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Abstract
The research for three-dimension (3D) printing carbon and carbide energy storage devices has attracted widespread explora-
tion interests. Being designable in structure and materials, graphene oxide (GO) and MXene accompanied with a direct ink 
writing exhibit a promising prospect for constructing high areal and volume energy density devices. This review not only 
summarizes the recent advances in 3D printing energy storage devices including printing methods, ink rheological proper-
ties, and different energy storage systems, but also discusses the printing methods related to energy storage. In addition, 
the binder or additive free of two-dimensional carbide materials is quite important for the present electrochemical energy 
storage devices, which also are presented.
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1  Introduction

With ever-increasing environmental consciousness and the 
development of sustainable syntheses, the development of 
new renewable energy has become a research hotspot. There-
fore, “carbon peaking” and “carbon neutrality” have become 
the core issues for our countries in the coming decades. 
The electric energy generated by various renewable energy 
sources (such as wind energy and solar energy) usually 
encounters various problems such as uneven distribution, 
disordered waveform, and instability, which make it difficult 
to use directly. Therefore, many researchers have focused 
on electrochemical energy storage devices in recent years 
[1–4]. Among the numerous electrochemical energy stor-
age devices (EESDs), the rechargeable batteries (REBs) and 
supercapacitors (SCs) can efficiently comply conversion of 

electrical and chemical energies through the transformation 
of ion and electron in electrodes, which plays an essential 
role in the EESDs [5, 6]. REBs such as lithium-ion batter-
ies (LIBs), and sodium-ion batteries (SIBs) have attracted 
wide attentions in both academia and industry because of 
their high energy density (high gravimetric and volumetric 
energy density), low self-discharge and low cost. LIBs are 
considered as the most suitable devices for wide applications 
in large-scale energy storage systems, new energy vehicles 
and portable electronics. In contrast, SCs have high power 
density, low toxicity and long cycle life that are suitable for 
operation safety in the energy storage fields of wireless com-
munications, multifunctional entertainments, and personal 
healthcare [7–9].

Previous EESDs fabrication primarily depends on con-
ventional process, due to their mature fabrication proce-
dures such as electrode rolling, cutting, separator assembly, 
electrolyte filling, and finally packaging devices [10]. These 
complex processes severely hinder their integration and pro-
duction efficiently. Especially, in the manufacturing process 
of portable electronic devices, it is necessary to manufacture 
higher areal capacity in a small space [11–13]. At the same 
time, the increase of the active materials in a certain area 
can be an effective manner to improve the areal capacitance. 
However, the thick electrodes usually have uneven pores and 
long ion transport paths, which lead to the degradation of 
EESDs power density and rate performance. Additionally, 
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the traditional preparation of the electrodes with limited pore 
structures would result in a low utilization of active materi-
als, thus hindering the electrode performances to reach a 
gratifying level. To maximize surface area accessibility and 
accelerate ion transport efficiency among electrodes, explor-
ing advanced manufactured technology remains a decisive 
task besides the innovation of electrode materials [14–17].

Three-dimension (3D)-structured electrodes can be 
designed with hierarchical porous structures, which provides 
fast ion transport channels and makes full use of the limited 
space to obtain high energy density [18]. However, there are 
still remain limitations in the modulation of the geometry 
and structure of the solid electrolyte, because the inadequate 
electrolyte penetration, a slow ion transport significantly 
jeopardy the charge storage capability [19]. In conclusion, 
the main direction that researchers focus is on how to pack-
age high-energy density device with structure controllable 
EESDs in a small space.

3D printing, also called additive manufacturing technol-
ogy, is a structure-editable bottom-up fabrication method. 
It allows the use of computers to manufacture three-dimen-
sional frameworks with a high degree and integration [5, 
20–24]. Compared with traditional manufacturing tech-
nologies, 3D printing has shown its value in manufacturing 
small batches and personalized materials, such as aerospace 
manufacturing and solid molding of human bones like teeth, 
thumbs and knees. With the development of industrialization 
that requires mass production, 3D printing can take advan-
tage of its molding to provide customized samples for new 
structural [25–27]. Among EESDs, 3D printing technol-
ogy can dramatically improve the material utilization rate, 
typically from the shape, size and structure design of energy 
storage devices. In addition, 3D printing technology also 
has the advantages of low cost, rapid manufacturing, uni-
form the electrode frame pore size, and micro-scale precise 
regulation [28–31]. Therefore, 3D printing technology can 
not only satisfy the existing forming process of materials, 
but also meet the challenges of exploring new structures. 3D 
printing technologies that have been developed for EESD 
manufacturing include inkjet printing (IJP) [32–34], mate-
rial extrusion [including direct ink writing (DIW) [35] and 
fused deposition modeling (FDM)] [36], vat photopolymeri-
zation [such as stereolithography (SLA)] [37] and powder 
bed fusion [including Selective Laser Sintering (SLS)] [38]. 
Among them, DIW, IJP, FDM, SLS and SLA have been used 
to fabricate small-area miniature EESDs with well-designed 
patterns, controllable electrode thickness, and compatibility, 
as shown in Fig. 1. Furthermore, two-dimensional carbon-
based materials such as graphene, and carbide like MXene, 
as the main ink material has received extensive attention in 
3D printing [39–41].

