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Abstract: Fabrication and assembly of electrodes and electrolytes play an important role in 

promoting the performance of electrochemical energy storage (EES) devices such as batteries 

and supercapacitors. Traditional fabrication techniques have limited capability in controlling the 

geometry and architecture of the electrode and solid-state electrolytes, which would otherwise 

compromise the performance. 3D printing, a disruptive manufacturing technology, has emerged 

as an innovative approach to fabricating EES devices from nanoscale to macroscale, providing 

great opportunities to accurately control device geometry (e.g., dimension, porosity, and 

morphology) and structure with enhanced specific energy and power densities. Moreover, the 

“additive” manufacturing nature of 3D printing provides excellent controllability of the electrode 

thickness with much simplified process in a cost effective manner. With the unique spatial and 

temporal material manipulation capability, 3D printing can integrate multiple nano-materials in 
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the same print, and multi-functional EES devices (including functional gradient devices) can be 

fabricated. Herein, we review recent advances in 3D printing of EES devices. We focus on two 

major 3D printing technologies including direct writing and inkjet printing. The direct material 

deposition characteristics of these two processes enable them to print on a variety of flat 

substrates, even a conformal one, well suiting them to applications such as wearable devices and 

on-chip integrations. Other potential 3D printing techniques such as freeze nano-printing, 

stereolithography, fused deposition modeling, binder jetting, laminated object manufacturing, 

and metal 3D printing are also introduced. The advantages and limitations of each 3D printing 

technology are extensively discussed. More importantly, we provide a perspective on how to 

integrate the emerging 3D printing with existing technologies to create structures over multiple 

length scale from nano to macro for EES applications.  

 

Keywords: 3D printing, electrochemical energy storage, inkjet printing, direct ink writing, nano 

printing. 
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1. Introduction 

Electrochemical energy storage (EES) devices such as batteries and supercapacitors play a 

key role in our society [1-4]. In the past two decades, the development of energy storage devices 

has attracted increasing interests among industry and academia. However, most of the academic 

research has been focused on the exploration of new electrode materials [5] and new electrolytes 

[6]; not enough attention has been paid to the fabrication process, which is the bridge to transfer 

materials to devices. While scientific discovery and materials innovation are important, process 

engineering on how to put these pieces of building block together plays a crucial, often 

determining role in real world devices [7-10].  

Conventionally, electrode fabrication in research area mainly relies on various deposition 

techniques such as Meyer rod coating, spray deposition [11, 12], electrochemical deposition [13, 

14], electrophoretic deposition [15, 16], sputtering [17, 18], chemical vapor deposition (CVD) 

[19, 20], atomic layer deposition (ALD) [21], layer-by-layer deposition (LbL) [22, 23], sol-gel 

[24, 25], and spin-coating [26]. These physical/chemical deposition methods provide versatile 

and facile routes to produce EES devices. However, their applications in practice for large-scale 

manufacturing and on-chip integration are limited by the complex material handling procedures, 
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special chemical bath requirement, and difficulty in controlling the thickness and uniformity thin 

film [27, 28].  In industry, traditional EES devices are fabricated through high speed roll-to-roll 

processing, which normally experiences chemicals deposition, electrode rolling, roll cutting, cell 

assembly with separator, electrolyte filling, and finally packaging with re-cutting. This intricate 

technology, adopted from magnetic tape factories in Japan in the 1980's and 1990's, takes a long 

time to produce a device and is limited in further scaling up fabrication other than making the 

production line longer. Highly compacted and automated manufacturing methods can greatly 

decrease the fabrication time and upfront investment [29]. Still, for the rapid development of the 

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

wearable, lightweight, on-chip integratable with other electronics, and delicate in size with 

various form factors and aesthetic diversity [30, 31]. In short, future power sources need to be 

customizable.  

The rise of 3D printing, also known as additive manufacturing (AM) or solid freeform 

fabrication (SFF), offers a flexible, efficient, and economical maneuver to fabricate energy 

storage devices [32-34]. 3D printing refers to a wealth of techniques that fabricate an object layer 

by layer directly from a computer aided design (CAD) model without part-specific tooling.  AM 

technologies can be categorized into the following seven types according to ASTM International 

[35]: (1) material extrusion (e.g. direct writing, fused deposition modeling), (2) powder bed 

fusion (e.g. selective laser sintering, direct metal laser sintering) (3) vat photopolymerization (e.g. 

stereolithography), (4) material jetting (e.g. PolyJet™, and other inkjet printing related 

processes), (5) binder jetting, (6) sheet lamination (e.g. laminated object manufacturing) , and (7) 

directed energy deposition (e.g. laser net shape engineering). Due to these versatile processes, 

3D printing possess the potential to print electronics [36, 37], energy storage devices [32, 33], 
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ceramics and glasses [38-40], automotive and aircraft components [41, 42], artificial ears [43], 

prosthetic limbs [44], metamaterials [45, 46] and food [47], to name a few. In the past several 

years, multiple 3D printing techniques have been applied to fabricate EES devices, including 

direct ink writing (DIW) [32, 33, 48-57], inkjet printing (IJP) [31, 58-74], stereolithography 

(SLA
®

) [75, 76], fused deposition modeling (FDM
®

) [77-79], binder jetting (3DP™) [80], 

laminated object manufacturing (LOM™) and metal 3D printing [81-84].  

Compared to conventional EES fabrication processes, 3D printing offers several advantages:  

 3D printing demonstrates excellent process flexibility and geometry controllability. 3D 

printing covers a wide spectrum of material from liquid solution, powder, filament, and 

laminate. These versatile forms could well facilitate the doping of favorable nanomaterials 

from zero-dimensional (0D) such as carbon coated nanoparticles, to one-dimensional (1D) 

such as carbon nanotubes, and to two-dimensional (2D) such as graphene. A comprehensive 

understanding of the EES fabrication processes with associated materials is shown in Figure 

1. Very complex shaped devices can be readily realized by 3D printing. The complexity can 

be in planar and also in three dimensional (3D) space. Favorable interdigital patterns that 

require great effort to produce in conventional methods have been easily realized in a variety 

of 3D printing approaches [32, 54]. Particular space architectures with periodic or aligned 

pores enable fast ion transport which is beneficial for fast charge/discharge, and increased 

active material loading in the third dimension would greatly promote the energy storage.  

 3D printing can well control the thickness of electrodes because of the layer by layer additive 

manufacturing nature of 3D printing technology. Thin-film energy devices can be fabricated 

by just depositing material over a few layers, which are applicable for flexible, wearable 

devices. Very thick electrodes can also be printed, which can acquire promoted energy 
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density per foot area. In general, the precise layer-wise assembly feature of 3D printing 

allows the electrode thickness to be well controlled out of plane.  

 The performance of 3D printed energy device typically outweighs their bulk counterparts. 

For instance, the areal energy and power density of the 3D micro battery is much higher than 

its rechargeable counterparts due to the direct writing technology used that enables the 

capability to fabricate high aspect structures within a small areal footprint [32]. Thanks to the 

3D-printed macro-architecture that facilitates fast ion diffusion through the thick electrode, 

the rate capability of the printed three-dimensional, hierarchical graphene aerogel based 

supercapacitor electrode is among the highest compared to other reported carbon-based 

electrodes [33].  

