacity 

values of different layered electrodes reveal an almost linear relationship with the layer number 

except for the 8-layered electrode. This phenomenon further confirms that the 3D structure is 

beneficial for ion transportation even within an ultrathick electrode. Figure 4c shows the 

charge/discharge profiles of the 3D-printed LFP electrodes with different layers, all presenting 

typical charge/discharge plateaus at around 3.5 V.  The plotted curve in Figure 4d clearly displays 

the comparison of this work with previously reported data in the literature, in terms of areal energy 

and power densities.11, 13, 22, 24, 29-34 As highlighted with a red star, the 3D-printed 8 layered line-

patterned electrode could present the high areal energy density of 69.41 J cm-2 at the power density 

of 2.99 mW cm-2, thereby demonstrating great potential for practical high energy density LIBs 

application. The superior performance can be ascribed to well-designed 3D architecture that 

possesses short transport length which facilitates ion and electron diffusion during the cycling 

process, as well as accommodating substantial amounts of active materials which realizes high 

areal capacity.  
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Figure 3.4 a) Practical and theoretical thickness of the 3D-printed electrodes as a function of 

the printing layer number (inset: optical images of 3D-printed electrodes with different 

printing layers). b) Comparison of the areal capacity of the LFP electrodes with different 

layer numbers. c) Charge/discharge profiles of the LFP electrodes with different layer 

numbers. d) Comparison of power density and energy density of this work with previously 

reported values. 

 

3D electrodes with well-designed architectures via 3D printing technique has been proven to show 

many advantages over conventional slurry-coated flat electrodes in terms of delivering enhanced 

areal energy density, better power density, and cycling stability. As illustrated in Figure 5, 

although high power density can be achieved with a short ion transport distance, conventional thin 

electrodes can only deliver the low energy density as it lacks active materials. When a thick 

electrode is constructed by the conventional slurry coating method, the high energy density could 

be realized, however, the power density would be greatly restricted as the ion transport distance 

increases substantially. To this end, 3D electrodes can realize a trade-off between the high energy 

density and power density by maintaining a short and uniform ion diffusion path, ensuring that the 
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thick electrode can achieve high power density. Compared to previous 3D-printed LFP, this work 

demonstrates greatly improved power and energy density due to the optimized 3D printing process 

as well as the geometric considerations. This work also demonstrates that 3D-printed electrodes 

can realize the highest level of areal loading comparing to other advanced 3D electrode 

manufacturing methods.   

 

Figure 3.5 Schematic illustration of the comparison between ultra-thick a) traditional 

electrodes and b) 3D electrodes.  

 

3.4 Conclusion 

3D patterned self-supported thick electrodes for high areal energy and power density LIBs were 

realized by an optimized extrusion-type 3D printing technique. The resulting unique 3D structured 

electrodes were constructed by continuous layer-by-layer filaments composed of interconnected 

porous polymer frameworks and continuous conducting carbon networks, thereby greatly 

improving ion and electron transport. The well-designed 3D micro-structures were demonstrated 

to increase the surface area and maintain a short ion transport distance even within a thick electrode, 

facilitating the electrolyte penetration into the active materials as well as ion/electron diffusion. 

Due to these structural merits, the 3D-patterned electrodes exhibited superior electrochemical 

performance over conventional thick flat electrodes in terms of specific capacity and cycling 

stability. Moreover, an ultrathick electrode of 1500 µm 3D electrodes with 8 printed layers was 
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fabricated and presented a high areal capacity of approximately 7.5 mA h cm-2 and energy density 

of 69.41 J cm-2 at a power density of 2.99 mW cm-2, demonstrating comparable values with 

reported high-performance LFP cathodes fabricated by both 3D printing and other methods in 

literature. This work thus provides a facile, low cost, and easily scaled way to fabricate high areal 

loading/thick electrode to achieve high areal energy density with high power density, which holds 

great promise for future practical application of high energy density lithium-ion batteries. 
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Supporting Information 

 

 

 

 
 

Figure S 3.1 a) The as-prepared LFP ink, b) The LFP ink loaded into a 3cc syringe 

 
 

 
 

Figure S3.2 The optical images of the 3D-Printed three patterns of LFP electrodes 
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Figure S3.3 (a) SEM image and (b-f) corresponding C, F, Fe, P, and O element mapping 

images of the 3D-printed LFP electrode 

 

 

 
 

 
Figure S3.4 a) EDS spectra of the 3D-printed LFP electrode and its corresponding b) EDS 

elemental percentage table 
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Figure S3.5 XRD patterns of commercial LFP nanoparticles and 3D-printed LFP electrode 

 
Figure S3.6 Overpotential-rate plots for the three types of 3D-printed patterned electrodes 
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Figure S3.7 a) LFP electrode with a loading amount of around 10mg cm-2, b) LFP electrode 

with a loading amount of around 15mg cm-2 prepared by a traditional blade-casting method, 

and c) LFP cycling performance at a current of 1C rate 
 

 

 
 

Figure S3.8 3D-printed LFP electrodes with different layers on a glass-slice substrate before 

dried 
 



90 

 

90 

 

 
 

Figure S3.9 Measurement of the thickness of 8-layers patterned electrode 
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Chapter 4 

4     3D Printing of Vertically Aligned and Patternable Silicon Anodes for High Areal 

Capacity Li-Ion Batteries 

 

Silicon has been regarded as one of the most promising anode materials because of its high specific 

capacity. However, the main challenges associated with Si anodes: namely the huge volume 

expansion of Si and poor electrical conductivity, can result in a short battery cycle life. Moreover, 

the fatal disadvantage caused by large volume change is exacerbated under high Si mass loading. 

Herein for the first time, we developed a facile 3D printing approach to rapidly construct 

patternable and hierarchically porous Si architecture. The 3D-printed Si electrodes designed 

possess vertically aligned mass/ionic transport pathways and macro/micro-scaled porosities, 

which can facilitate electron/ion transport within the entire electrodes and effectively mitigates 

the huge volume expansion expected during cycling. As a result, these electrodes exhibited a 

reversible high areal capacity of around 3 mAh cm-2 (corresponding to a specific capacity of 1450 

mAh g-1). Moreover, even under a high mass loading of 3.81 mg cm-2, the electrodes display an 

extremely high initial areal capacity of 10.31 mAh cm-2 (corresponding to a specific capacity of 

2706.04 mAh g-1). This work thus opens a new and promising avenue for constructing novel 3D 

architectures for advanced energy systems.      
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4.1 Introduction 

Nowadays, lithium-ion batteries (LIBs) with high energy densities are highly desired for powering 

consumer electronics and electric vehicles.1-3 Silicon (Si) anodes have thus attracted tremendous 

interest in the past decades due to their high specific capacity (around 4200 mAh g-1), low cost, 

and relatively low discharge potential (≈0.4V versus Li+/Li). Despite possessing these 

distinguishing features, Si anodes have several intrinsic obstacles, namely huge volume expansion 

(nearly 400%) during the cycling process and poor electrical conductivity, which cause fast 

capacity fading, thereby greatly restricting their practical application.4-5   

 

Hitherto, numerous efforts have been made to address the aforementioned challenges, which can 

be classified into three main categories: 1) design of various nanostructured and porous silicon to 

alleviate the large volume change such as Si nanowire,6-7 Si nanotubes,8 mesoporous Si,9 and 

hollow particles.10 2) Development of varied carbon-based composites (graphene-Si, CNT-Si, 

carbon nanosheets-Si) to enhance the overall electrical conductivity.11-12 3) Design of multi-

functional binders to enhance structural integrity.13-14 However, these strategies are either too 

complex and expensive or can hardly realize a desirable areal capacity. It is critical to develop a 

facile and low-cost approach in order to realize stable and high areal capacity Si anodes that can 

meet the requirements for practical application. 

 

Recently 3D printing, as an advanced additive manufacturing (AM) technique, has gained large 

scale attention for its capabilities in the fabrication of complex 3D structures and geometric shapes 

from various materials - and has been widely used in a wide range of areas, including biomedical 

fields15-16 as well as the fabrication of electronics17-18, catalysis19-21, and energy storage and 

conversion devices22-23. For instance, Hu and co-workers24 constructed a 3D holey graphene oxide 

(hGO) mesh with multiple levels of porosity (macroscale to nanoscale) through an extrusion-based 

printing technique. The printed 3D hGO electrode exhibited superior Li-O2 battery performance 

due to the designed hierarchical porous architectures. More recently, Fan and co-workers25 

employed 3D-printing in constructing a leaf-inspired architected graphene/Ni0.33Co0.66S2 aerogel 

where the resultant structures allowed rapid electron/ion transport, thus leading to superior 

electrochemical performance. These previous works demonstrate that 3D printing shows a 
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promising role in the manufacture of novel 3D architectures, which could provide new avenues 

for solving the major challenges associated with Si anodes. 

 

Herein, for the first time, we construct a 3D vertically aligned structure with multi-scaled porosities 

(denoted as 3D-VLMP) for silicon anodes using extrusion-based direct-ink-writing (DIW) 3D 

printing techniques, assisted with a freeze-drying post-treatment. The designed structure has 

multiple strengths: (1) the hierarchically porous 3D architecture enables electrode structural 

integrity, (2) the multiple levels of porosity (macro to micro) provides free space to accommodate 

the huge volume expansion of Si during repeated cycles and facilitates the access of electrolyte 

into the active materials, (3) the vertical walls constructing the micropores allows continuous and 

fast electron/ion transport pathways, (4) the interwoven filaments consisting of CNTs act as a high-

performance electrical network. Thus, the 3D-VLMP Si electrode is able to exhibit a high areal 

capacity of around 3 mAh cm-2 (corresponding to a specific capacity of 1450 mAh g-1) after 60 

cycles. Moreover, even under a high mass loading of 3.81 mg cm-2, the electrode can display an 

extremely high initial areal capacity of 10.31 mAh cm-2 (corresponding to a specific capacity of 

2706.04 mAh g-1). This work thus opens a new and promising avenue for constructing novel 3D 

architectures for advanced energy systems.     

     

4.2 Experimental Section 

4.2.1 Si-SA Ink Preparation 

Si-SA ink was prepared by mixing 350 mg of Si nanoparticles, 140 mg of multi-wall carbon 

nanotubes (MWCNTs, the diameter of 40-60 nm, length of 2 um), and 70 mg of acetylene black 

(AB) and then grinding them well by hand for a few minutes. Sodium alginate (SA) solution (2.8 

g, 5 wt%) was then added to the mixed powders as an aqueous binder. After that, the composites 

were further mixed in a conditioning mixer (ARM, Thinky) at 2000 rpm for 40 minutes to obtain 

a homogenous and viscous ink. Finally, the obtained Si-SA ink was loaded into a 3cc syringe for 

printing.  
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4.2.2 3D Printing Process 

The 3D printing process was conducted on a fused filament fabrication (FFF) DeltaMaker 3D 

printer modified with a paste extrusion-type tool head. The syringe with Si-SA ink was subject to 

centrifugation at 3000 rpm for 3 minutes to expel out the air-bubbles prior to the printing process. 

A Nordson EFD computer-controlled pneumatic fluid dispenser provides the appropriate pressure 

to extrude the ink through a metal nozzle with an inner diameter of 200 um and control the flow 

rate. The printing speed ranges from 6 mm s-1 to 10 mm s-1 depending on the printing pressure and 

ink viscosity. The 3D structures were printed directly on the Cu foil. The printed 3D Si electrodes 

were post-treated in two ways: one was directly dried in air. The other was freeze-dried for 24h to 

obtain the designed 3D architecture.  

 

4.2.3 Materials characterizations 

The morphologies of all the samples were observed by using a Hitachi S-4800 field-emission 

scanning electron microscope (SEM). Fourier-transform infrared spectroscopy (FTIR) spectra 

were collected by a Nicolet 6700 FTIR spectrometer. Raman spectra were collected on a HORIBA 

Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser.  

 

4.2.4 Electrochemical Measurements 

The electrochemical performance of the 3D-printed Si electrodes was tested in CR 2032-coin cells.  

All cells were assembled in an Ar-filled glovebox with Li foil as the counter and reference 

electrodes. The liquid electrolyte was 1M LiPF6 dissolved in a mixture of ethylene carbonate (EC) 

and diethyl carbonate (DEC) (1:1, by volume) containing 10% fluoroethylene carbonate (FEC). 

The galvanostatic charge-discharge performance was evaluated with a LAND test system within 

a voltage range of 0.01-1.5 V (vs. Li/Li+) at room temperature.  

 

4.3 Results and Discussion 

4.3.1 Morphology and Structure Characterization 
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Figure 4.1. Fabrication process and material characterization of the 3D-VLMP Si electrode.  

(a) Schematic illustration of 3D printing of vertically aligned silicon electrodes with multiple 

levels of porosities. (b to e) SEM images of the 3D-VLMP Si electrodes under different 

magnifications; (f and g) SEM image and corresponding EDX mappings of the 3D-VLMP Si 

electrode. 

 

The 3D patterned silicon electrodes with vertically aligned architecture and multiple levels of 

porosities were fabricated through a paste-extrusion type 3D printing method combined with a 

freeze-drying post-printing treatment as illustrated in Figure 4.1a. To obtain a printable ink for 

the DIW process, highly concentrated sodium alginate (SA) solution (5 wt %) was used as an 

aqueous binder to get a proper Si-SA ink with a suitable viscosity. The detailed ink preparation 

process can be found in the experimental section. The obtained homogeneous and highly viscous 

Si-SA ink was then transferred into a 3cc syringe for printing (Figure S4.1). The ink was then 

extruded through a metal nozzle onto the Cu foil controlled by a pre-designed program. 
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Subsequently, the as-printed Si electrode was freeze-dried for 24h to obtain the desired 3D 

microstructure.  