Over the past few years, several reviews focusing on 
3D printing with EESDs have been conducted. They are 

mainly concentrated on printing techniques, electrode pat-
terns and application fields. However, summarizing carbon 
and carbide two-dimension (2D) materials as the bridges 
between substrate and active materials for 3D printing inks 
has acquired rare attentions in previous works.

In this work, we first summarize the different printing 
methods for 3D printing focused on their advantages and 
limitations. Then highlight DIW-based extrusion print-
ing, also with the ink requires rheological properties [42]. 
Thereafter, the research progresses on novel 2D materials 
graphene oxide (GO) and MXene-based printable energy 
storage devices including, supercapacitors and rechargeable 
batteries are presented. Meanwhile, the several ink rheologi-
cal properties adjusted work are also described, which aims 
at enhancing the device performance. Afterwards, binder- 
or additive-free inks, which are still in the initial stage of 
development, are introduced.

This review offers an outline on the development of print-
able strategies combined with the advantage of carbon and 
carbide among 2D materials, which may provide some ideas 
for future research directions.

2 � 3D printing techniques

2.1 � Brief overview of 3D printing techniques

3D printing technology has been widely used in flexible 
energy storage and biomedical devices such as lithium-ion 
batteries and customization construction of bones [39, 43]. 
Comparing with traditional manufacturing technologies 
that impose mold requirements on materials, 3D printing 

Fig. 1   A systematic map of “Ink material, 3D printing technology, 
and 3D printed structures” for EESDs
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methods enable the bottom-up fabrications, which allows the 
use of computers to manufacturing three-dimensional frames 
containing complex spatial structures with a high degree of 
structural design and integration. Among the properties of 
3D printing techniques, the most critical factors include ink 
material selection, patterning resolutions, pattern design ver-
satility, printing speed, substrate of the print device and uti-
lization rate. Several 3D printing methods that are used for 
energy storage device include FDM, selective laser melting 
(SLM), SLA, IJP and DIW. The schematic illustrations of 
these five techniques are shown in Fig. 1. In this review, 3D 
printing is equivalent to direct ink writing. This section pre-
sents the DIW printing principles, select and optimization 
of ink materials, pretreatment and post-treatment, parameter 
control and so on.

2.2 � DIW method

DIW is an extrusion-based printing process, which was first 
designed to prepare ceramic materials then widely used in 
energy storage device. Compared with other 3D printing 
methods, the inkjet printing and extrusion printing offer the 

promising projects with the mass production of energy stor-
age device [44–46]. As DIW, the ink can be extruded from 
the nozzle with compressed air. At the same time, the ink 
possesses a shear-thinning behavior to maintain its fluidity 
and high viscosity for the purpose of preventing material 
spreading on the substrate (Fig. 2a) [47]. DIW has many 
advantages such as easy operations, relatively lower cost, 
various materials selection such as polymer, ceramics and 
metal particles. However, it still faces the challenges of 
structural deformations after post-treatment [48, 49].

2.3 � IJP method

IJP is a typical droplet-based deposition technique that can 
directly deposit materials through nozzles on to various sub-
strates to create complex patterns with high resolution and 
tunable thickness corresponding to the number of droplets 
discharged [50]. As shown in Fig. 2b [51], the inkjet printing 
has the ability to print very complex basic frames as well 
as high ink utilization rate, which makes it one of the most 
eye-catching printing methods. However, due to the nozzle 
being easily blocked during the printing process, this tech-
nology has a high standard for ink and sacrifice the capabil-
ity of preparing high mass loading electrodes [30, 52]. The 
ink requirement for IJP usually has specific requirements in 
surface tension, density and dynamic viscosity. The ink vis-
cosity usually at the range of 5–50 centipoise (cP). However, 
DIW has high requirements for gel-based viscoelastic inks, 
requiring sufficiently high yield stress and storage modulus. 
The ink viscosity is usually over 1000 cP [53]. The defer-
ence between DIW and IJP technologies mentioned above 
are detailed in Table 1.