 3D printing is cost effective and environment friendly. This is attributed to the much 

simplified process that enables one-step fabrication. 3D printing adopts the additive 

manufacturing strategy, meaning material is deposited on demand. This characteristic 

maximally eliminates material wastage, making it much more energy-conservative and 

environment-friendly than conventional methods.  

Overall, 3D printing offers a completely new bottom-up manufacturing strategy to fabricate EES 

devices. In this review, we focus on reviewing various state-of-the-art 3D printing approaches to 

fabricate EES devices and their components.  
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Figure 1. A systematic map showing the various processes and associated material types. 

 
2. 3D printing for energy storage 

The most widely used 3D printing techniques for EES are inkjet printing and direct writing. The 

traditional ink-like materials, which are formed by dispersing electrode active materials in a 

solvent, can be readily extended or directly used in these two processes. Other 3D printing 

processes may need special material engineering or process combination to be properly adapted. 
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The details of each process in electrochemical applications are elucidated in the following 

sections. 

2.1 Inkjet printing (IJP) 

IJP is a droplet-based material deposition process originally used for graphic or document 

printing in 2D space. As a promising technique, IJP is capable of producing complex patterns 

with high resolution and excellent multi-material printing capability. It has been developed as a 

non-contact, direct material deposition technology for various applications from electrical to 

biomedical [85]. In the field of 3D printing, IJP has been developed into two important processes: 

polymer jetting and binder jetting. In the polymer jetting process, the inkjet print head deposits 

photosensitive polymer that is cured by a light source upon landing onto the substrate; while in 

the binder jetting process, the binder is selectively ejected onto a powder bed to form a cross 

section of the object, which is known as 3DP. Because the liquid material used in IJP is quite 

similar to that used in typical conventional processes such as Meyer rod coating, together with 

the high resolution of inkjet technology with excellent multi-material printing capability, IJP is 

largely used for printing batteries [61, 62, 65, 68, 74] and supercapacitors [31, 58-60, 63, 66, 67, 

69-71, 73]. Typically, to prepare the ink, active material is dispersed into a solvent. The 

formation of the final material used for IJP should be in a diluted liquid form. The ink for IJP 

must be well formulated without any agglomerate in order to avoid possible clogging during 

printing. Also, the active material loading in the ink cannot be high, otherwise the required ink 

with particular fluid behavior cannot be obtained. In general, the ink characteristics such as 

viscosity 𝜇, surface tension 𝜎 and density ρ, must be within certain ranges and satisfy certain 

rules for a fixed nozzle diameter d to allow the inkjet process to work properly [86]. The inverse 

Ohnesorge number Z is commonly used to predict if a stable inkjet drop will be formed: 𝑍 =
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1/𝑂ℎ = √𝜌𝑑𝜎/𝜇. Only if 1< Z<10, can the ink be expected to produce stable droplets. Table 1 

summarizes the various ink prescriptions in the literatures and the inkjet printer used for each 

specific work. 

2.1.1 Inkjet-printed supercapacitors 

Currently, electrode materials for supercapacitors include carbonaceous material, conductive 

polymers, and metal oxide. Carbon materials, such as activated carbons (ACs), carbon nanotubes 

(CNTs), and graphene, are mainly used as electrode material for electric double-layer capacitors 

(EDLC). Conductive polymer and metal composites are pseudocapacitance materials. Carbon-

based material, due to its low cost, variety of forms, and excellent electrochemical stability [87], 

have been extensively utilized as an active material for supercapacitor electrode. However, as 

most carbon-based material is not hydrophilic, specific surfactant needs to be selected for the 

proper dispersion of active material in order to use them for IJP. In the case of CNTs, sodium 

dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS) are commonly used [31, 58, 

71].  

ACs is one of the most popular electrode materials due to the large specific surface area (SSA) 

and good electrical property. ACs ink was used to fabricate interdigitated micro-supercapacitors 

using IJP [70]. The ink was prescribed by mixing activated carbon powder with a 

polytetrafluoroethylene (PTFE) polymer binder in ethylene glycol, and stabilized with a Triton 

X100 surfactant. The well prescribed ink was then deposited onto photolithography patterned 

gold (Au) interdigital current collectors, which were vapor deposited on a silica based substrate. 

Figure 2b shows a micro-supercapacitor inkjet printed with 20 fingers, 40 µm wide, and 

interspaced by 40 µm.  
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CNTs are also favorable electrode materials due to their excellent electrical conductivity and 

mechanical stability. Supercapacitors with inkjet-printed single-walled carbon nanotube 

(SWCNT) thin film electrodes were reported as well [58]. Due to the integration of ruthenium 

oxide nanowires, the knee frequency of the hybrid thin film was much higher than that of bare 

SWCNT electrode and the electrochemical performance was also significantly improved. 

Recently, a fully printable supercapacitor was demonstrated using a commercial desktop inkjet 

printer [31]. The supercapacitor, which was composed of activated carbon/ CNTs as electrodes 

and an ionic liquid/ultraviolet-cured triacrylate polymer-based solid-state electrolyte, could be 

printed into artistic patterns and connected in parallel to enhance the capacitance. This work 

represents the first fully printed, all-solid-state supercapacitor using IJP, as all components 

including electrode, electrolyte, current collector, and even substrate are inkjet-printed.  

Due to the abundant oxygen-containing functional groups [88], graphene oxide (GO) and 

partially reduced GO (rGO) can be readily dispersed with water, and then used for inkjet printing. 

The aqueous GO solution is an ideal candidate material for inkjet based 3D printing processes 

[66, 67, 89]. After printing, the GO structure can be thermally reduced to obtain conductive 

graphene electrode [63]. Doping pseudocapacitance material into EDLC material could 

potentially elevate the total capacitance of device as explained previously. Conductive polymer 

is commonly used as electrode material for Pseudocapacitors. The most popularly used 

conductive polymers include polypyrrole (PPy), poly (3, 4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT: PSS), and polyaniline (PANI). To promote the capacitance, nano graphene 

platelets/polyaniline (NGP/PANI) hybrid ink was formulated to prepare thin-film electrodes [73]. 

An inkjet-printed flexible all-solid-state symmetric supercapacitor based on GH−PANI/GP 

electrode and gel electrolyte was also reported [59]. As shown in Figure 2c, the GO ink was first 
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deposited onto a paper substrate to form the GO based paper substrate (GOP). The well 

prescribed graphene hydrogel/PANI ink was then deposited onto the GOP substrate to obtain the 

electrode structure. The assembled supercapacitor using gel electrolytes exhibited remarkable 

mechanical flexibility, high cycling performance.  

Apart from the above mentioned carbon-based materials, researchers also explored other 

materials for inkjet printing of supercapacitors. For example, lamellar potassium cobalt 

phosphate hydrate nanocrystal whiskers was used to print the first flexible all-solid-state 

asymmetric micro-supercapacitor [69]. The micro device showed excellent mechanical and 

electrical properties due to the highly-interconnected layer structure. Inkjet-printed polyimide 

films could work as dielectric materials for microelectronic applications [90]. The film was 

formed with poly(amic) acid printed on to a hot substrate (around 160 
o
C) to initialize a rapid 

thermal imidization.  