 

The microstructures and morphologies of the as-printed vertically aligned Si electrodes were first 

investigated by scanning electron microscopy (SEM). Figure 4.1b is a top-down SEM image of 

the 3D-VLMP Si electrode taken directly after the printing and freeze-drying procedures. It is clear 

that the 3D architecture with well-defined and interconnected macropores was well maintained. 

The 3D architecture was constructed from continuous and interwoven filaments with a diameter 

of around 150-200 µm. 3D architecture can enable excellent structural integrity without cracking. 

In contrast, as shown in Figure S4.2, the conventional slurry-coated 2D flat Si electrodes 

demonstrated severe cracking due to the huge amounts of stresses generated during the drying 

process. Figure 4.1c is an enlarged SEM image where it can be seen that the size of a macropore 

is around 150 µm (from 3D design) and numerous micropores (tens of micrometers) were 

generated from the freeze-drying process as observable on the filaments of the 3D architecture. 

More interestingly, the micropores are formed out of the vertical-wall structures consisting of 1D 

carbon nanotubes, 0D Si nanoparticles, and aqueous-based SA binder, as displayed in Figure 4.1d. 

Figure 4.1e shows the detailed morphology of the filaments. As observed from the magnified 

SEM image, CNTs are interconnected with Si and AB nanoparticles, forming nano-scaled pores 

and a continuous conducting network, which is beneficial for the electron/ion transport within the 

whole electrode. SEM elemental mapping was carried out to determine the distribution of Si 

nanoparticles in the printed architectures, as shown in Figure 4.1f and 4.1g. The elemental 

mapping images of the printed Si electrode display a uniform distribution of Si, C, Na, and O 

throughout the whole structure.  

 

Raman spectroscopy measurement was further conducted to gain insight into the composition of 

the printed Si electrodes. As depicted in Figure S4.3, Raman spectroscopy shows four 

characteristic peaks, the sharp peak located at 505 cm-1 is attributed to the Si-Si vibrational 

stretching mode in crystalline Si. Another two peaks (demonstrated in the inset image, Figure S3) 

at around 1338 and 1597 cm-1 can be assigned to the D and G bands of CNT. The peak intensity 

ratio of the IG/ID is around 1.02 , indicating the CNT has a crystalline structure.26 Figure S4.4 is 

the FTIR spectra of the printed Si electrodes, which shows typical bands of around 3440 and 1615 
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cm-1 attributed to the stretching of the -OH, and -COO-,  indicating the presence of sodium alginate 

binder. 27 

 

4.3.2 Electrochemical Characterization 

 

 
 

Figure 4.2. Electrochemical performances comparison of the Si electrodes with different 

structures. (a) Areal capacity vs. cycle number at a current of 1 Ag-1 for 60 cycles; (b and c) 

Charge-discharge profiles of the various Si electrodes at their 60th cycle; (d) Rate capability 

of the 3D-VLMP and Flat-NVLMP Si electrodes at various current densities from 0.5 to 5 

mA cm-2; (e and f) Charge-discharge profiles of the 3D-VLMP and Flat-NVLMP Si 

electrodes at various current densities from 0.5 to 5 mA cm-2; (g) The capacity retentions of 

the 3D-VLMP and Flat-NVLMP Si electrodes at a current density of 2 Ag-1, along with the 

Coulombic efficiency of the 3D-VLMP Si electrode over 300 cycles. 

 

The advantages of the uniquely designed structures in respect to battery performance were 

systematically evaluated by testing coin-cells with Li metal as the counter/reference electrode and 
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the 3D printed Si electrode as the working electrode. Figure 4.2a and Figure S4.6 shows the 

cycling performance comparison of the Si electrodes among three different structures. All three Si 

electrodes were prepared under an areal mass loading of around 2.12 mg cm-2 to meet the 

performance level of commercial lithium-ion batteries (over 3 mAh cm-2). In the first cycle, each 

Si electrode exhibited a high areal capacity of over 7 mAh cm-2 at a lower current density of 0.3 A 

g-1. However, the capacity retention from the 2nd cycle to the 60th cycle was distinctly different 

among the three Si electrodes. As shown in Figure 4.2c and 4.2c, the 3D-VLMP Si electrode 

displayed the highest areal capacity of around 3.01 mAh cm-2 (1467.2 mAh g-1) after 60 cycles. In 

contrast, the 3D printed and non-vertically aligned Si electrode without micro-pore structures 

(denoted as 3D-NVLMP Si) delivered relatively lower areal capacity of 1.67 mAh cm-2 (814.4 

mAh g-1), whereas the conventional slurry-coated non-vertically aligned Si electrode without pores 

(Flat-NVLMP Si) only obtained an areal capacity of 1.24 mAh cm-2 (582.5 mAh g-1) 

corresponding to a capacity retention of only 16.07% against the initial cycle. This comparison 

suggests that the 3D vertically aligned and macro/micro porous architecture can effectively help 

accommodate the severe volume change during the lithiation/delithiation process, leading to 

superior cycling stability. To further demonstrate the benefits of the designed 3D-VLMP structures, 

we compared the rate capabilities of the 3D-VLMP and Flat-NVLMP Si electrodes at various 

current densities from 0.5 to 5 mA cm-2. As displayed in Figure 4.2d and Figure S4.7, the 3D-

VLMP Si electrode exhibited superb rate capabilities compared to that of the Flat-NVLMP Si 

electrode as the current density was varied from 0.5 to 5 mA cm-2. Even at a high current density 

of 5 mA cm-2, the 3D-VLMP Si electrode was able to deliver an areal capacity of 0.68 mAh cm-2 

(579.5 mAh g-1) while the Flat-NVLMP Si only achieved an areal capacity of 0.09 mAh cm-2 (103 

mAh g-1). Moreover, when the current density changed back to 1 mA cm-2, the 3D-VLMP Si 

exhibited an excellent specific capacity of around 2000 mAh g-1(corresponding to 2.35 mAh cm-

2), whereas the specific capacity of the Flat-NVLMP Si is less than 1600 mAh g-1. Figure 4.2e and 

4.2f are the voltage profiles of the 3D-VLMP and Flat-NVLMP Si electrodes, respectively. It is 

clear that the 3D-VLMP Si obtained a smaller overpotential, especially at high current densities 

compared to that of the Flat-NVMP Si, indicating that the designed 3D-VLMP architecture could 

greatly help facilitate the Li+ transport within the whole electrode.  Furthermore, as shown in 

Figure 4.2g, the 3D-VLMP Si electrodes exhibited superior capacity retention at a high current 

density of 2A g-1 after 300 cycles.  
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Figure 4.3. Performance metrics for 3D-VLMP Si electrodes with high areal mass loading.  

(a) Schematic illustration of the 3D-printed VLMP Si electrodes with different thickness and 

mass loadings; (b) Comparison of the electrochemical impedance of the 3D-VLMP Si 

electrodes with different mass loadings; (c). Various areal mass loading tests (up to 3.81 mg 

cm-2) of the printed 3D-VLMP Si electrodes. All electrodes were cycled at 0.3 mA cm-2 for 

the initial cycle up to 1.0 mA cm-2 for the later cycles. (d). Areal capacity of the 3D-VLMP Si 

electrodes with different mass loading at the 1st, 20th, and 40th cycle, respectively; (e). 

Comparison of areal performance between the 3D VLMP Si electrodes with Si anodes as 

reported in other works, as noted. 

 

High areal mass loading is crucial to achieving high-performance EES systems in practical 

application. However, many reported works only studied the low-Si mass loadings in order to 

achieve a long cycling life of their Si electrodes,28-29 hence, it can be deduced that there is a 

considerable challenge to realize a desirable performance under high areal mass loading. We 

therefore fabricated a series of 3D-VLMP Si electrodes with different areal mass loadings up to 
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3.81 mg cm-2 via 3D printing as illustrated in Figure 4.3a. To demonstrate the benefits of the 

designed 3D vertical architecture for ion/electron transport kinetics, electrochemical impedance 

spectroscopy (EIS) measurements were conducted on the various 3D-VLMP Si electrodes as 

shown in Figure 4.3b. All the curves exhibited a semicircle path in the high-frequency range and 

a straight line in the low-frequency range. It is obvious that the charge transfer resistance showed 

negligible increase as the mass loading was increased from 1.02 mg cm-2 to 3.81mg cm-2. This can 

be attributed to the 3D architecture which enabled fast electron/ion transport along the pathways, 

allowing for easy penetration of electrolyte into the active materials. Figure 4.3c shows the areal 

capacity of the 3D-VLMP Si electrodes under different areal mass loadings cycled at 0.3 mA cm-

2 for the initial cycle, and 1.0 mA cm-2 for the later cycles. The 3D-VLMP Si electrodes show an 

almost linear increase of areal capacity from 3.07 mAh cm-2 to 10.32 mAh cm-2 with the areal 

mass loadings increasing from 1.02 mg cm-2 to 3.87 mg cm-2 (Figure 4.3d and Figure S4.8). Each 

of the four Si electrodes delivered a high initial specific capacity of around 3000 mAh g-1, 

suggesting that the 3D vertically aligned and multi-scaled porous structures can provide fast and 

continuous Li+ pathways, even under high areal mass loading. Moreover, the 3D-VLMP Si 

electrode with an areal loading of 1.02 mg cm-2 delivered a high areal capacity of 1.47 mAh cm-2 

(corresponding to specific capacity of 1444.56 mAh g-1) after 100 cycles. Even under an incredibly 

high areal loading of 3.87 mg cm-2, the 3D-VLMP Si electrode exhibited an areal capacity of 4.40 

mAh cm-2 (corresponding to 1136.95 mAh g-1) after 40 cycles.   

Figure 4.3e shows the comparison of the areal capacity versus areal mass loading between our 

3D-VLMP Si electrodes and other Si anodes reported in literature30-41. As highlighted, our 3D-

VLMP Si electrodes outperformed most of the reported works in terms of the areal capacity and 

mass loadings. The achievement of high areal capacity under high areal mass loading demonstrates 

great potential for application in high-energy-density LIBs. 

 

4.3.3 Post-cycled Electrode Morphology Characterization 
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Figure 4.4.  (a) Schematic illustration of cyclic pulverization of the Flat-NVLMP Si electrode; 

(b) Schematic illustration of the volume expansion mitigation of the 3D-VLMP Si electrode 

cycling (c-e) SEM images of the 3D-VLMP Si electrode after 30 cycles. 

 

Large volume expansion of Si during the repeated cycling process is the main origin of the Si 

electrode capacity decay. As illustrated in Figure 4.4a, the conventional Flat-NVLMP Si electrode 

is expanded during lithiation. Upon subsequent delithiation, the volume change will cause cracks 

to form and propagate on the Si electrode. After several cycles of continuous volume expansion, 

the Si electrode will be severely pulverized. In contrast, as depicted in Figure 4.4b, the printed 

3D-VLMP Si electrode demonstrated superior structural stability due to the macro/micropores 

which effectively mitigated the large volume expansion during the repeated lithiation/delithiation 

process. Figure S4.9 displays the optical images of the 3D-VLMP Si and Flat-NVLMP Si 

electrodes after 30 cycles, where it is evident that the 3D-VLMP Si electrode remained the 

patterned architecture well, whereas the Flat-NVLMP Si electrode was pulverized severely and 

almost all the materials detached from the current collector. The cycled electrode morphologies 

were further studied through SEM imaging to ascertain the effect of the 3D-VLMP architecture on 
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the electrochemical performance. As shown in Figure 4.4c, the designed macropores were able to 

be well maintained after 30 cycles. The enlarged SEM image (Figure 4.4d) demonstrated that the 

size of the macropore became smaller compared to that of the pristine 3D-VLMP Si electrode, 

suggesting that the macropores provided free space for accommodating the volume expansion of 

Si during the cycling process. Moreover, as displayed in Figure 4.4e, the vertically aligned 

structures were still able to be observed although the spacing between the sheet-like structures was 

reduced due to the volume expansion of Si. The micro-scaled interval was able to release the huge 

stress caused by the large volume change and also facilitate the penetration of the electrolyte into 

the active materials, ensuring fast Li+ transport and stable cycling performance.     

 

4.4 Conclusion 

We developed a novel facile 3D printing approach to rapidly construct patterned Si electrodes with 

vertically aligned and multi-scaled porous structures to achieve high areal capacity LIBs. 

Compared to the conventional flat 2D Si electrodes, the 3D-printed Si electrodes possessed 

vertically aligned mass/ionic transport pathways and macro/micro-scaled porosities, which helped 

facilitate the electron/ion transport within the whole electrodes and effectively helped mitigate the 

large volume expansion during cycling by providing extra negative space. From the structural 

advantages, the 3D-printed Si was able to exhibit a superior areal capacity of around 3 mAh cm-2 

(corresponding to a specific capacity of 1450 mAh g-1) after 60 cycles. Moreover, the 3D-printed 

Si delivered excellent performance merits under different areal mass loadings. Even under a high 

mass loading of 3.81 mg cm-2, the 3D-printed Si displayed an extremely high areal capacity of 

10.31 mAh cm-2 (2706.04 mAh g-1). This work demonstrated a facile 3D printing approach to 

design unique architecture for realizing a high-performance Si anode. These techniques hence open 

a promising avenue for developing other advanced energy systems in the future. 
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Supporting Information 

 

 
 

Figure S4.1 The Si-SA ink loaded in a 3cc syringe. 

 

 
 

Figure S4.2 (a) Slurry-casted Si electrode under low areal loading (around 1.0 mg cm-2); (b) 

Slurry-casted Si electrode under high areal loading (around 2.0 mg cm-2); (c) and (d) SEM 

images of the low areal loading Si electrode.  
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Figure S4.3 Raman spectra of the 3D-VLMP Si electrodes (Inset: enlarged Raman peaks of 

MWCNTs). 