2.4 � SLA method

SLA was invented in 1986 by Charles Hull, who also 
founded 3D Systems at the same time [54]. This technology 
focuses an ultraviolet (UV) laser into a bucket of photopol-
ymer resin. The photosensitive resin will solidify when it 
encounters the UV laser (Fig. 2c) [24]. Thus, the pattern can 
be constructed under layer-by-layer method. It has a low pro-
duction cost accompanied with the less preparation proce-
dures. This printing process has been successfully applied to 
fabricate polymer substrates with different shapes and sizes. 
The SLA possesses an advantage of high resolution that will 

Fig. 2   Some 3D printing processes that are useful for energy storage 
preparation: a DIW. Reproduced with the permission from Ref. [47]. 
Copyright 2020 Nature. b IJP. Reproduced with the permission from 
Ref. [51]. Copyright 2019, WILEY-VCH. and c SLA. Reproduced 
with the permission from Ref. [24]. Copyright 2020 Springer

Table 1   Comparisons of 
different technologies for DIW 
and IJP [5]

Technologies Advantages Disadvantages

Direct ink writing Scalable, tunable thickness, material-saving, 
material diversity

Low-resolution electrode patterns

Inkjet printing Precise control, scalable, efficient, low cost Need of high-quality inks, rela-
tively low-resolution electrode 
patterns
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provide a delicate material structure which is important for 
special applications. However, the long duration of the man-
ufacturing process and the limited scan rate of the laser also 
generate the obstacles to its development [55].

2.5 � SLM method

Selective laser melting is an important part of 3D printing 
technology, which is proposed by the German Fraunhofer 
Research Institute in 1995 [56]. It is a rapid prototyping 
technology for metal, polymer and ceramic powders, which 
consists of a high-energy laser beam that fuses powder in a 
layer-by-layer process [57]. The processing technology and 
materials are the two key elements of SLM. The printing 
process of SLM consists of four parts. The first step is to 
apply a layer of extremely thin and uniform powder on the 
platform to build the model, and then use a laser technology 
to fully melt and fuse the powders according to the pre-
designed framework. The third step is to re-apply a new 
layer of powders on the platform, subsequently repeats the 
previous steps until the desired pattern is printed. Finally, 
removing the desired object from the printing platform. 
The printing process of SLM provides a novel method for 
printing chemical energy storage, which is cost-effective and 
convenient [58].

3 � Rheological properties 
of two‑dimensional sheet inks

3.1 � Ink characterization: from Newtonian 
to shear‑thinning solutions

The composition and the synergistic interaction between the 
components play a key part in the rheological properties of 
the inks, which affects printing characteristics of fluid inks. 
Generally speaking, when the ink is subjected to external 
force, the ink will deform to reduce the impact generated by 
this force. To describe the resistance of different components 
of the ink, a measurement of the viscosity (ƞ) is introduced 
in this part. Among the rheological parameters, the viscosity 
is an indispensable element [59–62]. It is used to draw the 
frictional forces in the ink composition and calculated as the 
results of shear stress to shear rate. As shown in Fig. 3, the 
flow behavior of inks is described by the links of shear rate 
vs. its viscosity. In general, the behavior of various fluids 
can be divided into two parts: Newtonian behavior (liquid 
viscosity remains unchanged at different shear rates such as 
water, low molecular weight solvents.) and non-Newtonian 
behavior (both pseudoplastic and thixotropic properties 
describe as non-Newtonian behavior) [63]. To quantify the 
solution viscosity, a shear stress τ is applied to the ink con-
tained at various geometry cells and the corresponding shear 

rate γ ̇ is measured. Moreover, the viscosity (η) is tested with 
the relation [64]:

Newtonian fluids, for example, the solutions like water 
behave as the τ varies linearly with the (γ ̇) and the (η) is 
nearly constant as shown in Fig. 3a [63]. Bingham fluids, 
flow consistency index (k), flow behavior index n, a yield 
stress τ0 and the shear stress is written as

Moreover, the power law (PL) mode is set as Eq. (3), 
which results in Eq. (4)

Meanwhile, when n < 1, the ink exhibits a shear-thinning 
non-Newtonian fluid behavior (Fig. 3c). On the other hand, 
when n > 1, the ink exhibits a shear-thickening, which is 
harmful to printing process (Fig. 3b).