In short, IJP enables to deposit a variety of carbon-based material for EDLC fabrication with 

designed pattern directly from a CAD file. This process only requires the suitable Newtonian 

fluid ink to be well defined. However, since most processes have the solvent removed in an 

evaporation manner, the capability to print very thick electrode is limited by the elevated built 

time. 

2.1.2 Inkjet-printed batteries 

Lithium-ion batteries (LIBs) play a critical role in the consumer rechargeable battery market. 

Some pioneering work using IJP to fabricate lithium-ion thin film electrode involves various 

metal oxide inks. MnO2, SnO2, and LiCoO2 (LCO) thin film electrodes were printed using inkjet 

technologies [65, 72, 74]. Recently, IJP of carbon coated LiFePO4 (LFP)  material was also 

demonstrated [61, 62]. The coated carbon on LFP could greatly improve the conductivity of 
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electrodes. Due to the high porosity and thin film characteristics of electrodes realized by IJP, 

very high rate capability is achieved. However, it remains unknown how the high porosity is 

achieved through IJP.  

Ho et al. reported the first inkjet-printed zinc-silver 3D microbattery using electrohydrodynamic 

(EHD) technology [64]. The EHD technique utilized allowed the droplets to be as small as one 

femtoliter, which enabled producing of lateral feature sizes in the sub-micron scale. The 

electrode was prepared by printing sparse silver pillars on silver pads, and then submerged into 

KOH with dissolved ZnO powder. The patterned sliver array 3D electrodes acquired an energy 

density of 3.95 mWh/cm
2
, which is much higher than the planar counterpart. It is interesting to 

know that only 2.5% of the electrode footprint area was used for patterning pillars. We believe 

that with a much denser array of pillars and higher aspect ratio, much higher capacities could be 

obtained.  

Recently, inkjet-printed Lithium-sulfur (Li-S) batteries have also been reported. To prepare the 

ink, SWCNT with 95% metallic content was infused with sulfur, and dispersed in Cumene 

hydroperoxide (CHP). Compared to  Li-ion battery, Li-S batteries could achieve much higher 

specific energy [91]. The fabricated battery delivered a capacity of 850 mAh/g-sulfur which was 

the highest among the inkjet printing fabricated batteries so far [68].  It should be noted that the 

concentration of active material used for inkjet printing is only 0.2 mg/ml. We believe that with a 

much higher material loading, the performance would be further improved.  

In conclusion, owing to the high precision patterning capability and rich material selections, 

inkjet offers great potential to engineer the structure of electrode in very accurate manner, which 

can improve the rate capability and areal energy density of batteries. 
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Figure 2. (a) Schematic illustration of an inkjet printing process with freezing solidification. (b) 

Optical image of a micro-supercapacitor with 20 fingers, 40 µm wide, 400 µm long and 

interspaced by 40 µm using inkjet printing technology. Reproduced with permission from [70]. 

(c) Schematic Illustration of the Fabrication Process of GH−PANI/GP. Multi-step inkjet printing 

processes are involved, including GO and GH-PANI ink seperately. Reproduced with permission 

from [59]. 
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Table 1. Various inkjet printing ink prescriptions and the printer used. 

Ref Ink type Active material Additives (includes solvent) 3D Printer   

[71] 

Conductive 

patterns 

200 mg MWCNT, 160 

mg Ag 

200 mg SDBS,40 ml distilled 

water 

HP Deskjet 1010 

inkjet printer 

S
u

p
erca

p
a

cito
r 

Anode 
MnO2, 200 mg 

MWCNT, 160 mg Ag, 
200 mg SDBS,40 ml DI water 

HP Deskjet 1010 

inkjet printer 

[67] Electrode 2mg/ml GO  DMP 2800, Dimatix 

[63] Electrode 2mg/ml GO 
 

DMP 2800, Dimatix 

[66] Electrode GO 
 

sciFLEXARRAYER 

DW, Scienion, 

Germany 

[69] 

Current 

collector 
Silver ink 

 
DMP 3000, Dimatix 

Positive 

electrode 

0.5 g/L 

K2Co3(P2O7)2·2H2O 

nanocrystal whiskers 

Dispersant: ethanol DMP 3000, Dimatix 

Negative 

electrode 

2.25 g/L graphene 

nanosheets 
Dispersant: ethanol DMP 3000, Dimatix 

[58] 

Semi-

finished 

electrode 

0.2 mg/ml SWNTs 

with moderate lengths 

(0.5–1.5 μm) 

1 wt.% aqueous SDS in DI 

water 

Epson Artisan 50 

piezoelectric 

printer 

[70] Electrode AC 
5wt.% PTFE, ethylene glycol 

solvent, Triton X100 

AltaDrop® equipment 

from Altatech 

[73] Electrode 
NGP powder (200 mg), 

PANI (200 mg) 

SDBS (200 mg) and H2O 

(100 mL) 

Single piezoelectric 

nozzle 

[31] 

Electrode 
AC powders (50 nm), 

SWNTs 
1.0 wt.% SDBS HP Deskjet 1010 

Current 

collector 
Ag Nanowire Water/IPA, 1/1 (v/v) HP Deskjet 1010 

Substrate 
CNF suspension 0.1–

1.0 mg/mL  
HP Deskjet 1010 

Electrolyte IL: ([BMIM][BF4]) 

ETPTA (1.0 wt.% HMPP as 

photoinitiator), ethanol or 

water as solvent 

HP Deskjet 1010 

[60] Electrode AC EG, Triton X100, PTFE ---- 

[59] 

Electrode GO 10 mg/mL 
 

DMP 2800, Dimatix 

Electrode 
GH−PANI 

nanocomposite 
Water and ethanol 1:1 DMP 2800, Dimatix 

[62] Electrolyte PYR13-Li-TFSI 
 

DMP 2800, Dimatix 

L
I

B
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[74] Anode SnO2 

 

AB, Hyperdispersant 

(CH10B, CH10B),  

distilled water/absolute 

ethanol/diethylene 

glycol/triethanolamine/IPA  

in 56:18:5:1:1 

Canon BJC-1000sp 

printer 

[65] Cathode LiCoO2 

Surfactant-Lomar D, carbon 

black, PH adjust- 

monoethanolamine, binder- 

CMC sodium 

Canon BJC-1000sp 

printer 

[61] Cathode carbon black, LFP CMC, Triton X-100 
Piezoelectric ink-jet 

printer 

[92] Cathode 
LFP coated with 2% 

carbon  

Aerosol deposition 

apparatus 

[93] Electrolyte Li1.3 Al0.3Ti1.7(PO4)3  

Aerosol deposition 

apparatus 

[68] Cathode 
Sulfur infused SWNT-

MET 
CHP DMP 2800, Dimatix 

L
i-S

u
lfu

r 

[72] Electrode 75 wt.% MnO2 
25 wt.% PVDF-HFP,  

THF, 2M NH4Cl 
Lexmark 3200  

M
an

g
an

ese 

b
atteries 

[64] Electrode Silver nanopaste n-tetradecane 
Customized super ink 

jet printing 

zin
c–

silv
er  

[90] Dielectrics (PAA) solution aromatic hydrocarbon, NMP DMP 2830, Dimatix 
 

Multiwall carbon nanotubes (MWCNT); graphene oxide (GO); polyaniline (PANI); Deionized water (DI water); 

sodium dodecyl sulfate (SDS); isopropylalcohol (IPA); ionic liquid (IL);  polytetrafluoroethylene (PTFE);  

carboxymethyl cellulose (CMC); tetrahydrofuran (THF);  ethylene glycol (EG); acetylene black (AB); carbon black 

(CB); activated carbon (AC); LiFePO4 (LFP) ;  Li4Ti5O12 (LTO); cumene hydroperoxide (CHP); poly(amic) acid 

(PAA) . 

