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Interdigital electrochemical energy storage (EES) device features small size, high integration, and 
efficient ion transport, which is an ideal candidate for powering integrated microelectronic systems. 
However, traditional manufacturing techniques have limited capability in fabricating the microdevices 
with complex microstructure. Three-dimensional (3D) printing, as an emerging advanced manufacturing 
technology in rapid prototyping of 3D microstructures, can fabricate interdigital EES devices with highly 
controllable structure. The integration of 3D printing and interdigital devices provides great advantages 
in electrochemical energy storage. In this review, we discuss the common 3D printing techniques for 
interdigital EES devices fabrication, then the corresponding material requirements are also introduced. 
Recent significant research progress made in 3D-printed interdigital electrodes of batteries and 
supercapacitors are highlighted. Finally, to facilitate further development of 3D-printed interdigital EES 
devices, relevant challenges are summarized and some prospects are also proposed.

Introduction
Given the rapid development of wearable electronics and inte-
grated circuits, there is increasing demand for miniaturized elec-
trochemical energy storage (EES) devices [1, 2]. Various EES 
devices are transformed toward miniature, flexible, and port-
able ones [3–5]. Currently, batteries and supercapacitors are 
the most common EES devices, which can stably supply energy 
for various electronic systems [6–8]. Traditional batteries or 
supercapacitors are sandwich-like configurations, assembled 
by two planar electrodes, separator, and electrolyte [9]. Owing 
to the limitation of configuration and size, they are limited to 
be applied in some occasions [10]. At certain times, interdigital 
microdevices with highly controllable structure can overcome 
this problem [11]. The configuration of the interdigital struc-
ture greatly reduces the size of devices. Meanwhile, interdigital 
devices with narrow electrode gaps ensure efficient ion transport 
to provide higher power density [12]. Compared with the tradi-
tional sandwich-like EES devices, the interdigital electrode with 

abundant open edges increases the contact area between active 
material and electrolyte, which can achieve high mass loading of 
active materials without affecting the ion transport between elec-
trodes [11]. As the thickness of interdigital electrodes increases, 
the microelectrodes based on hierarchical ordered porous struc-
ture will provide ordered network to achieve high power density 
[13]. Moreover, the precise fabricating process makes the size of 
the devices highly controllable [14, 15]. Diversified processing 
technology can realize the wide application of devices, such as in 
integrated, wearable, and implantable electronics [16–18]. Due 
to the advantages mentioned above, interdigital devices have 
attracted a lot of attention for microelectronic systems.

Compared with traditional two-dimensional (2D) planar 
structure, the three-dimensional (3D) structure can achieve 
higher utilization of active material, more efficient ion dif-
fusion, and lower resistance [19]. As an emerging advanced 
manufacturing technology, 3D printing has attracted exten-
sive attention in recent years [20, 21]. To date, several 3D 
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printing technologies such as direct ink writing (DIW) [22], 
inkjet printing (IJP) [23], stereolithography (SLA) [24], and 
selected laser sintering (SLS) [25] have been used to construct 
electrode microstructure and regulate electrochemical perfor-
mance in interdigital energy storage devices. This technique 
owns several significant advantages: (1) The ability to manu-
facture required complex structures; (2) The precise control 
of devices in micro-size; (3) A high degree of automation 
enabling large-scale production; (4) full-printed EES devices 
can eliminate the negative effects of different preparation pro-
cesses. In general, 3D printing has great potential in the rapid 
manufacturing of high-performance micro-EES devices.

Previous reviews about this field mainly summarized the 
3D-printed energy storage and conversion devices [26, 27], 
now we focus on interdigital energy storage devices. Since 
3D-printed micro-interdigital devices occupy an important 
position in the next generation of energy storage devices due 
to their advantages in regulating structures and providing 
desirable electrochemical performance. The 3D printing of 
micro-interdigital devices requires consideration of the type 
of printing technology, material requirements, and device 
structure. In this review, we mainly discuss the common 3D 
printing techniques, corresponding material requirements, 
and 3D-printed interdigital batteries/supercapacitors (Fig. 1). 
To facilitate further research and development of 3D-printed 
interdigital EES devices, relevant challenges are summa-
rized and analyzed, and some prospects are also proposed. 
It is believed that incorporating 3D printing into micro-EES 
devices can inspire more breakthroughs in the future.

3D printing technology for EES devices
In recent decades, many 3D printing technologies have been 
reported [28–30]. The geometry and texture of 3D-printed bat-
teries and supercapacitors can be accurately controlled by greatly 
automated and economical processes of 3D printing [31, 32]. 
However, considering the unique advantages of different print-
ing techniques, it is important to use appropriate 3D printing 
techniques to manufacture microdevices with different struc-
tures. The interdigital EES devices are commonly fabricated 
by DIW, IJP, SLA, and SLS printing methods, corresponding 
3D printing techniques are shown in Fig. 2 [33, 34]. This sec-
tion mainly introduces these printing techniques, including the 
manufacturing process, material requirements, and involved 
advantages/disadvantages.

Direct ink writing

DIW is an additive manufacturing technology widely used in 
3D printing batteries and supercapacitors due to its advantages 
of low cost, convenient operation, and diverse material options 
[35]. The inks are deposited on the various substrate through a 
nozzle, which is controlled by the digital procedure (Fig. 2a). 
The ink filaments are usually extruded out at room temperature, 
and the latter layer is deposited on the former layer by moving 
the nozzle to create a 3D structure. Meanwhile, the composition 
and rheological property of the ink is the key factors to achieve 
continuous filaments. The great shear-thinning behavior is vital 
for printing inks, that is, the viscosity decreases with the increase 
of shear rate. The low viscosity at a high shear rate is conducive 
to the smooth extrusion of the inks, and then the inks deposited 
on the substrate will restore solid behavior due to the disappear-
ance of shear force. Therefore, a layered structure with control-
lable thickness is created.