 

Figure S4.4 FTIR Spectra of the 3D-VLMP Si electrodes 
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Figure S4.5 CV curves of the 3D-VLMP Si electrode at a scanning rate of 0.2 mV S-1 

 

 
Figure S4.6 Specific capacity vs. cycle at a current density of 1 Ag-1 for 60 cycles.  
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Figure S4.7 Rate capability of the 3D-VLMP and Flat-NVLMP Si electrodes at various 

current densities from 0.5 to 5 mA cm-2. 

 

Figure S4.8 Various areal mass loading tests (up to 3.81 mg cm-2) of the printed 3D-VLMP 

Si electrodes. All electrodes were cycled at 0.3 mA cm-2 for the initial cycle, and 1.0 mA cm-2 

for the late cycles. 
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Figure S4.9 Optical images of the 3D-VLMP and Flat-NVLMP Si electrodes after 30 cycles. 
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Chapter 5 

5 3D Printing of Shape-Versatile and Thin Solid Electrolyte for High-Performance Solid- 

State Li-Metal Batteries 

 

Solid-state Li-metal batteries have recently received considerable interests due to their high safety 

and high energy density. However, it is of great challenge to fabricate a thin solid electrolyte 

through a low-cost and facile approach. Herein, we successfully fabricate a LAGP thin film with 

a thickness of around 70 µm via a low-cost and efficient extrusion-based 3D printing approach. 

Compared with the conventional pressed thick solid-state electrolyte pellets, the printed thin solid-

state electrolyte can not only reduce the total weight of a cell but also shorten the Li+ transport 

distance, which could increase the energy density and power density of a solid battery. Moreover, 

various 3D LAGP architectures are constructed by using the same ink, which could broaden the 

diversity of solid batteries with different size and shapes. This study thus demonstrates a low-cost 

and facile strategy to fabricate shape-versatile and thin solid electrolytes for high-energy-density 

solid-state energy storage systems.  
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5.1 Introduction 

Rechargeable Li-ion batteries have dominated the energy storage power source market for the past 

few decades due to their high specific energy density and long cycle life.1-2 However, the current 

Li-ion batteries with graphite as the anode cannot meet the rapidly growing demand for high- 

energy-density storage devices. Developing high-performance Li-metal batteries is necessary to 

meet the needs of future electronics and electric vehicles.3-4 However, traditional liquid 

electrolytes have the risks of leakage and flammability, which will cause serious safety hazards. 

Moreover, the usage of Li metal can further aggravate these potential safety issues. Solid-state 

electrolytes are thus considered as a promising strategy for solving the safety issues.5-7  

 

Various solid electrolytes have been studied in the last decade, such as sulfide electrolytes,8-9 

garnet-type solid electrolytes,10-11 NASICON-type solid electrolytes,12-14 and solid polymer 

electrolytes.15-17 Among these solid electrolytes, NASICON-type solid electrolyte LAGP 

(Li1.5Al0.5Ge1.5P3O12) has received considerable attention since it has a relatively high lithium ionic 

conductivity (10-4 to 10-3 S cm-1), a wide electrochemical window (6 V), and superior stability in 

air and moisture.18-19 However, one critical challenge for practical application is to fabricate LAGP 

thin films with desirable ionic conductivity through a simple and low-cost approach. The 

traditional cold sintering method is to adopt a metal mold to integrate the bulk materials into a 

pellet under a high pressure, which is generally hard to fabricate thin solid electrolyte films.20 The 

thick solid electrolyte can lead to a lower energy density and power density as it increases the mass 

of a battery and prolongs Li+ transport distance. Moreover, the mold for preparing solid electrolyte 

pellets could limit the diversity of solid batteries with respect to the size and shapes. Some other 

fabrication strategies, like atomic layer deposition,21 frequency magnetron sputtering,22 or pulsed 

laser deposition,23 can indeed fabricate ultrathin films, however, these techniques are too expensive 

and require special conditions, which are undesirable for practical application. Therefore, a facile, 

cost-effective and scalable manufacturing approach is in an urgent need for fabricating thin solid 

electrolyte films with ideal ionic conductivity.  

 

Additive manufacturing (AM) techniques, such as 3D printing, have shown great efficiency in 

fabricating products with complex geometric shapes and composition through a layer-by-layer 

fabrication process.24-25 Among various 3D printing techniques, extrusion-type direct-ink writing 
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(DIW) 3D printing has gained tremendous interest due to its simple printing mechanisms and 

inexpensive fabrication processes. Moreover, DIW technique can be employed to design unique 

architectures with multiple functional materials by selecting different printable inks, such as 

ceramics,26 polymers,27-28 and metal alloys.29-30 More importantly, this printing technique can well 

control the structures and thickness by simply changing printing nozzles, adjusting printing layer 

numbers, and optimizing printing speed and pressure. This printing technique has thus attracted 

much attention and been widely used in the fields of electronics,31-34 medical science,35-37 and 

energy storage.38-43  

 

In this study, we successfully fabricate a homogenous LAGP thin film with a thickness of around 

70 µm via a facile and efficient DIW 3D printing approach. The printed thin solid-state electrolyte 

can not only reduce the total weight of a cell but also shorten the Li+ transport distance, which 

could increase the energy density and power density of a solid battery. Benefiting from these merits, 

a LiFePO4(LFP)/Li solid battery with the 3D-printed LAGP (denoted as 3DP-LAGP) thin film as 

the electrolyte delivers a superior specific capacity of around 130 mAh g-1 even at a high rate of 

5C, which is much higher than that of the battery with a thick LAGP pellet fabricated by 

conventional cold-sintering technique. Moreover, various 3D LAGP architectures are constructed 

by 3D printing method based on the same ink, which could broaden the diversity of solid batteries 

with different size and shapes. This study demonstrates a low-cost and facile strategy to fabricate 

shape-versatile and thin solid electrolytes for high-energy-density solid-state energy storage 

systems. 

 

5.2 Experimental Section 

5.2.1 Ink Preparation 

The typical fabrication process of LAGP ink was described as follows: 4.0 g LAGP powders were 

first mixed with 1.0g of Pluronic F127 solution (10%) to obtain the homogeneous gel. After that, 

2g polyvinyl alcohol (PVA) aqueous solution (15%) and 0.6 g sodium alginate (SA) aqueous 

solution (10%) as binders were added into the obtained gel to increase the viscosity of the ink. 

Subsequently, the obtained LAGP gel was further mixed well in a conditioning mixer (ARM, 

Thinky) at 2000 rpm for 10 min to obtain a homogenous and viscous ink for 3D printing. 
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5.2.2 3D printing process 

The as-prepared ink was first loaded into a 3ml syringe. Afterward, the ink was subject to 

centrifugation for 5min at 3000 rpm to remove the air bubbles. A fused filament fabrication (FFF) 

DeltaMaker 3D printer modified with a paste extrusion-type tool head was used to fabricate 

uniform solid electrolyte film. The ink was deposited onto a glass substrate with extrusion pressure 

controlled by a Nordson EFD fluid dispenser. A metal nozzle with an inner diameter of 150 µm 

was adopted. The printing speed was adjusted in a range from 6 to 12 mm s-1 depending on the ink 

viscosity. After printing, the 3D-printed structures with glass substrate were aged in the air for 

drying. The dried structures were then sintered in a muffle furnace at 900℃ for 6h with a ramping 

rate of 2.5℃ min-1.  

 

5.2.3 Materials Characterizations 

The morphologies were determined by using a Hitachi s-4800 field-emission scanning electron 

microscopy. X-ray diffraction (XRD) measurements were conducted using a Bruker D8 Advanced 

(Cu Kα source, 40 kV, 40 mA) spectrometer. 

 

5.2.4 Electrochemical Measurements 

LiFePO4 electrodes were prepared by mixing active materials, acetylene black (AB) and poly 

(vinylidene fluoride) (PVDF) in a ratio of 80:10:10 in N-methyl-pyrrolidone (NMP). The slurry 

was then pasted on Al foils and dried at 120℃ under vacuum for overnight. The as-prepared 

LiFePO4 electrode was then cut into a disc with a diameter of 10 mm and used as the cathode. The 

mass loading of LiFePO4 is around 1.0-1.5 mg cm-2. Electrochemical performances of the LiFePO4 

were examined in a coin cell assembled in an argon-filled glove box with moisture and oxygen 

contents less than 1 ppm. Printed LAGP film and conventional thick LAGP pellet were used as 

solid electrolytes. A PVDF-HFP gel polymer was added at both sides of the LAGP for improving 

the interfacial contact between the solid electrolyte and electrodes. Electrochemical impedance 

spectroscopic (EIS) measurements were performed on a Bio-Logic multichannel potentiostat 3/Z 

(VMP3). The galvanostatic charge/discharge performance was evaluated with a LAND test system 

in the voltage range of 2.5-4.2 V (vs. Li+/Li) at room temperature. 
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5.3 Results and Discussion 

5.3.1 Morphology and Structure Characterization 

 

 
Figure 5.1 (a) Schematic illustration of 3D printing of LAGP solid electrolytes. (b) Schematic 

illustration of the procedure for the synthesis of the thick LAGP pellet with a conventional 

method. Optical images of 3D-printed LAGP with (c) unique letter shapes and (d) micro 

lattice structures in different sizes. (e) Top-view SEM image of the microlattice structured 

LAGP. 

 

Figure 5.1a illustrates the LAGP solid electrolyte fabrication process by an extrusion-type 3D 

printing method. This method is capable of fabricating LAGP solid electrolyte with controllable 

thickness and shapes. In order to obtain fine printing LAGP structures, it is critically important to 

prepare an ink with suitable viscosity and shear-thinning features. Specifically, a self-supported 

printable LAGP ink was prepared by two steps: (1) LAGP powder was mixed with a small amount 

of Pluronic F127 solution (10%) to obtain homogeneous gel, and (2) Polyvinyl alcohol (PVA) and 

sodium alginate (SA) aqueous solution as binders were added into the obtained gel to increase the 

viscosity of the ink. The mixture was then transferred into a Think mixer to get desirable printing 

ink. Subsequently, the LAGP ink was loaded into a syringe (Figure S5.1) and extruded layer-by-
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layer through a metal nozzle onto a glass slide controlled by a pre-designed program. The printed 

structures were dried at room temperature and then sintered in a muffle furnace to remove the 

binders and obtain fine LAGP structures. For obtaining a thin LAGP film, a single-layer dense 

LAGP film was printed and sintered, the printed height was adjusted to 150 µm. Figure 5.1b 

shows the fabrication process of a thick LAGP pellet (denoted as Con-LAGP) with a conventional 

method, where the thickness and size of the LAGP are greatly limited by the mold (Figure S5.2) 

used for fabricating pellets. Compared with the printed LAGP, the conventional pressed LAGP 

pellet is too thick, which will undoubtedly increase the total weight of a battery and reduce the 

energy density of the solid battery. Interestingly, LAGP with various patterns, such as unique 

letters and microlattice structures with different sizes as shown in Figure S5.3 and S5.4, can be 

printed based on the prepared ink. Figure 5.1c and 5.1d display that the printed various patterned 

LAGP can maintain the shape very well with fine and smooth surface after the thermal annealing 

process (Figure 5.1e). This thus demonstrates that 3D printing has potential in fabricating 3D solid 

batteries with controllable sizes and shapes.  
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Figure 5.2. Digital photos of (a) the Con-LAGP thick pellet and (d) the 3DP-LAGP thin film. 

(b-c) Cross-sectional SEM images of (b-c) the Con-LAGP and (e-f) the 3DP-LAGP at 

different magnifications, respectively. (g) XRD patterns of 3DP-LAGP before and after 

thermal annealing. (h) EIS plots of the 3DP-LAGP at different temperatures of 25-75℃. (i) 

Conductivity vs. 1000/T of 3DP-LAGP electrolyte. 

 

Figure 5.2a and 5.2d show the digital photos of the Con-LAGP thick electrolyte and 3DP-LAGP 

thin electrolyte after thermal annealing, respectively. Both LAGP films display a smooth surface 

and a diameter of around 12 mm, which is suitable for acting as electrolytes in the coin-cell. SEM 

images were applied to figure out the exact thickness and microstructures of the two LAGP films. 

Figure 5.2b presents the cross-sectional SEM image of the Con-LAGP with a thickness of 

approximately 0.95 mm. Figure 5.2c is a higher magnification SEM image of the cross-section, 

which reveals that most of the particles with the size of around 0.5-1.0 µm are closely connected, 

although a few voids are found between the grain boundaries of the LAGP. On the other hand, the 

cross-sectional SEM image of the 3DP-LAGP film is displayed in Figure 5.2e, it can be clearly 

observed that the 3DP-LAGP film presents a thickness of around 70 µm, which is much thinner 

than that of the Con-LAGP pellet. Figure 5.2f and Figure S5.5 show the enlarged cross-sectional 

SEM images of the 3DP-LAGP. It can be found that all the particles are uniformly distributed and 

closely connected, presenting a smooth surface without any impurities. The microstructure of the 

3DP-LAGP film displays similar features with that of the Con-LAGP thick pellet, suggesting a 

desirable ionic conductivity of the printed thin LAGP film.   

 

X-ray diffraction (XRD) was conducted to determine the phase of the printed LAGP before and 

after thermal annealing. As shown in Figure 5.2g, there were no impurity diffraction peaks can be 

found in both samples and the XRD patterns of both samples can be well indexed to pure LAGP 

phase with NASICON structure, suggesting that the ink preparation and thermal treatment 

processes did not affect the phase and structure of the LAGP. The ionic conductivity of the 

obtained LAGP was investigated using electrochemical impedance spectroscopy (EIS). Figure 

5.2h shows the EIS profiles of LAGP at various temperature, it can be found that the ionic 

conductivity of LAGP is 1.67 × 10-4 S cm-1 at the room temperature. Figure 5.2i presents the 
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temperature dependence of the ionic conductivity of the LAGP, which displayed an Arrhenius 

behavior according to the Arrhenius equation σ (T) = Aexp(-Ea/kBT), where σ  is the ionic 

conductivity, T is the temperature in Kelvin, kB is the Boltzmann constant, A is the pre-exponential 

factor, and Ea is the activation energy for Li+ hopping between two adjacent sites. The activation 

energy of the LAGP was determined to be 32.15 kJ mol-1, which is comparable with other reported 

values.44  

 

5.3.2 Electrochemical Characterization 

 

Figure 5.3 Electrochemical performance characterization of the printed LAGP thin film. (a) 

EIS of the LiFePO4/Li batteries with 3DP-LAGP and Con-LAGP as the electrolytes, 

respectively (b) Rate capabilities of 3DP-LAGP based solid Li-battery and Con-LAGP based 

solid Li-battery at a current density range of 0.1C to 5C. Typical charge/discharge voltage 
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profiles of (c) Con-LAGP based solid Li-battery and (d) 3DP-LAGP based solid Li-battery 

at various current densities. (e) Long-term cycling performance of 3DP-LAGP based solid 

Li-battery at a current density of 0.5 C. 