 

 

2.2 Direct Ink Writing (DIW) 

DIW is another 3D printing technique that utilizes direct material deposition. It is based on the 

extrusion of a paste-like ink with shear thinning behavior. The inks must exhibit a sufficiently 

high yield stress and storage modulus to allow for shape retention of the extruded lines as well as 

distortion-free bridging of spanning filaments. This process allows for the computer-aided build-

up of consecutive layers typically into a pile-like structure. Due to the versatility and high 

loading of material, direct writing has been employed to fabricate batteries [51-53, 55, 94] and 
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supercapacitors [48, 49, 56] as a favorable 3D printing approach. The process is much less 

challenging compared to inkjet printing since the paste-like material is extruded and the risk of 

nozzle clogging is much lower than inkjet printing.  In addition, very high mass loading of active 

materials can be used which can significantly promote the areal capacitance and energy density. 

However, the sophisticated manipulation to achieve high viscosity ink with shear thinning 

behavior is also nontrivial. Table 2 shows various types of ink prescribed for direct writing and 

the related writing devices.  

2.2.1 Direct ink writing of supercapacitor 

Similar to inkjet printing, hydrophilic GO is also favorable in the direct ink writing of 

supercapacitors. Compared to the GO suspension used in inkjet printing, the GO ink used for 

direct writing can have very high concentration. After showing their capability to print graphene 

aerogel using direct-ink writing technique, Zhu et al. further reported the utilization of this 

technology in supercapacitor application [33, 95]. The electrode was composed of 3D-printed 

graphene composite aerogels, which was derived from supercritical drying of the as-printed 3D 

hierarchical structure. The GO-GNP ink used for the printing was synthesized by mixing GO 

suspension with graphene nanoplatelets. The self-supporting electrodes tested with the 3M KOH 

aqueous electrolytes can reach a specific capacitance of 63.6 F/g at a current density of 10 A/g. 

The quasi-solid-state, symmetric supercapacitor fabricated using two electrodes with lithium 

hydroxide (LiOH)/polyvinyl alcohol (PVA) gel electrolyte exhibited a maximum gravimetric 

capacitance of 4.76 F/g at a current density of 0.4 A/g. In addition, due to the hierarchical porous 

structure realized by 3D printing and supercritical drying, the rate capability of the printed three-

dimensional hierarchical graphene aerogel supercapacitor electrode is among the highest 

compared to other reported carbon-based electrodes. The electrode fabrication process and ink 
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rheology are shown in Figure 3b. In another work, DIW of pristine graphene based 

supercapacitor electrode using special solvents was demonstrated [57]. Instead of using aqueous 

feedstock, the research used room temperature volatile camphene as the solvent. This strategy 

allows porous electrode structure to be formed under room temperature. The electrode materials 

used contains pristine graphene flake (PG) mixed with multiwall carbon nanotube (MWCNT), 

and rGO mixed with MWCNT. The addition of MWCNT, greatly increases the mechanical 

strength of formed aerogel, as well as effectively eliminated the restacking and aggregating of 

PG and rGO.  

Direct ink writing has been shown to be one of the most promising 3D printing techniques for 

EES devices. It allows high material loading to be patterned in a controlled thickness. Yet, more 

materials are to be developed for supercapacitor applications. 

2.2.2 Direct ink writing of batteries 

Recently, Kun et al. printed a 3D interdigitated microbattery architecture (3D-IMA) using 

Li4Ti5O12 (LTO) as the anode material and LiFePO4 (LFP) as the cathode material [54]. LTO and 

LFP inks were well designed by adding deionized water, ethylene glycol, glycerol and cellulose-

based viscofiers. Prior to printing, interdigitated Au current collector patterns were prepared by a 

combination of lithographic patterning and e-beam deposition. The LTO and LFP inks were then 

deposited onto a pattern to form multilayer electrodes respectively. After the printing was 

finished and the electrodes were dried, the LTO and LFP interdigital structure were heated to 

600°C in inert gas to remove the organic additives to advance the nanoparticle sintering. Finally 

the 3D-IMA was packaged in a small plastic case with liquid electrolyte entrapped inside. The 

packaged micro-battery showed a capacity of 1.2 mAh/cm
2 

at a rate of 0.5 C, and exhibited a 

high areal energy density of 9.7 J/cm
2
 at a power density of 2.7 mW/cm

2
. The areal energy and 
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power density of the 3D micro battery is much higher than its rechargeable counterparts due to 

the direct writing technology used, which enables the capability to fabricate high aspect 

structures within a small areal footprint. The schematic illustration of this innovative work is 

shown in Figure 3a. The bottom pane of the figure shows the paste-like ink and their rheological 

properties. With the same concept of direct-ink writing LIB, all component 3D-printed LIB was 

also presented using GO as electrode material and solid-state electrolyte inks [54]. LFP and LTO 

nanoparticles were added to highly concentrated GO ink to prepare the cathode and anode inks, 

respectively. After freeze drying and thermal reduction, the channels between the two 

interdigitated electrodes were filled with a polymer composite ink, which served as a separator as 

well as the gel polymer electrolyte. The introduction of rGO in the electrode material could 

greatly improve the electrical conductivity of the electrode and promote better battery 

electrochemical performance. In addition, only water is used as solvent for the ink. This 

effectively removes the necessity of high temperature burning out of organic additives as needed 

in previous work. More recently, carbon coated LiMn0.21Fe0.79PO4 (LMFP) nanocrystal was used 

to print cathodes using DIW reaching both high rate capability and high capacity [50]. Due to the 

higher working voltage than that of pure LFP, a higher energy density can be achieved. With the 

convenient control of layer thickness achieved by DIW, the relationship between the electrode 

material layer thickness and the relative rate performance was investigated.  
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Figure 3. (a) Schematic illustration of a 3D interdigitated micro-battery architectures (3D-IMA) 

fabricated on a gold current collector by printing Li4Ti5O12 (LTO) and LiFePO4 (LFP) inks 

through 30 μ m nozzles, followed by sintering and packaging. Reproduced with permission from 

[32] (b) Supercapacitors based on 3D hierarchical graphene aerogels with periodic macropores. 

Reproduced with permission from [33].  

 
Table 2. Various direct writing ink prescriptions and the printer used. 

Ref Ink type Active material Additives (includes solvent) 3D Printer 

 

[32] 

Anode 55 – 65 wt.% LTO 

27 wt.% Glycerol, 20 ∼ 30 

wt.% EG, 9 wt.% HPC, 1 

wt.% HEC, and DI water 

ABL 900010, Aerotech 

Inc. 

L
IB

 

Cathode 55 – 65 wt.% LFP  

20 wt.% glycerol, 20 ∼ 30 

wt.% EG, 8 wt.% HPC, 2 

wt.% HEC, and DI water 

ABL 900010, Aerotech 

Inc. 