Inkjet printing

IJP is a direct material jet technology (Fig. 2b), which can use 
a commercial inkjet printer to print inks on paper or other 
substrates to create predesigned patterns [36]. There are some 
apparent strengths in IJP, including common printing equip-
ment, facility process, fast and economical materials deposition. 
The key challenge to IJP printing is the extrusion adaptability 
of inks, low-viscosity inks consisting of actives materials are 
usually used for subsequent printing. Although a small amount 
of material is consumed in the printing process, the printing 
of thick electrodes is difficult when using low-viscosity inks. 
Carbon-based materials, polymer, and metal can be deposited 
on different substrates by inkjet printing. Interdigital superca-
pacitors have been already printed on conventional A4 paper 
by IJP [37]. At first, to obtain high-resolution images, cellulose 
nanofibers (CNF)-based nanomaterials were printed onto A4 Figure 1:   3D-printed interdigital electrochemical energy storage devices.
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paper by IJP. The inks of the electrodes were composed of acti-
vated carbon, carbon nanotube (CNT), and Ag nanowire. Deli-
cate interdigital symmetrical electrodes were inkjet printed on 
CNF treated A4 paper. The assembled supercapacitor showed 
capacitance of about 100 mF cm−2 at 0.2 mA, and there was 
almost no decrease in the capacitance over 10,000 cycles.

Stereolithography

SLA is rapidly popularized in the field of printing energy storage 
devices because of its high degree of automation, high dimen-
sional accuracy, and accessible processing [38]. Generally, ultra-
violet (UV) photocurable resin is the necessary material in the 
SLA printing method. Figure 2c shows the SLA preparation pro-
cess, a light source of a specific wavelength and intensity is used 
to irradiate the printed photocurable material. After the photo-
curable resin is irradiated by a light source, a cross-linking reac-
tion occurs and a solidified layer is formed by sequential irra-
diation from point to line to surface. Then the lifting platform 

moves vertically to another layer height, and the printer repeats 
the irradiation steps so that a geometry structure is constructed 
layer by layer [39]. DIW and IJP, based on direct extrusion, are 
limited by the printing paths and layers. Moreover, there are 
obvious advantages of the SLA method in printing microstruc-
ture devices. This printing technology can even print very com-
plicated hollow structures. However, the shortcomings of SLA 
are also obvious, including expensive equipment and mainte-
nance costs, high requirements for a working environment, and 
long preparation durations. Therefore, developing more simple 
and low-cost SLA technology is a significant research direction 
in the future.

Selective laser sintering

Selective laser sintering is an advanced 3D printing technology 
originally proposed by Carl. R. Deckard of the University of 
Texas at Austin in 1986 [40]. Pure ceramics, metals, polymers, 
carbon material powders, or mixed powders can be directly used 

Figure 2:   Various 3D printing techniques. (a) DIW is a layer-by-layer process of depositing the ink material. Adapted from Ref. [33]. (b) In IJP, inks are deposited 
on substrate. Adapted from Ref. [34]. (c) SLA uses the photopolymer. (d) SLS uses a laser to sinter or fuse the powder particles. Adapted from Ref. [33].
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for SLS printing without additional material processing. The 
production can be fabricated by melting all or some part of the 
powders by laser irradiation. In the manufacturing process, the 
powders are spread on the printing platform and then melted by 
a laser to achieve one-layer printing. Once the first layer printing 
finishing, the platform will descend to another plane for reload-
ing powders, and then stacked layer by layer by thermoforming 
to form a 3D device (Fig. 2d). Polymers with low melting points 
can be incorporated into other materials such as carbon during 
printing processing. The melted materials will spread on the sur-
face of other solid particles to connect them as a binder, which 
further improves the electrochemical performance [41, 42]. A 
wide range of materials can be used in SLS, but the high cost 
restricts the application in the field of energy storage.

The fabrication process of the different 3D printing method 
is summarized here. Each method has its own strengths and 
limitations. Table  1 summarizes the advantages and disad-
vantages of 3D printing. According to the different materials 
requirements for printing technology, the appropriate materials 
are key factors to manufacture high-performance devices. 3D 
Printing methods based on extrusion or inkjet process, such as 
DIW and IJP, feature diverse materials option, low cost, and no 
special condition requirements. It has the largest flexibility in 
directly printing inks on various substrates. However, because 
of the limitation of the printing path, it is difficult to prepare a 
high-precision 3D microstructure. The devices with complex 
structures can be achieved by SLA and SLS. Nevertheless, the 
disadvantages of SLA and SLS are also obvious. SLA printing is 
limited to UV curing materials and a long curing period. SLS 
is not limited by extrusion ink or UV curable materials, but 
the high printing cost hinders its large-scale application. Many 
novel 3D printing technologies have been reported [43], and the 
development of new 3D printing technologies and optimization 
of existing methods still require great effort.

Material requirements for 3D‑printed EES 
devices
EES devices such as batteries and supercapacitors are generally 
composed of cathode, anode, electrolyte, collector, and packag-
ing. Compared with the traditional preparation technology, 3D 
printing has its unique strengths in the preparation of various 

components of EES devices, especially in the preparation of full-
printed devices. In the extrusion-based process, the composi-
tion of inks is critical to obtain the ideal performance of EES 
devices. The viscosity of qualified printing ink must be control-
lable, which can be achieved by adjusting the configuration and 
proportion of raw materials. Meanwhile, the choice of ink sol-
vent is also very important. Different solvents will directly affect 
the dispersion of ink components. In the process of printing, the 
stable inks with high storage modulus realize continuous extru-
sion and structural integrity.