 

To evaluate the advantages of the printed thin solid electrolyte, we assembled the solid-state Li 

batteries with Li metal and LiFePO4 (LFP) as the anode and cathode, respectively. The 3DP-LAGP 

thin film and Con-LAGP thick pellet were used as solid electrolytes for comparison. In order to 

improve the interface contact between the electrodes and solid-state electrolytes, a PVDF-HFP gel 

polymer was added at both anode and cathode sides of the solid battery as the interlayer. Figure 

5.3a depicts the impedance plots of the batteries with 3DP-LAGP thin electrolyte and Con-LAGP 

thick electrolyte. It reveals that both batteries present a smaller interfacial resistance due to the 

existence of gel polymer buffer layers. However, the battery with 3DP-LAGP thin electrolyte 

displays a greatly decreased bulk resistance compared to that of the battery with Con-LAGP thick 

electrolyte.  Figure 5.3b shows the rate capabilities of the solid-state Li batteries with 3DP-LAGP 

and Con-LAGP as solid electrolytes. It is found that both solid-state Li batteries exhibited superior 

specific capacities when current densities changed from 0.1C to 2.0C, and 3DP-LAGP based solid 

battery shows a little bit higher capacity than that of the Con-LAGP based solid battery. However, 

at a current density of 5C, the Con-LAGP based solid battery displays an extremely poor capacity. 

By contrast, the 3DP-LAGP based solid battery can exhibit a high specific capacity of around 130 

mAh g-1 even at 5C. When current density changed back to 0.1C, both batteries could deliver a 

specific capacity of around 155 mAh g-1, demonstrating good reversibility of the LAGP based 

solid batteries. Figure 5.3c and 5.3d show the charge/discharge profiles of the batteries with Con-

LAGP and 3DP-LAGP as electrolytes, respectively. Although both batteries deliver similar 

capacities at lower current densities, it can be easily found that the 3DP-LAGP based solid battery 

shows much lower overpotential than that of the Con-LAGP based solid battery. For instance, the 

Con-LAGP based solid battery exhibits a large overpotential of around 350 mV and 640 mV at 1C 

and 2C, respectively. By contrast, the 3DP-LAGP based solid battery shows a much smaller 

overpotential of 160 mV and 270 mV at 1C and 2C. The results demonstrate that the printed thin 

electrolyte can ensure fast ion transport, thus improving the power density of a solid battery. 

Figure 5.3e displays the long-term cycling performance of LiFePO4 with the 3DP-LAGP thin 

electrolyte. The 3DP-LAGP based LiFePO4 shows a high specific capacity of 155 mAh g-1 and 
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remains as high as 146 mAh g-1 even over 850 cycles, which gives an extremely stable cycling 

performance with a lower capacity decay rate of 0.0068% per cycle. However, the LiFePO4 with 

the pure gel polymer electrolyte undergoes a fast capacity decay and only shows a capacity of 

around 72 mAh g-1 after 850 cycles with a capacity retention of 46% as presented in Figure S5.6. 

By contrast, the Con-LAGP based LiFePO4 delivers high cycling stability (Figure S5.7), which is 

similar to the cycling performance of the 3DP-LAGP based LiFePO4. The excellent cycling 

performance suggests that the LAGP solid electrolyte can suppress the lithium dendrite growth, 

thereby leading to a highly safe Li-metal battery. 

 

 

Figure 5.4 Schematic illustration of Li+ transport kinetics in solid-state Li batteries with (a) 

3D-printed thin LAGP and (b) conventional thick LAGP as solid electrolytes.  

 

The superior rate performance of LiFePO4/Li batteries with 3DP-LAGP as the solid electrolyte 

can be attributed to the reduced Li+ transport path as illustrated in Figure 5.4. In a solid-state Li 

battery, the Li+ will transport from the cathode to the Li anode upon cycling, where the Li+ 

transport kinetic is mainly determined by the solid-state electrolyte between the anode and the 

cathode. To this end, the 3DP-LAGP thin film with desirable ionic conductivity could greatly 

shorten the transport distance, thus leading to a fast Li+ transport (Figure 5.4a). By contrast, the 

Con-LAGP thick pellet based solid batteries exhibit a prolonged Li+ transport path (Figure 5.4b), 

resulting in poor rate capabilities, especially at a high current density. Therefore, the printed thin 

electrolyte could ensure an improved energy density and power density of the solid battery due to 

the reduced total weight of a cell and fast Li+ transport upon cycling. This work is thus expected 
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to open a new avenue to design high-performance solid batteries with high energy density and 

power density through 3D printing technologies.  

 

5.4 Conclusion 

We have developed a low-cost aqueous-based printable ink for fabricating uniform LAGP thin 

films via an advanced extrusion-type 3D printing approach. Compared with the conventional 

pressed thick LAGP pellets, the printed thin LAGP can not only reduce the total weight of a cell 

but also shorten the Li+ transport distance, which could increase the energy density and power 

density of a solid battery. This method offers the flexibility of fabricating thin solid-state 

electrolytes with controllable thickness in a low-cost and efficient way. In addition, various 

patterned LAGP architectures are easily fabricated, broadening the diversity of solid batteries with 

various size and shapes. This work thus would shed light on fabricating desirable solid-state 

electrolytes for next-generation high energy density solid-state batteries.  
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Figure S5.1 LAGP ink loaded into a 3cc syringe 

 

 

 

 

 

 
 

Figure 5.2 Metal mold used for fabricating LAGP pellets 
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Figure S5.3 3D-printed LAGP with unique “UWO” letters before annealing 

 

 

 
 

Figure S5.4 3D-printed LAGP micro-lattices with different size before annealing 

 

 

 
 

Figure S5.5 Enlarged cross-sectional SEM image of the 3DP-LAGP film. 
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Figure S5.6 Cycling performance of the Li/gel polymer/ LFP cell without using LAGP as the 

electrolyte at 0.5C. 

 
 

Figure S5.7 Cycling performance of the Li/ LFP cell with Con-pressed 1mm LAGP as the 

electrolyte at 0.5C.
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Chapter 6 

6 3D Printing of High-Performance Sodium Metal Batteries 

 

Extrusion-based 3D printing is becoming a promising approach to construct high-performance 

energy storage devices with various shapes and form factors. However, 3D printing technique has 

not been applied to fabricate high-energy-density sodium metal batteries (SMBs) as great 

challenge lies at the printing of highly reactive sodium metal. Here, for the first time, an extrusion-

based 3D printing approach was developed to construct a high-performance SMB consisting of a 

printed Na@rGO/CNT anode and a printed O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 (denoted as NCNFM) 

cathode. The 3D-printed Na@rGO/CNT anode possesses multiple porosities, which could provide 

abundant active reaction sites and enable fast Na+ transport. Moreover, the resultant 3D 

structured Na@rGO/CNT can effectively suppress the Na dendrite growth by decreasing the local 

current density and releasing the huge volume change of Na during cycling. On the other hand, 

the 3D-printed micro-structured NCNFM cathode composed of interconnected CNTs and porous 

polymer framework can enable fast electron and ion transport as well as facilitated electrolyte 

penetration within the whole electrode. This work offers a promising approach to construct high-

energy-density SMBs, which can also be extended to the developing of next-generation Na-S and 

Na-O2 batteries. 
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6.1 Introduction 

3D printing, also known as additive manufacturing (AM), has recently attracted tremendous 

interest in myriad different fields from medical science1-2 to electronics,3-4 robotics,5 and energy 

storage and conversion devices.6-8 This technique is considered to be an ideal manufacturing 

method since it can create complex 3D architectures accurately and efficiency and significantly 

reduce the manufacturing cost by eliminating the materials wastage. Up to now, various 3D 

printing techniques have been developed and employed in industry and academic for fabricating 

3D structures.9-11 Among them, extrusion-type 3D printing, known as robocasting or direct ink 

writing, is the most popular and used in a broad range of applications due to its simple printing 

mechanisms and inexpensive fabrication processes. Moreover, extrusion-type 3D printing can be 

applied to a wide range of materials including polymers,12 ceramics,13 metal alloys,14 and 

electronically functional materials,15-16 which greatly broadens its applicability in a wide range of 

fields. 

 

In recent years, extrusion-type 3D printing technique has been employed to construct various 3D 

structured electrodes or other components with controlled shapes, and periodic or aligned pores 

for energy storage systems. For instance, extrusion-based 3D printing has been applied to fabricate 

advanced electrodes for Li-ion batteries,17-19 Li-O2/CO2 batteries,20-22 Li-S batteries,23-25 and 

supercapacitors.26-27 Apart from the electrode fabrication, 3D printing has also found applications 

in the fabrication of high-energy-density micro-batteries, which provides new possibilities for 

constructing customized energy storage devices. Lewis and co-workers first reported the 

fabrication of a 3D interdigitated Li-ion micro-battery using the 3D printing technique with the 

printed LiFePO4 (LFP) and Li4Ti5O12 (LTO) as the cathode and anode, respectively.28 Following 

this work, Hu et at. successfully printed a micro-battery with enhanced performance based on 

highly concentrated graphene oxide composite inks.29 Very recently, 3D printing technique has 

been employed to fabricate high-performance Li metal batteries (LMBs) with a 3D-printed Li 

anode and a 3D-printed LFP cathode by using cellulose nanofiber (CNF)-based inks,30 which 

significantly improved the energy density due to the utilization of the printed Li metal anode. To 

the best of our knowledge, extrusion-based 3D printing technology has not been applied to 

fabricate sodium metal batteries (SMBs). SMBs are attracting much research interest due to the 

high capacity, low cost, and abundant natural source of Na metal.31-32 However, Na metal is highly 
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chemically reactive, forming dendrite easily during the repetitive electrochemical cycling. Despite 

various 3D hosts, such as metal foam,33-34 carbon felt,35-36 and  graphene foam,37 have been 

employed to suppress the Na dendrite growth, the fabrication procedures of these 3D hosts are 

usually time-consuming and considerably expensive, which are hardly realizing scalable 

application. Additionally, it is a great challenge to control the shapes and thickness of Na metal-

based electrodes with traditional manufacturing methods. Therefore, SMBs with conventional Na 

metal electrodes have limited form factors, which have limitations in customization and integration 

with other complex-shaped electronics. It is thus urgent to develop Na-based electrodes with 

tunable shape and thickness for high-energy-density customizable SMBs.         

 

Herein, we for the first time successfully fabricated self-supported 3D structured Na@rGO/CNT 

composite anodes and O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 (denoted as NCNFM) cathodes using the 

layer-by-layer extrusion-type 3D printing approach for high-energy-density SMBs. The 3D-

printed Na@rGO/CNT composite electrodes were created in two steps. First, a GO/CNT scaffold 

with tunable thickness was printed into designed 3D architectures based on a GO/CNT aqueous 

ink with suitable viscosity and shear-thinning feature, and the Na@rGO/CNT composite was then 

prepared by infusing Na into the GO/CNT scaffold, which is similar to the process of melting Li 

into graphene oxide (GO).38 The 3D-printed Na@rGO/CNT composite electrodes with multiple 

porosities could provide abundant active reaction sites and enable fast Na+ transport. Moreover, 

the resultant 3D structured Na composite can effectively suppress the Na dendrite growth by 

decreasing the local current density and releasing the volume change during the 

sodiation/desodiation process. For the cathode part, the 3D structured self-supported NCNFM 

electrodes were successfully fabricated with designed architecture based on a high viscosity ink 

consisting of NCNFM particles as active materials, acetylene black (AB) and multiwalled carbon 

nanotubes (CNTs) as the conducting agent, and poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP) as the binder dissolved in N-methyl-2-pyrrolidone (NMP). The 3D-printed 

microstructured NNCFM electrodes possess several advantages, such as increased surface area 

and facilitated electrolyte penetration. Additionally, the continuous filaments composed of 

interconnected CNTs and porous polymer framework are forming a continuous conducting 

network, which could enable fast electron and ion transport within the whole electrode.  Our work 

demonstrates that extrusion-type 3D printing is a powerful strategy for the fabrication of high-
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performance SMBs. This work will also shed light on the fabrication of advanced energy storage 

devices with customized designs.    

 

6.2 Experimental Section 

6.2.1 Material synthesis 

The O3-NCNFM was synthesized by a traditional solid-state reaction. Typically, a stoichiometric 

mixture of Na2CO3 (99%, Sigma-Aldrich), CuO (99%, Sigma-Aldrich), NiO (99%, Sigma-

Aldrich), Fe2O3 (99%, Sigma-Aldrich), and Mn2O3 (99%, Sigma-Aldrich) was ball-milled for 5h 

in ethanol. An excess of 5% Na2CO3 was added to compensate the sodium loss at high temperature. 

The mixture was dried at 80℃ for 10h. The obtained powders were then pressed into pellets, 

afterward, the pellets were heated at 850℃ for 15h. The heated pellets were cooled to room 

temperature and then transferred to argon- filled glovebox until use.  