[54] 

Anode LTO: GO 7:3 
 

Fisnar F4200n  

Cathode LFP: GO 7:3 
 

Fisnar F4200n  

Polymer ink for 

electrolyte 

PVDF-co-HFP : 

Al2O3 1:10 
NMP Fisnar F4200n  

Figure 12 (a) Schematic illustration of 3D interdigitated microbattery architectures (3D-IMA) fabricated on gold current collector

by printing Li4Ti5O12 (LTO) LiFePO4 (LFP) inks through 30 µ m nozzles, followed by sintering and packaging. Reproduced with

permission from [*] (b) Schematic of the 3D-printed interdigitated electrodes. LTO/GO ink used to fabricate the anode via layer-by-

layer printing. LFP/GO ink used to print the cathode structure. The printed cathode and anode electrodes create the interdigitated

architecture. The composite ink is injected in the channel between the annealed electrodes. Reproduced with permission from [*] (c)

Supercapacitors Based on Three-Dimensional Hierarchical Graphene Aerogels with Periodic Macropores. Reproduced with

permission from [*]. (d) Schematic of the Room-temperature freeze gelation process with direct writing that has potential to work

as a supercapacitor electrode. The solvents used are phenol and camphene. Reproduced with permission from [*].

(b)

(a)
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[51] Cathode 80 wt.% LTO 
10 wt.% AB, 10 wt.% PVDF,  

50 wt.% NMP  

Self-built 3D micro 

patterning 

 

[50] Cathode 
LiMn0.21Fe0.79 PO4  

(LMFP)  
XC-72 CB, PVDF 

self-built based on 

movable stage 

[94] 

Cathode  80 wt.% LFP  
10 wt.% CB, 10 wt.% PVDF, 

NMP 
Self-built robot system 

Anode  80 wt.% graphite 
10 wt.% CB, 10 wt.% PVDF, 

NMP 
Self-built robot system 

[55] Cathode 
85.5 wt.% LMO 

powder (13 μm)  

6.5 wt.% CB ,8 wt.% PVDF, 

NMP 

Self-built Extrusion 

Freeform Fabrication 

(EFF) system 

[53] 

Current collector-

Zn Air 

methylcellulose 

with Ag powder 

1:1 
 

Self-built gantry robot 

Z
n

 A
ir 

Anode-Zn Air 
65% Zn and 35% 

8M KOH  
Self-built gantry robot 

Separator-Zn Air 
Rescor insulating 

foam  
Un-reported surfactant Self-built gantry robot 

Catalyst 

50% MnO2, 44% 

8M KOH, and 6 % 

CB 
 

Self-built gantry robot 

[52] 

Zn electrode 
95 wt.% zinc 

powder  
5 wt.% PVDF-HFP 

Self-built "drop-based" 

printing system  

Z
n

 B
a
ttery

 

MnO2 electrode 
90 wt.% activated 

MnO2 powder  

6 wt.% AB conductive filler, 

4 wt.% PVDF-HFP 

Self-built "drop-based" 

printing system  

Electrolyte 

1:1 mixture of 

PVDF-HFP, 0.5 M 

Zn+Tf− salt 

dissolved in 

BMIM+Tf− IL 

 

Self-built "drop-based" 

printing system  

[57] Electrode 
100 mg of 

graphene  
5 mL phenol or camphene Fisnar I&J7300-LF  

S
u

p
erca

p
a
cito

rs 

[33] Electrode 

3.6 g 40 mg/cm3 

GO 

suspensions 

2 g R-F solution, 0.3 g GNP, 

and 0.9 g fumed silica  

 

ABL 9000, Aerotech 

[48] 

Electrode 

Highly 

Concentrated 

TRGO (thermally 

reduced GO) 

isopropanol (15 g /L ) 
3D Bioplotter 

(Envisiontec) 

Electrode 80% of AC  
10% of additive carbon,10% 

CMC, IPA and distilled water 

3D Bioplotter 

(Envisiontec) 

[56] Electrode 20 mg/ml GO  
 

Self-built 3D 

micro-extrusion system 

[49] Electrode 
6, 7, and 8wt.% 

CNTs  

IPA, 30 wt. % dispersion 

agent, and EG 

Self-built 3-axis 

positioning stage 
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Graphene nanoplatelets (GNP); hydroxypropyl cellulose (HPC); hydroxyethyl cellulose (HEC); Polyvinylidene 

fluoride (PVDF); hexafluoropropylene (HFP); resorcinol−formaldehyde (R-F).  

For other abbreviations please refer to table 1. 

 

2.3 Freeze Nano Printing (FNP) 

Recently, IJP and DIW techniques have been combined with conventional freeze casting 

process to define complex shaped graphene aerogels (GA) [95-97]. Our group reported the first 

inkjet-printed GA by directly printing aqueous GO inks onto a freezing substrate [96]. Herein we 

name this technology as Freeze Nano Printing (FNP).  Hierarchical pore structures balancing 

mass transport, ion diffusion, and the diffusion length, could enable higher capacities and rate 

capability [91]. The importance of specific pore size to match particular ion size has been 

demonstrated by Chmiola et al. [98-100]. Aerogel is a synthetic porous material derived from a 

gel in which the liquid component was substituted by a gas phase. Aerogel can be facilely 

prepared by freeze casting (also known as ice templating) technique. The pore size and pore 

distributions can be tuned by using different freezing conditions, ink or slurry of different 

concentrations, or even by adding different additives [101-103]. GA, constructed from well-

interconnected graphene sheets through freeze drying or supercritical drying, offers an 

innovative approach to fabricate 3D, porous graphene monolith that can work as an electrode 

[104].  

FNP process provides great potential to achieve both high specific energy because of the 

increased material loading with high specific surface area and high specific power due to the 

hierarchical porous structure. In this process, the GO droplets of various concentrations were 

frozen immediately upon landing on the chilling substrate which is as low as -25 °C. The pure 

aqueous ink used for inkjet printing removes the necessity of undesirable fillers as only water 

was used as the dispersant for GO. The ingenious integrating of inkjet based freeze printing with 
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freeze casting technology enable the very comfortable realization of 3D complex-shape aerogels. 

Figure 4 demonstrates the process of inkjet based freeze printing of 3D GA. It is worthwhile to 

mention that, as inkjet technology is used, concentration of GO ink as low as 0.5 mg/ml can be 

utilized to print GO ice structure. The successful freeze drying of such low concentration GO 

structure and postprocess reduction of GO enable it to be identified by the Guinness World 

Records as the “least dense 3D-printed structure” yet made [105]. 

 

Figure 4. 3D printing of graphene aerogel (GA). (a) 3D printing setup. (b) 3D printing of ice 

support. (c) 3D printing of GO suspension. (d) Immersing printed ice structure into liquid 

nitrogen. (e) Freeze drying. (f) Thermally reduced to 3D ultra-light GA on catkin. (g) 3D GA 
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architecture, left: 2.5D structure and right: 3D architecture with overhang structures. (h) GAs 

with various wall thicknesses. Reproduced with permission from [96]. 