Electrode materials

Traditional electrode materials usually include active materi-
als, conductive additives, and binders. The planar electrode is 
fabricated by a 2D planar preparation process such as coating 
and calendaring. The diversity of 3D printing technology makes 
the manufacturing of different electrode materials more flex-
ible. Different materials, such as inorganic materials, carbon 
materials, polymers, UV curable resins, need to be processed 
with appropriate 3D printing technology. Conductive carbon-
based materials and their composites can be directly used as 
active materials or conductive carriers for electrodes. Some 
porous inorganic semiconductor materials such as oxides can 
provide unique electrochemical reactivities. Insulating polymer 
materials can be used as templates/supports [44]. Compared 
with traditional electrode slurry, the electrode inks are more 
complex. Active materials for 3D-printed electrodes mainly 
include LiCoO2 (LCO) [45], LiTi5O12 (LTO) [46], LiFePO4 
(LFP) [47], and polyaniline (PANI) [48], etc. The electrode 
material inks are the key to the preparation of EES devices 
electrodes in 3D printing. Hu et al. optimized the performance 
of LiFePO4 by carbon coating and manganese doping to pre-
pare the LiMn1−xFexPO4@C composite slurry. The capacity of 
the printed electrodes was up to 108 mAh g−1 at high rate of 
100 C, and the high capacity of 150 mAh g−1 can be maintained 
at 10 C after 1000 cycles [49]. Cai et al. fabricated sulfur/carbon/
LaB6 cathodes with ample hierarchical pores for Li–S batter-
ies, which exhibited high areal capacity of 7.98 mAh cm−2 at a 
sulfur loading of 9.3 mg cm−2 [50]. In addition, the addictive 
such as graphene oxide (GO) [51, 52], polymers [53], cellulose 
[22, 54, 55], or nanomaterials [28, 56] are often added to inks to 

TABLE 1:   Summary of advantages and disadvantages of 3D printing.

Technique Materials Advantages Disadvantages

DIW Polymer; ceramic Low cost; high speed; complex architectures; wide 
choice of materials

Ink requirement of specific rheology

IJP Polymer; ceramic Low materials waste; facility process Limited choice of inks

SLA Photopolymers High printing resolution; complex architectures High cost; limited choice of materials

SLS Polymer; ceramic, metals High printing resolution Very high cost
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regulate the rheological properties. Go has been widely used in 
printing inks as the active materials and additives. In addition to 
improving the rheological properties of inks, the GO with abun-
dant functional groups also provides large number of reaction 
sites, which are suitable for the preparation of high-performance 
hybrid inks. Liu et al. [57] prepared composite inks by in situ 
growth of vertically aligned PANI on GO surface to prepare 
interdigital micro-supercapacitor (MSC). The fabricated MSC 
showed high areal capacitance (153.6 mF cm−2) and outstanding 
capacitance retention (100%) after 5000 cycles.

Electrolyte materials

Due to the special structure of interdigital electrodes, a separator 
is not required between two electrodes. There is a narrow gap 
in the interdigital electrodes, and the electrolytes can be accu-
rately printed between the two electrodes through the nozzle [58] 
(Fig. 3a–c). This precise printing not only increases the energy 
density of EES devices but also reduces the waste of materials. At 
present, the polymer [59, 60], ionic liquid [61, 62], and solid elec-
trolyte [63, 64] have been successfully applied in 3D printing. Gel 
polymers are often used as the electrolytes of 3D-printed batter-
ies or supercapacitors. It can be solidified on electrodes through 
solvent evaporation, photopolymerization, and thermal polym-
erization. The electrolytes can be assembled into EES devices by 
pouring, infiltrating, and injecting. To further explore the full-
printed high-performance devices, electrolytes based on ionic 
liquids are also used for 3D printing. On the one hand, ionic 
liquids provide high working voltage to improve the energy den-
sity and power density of EES devices; on the other hand, their 
outstanding high-temperature resistance improves the working 
safety [65]. Moreover, solid electrolytes, with their high safety 
and mechanical stability, could be a powerful alternative to liquid 
electrolytes. However, solid electrolytes generally have the dis-
advantages of high contact resistance and low ionic conductivity 
[66]. Solid-state electrolytes with various structures processed by 
3D printing can effectively improve this problem. McOwen et al. 
[67] printed Li7La3Zr2O12 (LLZO) solid electrolytes with various 
microstructures by DIW method. The rheological properties of 
inks greatly affect the configuration and microstructure of the 
printed electrolyte. Nano-size LLZO particles were mixed with 
two different binders system to form the ink. One was a Polyvinyl 
butyral (PVB) binder with benzyl butyl phthalate (BBP) plas-
ticizer and the other was texanol-based composition. The inks 
composed of the former binder system had conformal nature, 
while the latter exhibited high self-supporting ability. The authors 
used these two inks to print solid electrolytes with different struc-
tures, such as lines, grids, and columns (Fig. 3d–i). Finally, they 
filled lithium electrodes on both sides of the printed LLZO grids 
(Fig. 3j, k). Due to the close electrode–electrolyte contact, a low 
interface impedance of 38 Ω cm2 was obtained. Furthermore, 

the symmetrical cell exhibited stable and low overpotential at 
different current densities.

Current collector materials

The current collector gathers the active material into a whole, 
and the current generated by it is collected to form a larger 
external output. Therefore, the current collector should fully 
contact the active material. Traditional planar current collec-
tors, such as metal foil, cannot provide a larger contact area for 
electrode materials due to structural limitations. 3D printing 
technology can print the collector with a highly controllable 
microstructure, which can provide a larger contact area. Com-
pared with the metal planar collector, higher performance mate-
rials can be directly printed in energy storage devices. Chae et al. 
[68] printed nickel nanoparticles-based interdigital collector by 
flash light stringing technology. The fabricated supercapacitor 
with carbon-based electrodes on the nickel collector exhibited 
high area energy density (12.8 mW cm−2) at voltage up to 3 V. It 
should also be noted that electrodes printed directly by doping 
with highly conductive metal particles could eliminate the cur-
rent collector [69]. The removal of the inert part is beneficial to 
the miniaturization of the EES devices and the higher propor-
tion of active materials makes higher energy density.