Figure 3e displays shear stress τ vs. shear rate γ ̇ and the 
viscosity acted as Eq. (5) for inks at different concentrations.

At low poly(3,4-ethylene dioxythiophene):poly(styrenesu
lfonate) (PEDOT:PSTFSI) concentration, the solutions like 
water behave as Newtonian fluids as the τ varies linearly 
with the γ ̇ and the η is nearly constant as shown in Fig. 3a. 
Moreover, as the concentration increases (above 0.38%), the 
viscosity is varying with different γ.̇ It can be modeled using 
the power law (PL) model

In which, the higher shear rates correspond to a fluid with 
a PL fluid.

A liquid with this behavior is suitable for spray coat-
ing, screen printing, and extrusion printing. As for GO 
and MXene-based inks, the ink’s viscosity and viscoelastic 
properties depend on the flakes’ concentration in solvent. 
In Fig. 3f [65], both GO and its hydrogel ink exhibit the 
same shear-thinning behavior. Additionally, the rheological 
properties of different concentration MXenes show a clear 
viscosity decline with the increase of shear rates, which can 
satisfy an extrusion ink flow continuously (Fig. 3g) [59]. 
Furthermore, accompanied with the magnitude of viscoe-
lastic moduli, the ratio of elastic modulus (G′) to viscous 
modulus (G″) (G′/G″) plays another important role to deter-
mine the rheological properties of dispersion. For instance, 

(1)𝜂 = 𝜏∕(𝛾̇).

(2)𝜏 = 𝜏
0
+ k𝛾̇n.

(3)𝜏 = k𝛾̇
n = 𝜂(𝛾̇)𝛾̇ ,

(4)𝜂(𝛾̇) = k𝛾̇n−1.

(5)𝜂 =
𝜏

𝛾̇
.

(6)𝜏 = k𝛾̇
n
.
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the spray coating often requires a high viscous modulus 
(G′/G″ < 1) to maintain the ink continuous flow. On the 
contrary, extrusion printing requires elastic modulus with 
plastic-like properties over the mflow properties, which can 
help to preserve the shape of their printing patterns.

Motivated by this, Gogotsi et al.[66] found that single-
layer Ti3C2Tx seems to behave a high elastic modulus in 
a narrower mass percentage. Hence, it can be suitable for 
spray coating or inkjet printing process due to the high 
fluidity and versatile rheological properties of solutions 
(Fig. 3h). On the contrary, the range of G′/G″ ratios of 

the multilayer Ti3C2Tx is much narrower than the single 
layer. Finally, the single and multilayer Ti3C2Tx exhibit the 
unique but complementary rheological properties at dif-
ferent G′/G″ ratios (Fig. 3i). Interestingly, Yang et al. [67] 
found that 15 mg·mL−1 of single-layer MXene dispersions 
with a higher aspect ratio has a similar order of magnitude 
as 2.33 g·mL−1 multilayer MXene dispersions. Ultimately, 
the volatile solution accompanied with a low-frequency 
elastic component of single-layer GO or Ti3C2Tx could 
help to construct the binder-free inks, which is quite 
important for electrochemical energy storage-related field.

Fig. 3   a–d Overview of different shear profiles for various fluids. 
Reproduced with the permission from Ref. [63]. Copyright 2020 
WILEY-VCH. e Rheological behavior of PEDOT:PSTFSI inks meas-
ured with a shear rheometer (cone plate geometry, 50 mm diameter 
and 1° angle). Reproduced with the permission from Ref. [64]. Copy-
right 2019 American Chemical Society. f Rheological behaviors of 
the GO pure solution and GO gel ink. Reproduced with the permis-

sion from Ref. [65]. Copyright 2018 WILEY-VCH V. g Rheologi-
cal behaviors of the Ti3C2Tx solution with different concentration. 
Reproduced with the permission from Ref. [59]. Copyright 2020 
American Chemical Society. h, i Frequency dependency of the ratio 
of the G′ elastic modulus to G″ viscous modulus for single-layer 
Ti3C2Tx MXene flakes dispersed in water. Reproduced with the per-
mission from Ref. [66]. Copyright 2018 American Chemical Society
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4 � 3D printing energy storage device