 

6.2.2 Preparation of GO/CNT ink 

The typical fabrication process of GO/CNT ink was described as follows: 50 mg MWCNT 

(diameter of 40 – 60 nm, length of 2 µm) was dispersed into 50 ml GO aqueous solution (GO ~ 

4mg/ml) and the mixture was then ultra-sonicated for 3h to obtain a well-dispersed suspension. 

Afterward, the GO/CNT suspension was concentrated by centrifugation to form a higher 

concentration of around 40 mg/ml. The concentrated suspension was further mixed well in a 

conditioning mixer (ARM, Thinky) at 2000 rpm for 10 min to obtain a homogenous and viscous 

ink. 

6.2.3 Preparation of NCNFM ink 

The NCNFM ink was prepared by first mixing 900 mg of as-prepared Na-CNFM powders, 200 

mg of acetylene black (AB), and 100 mg of MWCNT followed by mixing them well for a few 

minutes. Then 1500 mg of 20% PVDF-HFP dissolved in NMP (PVDF-HFP 300 mg) was added 

into the mixed powders as a binder, the mixed gel was then transferred into a conditioning mixer 

(ARM 310, Thinky) to further mix the ink at 2000 rpm for around 30 min. After that, a 

homogenous and high viscous ink was obtained for 3D printing.  
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6.2.4 3D printing process 

The 3D printing process was conducted on a fused filament fabrication (FFF) DeltaMaker 3D 

printer modified with a paste extrusion-type tool head. The syringe with GO/CNT or NCNFM ink 

was subject to centrifugation at 3000 rpm for 3 minutes to expel out the air-bubbles prior to the 

printing process. A Nordson EFD computer-controlled pneumatic fluid dispenser provides the 

appropriate pressure to extrude the ink through a metal nozzle with an inner diameter of 200 um 

and control the flow rate. The printing speed ranges from 6 mm s-1 to 12 mm s-1 depending on the 

printing pressure and ink viscosity. The as-printed structures were freeze-dried for 24h. 

 

6.2.5 Fabrication of Na@rGO/CNT composite electrodes 

The printed GO/CNT skeleton was used as a 3D Na host. Thermal infusion of Na melting was 

carried out inside the Argon-filled glove box with both water and O2 level less than 0.1 ppm. Bulk 

Na (from Aldrich) was cut into small pieces first and then melted in a stainless-steel boat on a hot 

plate at ~ 300℃. The GO/CNT skeleton was instantaneously reduced to rGO/CNT by contacting 

with molten Na. Afterward, Na was slowly absorbed into the rGO/CNT skeleton, and the amount 

of Na infused can be controlled by controlling the contact time. The Na@rGO/CNT composite 

was finally obtained and can be directly used as the anode. 

 

6.2.6 Materials Characterizations:  

The morphologies of the GO/CNT and Na@rGO/CNT composites were checked by using a 

Hitachi 3400N Environmental scanning electron microscopy at an acceleration voltage of 5 kV. 

The morphologies of the printed NCNFM electrode were determined by using a Hitachi s-4800 

field-emission scanning electron microscopy.  

 

6.2.7 Electrochemical Measurements:  

Symmetric coin cells were used for studying the plating/stripping processes with the printed 

Na@rGO/CNT composites electrodes as the working electrode and the counter electrode. The 

electrolyte used in this study was 1 M sodium hexafluorophosphate (NaFP6 98%, Aldrich) 

dissolved in diglyme (Sigma Aldrich) without any additives. The symmetric cell of Na foil was 

used to compare with printed Na@rGO/CNT. Constant current densities were applied to the 
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electrodes during repeated plating/stripping process while transient potential was recorded over 

time. The full cell was assembled in a CR2032-type coin cell, where the printed planar 

Na@rGO/CNT and NCNFM electrodes were used as the anode and cathode, respectively. The 

specific capacity was calculated based on the weight of the printed NCNFM electrode. The 

galvanostatic charge/discharge performance was evaluated with a LAND test system in the voltage 

range of 2.0-4.0 V (vs. Na+/Na) at room temperature. 

 

6.3 Results and Discussions 

6.3.1 Morphology and Structure Characterization 

 
Figure 6.1 Fabrication of the 3D micro-structured Na@rGO/CNT anodes. (a) Schematic 

process of a typical 3D-printed Na@rGO/CNT electrode. (b-d) Optical images of the 

GO/CNT skeletons with different 3D-printing patterns. (e-g) Corresponding optical images 

of 3D-printed Na@rGO/CNT electrodes after Na infusion into the different 3D-printed 

skeletons. 
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The fabrication process for the 3D micro-structured Na@rGO/CNT anodes is illustrated in Figure 

6.1a. Typically, a 3D interdigitated GO/CNT structure was first printed through an extrusion-based 

direct ink writing (DIW) method (detailed information seen from Experimental section) by using 

a homogenous and concentrated GO-based suspension. The 3D printed interdigitated structure was 

subsequently freeze-dried to obtain the GO/CNT aerogel skeleton. Due to the mechanically robust 

properties of the 3D printed GO/CNT aerogel, 3D micro-structured Na@rGO/CNT electrodes can 

be prepared after Na infusion into the space between the rGO sheets and the interdigitated skeleton 

can be well maintained.39 The porous structure of the 3D Na@ rGO/CNT composite induced from 

the freeze-drying process not only enabled the 3D Na electrodes with high-aspect-ratio, but also 

reduced local current density, and mitigated the large volume expansion of the Na during the 

plating/stripping process, which can effectively suppress the Na dendrite growth. Figure 6.1b-

6.1d shows the optical images of the 3D-printed GO/CNT skeletons with different patterns. Figure 

6.1e-6.1f are the optical images of the obtained Na@rGO/CNT composite electrodes after Na 

infusion into the different 3D-printed skeletons. It should be noted that all the Na@rGO/CNT 

composite electrodes can maintain the shape of the GO/CNT skeleton very well.  

 
Figure 6.2 Morphological characterizations of the 3D-printed architectures. Top-view SEM 

images of the 3D-printed GO/CNT skeleton (a and b) and the 3D-printed Na@rGO/CNT 

composite electrode (d and e). Cross-sectional SEM images of (c) 3D-printed GO/CNT and 

(f) Na@rGO/CNT. 



141 

 

141 

 

 

The morphologies and microstructures of the 3D-printed GO/CNT skeleton before and after Na 

infusion were studied by scanning electron microscopy (SEM). Figure 6.2a shows the top-view 

SEM of the printed GO/CNT interdigitated skeleton with a clear layer-by-layer structure, in which 

each filament has the same diameter of around 200 µm. The adjacent filaments were closely 

connected which was beneficial for maintaining the structure during the Na melting process. The 

enlarged top-view SEM (Figure 6.2b) and cross-sectional SEM (Figure 6.2c) of the printed 

GO/CNT skeleton showing a highly porous structure, where the pores with a diameter of tens of 

micrometer are derived from the removal of water during the freeze-drying process. Figure 6.2d 

and 6.2e displays the top-view SEM image of the Na@rGO/CNT skeleton after Na infused into 

the GO/CNT. It can be clearly found that the Na uniformly covered the whole surface of the 

skeleton, where the boundary of the filaments was disappeared because of the expansion of 

graphene oxide and continuous coverage of the Na on the boundary during infusion process. More 

importantly, the obtained Na@rGO/CNT skeleton still maintained the porous structure well, which 

is essential for mitigating the huge volume change of Na during the plating/stripping process. 

Figure 6.2f displays the cross-sectional SEM image of the Na@rGO/CNT. It can be observed that 

the infused Na has partially filled the pores of GO/CNT skeleton, which could ensure a high 

amount of Na in the composite and provide high areal capacity. 
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Figure 6.3 Morphology characterizations of the 3D-printed NCNFM cathode architectures. 

a) Optical image of the 3D-printed interdigital patterned cathode. b) Cross-sectional SEM 

image of the cathode electrode. c) High-magnification cross-sectional SEM image of the 

electrode, indicating an internally porous structure. (d-f) Top-view SEM images of the 

cathode electrode. (g-k) Elemental mappings of the Cu, Ni, Fe, and Mn distributed in the 

cathode electrode.  

 

After successfully printed the micro-structured Na composite electrode, we further fabricated 

micro-structured cathode electrodes via the DIW method. Cu doped O3-NaCu1/9Ni2/9Fe3/9Mn3/9O2 

(denoted as NCNFM) was used as the cathode material due to its high capacity, structural stability, 

and moisture stability.40-41 The ink preparation process was based on our previous work,19 the 

detailed information can be found from the experimental section (preparation of NCNFM ink). 

Figure 6.3a shows the optical image of 3D printed interdigital patterned NCNFM cathode after 

freeze-dried. The NCNFM electrode contained 12 layers and maintained the as-printed shape very 

well with adjacent layers stacked together tightly. The morphologies of the printed NCNFM were 

investigated by SEM. As seen from the cross-sectional SEM image in Figure 6.3b, the width of 

the filament was approximately 200 µm, which is a little smaller than that of the printing nozzle. 

The skeleton was constructed from two closely stacked layers, which can increase the structural 

integrity of the whole electrode compared to one layer. The magnified SEM (Figure 6.3c) 

displayed the detailed morphology within the filament. It can be found that the NCNFM particles 

and conducting carbon were interconnected and forming a hierarchical porous structure after the 

phase-inversion and removal of water during the freeze-drying process. From the surface-view 

SEM image (Figure 6.3d), the printed NCNFM electrode presents an obvious layered structure, 

in which the height of each filament is around 200 µm, and each layer is stacked tightly with a 

clear boundary. The enlarged SEM images (Figure 6.3e and 6.3f) further revealed the porous and 

interconnected conducting framework, which can facilitate the ion/electron transport within the 

whole electrode. 
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6.3.2 Electrochemical Characterization 

 
Figure 6.4 Cycling performance of symmetric cells with the 3D-printed rGO/CNT-Na and 

Na foil electrodes at current densities of (a) 1mA cm-2 and (b) 3mA cm-2 with an areal 

capacity of 1mAh cm-2. (c) Symmetric cell cycling performance at a current density of 3mA 

cm-2 with a high areal capacity of 3 mAh cm-2
. 

 

To investigate the cycling stability of the printed Na composite anodes, the 3D-printed 

Na@rGO/CNT electrode with a planar structure was fabricated and symmetric cells were used to 

determine the cycling performance of the 3D-printed Na@rGO/CNT composite anode at different 

current densities and charge/discharge time. Bare Na foil symmetric cells served as the control 

group. Figure 6.4a displays the extended voltage profiles of the symmetric cells at a current 

density of 1mA cm-2 with an areal capacity of 1mAh cm-2. As depicted, the 3D-printed 

Na@rGO/CNT electrode exhibited a more stable voltage curve with a low voltage hysteresis for 

more than 2000 h. In contrast, the voltage profile of the bare Na foil showed a gradually increased 

voltage hysteresis and was only stable for over 200 h, which was caused by the formation of Na 

dendrite. Further increasing the current density to 3 mA cm-2, the voltage hysteresis of bare Na foil 

began increasing after 30 h and severe fluctuating voltage profiles occurs with overpotential rising 

to around 150 mV after 230h as presented in Figure 6.4b. The increasing of voltage hysteresis and 



144 

 

144 

 

appearance of fluctuating voltage profiles can be ascribed to the detrimental Na dendrite growth 

and formation of dead Na, leading to short-circuiting. However, 3D-printed Na@rGO/CNT 

composites can be stably cycled at this elevated current density with a lower overpotential of less 

than 50 mV even after 500 h, suggesting an improved plating/stripping performance of 3D-printed 

Na@rGO/CNT composites. To further demonstrate the advantages of the 3D porous structured Na 

composites, the cycling performance of symmetric cells with 3D-printed Na@rGO/CNT and bare 

Na foil electrodes was tested with a high areal capacity of 3 mAh cm-2. It should be noted that high 

areal capacity is crucial for practical application, however, more reported Na electrodes are tested 

with a low areal capacity of 1mAh cm-2 or even lower for achieving a stable cycling performance 

in symmetric cells, and it is of great challenge to achieve stable performance with a high areal 

capacity. Figure 6.4c presents the cycling stability and voltage profiles of 3D-printed 

Na@rGO/CNT and bare Na foil electrodes at a high current density of 3 mA cm-2 with a high 

capacity of 3mAh cm-2. The Na@rGO/CNT electrode displayed a smaller initial overpotential 

compared to the Na foil. Moreover, the bare Na foil showed poor cycling stability with a short-

circuiting happened after 75h. Notably, the 3D-printed Na@rGO/CNT electrode displayed a much 

more stable plating/stripping process with no obviously increased voltage hysteresis after 300 h. 

This result demonstrates that the 3D-printed Na@rGO/CNT composites could meet the level of 

high capacity for practical application.  
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Figure 6.5 Electrochemical performance of the sodium metal full cell (a) Schematic 

illustrating the assembled cell structure with printed Na@rGO/CNT anode and printed 

NCNFM cathode. (b and c) The 1st, 20th, 40th, and 60th charge/discharge profiles of the full 

cell with Na@rGO/CNT anode and NCNFM cathode. (d) Cycling performance of the full 

cell with Na@rGO/CNT anode and NCNFM cathode. at 0.2C over 60 cycles. (e) Comparison 

of current sodium metal full cell with those reported in literatures. 