Packaging materials

Tremendous works are focused on printing electrodes and elec-
trolytes. However, suitable 3D-printed packaging materials are 
also crucial for energy storage devices. According to the form 
of printed electrodes, it can be packaged in the form of a but-
ton or a soft pack. For interdigital devices, packaging materials 
such as polyethylene terephthalate (PET) film, polydimethyl-
siloxane (PDMS), and other polymer resins are often used for 
packaging [70]. This method, involving inaccurate processes 
such as transfer, alignment, and a package of printed patterns, 
reduces the repeatability of EES devices. To fabricate more 
accurate energy storage devices, suitable packaging strategies 
for various shapes and sizes are required. Package materials 
are quite different from the materials used in functional parts 
such as electrodes and electrolytes. Chen et al. [71] printed a 
fully packaged supercapacitor through DIW technology. CNT-
based electrodes, PVA gel electrolyte, and silicone packaging 
were printed on a flexible polyimide substrate in sequence. The 
packaged supercapacitor had capacitance retention of 97.7% 
after 1000 cycles, indicating that there is no obvious negative 
effect on electrochemical performance. In addition, UV cur-
able composite inks were also produced to manufacture fully 
3D-printed EES devices [72].
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Application of 3D‑printed interdigital EES 
devices
3D printing technologies can produce energy storage devices 
with various architectures [44, 49, 51, 73] which provide 
a huge advantage for preparing EES devices with improved 
performance. Among them, the highly controllable interdigi-
tal structure is suitable for various micro-integrated devices. 

Meanwhile, 3D printing can also introduce geometric struc-
ture into battery and supercapacitor materials, which over-
comes the planar limitations. This section mainly focuses on 
the research progress of 3D-printed interdigital electrodes of 
batteries and supercapacitors, including the printing process, 
the composition of printing inks, and relevant electrochemi-
cal properties.

Figure 3:   (a–c) Digital photograph of gel electrolyte printed accurately into two electrodes. Adapted from Ref. [58]. (d–f ) SEM images of printed 
different structures using conformal ink, and (g–i) self-supporting ink. (j) Schematic diagram of printed LLZO grids filled by Li metal. (k) SEM images of 
the interface between LLZO lines and Li Metal. Adapted from Ref. [67].
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Batteries

LiFePO4 (LFP) and Li4Ti5O12 (LTO) are respectively commonly 
used cathode and anode materials in lithium-ion batteries. In 
2013, Sun et al. [74] fabricated electrode inks composed of 
deionized water, ethylene glycol, glycerol, cellulose-based vis-
cosifiers, and electrode materials (LFP or LTO). The electrode 
inks were deposited on the glass substrate through extrusion-
based 3D printing methods to fabricate multilayered interdigi-
tal electrodes via layer-by-layer deposition, the printing pro-
cess is shown in Fig. 4a. It is worth noting that the water in 
the inks will evaporate during the high-temperature printing 
process, which promotes the curing of the inks. At the same 
time, ethylene glycol and glycerin with high boiling points will 
remain as humectants, resulting in overall shape retention. Then 
the printed electrode was sintered in an inert gas at 600 °C to 
remove the organic solvent, and a porous electrode material 
was obtained (Fig. 4b, c). The resistance of the LFP and LTO 
films measured with a four-point probe was 2.3 × 103 Ω cm and 
2.1 × 105 Ω cm, respectively. The printed micro-battery was also 
packaged by polymer material (Fig. 4d). The assembled full cell 
with 8-layer printed electrodes exhibited a unit areal capacity of 
1.5 mAh cm−2 below 5 C (Fig. 4e). In generally, the high surface 
energy makes the electrolyte have a small contact angle with the 

solid surface, and the electrodes will be wet better by electro-
lyte. However, the conductivity of the ink without conductive 
additives did not meet the requirement. To improve the electro-
chemical performance of the battery, it is universal to add highly 
conductive materials to the inks. Fu et al. [47] added GO into 
printing inks as a conductive additive for the first time, LFP/GO 
and LTO/GO acted as negative and positive materials to prepare 
interdigital electrodes (Fig. 4f–h). The addition of GO improved 
the shear-thinning behavior of the inks, and GO flakes could 
align well under the shear stress of the nozzle. This work also 
explored the effect of GO content on the rheological properties 
of the ink. There was little effect on inks with the addition of 
LFP or LTO powders when concentration was maintained at 
80 mg ml−1, showing relatively stable viscosity retention (Fig. 4i). 
The printed electrode was freeze-dried and then treated at a high 
temperature of 600 °C, a reduced graphene oxide (rGO) hybrid 
electrode with high conductivity was obtained. The electrical 
conductivities of LFP/rGO and LTO/rGO were 31.6 and 6.1 S 
cm−1, respectively.

There are a few reports on 3D printing lithium metal bat-
teries with metal lithium as an anode. Cao et al. [54] prepared a 
porous lithium metal anode by infusing molten Li metal into a 
3D-printed CNF frame (Fig. 5a). There were abundant hydroxyl 

Figure 4:   (a) Schematic illustration of the 3D printing interdigital Li-ion battery. (b) Optical and (c) SEM images of 3D-printed interdigital LTO-LFP 
electrode. (d) Optical images of the packaged micro-battery using PMMA packaging materials. (e) Cycling performance of 8-layer LTO-LFP electrode 
full cell for 30 cycles. Adapted from Ref. [74]. (f–h) Optical images of the LFO/GO and LTO/GO ink, and the interdigital electrode was printed using LFO/
GO and LTO/GO ink. (i) Apparent viscosity as a function of shear rate for GO-based inks, including GO, GO/LFP, and GO/LTO. Adapted from Ref. [47].
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groups on the surface of CNF, which were bonded together 
through strong hydrogen bonds, showing high water-retaining 
ability. Figure 5b shows the optical photographs of different 
CNF-based inks. Figure 5c and d shows the printed layer by 
filament CNF/LFP cathodes. Owing to the outstanding char-
acteristic of CNF, the addition of it could improve the viscosity 
and shear-thinning property of inks. The printed CNF frame 
also had high structural integrity and water-retaining ability. 
After removing the water, a porous electrode would be obtained, 
resulting in the efficient transport of Li ions. The CNF anode 
infused with Li metal (c-CNF/Li) was assembled as a symmetri-
cal cell for cycling testing. The symmetrical cell tested at a high 
current density of 5 mA cm−2 showed only 0.05 V overpotential 
(Fig. 5e). The porous structure with a large surface area facili-
tated the transport of Li ions, and no obvious lithium dendrites 
appeared in the c-CNF/Li electrode after cycling, which was 

contrary to the Li metal with stronger dendrites (Fig. 5f–i). 
Besides, 3D printing lithium salt (LiF) [75] and lithium metal 
inks [76] that can be written directly have been reported, which 
might be promising materials for Li anode printing in the future.