Even though combining DIW or IJP with freeze casting offers great promise to produce 

hierarchical porous structure that could achieve high performance, the material loading and 

freezing condition should be optimized to increase the accessibility of micropores to the ions. It 

is well worth noting that the capacitance of a material is not necessarily proportional to its SSA. 

Pore size distribution can also affect the performance.  It tends to support that only micropores in 

nanometer scale are favorable for ions to enhance the capacitance. This is very challenging if not 

impossible for most inkjet printing devices. It can be addressed by adjusting the freeze casting 

parameters, such as using extreme freezing conditions and cyroprotective additives to remove the 

growth of large ice crystals. 

2.4 Stereolithography (SLA) 

SLA is a 3D printing process based on solidifying photocurable resin using light. Original 

SLA process utilizes a fine laser spot through a focused beam or lamp to scan over the photo 

curable resin, which induces a photo-polymerization and accordingly, solidification. By 

improving the focus of the laser spot, very fine structures can be produced by utilizing the SLA 

technique. Variants of the traditional SLA process include mask projection SLA (MPSL) and 

two-photon SLA. For the latter process, very fine features can be achieved (1 µm or less). 

However, the building speed of two-photon and laser scan based SLA is relatively low due to the 

line wise scanning. MPSL can be much faster by curing a layer in one exposure. Figure 5a and 

Figure 5b show a bottom-up MPSL process and an original laser scanning SLA process 

respectively. The materials used in the SLA process are photocurable polymers. The main 

ingredients in photopolymers are photoinitiators and liquid monomers. Upon shinning the resin 
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with light (UV or visible), the photoinitiators undergo a chemical transformation and become 

“reactive” with the liquid monomers to start a polymer chain, which is usually called “curing”. 

Most of the commercially available photopolymers are developed for prototyping use, thus, are 

not equipped for functionality. Nevertheless, by engineering the photopolymer with other 

functional material such as GO [106], ceramics [107], new potential in functional usage would 

be possible.  

Recently, a number of printed polymer/ceramic dielectric capacitors were shown by 

integrating stereolithography 3D printing technique with a conventional tape casting ceramic 

fabrication approach [81].  To prepare the ink, commercial photocurable resin Flex was mixed 

with silver decorated Pb(Zr,Ti)O3 (PZT) nanoparticles, which was denoted as PZT@Ag (Figure 

5c right pane shows the TEM image). The Ag could enhance the dielectric permittivity.  Au 

electrodes were sputtered on both sides of different types of 3D printed Flex/PZT@Ag parts to 

act as the top and bottom electrodes respectively. The 3D printed capacitor showed a capacitance 

of about 63 F/g at the current density of 0.5 A/g. Figure 5c shows various capacitors printed by 

the hybrid process and their corresponding specific capacitance. This work provides an approach 

to fabricate the ceramic based dielectric layer in common dielectric capacitors. However, as the 

PZT ceramic occupies only a small portion of the composite material, and this work does not 

report a sintering process, it remains unclear how the photopolymer would affect the 

performance of the capacitors. Inspired from photolithography, Ning et al. demonstrated a 

holographic fabricated, high energy density (6.5              ), 3D mesostructured lithium-

ion microbatteries based on LiMnO2 cathodes, and NiSn anodes that possess supercapacitor-like 

power (3,600              peak) [76]. Different from conventional photolithography, 
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deterministic control of both the internal electrode mesostructure and the spatial distribution of 

the electrodes on the substrate can be achieved using holographic. 

 

Figure 5. (a) Scheme of bottom-up mask projection stereolithography (MPSL). (b) Scheme of 

the traditional laser-based stereolithography (SLA). (c) Different types of dielectric capacitors 

realized by combining MPSL 3D printing process with tape casting. The right pane is a TEM 

image of the ink. Reproduced with permission from [81]. 

Compared to traditional EES fabrication methods, SLA can be readily used to replace 

photolithography based processes as photoresists in traditional photolithography are essentially 



26 

 

one-layer SL. Conventionally, photolithography techniques are used to pattern interdigital 

current collectors in traditional processes where to pattern a finger-like interdigitated electrode 

structure needs great effort [108, 109]. Particularly, photolithography is developed to a technique 

called carbon micro-electromechanical system(C-MEMS), in which patterned photoresist is 

pyrolyzed in an inert environment at high temperature [110].  The porosity of the pyrolyzed 

carbon structures can be controlled through the calcination condition or different activation 

methods. The C-MEMS may provide guidance for researchers to exploit SLA to print precise, 

truly 3-dimensional (3D) structures; and then carbonize it similarly like in C-MEMS to develop 

hierarchical porous 3D carbon structures which have high potential to work as electrochemical 

electrodes for EES devices.  

2.5 Fused Deposition Modeling (FDM) 

FDM is a 3D printing technique that creates 3D objects layer-by-layer by depositing filament 

shaped thermoplastic materials that are heated to their glass transit state. Once extruded from a 

brass nozzle and lands onto the substrate, the material solidifies to get a cross section of the 

objects created (Figure 6a). Common materials used in this technique are acrylonitrile–

butadiene–styrene (ABS) and poly (lactic acid) (PLA) filaments. In order to use FDM printed 

parts as electrodes, conductive active materials must be incorporated into the ABS or PLA 

matrix. Both ABS and PLA have been modified to function with graphene for conductivity 

investigation that have potential for electrode applications [77, 78]. More recently, the composite 

of ABS/carbon black is also investigated [79].  

     The engineering of thermoplastic material with conductive fillers is nontrivial [77]. For the 

first step, the GO sheets and ABS were dispersed in an N-Methylpyrolidone (NMP) medium 

respectively. The two solutions were then mixed together and reduced by hydrazine hydrate. By 
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adding water and centrifuge process, the graphene-ABS composites were separated from NMP. 

The different states of the prescription are shown in Figure 6b. These graphene-polymer 

composites were then further thermally extruded into 1.75 mm diameter filaments to fit the 

commercialized 3D printer. Compared to ABS, PLA is much more environmentally friendly as it 

is biodegradable. The usage of PLA/graphene composite filaments to produce conductive wire 

shows promising result (Figure 6c) [78]. To fabricate the filaments, the GO was first chemically 

reduced by 4-iodoaniline, and then thermally reduced in a tube furnace at 1050 °C for 1 hour 

under the argon atmosphere. To synthesize the composite filament, the original PLA was first 

smashed by a pulverizer; and then homogeneously mixed with rGO by melt blending, after 

which graphene could be well dispersed into the PLA. Finally, the composites were processed to 

fabricate the composite filament with a diameter of 1.75 mm. The conductivity of the composite 

filaments with 6 wt. % rGO reached 476 S/m. The printed 3D structure showed excellent 

mechanical properties in terms of bending, stretching and bonding. However, the leading role of 

PLA in the composite material greatly plagued the conductivity of pure rGO, which is 60000 

S/m. To overcome this problem, one strategy would be to further increase the ratio of active 

material through particular type of surfactant, while another approach is to remove the ABS or 

PLA through post-process such as calcination and etching.   
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Figure 6. (a) Scheme of Fused Deposition Modeling (FDM). Thermoplastic filaments are loaded 

into a heated nozzle; and deposited to the platform according to pre-programmed g-code. (b) 

ABS-based graphene composite preparation and 3D printing using the composite filament. 