Energy storage equipment is an indispensable part of 
mobile electronic equipment and new energy vehicles. 
Electrochemical energy storage devices can release energy 
through reversible physical or chemical reactions to keep 
electronic systems non-stop working [68, 69]. Particu-
larly, supercapacitors and batteries with different energy 
storage mechanisms are two important components in our 
daily life, which will be illustrated in the following parts 
[13, 70–72]. Recently, the advantages of printing energy 
storage devices with high area loading and high energy 
density have become a research hotspot. Developing fully 
printed energy storage device necessitates formulating all 
these functional materials into printable inks. The property 
of the printed battery is largely dominated by the pattern 
size and resolution. Furthermore, they are extremely cor-
related with printing technologies, material properties of 
the inks (solid loading, viscosity, rheology behavior) [73]. 
Therefore, the development of easily printable functional 
materials accompanied with a high functionality is quite 
important [74, 75].

4.1 � 3D printing GO‑based energy storage devices.

Graphene was first discovered in 2004, then GO has already 
achieved mass production [76]. To establish suitable print-
able ink, it is important to cultivate materials with high vis-
cosity and shear-thinning behavior to facilitate 3D printing 
methods [77]. Lately, GO expresses a certain ability and 
unique viscosity properties as a liquid phase. Fortunately, 
ink viscosity can be adjusted by the graphene oxide con-
centration [78].

4.1.1 � Supercapacitor

It is well known that SCs have the advantages of higher 
power density and fast charging/discharging ability [79]. 
Due to the different energy storage mechanisms, it can be 
classified into double layer and pseudocapacitive behaviors. 
For the former, an important feature is that no charge trans-
fer occurs between the electrode and electrolyte interface, 
resulting in a lower energy density. Therefore, an enhanced 
ion transfer between electrolytes/electrodes can improve the 
energy density. Among various 3D printing technologies, 
such as FDM, SLM, DIW, and IJP have been widely used to 
design and fabricate the materials and structures related to 
SCs. 3D printing technology has the advantages of various 
adjustable properties related to material hardness, porosity, 
device shape and size, which enables to precisely control the 
electrode thickness and then regulate mass loading [80, 81].

Carbon and carbide materials possess ultra-high specific 
surface area, rich pore structure, good chemical stability, 
and mechanical strength that make them to be a suitable 
candidate for SCs, [40, 82, 83]. Among them, GO has a 
high surface area, excellent mechanical strength, thermal 
conductivity and adjustable viscosity, making it widely used 
in 3D-printed SCs devices. Previous work [84] suggests 
that specific polymers or colloidal templates introduced to 
ink compositions can promote the ink concentration with 
well-controlled viscoelastic responses. Therefore, chemical 
etching or additional thermal decomposition processes are 
necessary, which will increase the complexity of manufac-
turing and further slake the property of the target device. 
Thus, further efforts should be involved to achieve simplified 
ink design and structural control. Fan et al. [85] proposed a 
no sacrificial binder to develop hybrid inks and a uniform 
printing method by GO ink. The progressively releasing 
ammonium ions from urea in water can be electrostatically 
adsorbed by GO nanosheets. To control the rate of cross-
linking, the pH was adjusted to nearly 3 by adding gluconic-
δ-lactone, as shown in Fig. 4a. With the help of layer-by-
layer construction method, diverse printing architectures like 
woodpile, honeycomb and more complicated patterns such 
as gearwheel could also be easily built (Fig. 4b). Further-
more, Gao and his co-workers [65] introduced Ca2+ as the 
cation into the GO solution. Then by the electrostatic adsorp-
tion between positive- and negative-charged materials (GO 
has oxygen-containing functional groups such as –COOH 
and –OH, therefore, Ca2+ ions can be used as cross-linkers), 
GO solution suddenly converts into the printable gel ink in a 
few minutes. In addition, to explore the gel transition caused 
by Ca2+ ions, they found that the G′ and τ were increased 
with the improve content of Ca2+ ions as shown in Fig. 4c. 
Especially, when the concentration of Ca2+ions is over the 
limit of 15 × 10−3 mol·L−1, the floccule of GO was observed. 
This unevenness caused by Ca2+ ions likely resulted from 
the clogging in nozzle and finally failed to printing. In this 
circumstance, GO (15 × 10−3 mol·L−1) possesses the opti-
mal rheological behaviors and its uniformity dispersion was 
chosen as the ink. We can observe in Fig. 4d, GO disper-
sion and GO–Ca2+ ink present the same non-Newtonian 
fluid behavior, in other words, the viscosity declined with 
the increasing of shear rates, which is necessary to guaran-
tee the printable ink can flow smoothly. When the Ca2+ions 
increased to 15 × 10−3 mol·L−1, GO–Ca2+ ink exhibits the 
ten times higher apparent viscosity than that of pure GO 
solution. Accordingly, the G′ also has a huge increase with 
the addition of Ca2+ ions. Subsequently, Ca2+ with a content 
of nearly 15 × 10−3 mol·L−1 was chosen as the target mate-
rial. During following printing process, the ink was loaded 
into a movable injector, which is controlled by robot and 
extruded through a nozzle with pre-designed patterns. Then, 
freeze drying and HI reduction processes were introduced 
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to remove water and convert into graphene; at the same 
time, we obtained a solid porous aerogel. The versatility of 
electrode architecture, which presents a porous structure, 
and graphene exhibits an excellent coherent conductivity, 
which is beneficial for supercapacitors. Figure 4e displays 
the cyclic voltammetry (CV) performance of supercapacitors 
with printed electrodes. The printed supercapacitor exhibits 
electrical double-layer capacitive (EDLC) behavior accord-
ing to the quasi-rectangular-shaped CV curves. Fortunately, 
the electrodes show excellent electrochemical performances 
at different current density. At different current density (from 
0.5 to 100 A·g−1), all the capacitance retention of print elec-
trodes exceed 80%, and all the capacitors exhibit an out-
standing rate performance, as shown in Fig. 4f. However, the 
energy density of supercapacitor cannot satisfy the practical 
application. According to the Eq. (7)