Various functional polymers are also commonly used in 
inks. Rocha et al. [77] used thermal responsive inks to print 
electrode materials and copper current collector. The author 
developed the thermal responsive electrode inks which was 
mixed with polymer Pluronic F127 and chemically modified 
graphene (CMG). At temperatures below the lower critical 
solution temperature (LCST), this ink showed lower viscosity 
and liquid behavior, while it showed high viscosity and curing 
behavior at temperatures higher than the LCST. In addition 
to the heat-sensitive properties, the ink formulated by CMG 
and Pluronic F127 at a ratio of 1:1 showed good rheology. 
When the CMG content was 6 wt%, the inks showed a storage 

Figure 5:   (a) 3D-printed Li metal battery with c-CNF/LFP cathode and c-CNF/Li anode. (b) Optical images of CNF gel, CNF ink, CNF/LFP ink, and LFP ink 
without CNF. (c) Printed CNF/LFP interdigital layer cathode, and (d) dried 15 layers CNF/LFP electrode. (e) Cycles life of symmetric cell at 5 mA cm−2 and 
2.5 mAh cm−2 for 300 h. (f ) and (g) SEM images of c-CNF/Li with porous structure and smooth surface after cycling; (h) and (i) SEM images of pure Li foil 
with dendrites after cycling. Adapted from Ref. [54].
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modulus of 100 K pa. This thermal responsive ink could be 
applied to a broad range of carbon, metal, ceramics, and other 
materials, opening new possibilities for the printing of energy 
storage devices. UV curable resins can be used in the SLA 
manufacturing process. Chen et al. [24] printed poly(ethylene 
oxide) (PEO)-based electrodes and electrolytes by SLA. PEO 
is commonly used in electrolyte and binder materials for lith-
ium-ion batteries [78]. Because of its photocurable properties, 
it could be used in the SLA printing process [79]. In this work, 
the electrode inks were composed of PEO-based resin, carbon 
black, and LTO or LFP (as anode and cathode active materi-
als, respectively). In addition to providing photocurable char-
acteristics, the PEO polymer could also provide conductive 
channels to increase the ionic conductivity. In particular, the 
degree of curing could be regulated by changing the content 
of photo initiator in the resin. Thereby the ideal thickness and 
mechanical properties of printed electrodes were obtained. 
Finally, the zigzag electrodes were printed and assembled to 

an interdigital structure micro-battery with an areal capacity 
of 1.4 μAh cm−2.

Liu et al. [25] fabricated interdigital graphite electrodes for 
dual ion micro-battery (DIMB). The preparation process of the 
micro-battery is shown in Fig. 6a. Firstly, the graphite was evenly 
coated on the aluminum substrate, then the micro-interdigital 
electrodes were directly printed via laser direct writing. Finally, 
the quasi-solid electrolyte soaked in the LiPF6 solution was cov-
ered on the surface of the interdigital electrodes. The length and 
width of the graphite interdigitated electrodes were only 3 mm 
and 0.5 mm respectively, and a unite DIMB area was less than 
0.75 cm2 (Fig. 6b). The DIMB assembled by graphite electrodes 
exhibited a high capacity of 56.50 mAh cm−3 at 1 C and excel-
lent cycling stability with 70% capacity retention after 700 cycles 
under high working voltage (Fig. 6e). It was worth noting that 
the DIMB had high integration and the devices can be con-
nected in parallel or series (Fig. 6c, d). 20 DIMBs were con-
nected in series with a discharge voltage up to 100 V (Fig. 6g). 

Figure 6:   (a) Schematic illustration of the interdigital graphite electrodes fabricated via SLS technology. (b) Optical images of a DIMB with less than 0.75 
cm2. (c) Optical images of multiple DIMBs connected in parallel. (d) Optical images of 20 DIMBs connected in series. (e) Cycling life of DIMB at 1 C. (f ) 
The rate capability of DIMB. (g) The charge and discharge curves of 20 DIMBs with a high voltage of 100 V. Adapted from Ref. [25].



Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

10

This work also studied the application of DIMB in many micro-
devices, including light-emitting diodes, digital game consoles, 
electrochromic glasses.

In the context of electronic equipment constantly upgrading 
to miniaturization and high-frequency, the miniaturized and 
integrated energy storage devices with superior electrochemical 
performance will naturally become an essential part of micro-
electronic systems. Table 2 summarizes the materials and elec-
trochemical performances referring to recently published papers 
about printed interdigital batteries. Although some progress on 
3D-printed interdigital batteries has been made, there are few 
studies on the degradation mechanism of their electrochemi-
cal properties. At present, in situ characterization techniques 
have been used to track the working state of devices [80]. It is 
necessary to combine in situ techniques with 3D printing in the 
future. Meanwhile, the high matching of processes, materials, 
and structures also need to be explored in depth.

Supercapacitors

With the development of miniaturized and wearable electron-
ics, it is urgent to develop advanced flexible MSC [82]. It is a 
feasible idea to fabricate 3D printing devices on the flexible sub-
strate, but direct printing of electrode patterns on the flexible 
substrate is not adequate. Extensive efforts should be devoted 
to preparing electrodes with mechanical robustness. Rajendrana 
et al. [83] prepared stretchable electrodes with polyurethane as 
a stretchable binder and CNT/PANI as active materials. The 
inks were printed on copier paper treated by starch aqueous 
solution, and then the printed electrodes were transferred to 
the elastic substrate to prepare stretchable electrodes with free-
standing serpentine interconnects. The combination of intrinsic 
stretchable ability and free-standing serpentine interconnects 
structure of electrodes was an efficient means for realizing 
highly stretchable MSC. After bending and twisting testing, 
the specific capacitance of the fabricated supercapacitor still 
maintained more than 90%. Meanwhile, the interdigital device 
showed 167 mF cm−2 areal capacitance at a current density of 