Reproduced with permission from [77]. (c) Scheme depicting the process of PLA-based 

graphene composite filament for the technique of FDM 3D printing processes. Reproduced with 

permission from [78]. 

 
2.6 Binder Jetting (3DP) 

3DP is a powder bed based 3D printing process, wherein powder binder is inkjet deposited onto 

the powder bed to form a cross section of the object. Upon finishing, porous plaster-based 

objects can be obtained. The weak green part can be infiltrated with a second phase material to 

form a composite. A carbon nanofiber (CNF) impregnated plaster-based block was fabricated 

using 3DP printing technology [111]. To enable the infiltration of CNF, the CNF was first 

(a)

(b)

(c)
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dispersed in an epoxy-based infiltrant with less than 4 wt. % carbon content in the resin. A 

surface resistivity of below 800 Ω/sq has been acquired for the fabricated prototype. The 

materials of 3DP come from two portions, one is the plaster in the powder bed, while the other is 

the binder that is deposited onto the plaster to “glue” them together. The fabricated part from the 

3DP process is normally a porous, hard solid after burning out of the binder. Because of the high 

porosity, it is possible to infiltrate with a second phase to form a functional composite part like 

what has been done in the literature above. However, the carbon content in the infiltrant is low 

and the conductivity of the printed part is insufficient for any practical application. 3DP may not 

be a good approach for applications in the EES area. Nevertheless, potential may arise, for 

example, by using metal oxide powders with conductive binders; an electrode may be fabricated. 

By using carbon-based, metal oxide powders with multiple nozzles printing of conductive and 

electrolyte-like binders, a promising device can be fabricated. Figure 7 shows a 3DP process to 

fabricate 3D printed electrode using thermally reduced graphene oxide as powder bed [80]. 
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Figure 7. Scheme of presentation of the binder-jetting 3D printing process using thermally 

reduced graphene oxide as powder bed. Reproduced with permission from [80] 

2.7 Laminated Object Manufacturing (LOM) 

LOM is a 3D printing process in which layers of adhesive paper, metal, or plastic laminates are 

successively glued or welded together with a laminating roller. In LOM process, first a laminate 

of material is fed onto a stage with a material supply roll, a cross-section of the printed object is 

then formed with a knife or laser cutter. After the cut, sheets are recycled by a waste take-up roll. 

The process is repeated layer-by-layer until the entire object is created.  A micro-electrode in 

conventional mold manufacturing was fabricated using LOM [112]. 100-μm-thick Cu foils were 

cut by wire-electrical discharge machining (WEDM) to obtain a cross section of the electrode 3D 

model. Then these 2D slices were stacked together to acquire the 3D micro-electrode through 

vacuum pressure thermal diffusion welding. The application of using LOM to produce an 

electrode for EDM can potentially guide researchers to use this technique to print the electrode 
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for EES devices. Furthermore, due to the material feedstock being a laminate, this 3D printing 

process could be potentially used to fabricate thin-film EES given the appropriate material is 

developed. 

2.8 3D-printed metal scaffold for active material loading 

Metal 3D printing is an important branch of the 3D printing technologies due to the practical 

implication of metal components in fields such as aerospace, automobile and biomedical areas. 

Metal 3D printing can mainly be categorized into one of the following four types: laser 

engineered net shaping (LENS), direct metal laser sintering (DMLS), selective laser melting 

(SLM), and electron beam melting (EBM). Among these processes, SLM is a process that uses a 

high-power laser beam as an energy source to create three-dimensional metal parts by fusing fine 

metal powders together. Very dense metal parts can be fabricated using this process. SLM 

technology was used to fabricate 3D titanium interdigitated electrode scaffold as shown in 

Figure 8b [84]. The as-fabricated support was electrochemically coated with PPy to form the 

final electrodes. Supercapacitors were assembled using the fabricated electrodes with 

H3PO4/PVA solid gel electrolyte. The as-assembled, solid-state supercapacitor with 

pseudocapacitive behavior achieved a volumetric capacitance of 2.4 F/cm
3
 at a current density of 

3.74 mA/cm
3
, and a power density of 15.0 kW/m

3
 at 37.4 mA/cm

3
. This result is comparable to 

the 3D electrodes fabricated by traditional lithography processes. Due to the increased surface 

area realized by patterned micro-pillars, the areal energy density is much higher than previously 

reported planar electrodes of the same material.  

        Recently, DMLS was also used to produce metal scaffolds with controllable porosity which 

are then adapted with a co-electrodeposition of MnO2, Mn2O3, and doped PEDOT:PSS as 

electroactive material Figure 8c [81]. Unlike in the SLM process where metal powder is fully 
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melted, DMLS process only bonds the molecules at their contact points. The printed stainless 

steel scaffolds consisted of a porous upper layer of 0.1mm and a fully dense supporting layer of 

0.2mm. To demonstrate the effect of different current collector morphology, the performance of 

electrodes using different stainless steel scaffolds as current collector were compared. The 

electrochemical performance increased from dense plates to porous plates and porous plate to 

porous plate-array scaffolds. This means 3D-printed structural energy devices are of great benefit 

to the performance due to the higher surface area. In addition, by limiting the effects of the 

volumetric expansion experienced by the pseudocapacitive material using metal printed porous 

scaffolds of high mechanical strength, this approach offers great opportunities for hierarchical 

energy storage devices with improved electrochemical performance and better lifetime 

characteristics.  

        In short, metal 3D printing provides a facile way to fabricate conductive 3D support that can 

anchor thin layer of pseudo-capacitive materials. These artificial 3D structures not only create 

paths for electrolyte penetration, but also serve as current collectors that facilitate the transport of 

electrons. Figure 8a clearly shows this intent. 



33 

 

 

Figure 8. (a) Schematic representation of an interdigitated microsupercapacitor with an internal 

3D architecture. Reproduced with permission from [113]. (b) Schematic procedures used to 

fabricate solid-state supercapacitors, including interdigitated Ti electrode design, PPy 

electropolymerization and device assembly. Reproduced with permission from [84]. (c) Scheme 

of 3D-printed stainless steel scaffolds and electrodeposited MnOx-PEDOT: PSS. 3D-printed 

stainless steel scaffolds of three types: standard dense plate, porous plate, and porous plate and 

array. Reproduced with permission from [81]. 

3. Material requirements for 3D printing of EES  

Most of the supercapacitors and batteries are composed of four components: electrode (anode 

and cathode), electrolyte, separator and current collector. The processing of electrolyte and 
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current collector is relatively less complicated compared to electrode in conventional methods. 

However, the assembly of electrolytes and current collectors to form final device are also 

important, and the processes are much different in 3D printing scenario. 

3.1 Electrolyte considerations 

The electrolyte serves as a medium for ion storage, transport, and electrodes separation. Among 

different electrolyte materials, gel electrolytes have attracted increasing attention for use in solid-

state supercapacitors. Conventionally, the electrolyte is assembled into the device via approaches 

of dip-coating, drop-casting, or injection. The process is usually finished at the last step of device 

fabrication and isolated from electrode fabrication, which greatly limits the efficiency for large-

scale manufacturing. Due to the state of most electrolytes being either liquid or colloid gel, it is 

possible to fabricate all-printed devices using inkjet printing and direct writing 3D printing 

techniques. However, issues may rise in some type of the electrolyte like a strong acid or strong 

alkaline, which may cause corrosion to the deposition nozzles. Therefore, special nozzles that are 

acid-resistant and alkaline-resistant should be explored further. Ionic liquids (ILs) based 

electrolyte would be favorable for 3D printing if all-printed device is to be considered, as ILs 

contribute much less corrosion to the printed device and it can work at higher voltage. The 

ability to work at high voltage would be beneficial to both specific energy and power densities. 