 

To further estimate the structural advantages of the printed electrodes in the full cell, we 

investigated the electrochemical performance of the sodium metal full cell assembled with printed 

electrodes. Figure 6.5a illustrate the full cell structure with printed Na@rGO/CNT and printed 

NCNFM as the anode and the cathode, respectively. The current and capacity of the full cell were 

determined by the mass of NCNFM in the printed cathode. In order to achieve high areal capacity, 

a printed NCNFM electrode with mass loading of around 20 mg cm-2 was adopted as the cathode 

in the full cell. Figure 6.5b and 6.5c present the charge/discharge profiles of the 

Na@rGO/CNT||NCNFM full cell in different cycles. The initial cycle was measured at a lower 

current density of 0.05C for activation and it could deliver a high specific capacity of 110.5 mAh 

g-1 (corresponding to an areal capacity of 2.2 mAh cm-2). The subsequent cycles were examined 

at 0.2C. As observed from the curves, it exhibited a higher capacity of 87.5 mAhg-1(corresponding 

to an areal capacity of 1.7 mAh cm-2) even after 60 cycles. Figure 6.5d shows the cycling 

performance of the full cell tested at 0.2 C over 60 cycles, which suggests impressive capacity 

retention of approximately 93% (calculated based on the capacity in the 2nd cycle). The extremely 

stable cycling performance of the full cell can be attributed the structural superiorities of the 

printed electrodes. First, the printed micro-structured NCNFM cathode possesses a 3D porous 

conducting network, which can enable fast electron and ion transport as well as facilitated 

electrolyte penetration within the whole electrode. Second, the printed Na@rGO/CNT composite 

anode with multiple porosities can effectively suppress the Na dendrite growth by decreasing the 

local current density and releasing the volume change during the sodiation/desodiation process. 

To estimate the standing of our Na@rGO/CNT||NCNFM full cell, we compare the electrochemical 

performance of the printed Na@rGO/CNT||NCNFM full cell with that of other full cells recently 

reported in the literature in terms of specific capacity and output voltage as shown in Figure 6.5e.40, 

42-49 It clearly presents that our printed full cell outperforms most of the reported full cells with 
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regard to specific capacity and voltage. The results suggest that 3D printing provides a promising 

strategy in fabricating 3D structured electrodes for achieving high-energy-density storage devices.  

 

6.4 Conclusions 

In summary, an extrusion-type 3D printing approach was first developed to construct a high-

performance SMB which was assembled by a printed Na@rGO/CNT anode and a printed NCNFM 

cathode. The 3D-printed Na@rGO/CNT anode possesses multiple porosities, which could provide 

abundant active reaction sites and enable fast Na+ transport. Moreover, the resultant 3D structured 

Na@rGO/CNT can effectively suppress the Na dendrite growth by decreasing the local current 

density and releasing the huge volume change of Na during cycling. As a result, the printed 

Na@rGO/CNT composite can deliver extremely stable performance over 2000 h (~1000 cycles) 

at a current density of 1 mA cm-2. Even with a high capacity of 3mAh cm-2, the Na@rGO/CNT 

composite can still exhibit a long-lifetime of 300 h at a current density of 3 mA cm-2, which is 

almost three times higher than that of the bare Na foil. On the other hand, the 3D-printed micro-

structured NCNFM cathode composed of interconnected CNTs and porous polymer framework 

can enable fast electron and ion transport as well as facilitated electrolyte penetration within the 

whole electrode. When the 3D-printed Na@rGO/CNT anode and the 3D-printed NCNFM cathode 

were tested in a full cell, it delivered a higher initial specific capacity of 110.5 mAh g-1 

(corresponding to an areal capacity of 2.2 mAh cm-2) and maintained impressive capacity retention 

of approximately 93%. This work thus offers a promising approach to construct high-performance 

Na-metal batteries, which can also be extended to develop next-generation high energy density 

Na-S and Na-O2 batteries. 
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Chapter 7 

7   Nanoscale Surface Modification of High-Voltage Layered Sodium Cathode via Atomic 

Layer Deposition of Aluminum Phosphate with Enhanced Cycle Performance 

 

Rechargeable sodium-ion batteries (SIBs) have been considered as promising candidate devices 

for large-scale energy storage application due to the low cost and rich natural sources of Na. 

Developing high-voltage cathodes is strategically pivotal to achieve a high-energy-density SIBs. 

P2-type layered Na2/3Ni1/3Mn2/3O2 is considered a promising cathode owing to its high theoretical 

capacity and operating voltage. However, it suffers from severe phase transition and unstable 

cathode-electrolyte interface at high voltage. Herein, we report an electrochemically stable 

nanoscale surface coating of AlPO4 on the Na2/3Ni1/3Mn2/3O2 with controllable thickness via 

atomic layer deposition (ALD). By alleviating the severe structure change and protecting the 

active materials from attack by the acidic environment, the AlPO4 coated Na2/3Ni1/3Mn2/3O2 

electrodes show an enhanced cycling performance and rate capability. The electronic structure of 

the system was examined using X-ray Absorption Near-Edge Structure (XANES). The findings in 

this study underscore the significance of thickness controllable nanoscale coating layers and pave 

the way for the development of high-voltage sodium cathode materials.  
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7.1 Introduction 

Lithium-ion batteries (LIBs) are currently dominating the portable electronics market due to their 

high specific capacity, good power density, and long cycle life.1-4 However, the increasing demand 

for large-scale electrical energy storage (EES) applications such as electric vehicles (EVs) and 

renewable power stations would bring great pressure on the limited lithium resources, thereby 

causing a great surge of lithium price. Thus, new energy storage systems with reasonable price are 

in desperate need and attracting a lot of research interests.5-6 7Sodium-ion batteries (SIBs) are 

recently attracting much attention and considered as an ideal alternative to LIBs for large-scale 

EES because of the rich natural resources and wide global distribution of sodium as well as similar 

charge storage mechanism to LIBs.8 9Since the cathode materials are the bottleneck component 

affecting the whole energy density, cost, and cycle life in a full cell, seeking of suitable cathode 

materials is of crucial importance for the development of SIBs. 10 

 

Within the past decade, many efforts have been devoted to developing high-performance sodium 

cathode materials, such as layered metal oxides,11-12 pyrophosphate,13-14 olivine phosphates, 

15fluorophosphates16, and fluorosulfates.17 Among the various cathode materials, sodium-based 

layered metal oxides (NaxMO2, M= one or more transition metals) show great advantages 

including high operating voltage, high theoretical capacity, and facile preparation. In particular, 

P2-type Na2/3Ni1/3Mn2/3O2 has been extensively investigated due to its high theoretical capacity of 

173 mAh g-1 and high operating voltage with a flat plateau above 4 V originated from the high 

redox potential of Ni2+/Ni4+couple. Despite possessing such merits, some major problems  remain 

to be resolved during charge/discharge process: 1) A P2-O2 phase transition stemming from an 

oxygen framework shift will take place during the cycling process when charged to a high voltage 

of above 4.2 V, leading to a severe capacity decay. Meanwhile, an inevitable volume shrinkage of 

around 23% associated with the phase transition will cause the isolation of active materials from 

conducting materials, thus resulting in a fast capacity fading. 2) The carbonate-based electrolyte 

tends to decompose when charged to the high voltage, generating detrimental contaminants, such 

as HF. The acid thus produced can attack the active materials, leading to an inevitable capacity 

degradation at high cut-off voltage. 18-19 
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Accordingly, numerous studies have focused on suppressing the irreversible phase transition by 

partially substituting active metal elements with electrochemical inactive elements (Mg, Zn, Al, 

Ti, etc.), which have been proved to be an effective way to stabilize the crystal structure, thus 

enhancing the capacity retention.20-28 Although these doping attempts are promising, the 

electrochemical performance is still not satisfactory as doping inactive ions will inevitably lose 

some capacity. Recently, surface modification has been demonstrated to be a promising approach 

to improve the electrochemical performances of sodium layered oxides. For example, our group 

first reported atomic layer deposition (ALD) of Al2O3 on the layered P2-type 

Na2/3(Mn0.54Ni0.13Co0.13)O2 (MNC) cathodes, the MNC electrode coated with 2 ALD cycles of 

Al2O3 exhibits an enhanced electrochemical stability as the metal oxide coating layer provides  

structural stability against mechanical stresses generated during the charge/discharge process.29 

Later on, Zhou et al. introduced an Al2O3 coating layer on the P2- Na2/3Ni1/3Mn2/3O2 cathode to 

stabilize the electrode at high voltage via a wet-chemistry method, and the coated electrode 

displayed a high initial discharge capacity of 160 mAh g-1 with enhanced cycle retention of 73.2% 

after 300 cycles. 30Alvarado et al.31 also demonstrated the ALD coating of Al2O3 on P2- 

Na2/3Ni1/3Mn2/3O2 cathode. X-ray photoelectron (XPS) results revealed that the coated electrodes 

contained polymeric species such as poly (ethylene oxide), which is beneficial for forming a more 

flexible cathode-electrolyte interface (CEI) that can mitigate the exfoliation of Na2/3Ni1/3Mn2/3O2 

particles. Although previous studies demonstrate that Al2O3 coating can enhance the cyclic 

performance, a dense insulator Al2O3 layer would result in a decreased rate performance. 

Additionally, Al2O3 is intrinsically unstable to an acid environment. Thus, we still face great 

challenges with seeking a promising and electrochemically stable coating material.  

 

Herein, we report a novel nanoscaled surface coating of alumina phosphate (AlPO4) on P2-

Na2/3Ni1/3Mn2/3O2 with well-controlled coating thickness via atomic layer deposition. Soft X-ray 

absorption near-edge spectroscopy (XANES), which probes the local chemical change of the 

element of interest, suggests that the surface coating layer has effectively protected the surface Ni 

from being oxidized. The effect of ALD coating thickness on the electrochemical performance 

including cycling performance and rate capabilities was investigated. The results clearly 

demonstrate the positive impact of the ultrathin AlPO4 coating layer on the electrochemical 

performance of P2- Na2/3Ni1/3Mn2/3O2.  
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7.2 Experimental Section 

7.2.1 Preparation of P2-Na2/3Ni1/3Mn2/3O2 

The P2-Na2/3Ni1/3Mn2/3O2 powders were synthesized by a simple solid-state reaction method. 

Typically, a stoichiometric mixture of Na2CO3 (99%, Sigma-Aldrich), NiO (99%, Sigma-Aldrich), 

and Mn2O3 (99%, Sigma-Aldrich) was ball-milled for 5 h in ethanol. An excess amount of 5% 

Na2CO3 was added to compensate for the sodium loss at high temperature. The mixture was dried 

at 80℃ for 10 h. The obtained powders were then pressed into pellets, afterward, the pellets were 

heated at 900℃ for 12 h. The heated pellets were cooled to room temperature and then transferred 

to an argon-filled glovebox until use. 

 

7.2.2 Atomic layer deposition of AlPO4 on P2-Na2/3Ni1/3Mn2/3O2 

AlPO4 was deposited on the P2-Na2/3Ni1/3Mn2/3O2 powders at 250℃ in a Savannah 100 ALD 

system (Ultratech/Cambridge Nanotech, USA) using trimethylaluminum (TMA, (CH3)3Al, 98% 

STREM Chemicals), trimethyl phosphate (TMPO, (CH3)3PO4, 97% STREM Chemicals), and 

distilled water (H2O) as precursors. AlPO4 was deposited in an exposure model by the sequence 

of TMA pulse (0.5 s) - exposure (1s) - purge (10 s) – H2O pulse (1s) – exposure (1s) – purge (15 

s) – TMPO pulse (2s) – exposure (1s) – purge (10 s)- H2O pulse (1s)- exposure (1s)-purge (10s). 

Nitrogen gas (99.999 %) was used as a carrier gas at a flow rate of 20 sccm. AlPO4 layers were 

directly deposited on the P2-Na2/3Ni1/3Mn2/3O2 powders by repeating the above ALD cycles. In 

this work, 2, 5, 10, and 20 ALD cycles were selected to control the coating thickness, each of the 

sample was denoted as NMO-nAP, where n means the ALD cycle number and AP means AlPO4.  

 

7.2.3 Materials characterization 

X-ray diffraction (XRD, Bruker D8 Advance, Cu-Kα source) was utilized to investigate the phase 

purity of the pristine and ALD AlPO4 coated P2- Na2/3Ni1/3Mn2/3O2 samples. The morphologies of 

the samples were characterized by a Hitachi S-4800 field emission scanning electron microscopy 

(FESEM) and a transmission electron microscopy (TEM, FEI Quanta FRG 200 F, operating at 200 

kV). The soft X-ray absorption spectroscopy (XAS) measurements of Ni L3,2 edges, Mn L3,2 edges, 

and O K edge were conducted at the Spherical Grating Monochrometer (SGM) beamline with a 

photon energy of 250 – 2000 eV at Canadian Light Source (CLS).  
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7.2.4 Electrochemical performance measurements  

The electrodes were prepared by mixing active material, acetylene black (AB) and poly 

(vinylidene fluoride) (PVDF) in a ratio of 80:10:10 in N-methyl-pyrrolidone (NMP). The slurry 

was then pasted on Al foils and dried at 80℃ under vacuum for overnight. Subsequently, the dried 

electrode was punched and assembled into a CR-2032coin cell in an argon-filled glovebox. 

Sodium metal was used as the counter electrode. 0.5 M NaPF6 dissolved into propylene carbonate 

(PC, 2% FEC) was used as the electrolyte. Glass fiber (GF) was used as the separator. Cyclic 

voltammetry (CV) and electrochemical impedance spectroscopic (EIS) measurements were 

performed on a Bio-Logic multichannel potentiostat 3/Z (VMP3). The cells were tested on a Land 

system between a voltage range of 2.0-4.3 V vs. Na+/Na at room temperature.  