0.4 mA cm−2. In addition to being able to withstand a certain 
tensile strain, a high unit areal capacitance is required to provide 
high power in limited space. Li et al. [84] used 3D printing and 
the unidirectional freeze-drying method to prepare interdigital 
electrodes. The directional honeycomb porous structure inside 
the electrodes greatly improved the areal capacitance of MSC, 
and it also provided high mechanical properties while the elec-
trode was thick. The used inks consisted of manganese dioxide 
nanowires (MnONWs), silver nanowires (AgNWs), fullerene 
(C60), and Ti3C2Tx (the most studied 2D materials). A conduc-
tive 3D network was provided by highly conductive AgNWs 
and high areal capacitance was attributed to oriented MnONWs 
and MXene, while C60 could reduce the friction between lay-
ered electrodes and further improve the tensile stability of thick 
electrodes. The fabricating process of interdigital MSC with a 
honeycomb porous structure is showed in Fig. 7a. Firstly, the 
inks were printed on the PDMS flexible substrate, and then the 
honeycomb porous electrode structure was achieved by unidi-
rectional freezing and freeze-drying. As shown in Fig. 7b and c, 
the electrodes with parallel honeycomb porous microstructure 
were clearly present. The areal capacitance, energy density, and 
power density of the fabricated MSC was as high as 216.2 mF 
cm−2, 19.2 μWh cm−2, and 58.3 mW cm−2, respectively. It was 
worth noting that no obvious damages appeared in MSC after 
stretching or bending, and electrochemical performance of the 
MSC was still maintained well (Fig. 7d–g).

Supercapacitors have been great affected by the contact area 
of electrolyte and electrode [85]. Electrolyte and electrode with 
multiple microarchitectures can be constructed by 3D print-
ing to obtain increased surface area [86]. Recently, 2D materials 
have been widely used in 3D-printed supercapacitors [87–90]. 
As innovative materials, MXenes (2D transition metal carbides) 
with a high specific surface area can be used in electrodes mate-
rials to create MSC with excellent electrochemical performance 
[91, 92]. Yang et al. [93] used Ti3C2Tx to print MSC interdigital 
electrodes without current collectors. The Ti3C2Tx sheets with 
an average horizontal size of 8 µm and thickness of 1–3 nm were 
prepared. At a lower concentration (15 mg mL−1), the viscosity 

TABLE 2:   Various types of inks prescribed and the electrochemical performances of the printed interdigital battery.

Cathode/anode Electrolyte Specific capacity Energy/power density References

LFP/LTO 1 M LiClO4 EC:DMC 1:1 1.2 mAh cm−2 at 0.5 C 9.7 J cm−2 at 2.7 mW cm−2 [74]

(LFP-rGO)/(LTO-rGO) PVDF-co-HFP and Al2O3 91 mAh g−1 at 50 mA g−1 [47]

LFP/LTO PEG and 1 M LiClO4(EC: PC 1:1) 1.4 μAh cm−2 [24]

(c-CNF-LFP)/(c-CNF-Li) 1 M LiTFSI DOL:DME 1:1 with 2 wt%
lithium nitrate

80 mA h g−1 at 10 C [54]

MnO2@NCAs/Zn@NCAs ZnSO4 and MnSO4 30.29 μAh cm−2 μm−1 at 6 C 71.3 μW h cm−2 at 69.5 μW cm−2 [16]

MnO2/Zn ZnSO4 and MnSO4 253.8 mAh g−1 at 0.5 A g−1 [17]

Graphite/graphite LiPF6 56.50 mAh cm−3 at 0.165 mA cm−2 291.1 mWh cm−3 at 1 C [25]

Si–C-graphite/Li 1 M LiPF6 EC: DMC 1:1 with 10 wt% FEC 466 mA h g−1 at C/4 [81]
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of inks was close to the previously reported high-concentration 
multilayered Ti3C2Tx [94], indicating that the Ti3C2Tx with a 
high length-to-thickness ratio was suitable for printing. The rhe-
ological property of this ink was deeply studied in this work. The 
shear-thinning behavior of the inks is showed in Fig. 8b. With 
the shearing force changing, the viscosity decreased at 1000 s−1 
and recovered at 0.01 s−1, showing the inks could be extruded 
under high shearing force and solidified well after printing. 
Meanwhile, the viscoelasticity of inks with different concentra-
tions (15, 30, and 50 mg mL−1) was also studied. For the inks 
of 50 mg mL−1, the great elastic modulus (36,507 Pa) and yield 
stress (206 Pa) were also obtained (Fig. 8c). The fabricating 
process is shown in Fig. 8a and the printed electrode filaments 
with porous internal structures were prepared (Fig. 8d and e), 
between which ions could be efficiently transported to achieve 
high power density. The fabricated MSC with finger thicknesses 
of 326 µm and gaps of 187 µm showed an ideal capacitive behav-
ior (Fig. 8f) and outstanding cycling life after 10,000 testing 
at 1 A g−1 (Fig. 8g). It also showed excellent electrochemical 

performance under different current densities (Fig. 8h). In 
addition to the special layered structure and high electrical 
conductivity of MXenes, the great hydrophilicity makes it easy 
to be dispersed in aqueous, which is significant for printing 
electrode inks. However, Ti3C2Tx is easily oxidized in aqueous, 
which leads to the structural degradation of Ti3C2Tx [95]. The 
poor chemical stability of Ti3C2Tx hinders their sustainable stor-
age and application. Wu et al. [23] developed a stable Ti3C2Tx 
with sodium ascorbate (SA-MXene) as electrode materials for 
3D printing supercapacitor. Ti3C2Tx was treated with different 
materials, and it was found that the SA-MXene material treated 
by ascorbate ion featured the best oxidation resistance. The good 
stability of Ti3C2Tx in the air and aqueous was of great signifi-
cance to 3D printing inks. The SA-MXene inks were printed on 
A4 paper to fabricate interdigital structure electrodes. After the 
electrode was vacuum dried, a uniform PVA-H2SO4 gel solution 
was poured onto the electrodes to obtain a solid MSC. Although 
without a current collector, the electrode printed on the paper 
showed high conductivity of 119 S cm−1. After 4000 cycles tested 

Figure 7:   (a) Schematic illustration of the preparation route of the 3D-printed micro-supercapacitors via unidirectional freezing. (b) A honeycomb-like 
scaffold of finger electrode in side-view, and (c) in top-view. (d) Optical images of MSC under stretching 0% to 50%. (e) Capacitance retention and CV 
curves at 100 mV s−1 under different stretching degree. (f ) Optical images of MSC under bending 0% to 180%. (g) Capacitance retention and CV curves 
at 100 mV s−1 under different bending degree. Adapted from Ref. [84].
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at a current density of 1 A g−1, the prepared MSC still exhibited 
a capacitance retention of 94.7%.