3.2 Current collector considerations 

Current collector is a necessary component in most of the cases where the conductivity of the 

electrode is insufficient to output the electronics. Therefore, the consideration of integration of 

current collectors into the fabrication process is an important step for all-printed devices. In the 

case of flexible thin film applications, the exploration of suitable current collectors which exhibit 
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high flexibility is desirable. However, from the perspective of fabrication, directly using 

immediately available current collectors will significantly decrease the fabrication costs. It would 

be relatively simple to use available metal foil as current collectors in sandwich-like structure. 

However, in the case of in-plane design especially with interdigitated structures, issues like short 

circuit need to be considered. Ideally, the current can be eliminated if the conductivity of 

electrode is sufficiently high. This could be realized by engineering active material through 

doping or coating with nanomaterials that possess excellent electric conductivity. 

3.3 Multi-material processing 

To enable the fabrication of all-3D printed energy storage devices, it is important to understand 

the input material requirement, the output material capability of each process, and the multi-

material printing capability. A summary of this aspect regarding 3D printing processes is shown 

in Table 3.  

Table 3. Material feedstock requirements of 3D printing processes. 

Processes Input material Output material Multi-material capability 

Inkjet printing 
Low viscosity Newtonian 

liquid 
Porous solid/solid Very good 

Direct writing 
High viscosity non-Newtonian 

paste 
Varies Good 

SLA Photosensitive resin Mainly hard solid Challenging 

FDM 
ABS or PLA Filament doped 

with active material 
Hard solid 

Possible but not applicable 

to EES 

LOM 
Paper, plastic or metal 

Laminates 
Flexible/hard solid Challenging 

SLM Metal powders Hard solid Very Challenging 

3DP 
Powders (ceramics, polymer, 

metal) 
Porous hard solid Very Challenging 
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4. Summary and Perspective 

We have reviewed innovative 3D printing technologies for EES devices fabrication. Compared 

to traditional fabrication techniques, 3D printing shows several advantages in terms of 

performance, environmental factors, cost, and scalability. The most pronounced benefit of using 

3D printing comes from its excellent patterning capability. This advantage allows 3D printing to 

pattern complex shaped 2D structures as well as hierarchical 3D architectures. The conveniently 

patterned interdigital planar structure could potentially promote the specific power density of 

EES because of the shortened ion transport route. The hierarchical 3D structure enables the 

increase of active material loading as well as facilitates fast ion transport through the porous 

structure realized by 3D printing, thus simultaneously leading to high specific energy and power 

densities. Among various 3D printing processes, direct writing and inkjet printing are extensively 

studied due to their similarities to conventional methods regarding material feedstock. However, 

both techniques require the printing ink to be well formulated. While inkjet printing requires low 

viscosity Newtonian liquid-like ink, direct writing needs the ink to be high viscosity, i.e. non-

Newtonian paste with shear-thinning behavior. Compared to inkjet printing, direct writing can 

print the electrode with a much higher active material loading and with much less clogging risk. 

Nevertheless, inkjet printing provides much higher resolution as well as excellent multi-material 

deposition capability owing to the drop-on-demand nature. Among others, LOM is a roll-to-roll 

based process, it would be quite suitable to produce flexible device with particular shapes, which 

have the potential to be integrated into wearable electrical devices by stacking a few layers. FDM 

and SLA are the main types of desktop 3D printing techniques. SLA techniques provide the 

capability to print a part with high resolution, while FDM may represent the cheapest 3D printing 

techniques.  
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One of the greatest challenges in 3D printing to fabricate EES devices is the limitations in 

available materials that can be adapted to this new technology. Currently, the materials that have 

been used to produce electrodes via 3D printing are still quite limited compared to the large 

number of materials extensively used in conventional processes. Most of the already attempted 

materials in 3D printing area are not optimized yet for the process due to several practical 

reasons such as the lack of thorough understanding of each process and its material property 

requirements. Current materials are mainly developed for conventional fabrication techniques. 

To fit the emerging 3D printing techniques, materials that are suitable for each 3D printing 

process are required for the specific technology to be properly utilized. In some cases, even 

though 3D printed devices outperform their counterparts fabricated using traditional techniques, 

the ink is still not fully optimized. With the well optimized material, it is anticipated that the 

performance achieved by 3D printing could be further improved. Therefore, massive research 

effort is needed to thoroughly engineer the appropriate material that lends itself to an optimal ink 

formulation for 3D printing. The emerging of 3D printing as a novel approach to fabricate 

devices requires researchers in this area to rethink how materials should be prepared. 

It is clear that fully printed batteries and supercapacitors are essential for on chip integration 

and industrial application of EES devices. Currently, it is still very challenging to fabricate fully 

3D-printed energy devices. Most of the 3D printing processes can only fabricate one or two 

components of the device but not an entire device. Inkjet printing and direct writing provide the 

possibility to fabricate most of the key components of devices simultaneously by preparing 

applicable electrode ink, electrolyte ink, and even current collector ink due to the excellent multi-

material printing capability of these processes. However, fabricating a fully enclosed/packaged 
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device is a challenge. Thus, it is a promising route to develop an integrated, hybrid printing chain 

to realize the process from printing material to immediately usable device.  

From the perspective of design and fabrication, it would be quite promising to combine 

emerging 3D printing processes with conventional fabrication techniques. Since higher energy 

density requires thicker electrodes or higher mass per unit volume, while high rate performance 

prefers thin or porous electrode, a thick but porous electrode could obtain both high specific 

energy and power densities. For example, by integrating the capability to create flexible, 

complex geometry of 3D printing with large specific surface area realized by conventional freeze 

casting method, hierarchical porous electrode structures can be obtained. This method can 

potentially yield both high specific energy and specific power. Moreover, when EES geometries 

extend beyond simple squares or circles, the software design and simulation of the proposed 

structures would also become important [114, 115]. Therefore, the proper development of EES 

models and simulation software would promote the truly customized power device. The 

advanced computer aided design (CAD) integration with the 3D printing computer aided 

manufacturing (CAM) technology together will guide researchers to rethink the fabrication of 

future power sources. Overall, 3D printing, is expected to be a disruptive innovation that changes 

the way we think about fabricating and integrating energy storage devices [116]. The 

transformation of conventional EES fabrication towards new 3D printing innovative technologies 

will lead to the next generation of highly embedded electronics, flexible devices, and 

inconspicuous wearable systems. 
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Highlights 

 

• The advantages of utilizing 3D printing technologies to fabricate EES devices are highlighted. 

• An overview of employing 3D printing processes in EES area are provided. 

• Materials criteria using 3D printing processes assembly is herein discussed. 

• A mapping of materials and processes with EES conventional fabrication approaches and 3D 

printing approaches are built. 
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