where the energy density (E) is relevant to the active mate-
rial capacitance (C) and operation voltage (V) of device. 
On one hand, the capacitance value is mainly governed 
by the intrinsic properties of electrode materials. On the 
other hand, the voltage can be maximized by matching two 

(7)E = 1∕2CV2
,

electrodes with distinct voltage windows in an asymmetric 
cell configuration, further augmenting the energy density.

Li et al. [86] built a 3D graphene oxide structure by the 
direct ink writing method. The GO and hydroxypropyl 
methylcellulose acted as the basic skeleton material of the 
ink. After freezing dried and annealing in a noble gas, the 
aerogels of GO subsequently converted to porous graphene. 
In addition, the printed porous graphene aerogel lattice was 
elaborately designed as a structure for supporting pseudo-
capacitive MnO2 nanosheets by electrodeposition, as shown 
in Fig. 5a. The deposition time from 0 to120 minutes, the 
3D-printed GO achieved a super high mass loading of MnO2 
(~ 45 mg·cm−2). Importantly, both the volumetric and areal 
capacitance of the Graphene/MnO2 electrodes increased 
nearly linearly accompanied with the increase of MnO2 
content at various current densities, as shown in Fig. 5b. 
It was attributed to the deposition of MnO2 not only on the 
external surface, but also inside of the lattice. Owing to the 
electrodeposition of pseudocapacitive materials (MnO2), the 
areal capacitance of Graphene/MnO2 electrode is almost 25 
times higher than pure graphene electrode that was tested at 
the same current densities (Fig. 5c). In this way, we can open 
up a new way to prepare the high mass loading and fabricate 
higher energy density supercapacitor.

Fig. 4   a Proposed a no sacrificial binder to develop hybrid inks and 
uniform printing method by GO ink. b Diverse of the printed archi-
tecture. Reproduced with the permission from Ref.[85]. Copyright 
2018 American Chemical Society. c Schematic illustration of 3D 
printing process typically with the trace amount of CaCl2 is added 
into the GO solution to form GO ink. d The storage modulus and loss 

modulus of the GO pure solution and gel ink of shear stress. e CV 
curves for printed electrode at scan rates from 10 to 500  mV·s−1. f 
The comparison of different thickness electrodes at different current 
density from 0.5 to 100 A·g−1. Reproduced with the permission from 
Ref. [65]. Copyright 2018 WILEY-VCH
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Furthermore, another method about asymmetric super-
capacitor to increase energy density is provided by Yang 
[87] with interdigitated electrodes (V2O5/GO as cathode and 
G-VNQDs as anode). They are mixed with the highly con-
centrated GO gel forming the uniform solution, which will 
ensure the inks that possess a high viscosity and are suitable 
for DIW. Finally, the gel state electrolyte is also printed into 
the gap between the cathode and anode, schematic illustra-
tion of the 3D printing process is shown in Fig. 5d. The 
anode and cathode have different voltage ranges, they should 
maintain balance between high voltage output and stable 
redox potential. From a series of CV measurements deter-
mined the suitable voltage range is about 1.6 V (Fig. 5e). 
Due to the using of pseudocapacitive materials (G-VNQDs 
and V2O5) as well as asymmetric structure with high mass 
loading, which augment the areal energy and power densities 
(Fig. 5f). A higher areal energy density of 73.9 µW·h·cm−2 
is acquired, which is superior to the most reported interdigi-
tated Micro-Supercapacitors (MSCs), such as laser-scribed 
graphene, LIG–MnO2, graphene quantum dots (GQDs)//
MnO2. Meanwhile, Yao et al. [46] used the same method to 
build a GO-based compound ink (ZnV2O6@Co3V2O8–GO 