Nanowires feature large surface area, direct conductive path-
ways and controllable aspect ratio, also have great advantages 
in the construction of high-performance electrodes. Yang et al. 
[96] constructed asymmetric supercapacitors with high nanow-
ire mass, which provided massive electrochemical reaction area 
and fast electron/ion transport path, thus achieving superior 
energy and power density. Compared with a symmetrical super-
capacitor, the asymmetric supercapacitor has a higher voltage 
window, resulting in higher energy density. Traditional symmet-
rical supercapacitors are composed of electrodes with the same 
type of electrode material and the mass load, which means that 
the stable potential window of supercapacitors only covers the 
narrow potential range of a single type of active material. Asym-
metric supercapacitors are generally divided into two types, 
namely two capacitive electrodes system or hybrid capacitors 
system. For hybrid capacitors, one electrode stores the charge 
through the battery-type Faradaic process, while the other elec-
trode stores the charge based on the capacitive mechanism. The 

voltage window of asymmetric supercapacitor devices could 
be maximized by the different potential windows of the two 
electrodes [97]. Shen et al. [58] printed quasi-solid-state asym-
metric supercapacitors using vanadium pentoxide (V2O5) and 
graphene-vanadium nitride quantum dots (G-VNQDs) as the 
cathode and anode active materials, respectively. The viscosities 
of electrode inks decreased linearly with the increase of shear 
rate, indicating good shear-thinning ability. The areal and volu-
metric capacitance were respectively 207.9 mF cm−2 and 5.0 F 
cm−3 with a long cycling life of 8000 cycles.

Tremendous efforts have been devoted to optimizing the 
electrode materials of 3D-printed supercapacitors [98]. Never-
theless, to prepare a more accurate microdevice and reduce the 
gap between fingers in the manufacturing process, some new 
technologies have also been applied. Electrohydrodynamic 
(EHD) jet printing technology can be used to print high-reso-
lution patterns, which is expected to be promising in fabricat-
ing microdevices [99]. Lee et al. [100] utilized EHD jet printing 
technology for the first time in MSC. The interdigital electrodes 
with a very narrow width (10 μm) were printed. Distilled water 

Figure 8:   (a) Schematic illustration of the fabrication process of the Ti3C2Tx MSC. (b) Inks (15, 30, and 50 mg mL−1) viscosity evolution over time at 
0.01 s−1 and 1000 s−1 showcasing viscosity drop and recovery. (c) Storage (G′) and loss moduli (G″) in terms of shear stress for Ti3C2Tx inks with different 
concentrations (15, 30, and 50 mg mL−1). (d, e) The SEM images of printed filaments with porous internal structures after freeze-drying. (f ) CV curves at 
5 mV s−1. (g) Cycling performance at 1 A g−1 after 10,000 cycles. (h) Areal capacitance at 2–44 mA cm−2. Adapted from Ref. [93].
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and alcohol were mainly used as the solvent in preparing elec-
trode inks, and activated carbon, carboxymethyl cellulose, 
super-P was used as other additives, while the UV-cured thiol-
ene acted as a solid-state gel electrolyte. Moreover, a nozzle with 
an inner diameter of 10 μm was used in the printing process, and 
active particles with a small size (64.15 nm) were selected to pre-
vent nozzle clogging. The MSC with an electrode width of 10 μm 
exhibited the areal capacitance of 127.5 μF cm−2 at 1 mV s−1.

Supercapacitors can be quickly charged/discharged in 
seconds and can maintain high capacitance after even tens of 
thousands of cycles. However, the energy density of superca-
pacitors is still unsatisfactory. Increasing the mass loading of 
active substances can effectively improve the areal capacitance 
of supercapacitors. In general, with the increase of the load, the 
thickness of the electrode will also increase, which leads to the 
slow diffusion of ions. MSC can well overcome this limitation 
of the thick electrode. However, the effect of subtle microstruc-
ture inside the electrode on electrochemical properties needs 
to be further researched. For example, the electrode layers of 
3D scaffolds are usually stacked in a sequence to form porous 
structure. The porous design of other structures has certain Ref-
erence significance for interdigital structures. Yao et al. [101] 
developed a 3D-printed graphene aerogel electrode with a high 
loading of manganese dioxide (MnO2). This electrode with 
porous structures could be increased to 4 mm without sacrific-
ing electrochemical performance. The MnO2 was deposited onto 
the graphene aerogel skeleton with a reasonable lattice structure, 
which not only occurred on the surface of the framework but 
also inside it. Thereby an ultra-high areal density (1.56 mWh 
cm−2) was obtained. This work provides a new method for the 
preparation of energy storage devices with high mass loading 
and high energy density, which was inspiring for designing 

similar microstructure during fabricating interdigital elec-
trodes. 3D-printed interdigital supercapacitors need to retain 
high capacitance while being miniaturized. The careful regula-
tion of pore size and microstructure is the key factor to improve 
the energy density of micro-supercapacitors. 3D-printed inter-
digital supercapacitor with higher performance is expected in 
the future. Table 3 summarizes the materials and electrochemi-
cal performances referring to recently published papers about 
printed interdigital supercapacitors.