 

7.3 Results and Discussions 

7.3.1 Morphology and Structure Characterization 

 
Figure 7.1 a) XRD patterns of pristine NMO and AlPO4-coated NMO samples; Typical 

SEM images of b) bare NMO, c) NMO-2AP, d) NMO-5AP, e) NMO-10AP, and f) NMO-

20AP. 
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The crystal structures of pristine NMO and AlPO4 coated NMO samples (denoted as NMO-nAP, 

where n means the ALD cycle numbers and AP means AlPO4) are determined by X-ray diffraction 

(XRD). As presented in Figure 7.1a, the pristine NMO displays characteristic peaks which could 

be well indexed to a hexagonal layered structure with a space group of P63/mmc. The XRD patterns 

of NMO-nAP samples also show the same characteristic peaks, suggesting that the surface ALD 

AlPO4 coating did not affect the structure of the pristine NMO. And no peaks associated with 

AlPO4 were observed in the crystal structure after AlPO4 coating due to the ultrathin and 

amorphous nature of the coating layers.32-33 

 

The morphologies of pristine NMO and AlPO4 coated NMO samples were first characterized by 

scanning electron microscopy (SEM). Figure S7.1 clearly shows that the pristine NMO prepared 

from traditional solid-state-reaction (SSR) method is composed of uniform plate-like micro-sized 

particles, and the particles size is around 2-3 µm. The magnified image of the pristine NMO 

particles in Figure 7.1b presents a laminated structure with very smooth surfaces and well-defined 

edges. In contrast, the particles with ALD AlPO4 coating layers display a gradually rougher surface 

associated with the coating layer increasing as clearly shown in Figure 7.1c-1f. Especially after 

20 cycles of ALD AlPO4 coating, the surface of the particles is so rough that some pleats even 

occur. Figure S7.2 shows the energy-dispersive X-ray spectroscopy (EDX) mapping images of 

bare NMO particles, which suggests the homogeneous distributions of Ni, Mn, and Na within the 

whole particles. The presence of Al and P elements on the surface of the NMO-2AP, NMO-5AP, 

and NMO-10AP particles was also confirmed by SEM EDX mappings as presented in Figure 

S7.3-S7.5.  

 

Transmission electron microscopy (TEM) was further conducted on NMO-20AP sample to 

confirm the coating layer. The low-resolution TEM (Figure 7.2a) shows a plate-like morphology 

with a thin layer coated on the surface. The high-resolution TEM (HRTEM) in Figure 7.2c clearly 

reveals that the thickness of the coating layer is approximate to 4 nm and the coating layer exhibits 

amorphous nature, which is in accordance with the XRD results.  Figure 7.2d-2i present the EDX 

elemental mappings for the orange rectangle region in Figure 2a. It can be observed that Al and P 

are uniformly distributed on the surface of the NMO particles. 
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Figure 7.2 a) Low-resolution TEM image, b) and c) HRTM images; (d-i) elemental 

mapping of Na, Ni, Mn, O, Al, and P of the NMO-20AP, respectively. 

 

To investigate whether the thin surface coating layer affects the valence states and electronic 

structures of Ni and Mn in the pristine NMO, soft X-ray absorption spectroscopy (XAS) was used 

to obtain the XANES on the Mn L3,2-edges and Ni L3,2-edges for bare NMO and NMO-10AP 

samples (Figure 7.3a and 7.3b) in total electron yield (TEY) mode, which has a surface probing 

depth of a few nm. Metal L3,2-edges usually reveal the electronic transition from M 2p3/2 and 2p1/2 

to an unoccupied 3d states, and the peaks corresponding to L3,2 edges are very sensitive to 

oxidation state, spin state, local symmetry (e.g. tetrahedral vs octahedral) and bond covalence. 

Both Mn L-edge and Ni L-edge spectra show a negligible difference before and after surface 

coating, indicating that the ALD thin coating layer did not alter the surface oxidation state of Ni 

and Mn in the NMO nor its local structure. Compared with the standard MnO2 and NiO XANES 

features, it can be revealed that the valence state of Mn and Ni in both samples are primarily Mn4+ 

and Ni2+, respectively34 
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The O K-edge can be divided into two regions. Pre-edge peaks below 535 eV are ascribed to 

electronic transition from O 1s state to O 2p-TM 3d hybridized state of eg and t2g character. The 

broad peaks above 535 eV correspond to transition to O 2p-TM 4sp hybridized state.  The O K-

edge spectra of bare NMO and NMO-10AP samples are both collected in TEY and fluorescence 

yield (FY) modes, the latter is sensitive to the bulk while TEY is sensitive to the surface with 

contributions from both the AlPO4 coating and the electrode materials.  As shown in Figure 7.3c, 

the O K-edge of two samples in FY mode display similar features, suggesting that the coating did 

not affect the bulk electronic structures of NMO. Figure 7.3d shows the O K-edge in TEY mode, 

the pre-edge peak of NMO-10AP at around 530 eV shows a reduced intensity compared with that 

of the bare NMO, which indicates that surface coating layer can avoid the oxidization of surface 

Ni as the intensity decrease of this pre-edge peak means fewer holes in the O 2p-TM 3d hybridized 

orbitals, suggesting a lower valence state of the surface metals.35 It should be noted that AlPO4 

exhibits no absorption features at 530 eV of its O K-edge XANES but a broad absorption at ~ 540 

eV which contributes to the background in the XANES of the coated samples in this energy region. 
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Figure 7.3 a) XAS spectra of Mn L3,2-edges and Ni L3,2 edges of bare NMO, NMO-10AP, and 

standard MnO2; b) XAS spectra of Ni L3,2-edges of NMO, NMO-10AP, and standard NiO 

collected in TEY mode; c) and d) O K-edges of bare NMO and NMO-10AP collected in FY 

and TEY modes, respectively. 

 

7.3.2 Electrochemical Characterization 

 

 

Figure 7.4 Cyclic voltammetry of a) bare NMO, b) NMO-2AP, c) NMO-5AP, d) NMO-10AP, 

and (e) NMO-20AP.  

 

To study the electrochemical behaviors of bare NMO and NMO coated with various ALD cycles 

of AlPO4, cyclic voltammetry (CV) measurements were first conducted at a scanning rate of 

0.1mV s-1 within a voltage range of 2.0 – 4.3V. As shown in Figure 7.4, three main pairs of redox 

peaks can be observed in the CV curves for all the samples, corresponding to the charge/discharge 

plateaus of the voltage profiles. The reversible oxidation/reduction peaks at around 3.37/3.25V 

and 3.75/3.52V are attributed to the redox reactions of Ni2+/Ni3+ and Ni3+/Ni4+, respectively. 36 A 

higher redox peak appeared at around 4.0/4.22V can be ascribed to the phase transition from P2 to 

O2, which will cause the layered structures gliding and thus lead to a decreased cycle stability.37 
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It should be noted that the redox peaks below 4.0V for all the samples can be well overlapped in 

the first five cycles, indicating that the redox reactions at lower voltage show good reversibility 

and does not alter the layer structure. Interestingly, the surface coating layer has an obvious effect 

on the higher redox peaks, it is clearly observed that the redox peaks at high voltage undergo 

enhanced reversibility with increasing coating thickness. Particularly, the electrode with 20 ALD 

cycles of AlPO4 displays a higher reversible redox reaction at high voltage, indicating improved 

structural stability during the charge/discharge process.  

 

 
Figure 7.5 Electrochemical performance comparison of a) the initial galvanostatic 

charge/discharge profiles of bare NMO and various AlPO4-coated NMO samples within the 

voltage range of 2.0-4.3V at 0.5 C; b) cyclic performance of bare NMO and AlPO4-coated 

NMO samples at 0.5 C; c) rate capabilities of bare NMO and AlPO4-coated NMO samples 
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at various current densities; d) A comparison of the rate performance between this work and 

the work previously reported in the literature; e) The long-term cyclic performance of bare 

NMO and AlPO4-coated NMO samples over 200 cycles at a rate of 2C. 

 

The sodium storage performance of bare NMO and AlPO4 coated NMO samples were evaluated 

in coin cells with Na metal as the counter electrode. The initial charge/discharge voltage profiles 

of bare NMO and various ALD-coated NMO electrodes measured at 0.5C are displayed in Figure 

7.5a. All of the electrodes show three obvious slopes and voltage plateaus during the 

charge/discharge process, which are consistent with the CV results.  As indicated in Figure 7.5a, 

an initial discharge capacity of approximately 128 mAh g-1 was obtained from the bare NMO 

electrode within the voltage range of 2.0-4.3V, whereas the NMO-2AP electrode exhibited an 

enhanced initial discharge capacity of 144.2 mAh g-1, which suggests that the ultrathin coating 

layer might facilitate the Na diffusion. However, the initial discharge capacities of the NMO-5AP, 

NMO-10AP, and NMO-20AP electrodes are 140, 119, and 95 mAg g-1, respectively, which 

presents a linearly decrease with the coating thickness increasing. This phenomenon can be 

ascribed to the thicker inactive AlPO4 layer restricting the Na ions diffusion from the electrolyte 

into the bulk active material, which inevitably reduces the activity of active species in the 

electrochemical reaction.19, 38As a consequence, the 20 cycles of ALD-coated NMO electrode 

delivered a greatly reduced initial capacity and coulombic efficiency.  

 

To further investigate the coating effects on cycling stability, the cycling performance of various 

NMP-nAP electrodes was examined at 0.5C over 50 cycles. It is displayed in Figure 7.5b that the 

bare NMO electrode suffered from a dramatic capacity fading with only 48% capacity retention 

after 50 cycles. This rapidly capacity decay resulted from the severe structural changes during the 

charge/discharge process, which is consistent with previous reports.37In contrast, the ALD-coated 

electrodes show improved capacity retention compared to the uncoated electrode. In should be 

noted that the capacity retention of the coated electrodes demonstrates a linearly increases with the 

increasing coating thickness. Among all the coated electrodes, the electrode with 10 cycles of ALD 

coating shows the best discharge capacity of around 94 mAh g-1 at the 50th cycle with capacity 

retention of 78%. It is worth to note that the 20 cycles of ALD-coated electrode displayed superior 

cyclic stability with 80% capacity remaining at 50th cycle although it presented a lower initial 
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discharge capacity. The improved cyclic stability of the coated electrodes might be attributed to 

the existing of the stable coating layer, which could suppress the electrolyte oxidation under high 

voltage and mitigate the exfoliation of NMO particles. 39-41 

 

Furthermore, the rate capabilities of the bare NMO electrode and ALD AlPO4 coated electrodes 

were compared at various current densities as displayed in Figure 7.5c and Figure S7.6. It can be 

observed that the bare NMO, NMO-2AP, NMO-5AP, and NMO-10AP electrodes all undergo a 

fast capacity decay in the first five cycles at 0.1C, which is caused by the irreversible structural 

change. However, the NMO-20AP electrode revealed a relatively stable cyclic performance, 

indicating that 20 cycles of coating layer could effectively mitigate the structural change. 

Comparing the overall rate- performance results, it can be found that the NMO-2AP electrode 

exhibits a higher capacity than those of the bare NMO and other coated NMO electrodes, 

suggesting an enhanced ion transport. High capacity of approximately 70 mAh g-1 was obtained 

for 2 cycles of the ALD-coated electrode at a high rate of 5C. However, the 20 cycles of coated 

electrode presented a greatly reduced rate capability, which might be a result of the high Na ion 

resistance of the thick insulating coating layer. Figure 7.5d compares the rate capabilities of this 

work with previously reported data in the literature. It clearly reveals that doping inactive elements 

greatly reduce the capacity of the NMO electrodes, on the contrary, surface coated NMO electrodes 

could maintain a higher capacity. Moreover, compared with Al2O3 coating reported in the literature, 

ALD AlPO4 coated NMO electrode in this work displays superior capacity, especially at a high C-

rate.  

 

The long-term cyclic performance at a high current density is essential for practical application of 

the energy storage devices. Thus, the long-term cycle stability of various NMO-nAP electrodes 

was tested at a high rate of 2C over 200 cycles. As shown in Figure 7.5e and Figure S7.7, the 2 

cycles of ALD-coated NMO exhibits the highest initial discharge capacity of 121.2 mAh g-1 among 

all the electrodes. In contrast, the bare NMO electrode only delivers an initial discharge capacity 

of 76.2 mAh g-1, with only 40.3% of the initial capacity remained after 200 cycles. Notably, all the 

coated electrodes exhibit enhanced cycle stability as shown in Figure S7.8. It is worth noting that 

the NMO-10AP electrode delivers a high capacity of 60 mAh g-1 at the 200th cycle, which is almost 

twice that of the bare NMO.  



166 

 

166 

 

 

Figure 7.6 Cyclic voltammogram curves of (a) NMO-2AP and (c) bare NMO electrodes at 

various scanning rates (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 mVs-1); (b) and (d) are the 

corresponding linear relationship between the peak current and the square root of the scan 

rates; (e) and (f) are EIS curves after 10 cycles and 50 cycles. 

 

To better understand the high-rate capabilities of AlPO4-coated electrodes. CV measurements with 

varied scan rates were investigated to study the kinetic behavior of the bare and coated NMO. 

Figure 7.6a and 7.6c are the CV profiles of the bare and NMO-2AP electrodes, respectively. 

Figure 7.6b and 7.6d show the corresponding linear relationship between the peak current and 

the square root of the scan rates. The Na diffusion coefficients (DNa) values can be calculated 

according to the Randles-Sevick equation42-43: 

Ip = 2.69 × 105 n3/2AD1/2v1/2C0                                                                                                       (1) 

Where Ip is the peak current of anodic or cathodic peaks, n is the number of electrons per formula 

during the insertion, A is the geometric area of the electrode, D is the Na diffusion coefficient, v 

is the scan rate and C0 is the concentration of Na+ in the electrode. The average DNa values of bare 

NMO and NMO-2AP samples are 1.97×10-11cm2 s-1 and 3.86×10-11cm2 s-1 during the charging 

process, respectively. The improved DNa value of the 2 cycles of ALD-coated electrode 

should be one of the reasons for the enhanced rate capacities and cycling performance. 
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In order to study the effect of the AlPO4 coating layer on the formation of solid electrolyte interface 

(SEI), electrochemical impedance spectra (EIS) measurements were conducted on bare NMO and 

coated NMO electrodes after different cycling at 0.5C. The Nyquist plots and a fitted equivalent 

circuit are shown in Figure 7.6e and 7.6f. In particular, the semicircle at high frequency stands 

for the Na+ migration resistance (Rs) through the surface layer, which reflects the resistance of 

SEI. The semicircle at medium frequency can be assigned to the charge transfer resistance (Rct) 

at the cathode-electrolyte interface. The inclined line at low frequency (Warburg impedance Zw) 

is related to the Na+ diffusion into the bulk of the electrode materials. The values of the Rs for each 

sample after different cycles are listed in Table S7.1, it can be seen that bare NMO exhibits a 

larger Rs value of 336.1 Ω after 10 cycles, whereas the AlPO4 coated NMO shows a decreased Rs 

value of 218.5 Ω, suggesting a smaller SEI impedance (Figure 6e). This also indicates that the 

AlPO4 coating could suppress the electrolyte decomposition, which is mainly because that the 

AlPO4 layer could protect the active materials from direct contact with the electrolyte. Moreover, 

the Rs of the bare NMO electrode increased to 485.9 Ω after 50 cycles, whereas the increase of Rs 

impedance was negligible for AlPO4 coated NMO electrode. The impedance comparison 

demonstrates that the AlPO4 coating layer is effective for stabilization of the cathode-electrolyte 

interface, leading to a thinner SEI on the electrode compared to the bare NMO electrode. These 

results reveal that the nanoscale surface coating could effectively improve the electrochemical 

performance of the pristine electrode.  