as positive and Co3V2O8–GO as negative electrode). The 
3D-printed pyre shape contains multiple orthogonal layers, 
then via scanning electron microscopy and energy disper-
sive spectroscopy demonstrate a uniform distribution of C, 
Zn, O, Co, and V in the electrode (Fig. 5g). Moreover, the 
asymmetric SCs device possesses the enlarged CV areas 
along with the increase of the voltages from 0.4 to 1.6 V 
in a two-electrode device (Fig. 5h). In addition, the printed 
patterns exhibit a superior rate capability of 78% at the range 
of 0.5–8 A·g−1. We prospect that we can build asymmet-
ric MSCs in a simple, low-cost and efficient manner by 3D 
printing (Fig. 5i).

4.1.2 � Lithium‑ion and beyond lithium‑ion battery

LIBs are originated from lithium batteries. It is a new gen-
eration of electrochemical energy storage devices with 
outstanding advantages such as high voltage, high energy 
density output and remarkable cycle performance [88–91]. 
Therefore, in recent years, the research on LIBs has achieved 
extensive attentions. In 1982, Scrosati organized the first 
"Lithium Battery Conference" in Rome, attended by eighty 

Fig. 5   a Schematic illustration of 3D construction graphene aerogel/
MnO2 Electrode. b Areal capacitances of 3D G/MnO2 and non-3D 
printed G/MnO2 electrodes obtained at different current densities 
of 0.5–50 mA·cm−2. c Relationship between the thickness and areal 
capacitance. Reproduced with the permission from Ref. [86] Copy-
right 2019 Cell Press. d 3D printing process of electrode and electro-

lyte. e, f CV curves and different current densities of printed devices. 
Reproduced with the permission from Ref. [87]. Copyright 2018 
WILEY-VCH. g–i 3D-printed asymmetric SCs device and the elec-
trochemical performance. Reproduced with the permission from Ref. 
[46]. Copyright, 2019, WILEY-VCH
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researchers, and this was the beginning of the lithium-ion 
story. Representative work about 3D printing batteries was 
from Lewis [91] that who fabricated interdigitated electrodes 
using 3D printer for a Li-ion micro-battery in 2013. They 
developed the concentrated inks with proper rheological 
behaviors to enable the 3D printing process. Their electrode 
inks consist of active materials (LFP for cathode and LTO 
for anode) and cellulose-based viscosity modifier. Owing to 
the lack of conductive agents, the cellulose-based electrode 
can supply electronic conductivity of 10–4–10–6 S·cm−1, 
which significantly restrict the electrochemical performance 
of printed battery. To improve the battery performance, GO 
is a good choice. It has superior electrical conductivity after 
thermal annealing or chemical reduction process. Hereto-
fore, GO has been proven to be a candidate material in elec-
trochemical storage device, especially in the LIBs [61, 62].

Hu et al. [92] proposed that LiFePO4 (LFP) and Li4Ti5O12 
(LTO) inks were prepared separately and stored in cathode 
and anode syringes, individually. The schematic diagram 
of the 3D-printed LIBs is shown in Fig. 6a. Furthermore, 
they successfully fabricate the micro-interdigitated elec-
trodes on glass substrate with barely 3 × 2 mm, as shown 
in Fig. 6b. Figure 6c shows the 3D-printed full packaged 
battery with LFP/rGO and LTO/rGO tested at 50 mA·g−1, 

which exhibited a capacity of ≈100 mA·h·g−1. This is a land-
mark work of 3D-printed GO-based LIBs, which opens new 
avenues for other battery systems. Yang and co-workers[93] 
fabricated orthogonal architectures Li–S batteries utilizing 
3D printing process, where printable inks were prepared by 
S/DIB and S active materials into GO solution (4 mg·mL−1). 
This work was the first time to propose Li–S batteries by 3D 
printing method and exhibited a higher reversible capacity 
of 812.8 mA·h·g−1. The whole process is shown in Fig. 6d. 
The results show that graphene is useful for electrochemical 
energy storage owing to its superb highly chemical stability, 
electrical conductivity and large active site.