Summary and outlooks
In this review, we have introduced several 3D printing methods 
commonly used in printing interdigital electrodes, as well as 
the basic materials for electrode, electrolyte, current collector, 
and packaging materials. Then the latest progress in 3D-printed 
interdigital batteries and supercapacitors are highlighted. Com-
pared with the traditional manufacturing process, 3D printing 
techniques have great potential in manufacturing micro-EES 
devices with complex structures. The high-integrated micro-
interdigital EES devices can provide high operating voltage and 
energy density, and a narrow interdigital electrode gap brings 
faster ion diffusion. Interdigital batteries or supercapacitors 
printed with 3D printing techniques show great potential in 
various electronic systems. However, there are still many chal-
lenges in the preparation of 3D-printed interdigital EES devices.

First, there are few suitable ink materials, especially many 
active materials that are not suitable for printing. Qualified 
printing ink should have proper rheological property. At present, 
additives will be added into the inks to regulate the rheologi-
cal properties. However, additional additives will usually affect 
the composition of the electrode materials, thereby affecting its 

TABLE 3:   Various types of inks prescribed and the electrochemical performances of the printed interdigital supercapacitors.

Cathode/anode Electrolyte Specific capacity Energy/power density References

MXene-AgNW-MONW-C60 PVA-KOH 216.2 mF cm−2 at 10 mV s−1 19.2 μWh cm−2 at 0.86 mW cm−2 [84]

(VOx-rGO)/(G-VNQDs-rGO) PVA-LiCl 207.9 mF cm−2 73.9 μWh cm−2 and 3.77 mW cm−2 [58]

Ti3C2Tx PVA-H2SO4 2�.1 F cm−2 at 1.7 mA cm−2/242.5 
F g−1 at 0.2 A g−1

0.0244 mWh cm−2 at 0.64 mW cm−2 [93]

CNT-PANI PVA-H3PO4 167 mF cm−2 at 0.4 mA cm−2 14.9 μWh cm−2 at 0.29 mW cm−2 [83]

SA-MXene PVA-H2SO4 108.1 mF cm−2 at 1 A g−1 100.2 mWh cm−3 at 1.9 W cm−3 [23]

Ni–Co–O-GO/MnO2-GO PVA-KOH 384.9 mF cm−2 90 mW h cm−2 [102]

Cu0.56Co2.44O4@MnO2/CNT PVA-KON 665.3 mF cm−2 at 3.2 mA cm−2 182.3 μW h cm−2 at 2.3 mW cm−2 [103]

Ti3C2Tx PVA-H2SO4 1035 mF cm−2 at 2 mV s−1 51.7 μW h cm−2 and 5.7 mW cm−2 [87]

PANI-rGO PVA-H2SO4 1255 mF cm−2 at 4.2 mA cm−2 [104]

MoO3−x/carbon nanospheres PVA-H3PO4 47.20 mF cm−2 at 10 mA cm−2 21.20 μWh cm−2 at 0.18 mW cm−2 [105]

MOF-199@ZIF-67 H2SO4 5.02 mF cm−2 at 0.2 mA cm−2 [86]

Fe2O3-graphene-Ag PVA-LiCl 412.3 mF cm−2 at 2 mA cm−2 65.4 μWh cm−2 at 1.07 mW cm−2 [106]

HGO-Co3O4 PVA-KOH 241.3 mF cm−2 at 2 mV s−1 [107]

NiO@rGO PVA-KOH 400.3 F g−1 [108]
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electrochemical performance. To obtain high electrochemical 
performance, the exploration of more appropriate inks compo-
nents of various active materials is inevitable. Meanwhile, the 
printed electrode and electrolyte with the customized structure 
are often obtained by extra steps such as heat treatment and 
freeze-drying, which leads to a complicated preparation pro-
cess and high cost. Therefore, the further optimization of post-
processing methods is important for to the practical production 
of micro-EES devices.

Second, common 3D printing methods have their own 
shortcomings in constructing micro/submicro-scale structures. 
For interdigital electrodes, DIW, SLA, and other techniques can 
be used to print electrodes with extremely narrow gaps, and 
electrolytes can be accurately printed in the gaps to prepare 
solid-state devices with high energy density. The printed elec-
trodes with a more subtle microstructure will further improve 
the electrochemical performance of devices. However, although 
interdigital electrodes with appropriate width and electrode gaps 
can greatly improve the performance of EES devices, the exist-
ing design of interdigital structure is still limited in mesoscopic. 
There are still some obstacles in printing high-precision struc-
tures. The reason is that the composition and rheological prop-
erties of inks will affect the formation of microscopic 3D archi-
tecture and the resolution of current 3D printing technology 
does not meet the requirement of higher-precision structure. 
Co-integration of the manufacturing method to target mate-
rial is another challenge for 3D printing of EES devices. For 
DIW, a variety of active materials can be used as 3D printing 
ink. DIW can be used to prepare highly loaded 3D complex 
electrodes. In the future, new materials with porous structures 
or large specific surface areas may further improve the electro-
chemical performance of printing electrodes. IJP ink has special 
requirements in viscosity, the viscosity of ink is generally low 
to avoid blocking the nozzle in the printing process. Because 
of the low viscosity of inks, IJP is difficult to print electrode 
patterns with high load. Nevertheless, IJP can be widely used 
in the microelectronics industry owing to its facility process. 
SLA can take full advantage of printing complex structures to 
prepare solid electrolytes with conformal interfaces, which has 
great potential in the preparation of large-scale industrial solid 
electrolytes in the future. SLS has been developed to enable the 
carbonization of carbonaceous precursors in an efficient manner 
to obtain high-performance electrode materials. Additionally, 
3D printing is a method with stacking characteristics, uneven 
stress is inevitable to appear between layers, thus leading to the 
deformation of devices. Further research needs to be conducted 
to break through this limitation, finally achieving high mechani-
cal properties and flexibility in 3D-printed EES devices.

Third, packaging material can also be printed after the fab-
rication of devices, which is of positive significance for fully 
printed EES devices. Especially for highly integrated devices, a 

facile packaging strategy is significant. However, more attention 
is paid to the properties of printed electrodes, there are limited 
reports about the full-printed EES devices. Therefore, it will 
be an important direction to systematically study full-printed 
micro-EES devices.
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