 

7.3.3 Post-cycling Characterization 
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Figure 7.7 XANES Mn L3,2-edges of bare NMO and NMO-10 AP electrodes after (a) 1 cycle 

and (b) 50 cycles compared with standard MnO, MnO2, and Mn2O3.  

 

To further study the effect of the coating layer on the cathode, XANES was collected on the Mn 

L3,2-edges of the electrodes after different cycles. Figure 7.7a shows the Mn L3,2-edges of the bare 

NMO and NMO-10AP electrodes after 1 cycle, it can be found that both the bare NMO and NMO-

10AP electrodes present predominantly Mn4+ features which match well with standard MnO2. This 

suggests that the valence state of Mn does not change after a few cycles, which can maintain the 

structure of the cathode. However, after 50 cycles, the Mn in both electrodes was partially reduced 

to Mn2+ (Figure 7.7b). Interestingly, the NMO-10AP electrode displays a much lower intensity 

ratio of Mn2+/Mn4+ than the bare NNO electrode, indicating the less reduction of Mn on the coated 

NMO surface by the electrolyte. This reduction hampering of Mn can be attributed to the protective 

role of AlPO4 against the electrolyte oxidation. In other words, the right amount of AlPO4 coating 

layer can suppress the dissolution of Mn2+ into the electrolyte, thus improving the structural 

stability of the cathode material. 

 

7.4 Conclusions 

In summary, we have demonstrated herein for the first time the novel ALD coating of AlPO4 layer 

on the P2-NMO layered cathode materials with a controllable thickness. We have systematically 

studied the effect of the coating thickness on the cyclic performance and rate capability of the 

NMO cathode material. The results show that the AlPO4 -coated NMO electrodes exhibit superior 

cyclic stability and enhanced rate capabilities. The findings in this study underscore the 

significance of thickness controllable nanoscale coating layers and provide a new insight for 

designing high voltage SIBs cathodes for future applications. 
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Supporting Information 

 
 

 
 

Figure S7.1 SEM image of the pristine P2- Na2/3Ni1/3Mn2/3O2  

 

 

 

Figure S7.2 SEM image of pristine NMO and corresponding EDX mapping of Na, Ni, and 

Mn 
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Figure S7.3 SEM image of NMO-2AP and corresponding EDX elemental mapping of Na, O, 

Ni, Mn, Al, and P. 

 

 
 

Figure S7.4 SEM image of NMO-5AP and corresponding EDX elemental mapping of Na, 

Mn, Ni, Al, and P 
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Figure S7.5 SEM image of NMO-10AP and corresponding EDX elemental mapping of Na, 

Mn, Ni, Al, and P. 

 

 

 
Figure S7.6 Charge/discharge curves of bare NMO and NMO-nAP electrodes at different 

current densities.  
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Figure S7.7 a) Initial cycle charge/discharge curves; b) 200th cycle charge/discharge curves 

of the bare NMO and NMO-nAP electrodes. 

 

 
Figure S7.8 Capacity retention comparisons between bare NMO and AP coated NMO 

electrodes over 50 cycles at 0.5C and 200 cycles at 2.0C.  

 

Table S7.1. Rs value of bare NMO and AP coated NMO electrodes after 10 cycles and 50 

cycles. 

Electrode Rs (Ω) after 10 cycles Rs (Ω) after 50 cycles 

Bare NMO 336.1 485.9 

AP coated NMO 218.5 257.6 
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Chapter 8 

8 Summary and Future Work 

8.1 Conclusions 

Rechargeable batteries have attracted significant attention due to their high energy density and 

power density as well as pollution-free operation. However, traditional manufacturing methods are 

hard to fabricate thick electrodes with fast electron/ion transport due to the planar structure 

limitations. Moreover, electrodes and electrolytes fabricated by traditional techniques have limited 

form factors and mechanical flexibility. Extrusion-type 3D printing techniques thus have been 

applied to design various 3D architectures for achieving high-performance Li/Na batteries. 

 

In chapter 3, 3D patterned self-supported thick LFP electrodes for high areal energy and power 

density LIBs were realized by an optimized extrusion-type 3D printing technique. The resulting 

unique 3D structured electrodes were constructed by continuous layer-by-layer filaments 

composed of interconnected porous polymer frameworks and continuous conducting carbon 

networks, thereby greatly improving ion and electron transport. The well-designed 3D micro-

structures were demonstrated to increase the surface area and maintain a short ion transport 

distance even within a thick electrode, facilitating the electrolyte penetration into the active 

materials as well as ion/electron diffusion. Due to these structural merits, the 3D-patterned 

electrodes exhibited superior electrochemical performance over conventional thick flat electrodes 

in terms of specific capacity and cycling stability. Moreover, an ultrathick LFP electrode of 1500 

µm 3D electrodes with 8 printed layers was fabricated and presented a high areal capacity of 

approximately 7.5 mA h cm-2 and energy density of 69.41 J cm-2 at a power density of 2.99 mW 

cm-2, demonstrating comparable values with reported high-performance LFP cathodes fabricated 

by both 3D printing and other methods in literature. This work thus provides a facile, low cost, 

and easily scaled way to fabricate high areal loading/thick electrode to achieve high areal energy 

density with high power density, which holds great promise for future practical application of high 

energy density lithium-ion batteries. 

 

In chapter 4, a novel facile 3D printing approach was developed to rapidly construct patterned Si 

electrodes with vertically aligned and multi-scaled porous structures to achieve high areal capacity 
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LIBs. Compared to the conventional flat 2D Si electrodes, the 3D-printed Si electrodes possessed 

vertically aligned mass/ionic transport pathways and macro/micro-scaled porosities, which helped 

facilitate the electron/ion transport within the whole electrodes and effectively helped mitigate the 

large volume expansion during cycling by providing extra negative space. From the structural 

advantages, the 3D-printed Si was able to exhibit a superior areal capacity of around 3 mAh cm-2 

(corresponding to a specific capacity of 1450 mAh g-1) after 60 cycles. Moreover, the 3D-printed 

Si delivered excellent performance merits under different areal mass loadings. Even under a high 

mass loading of 3.81 mg cm-2, the 3D-printed Si displayed an extremely high areal capacity of 

10.31 mAh cm-2 (2706.04 mAh g-1). This work demonstrated a facile 3D printing approach to 

design unique architecture for realizing a high-performance Si anode. These techniques hence open 

a promising avenue for developing other advanced energy systems in the future. 

 

In chapter 5, We have developed a low-cost aqueous-based printable ink for fabricating uniform 

LAGP thin films via an advanced extrusion-type 3D printing approach. Compared with the 

conventional pressed thick LAGP pellets, the printed thin LAGP can not only reduce the total 

weight of a cell but also shorten the Li+ transport distance, which could increase the energy density 

and power density of a solid battery. Benefiting from these merits, a LiFePO4(LFP)/Li solid battery 

with the printed LAGP thin film as the electrolyte delivers a superior specific capacity of around 

130 mAh g-1 even at a high rate of 5C, which is much higher than that of the battery with a thick 

LAGP pellet (1mm) fabricated by conventional cold-sintering technique. This method offers the 

flexibility of fabricating thin solid-state electrolytes with controllable thickness in a low-cost and 

efficient way. In addition, various patterned LAGP architectures are easily fabricated, broadening 

the diversity of solid batteries with various size and shapes. This work thus would shed light on 

fabricating desirable solid-state electrolytes for next-generation high-energy-density solid-state 

batteries.  

 

In chapter 6, an extrusion-type 3D printing approach was first developed to construct a high-

performance SMB which was assembled by a printed Na@rGO/CNT anode and a printed NCNFM 

cathode. The 3D-printed Na@rGO/CNT anode possesses multiple porosities, which could provide 

abundant active reaction sites and enable fast Na+ transport. Moreover, the resultant 3D structured 

Na@rGO/CNT can effectively suppress the Na dendrite growth by decreasing the local current 
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density and releasing the huge volume change of Na during cycling. As a result, the printed 

Na@rGO/CNT composite can deliver extremely stable performance over 2000 h (~1000 cycles) 

at a current density of 1 mA cm-2. Even with a high capacity of 3mAh cm-2, the Na@rGO/CNT 

composite can still exhibit a long cycle life of 300 h at a current density of 3 mA cm-2, which is 

almost three times higher than that of the bare Na foil. On the other hand, the 3D-printed micro-

structured NNCFM cathode composed of interconnected CNTs and porous polymer framework 

can enable fast electron and ion transport as well as facilitated electrolyte penetration within the 

whole electrode. This work thus offers a promising approach to construct high-performance Na-

metal batteries, which can also be extended to develop next-generation high energy density Na-S 

and Na-O2 batteries. 

  

In order to further increase the energy density of a SIB, chapter 7 demonstrated the developing of 

high-voltage layered P2-Na2/3Ni1/3Mn2/3O2 (NMO) cathodes. We further apply an 

electrochemically stable nanoscale surface coating of AlPO4 on the NMO cathode with 

controllable thickness via atomic layer deposition (ALD). The effect of coating thickness on the 

electrochemical performances was systematically studied. The results show that ALD AlPO4-

coated NMO electrodes exhibit superior cycling stability and enhanced rate capabilities. The 

electronic structure of the system was examined using X-ray Absorption Near-Edge Structure 

(XANES). The XANES results revealed that the AlPO4 coating layer could suppress the reduction 

of Mn upon cycling, which could help improve the structural stability of the cathode.   

 

8.2 Future Work 

This thesis has successfully developed various printable inks and designed unique 3D micro-

structures via an advanced extrusion-type 3D printing technique for energy storage applications. 

3D printing has shown great advantages in fabricating Li/Na battery electrodes and solid-state 

electrolytes. Future research can be directed to the developing of novel battery component inks 

and new battery forms. 

 

This thesis first presents the fabrication of 3D-patterned self-supported thick LiFePO4 via an 

extrusion-type 3D printing approach. The designed unique 3D architectures could improve the 

electron/ion transport within the electrode as discussed in chapter 3. However, it is known that 
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LiFePO4 has a low working plateau of around 3.4 V and a relatively low theoretical capacity of 

170 mAh g-1, resulting in a limited energy density. Therefore, promising cathodes with high 

capacity and high voltage plateau, such as LiCoO2, LiNi0.8Mn0.1Co0.1O2, and LiNi0.5Mn1.5O4, can 

be adopted for developing high-energy-density LIBs. 

 

Chapter 4 describes the employing 3D printing approach for designing patterned Si anodes with 

vertically aligned and multi-scaled porous structures in order to achieve high-areal capacity LIBs. 

Although high areal capacity can be obtained, the long-term cycling performance still needs to be 

further improved. In this case, further work can be focused on developing 3D-patterned 

graphene/Si electrodes by using the extrusion-type 3D printing method, since graphene could 

greatly enhance the conductivity of the electrode while the designed 3D structures can effectively 

mitigate the huge volume expansion of Si during cycling processes. Moreover, the combination of 

3D-printed Si anodes with printed high-capacity and high voltage cathodes should be investigated 

to realize a printed high-performance full battery. 

 

In chapter 5, we demonstrate the fabrication of LAGP solid electrolytes via the 3D printing method. 

The printed solid electrolyte has a thickness of around 100 µm, which can significantly shorten the 

Li+ transport path when applied in a solid battery. In the future, complex 3D structured solid 

electrolytes can be developed to construct 3D solid-state batteries. For instance, a dense-porous 

solid-state electrolyte framework can be fabricated by the 3D printing approach. In this unique 

structure, the porous part can be acted as a host for cathode materials, while the thin dense layer 

can separate the cathode and the anode.  This dense-porous structure can considerably increase the 

loading of cathode materials, thus improving the energy density of a solid battery. 

 

In chapter 6, we fabricate self-supported 3D structured Na@rGO/CNT composite anodes and O3-

NaCu1/9Ni2/9Fe3/9Mn3/9O2 (denoted as NCNFM) cathodes using the layer-by-layer extrusion-type 

3D printing approach for high-energy-density SMBs. The resultant 3D structured Na composite 

can effectively suppress the Na dendrite growth by decreasing the local current density and 

releasing the volume change during the sodiation/desodiation process. In the future, we can 

develop high capacity cathodes, such as sulfur cathodes and air-based cathodes, for realizing all-

printed Na-S and Na-O2 batteries. 
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To further increase the energy density of a sodium-ion battery, we developed high-voltage layered 

P2-Na2/3Ni1/3Mn2/3O2 (NMO) cathodes in chapter 7. By applying ALD AlPO4 coating layer on the 

NMO particles, the reduction of Mn was suppressed upon cycling, which could improve the 

structural stability of the cathode. Future work can be focused on 3D printing of high-voltage 

sodium layered cathodes and combining them with ALD techniques for achieving long-term high-

areal capacity sodium cathodes. 
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