Recently, lithium and sodium-ion hybrid capacitors (LICs 
and SICs) have gained the growing research attentions, 
because they have both high energy and power characteris-
tics by collaborating a battery anode (energy density) and a 
supercapacitor cathode (power density) [94, 95]. Compared 
with LICs, SICs have the advantages of natural abundance 
of resources and the low cost of sodium. As such, Sun and 
co-workers [94] developed 3D-printed SIC devices, which 
possess superior performances at power and energy out-
put. Among the 3D printing process, the components and 
rheological properties of the ink, and the microstructure of 
pyre-shaped electrodes are the important branches. Figure 6e 

Fig. 6   a LTO/GO and LFP/GO ink used to fabricate the anode and 
cathode (in black) via layer-by-layer printing. b, c Digital images 
and electrochemical performance of a miniaturized version of the 
3D-printed electrodes. Reproduced with the permission from Ref. 
[92]. Copyright 2016 WILEY-VCH. d Illustration of printed Li–S 
energy storage device. Reproduced with the permission from Ref. 

[93]. Copyright 2017 WILEY-VCH. e 3D printing process of the 
GO-based anode and cathode. f SEM images of the top view and side 
view of the 3D-printed N-Ti3C2Tx electrode. g Schematic diagram of 
charging process of N-Ti3C2Tx SIC and the cycle performance of the 
printed SIC at current 2 A·g−1. Reproduced with the permission from 
Ref. [94]. Copyright 2020 American Chemical Society
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displays the ink preparation procedure aimed at the forma-
tion of printed structure. Such the average and conductive 
inks contain active materials (N-MXene for the anode and 
AC for the cathode), CNTs as conductive agent, and GO 
as viscosity modifier in a certain weight proportion. After 
3D printing and vacuum freeze drying, the electrodes can 
be solidified with ideal retention of the interior skeleton. 
From the side view and top view, SEM images of fabricated 
woodpile GO-based electrodes show continuously and tidily 
stacked piles as shown in Fig. 6f. It shows that the modi-
fied inks for printing are in high precision, which is indis-
pensable to construct smooth erected electrodes with stable 
precision. Moreover, 3D-printed SIC full cells (woodpile-
shaped electrode) were built up by GO-based N-Ti3C2Tx and 
GO-based AC inks, as display in Fig. 6g. Based on charge 
balancing theory,

the appropriate mass ratio for anode and cathode can be 
calculated. The loading can be modified by the number of 
printed layers and the printed layers are proportional in 
relationship with the loading mass. The printed electrodes 
show a deviated triangle shape of the curves, which reveal a 
hybrid charge storage mechanism. Notice that the discharg-
ing and charging times are nearly the same at various current 
densities, meaning the high coulombic efficiency and excel-
lent electronic conductivity. To demonstrate the stability of 
printed electrodes, the cycling performance of the devices 
was further tested. As exhibited in Fig. 6h, four layers show 
an excellent cyclic stability with a capacity retention of 75% 
above 3500 cycles at 2 A g−1.

4.2 � 3D printing MXene‑based energy storage 
devices

Recently, an emerging family of 2D transitional metal car-
bides called MXene with a universal formula of Mn+1XnTx 
(Mn+1XnTx [66, 96, 97], in which M represents an early tran-
sition metal such as Sc, Ti, V, Cr; X represents carbon and/
or nitrogen and T represents the terminal functional groups 
n can be 1, 2, 3, 4), has displayed a great potential as elec-
trode materials in building energy storage devices such as 
supercapacitors and batteries [98, 99]. Accordingly, MXene 
comes from the wet chemistry process with the typically 
surface terminations with –OH and –O. The introduction of 
surface –O functional groups was benefited to the uniform 
dispersion of suspensions into the solvent (such as ethanol, 
acetone, water, and ethylene glycol) and hence allows effi-
cient formation of quite stable inks. In a low concentrations 
of MXene [100], the inks exhibit liquid-like behavior is 
suitable for spray coating and inkjet printing. Typically, the 
inks with highly concentrated MXene suspensions exhibit 
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gel-like state with a high elastic modulus, making it more 
suitable for 3D printing [101]. Because of their viscosity, 
Ti3C2Tx can be used as the binder and conductive additive 
for electrodes. Nicolosi et al. reported the using MXene 
nanosheets as a new type of binder as well as conductive 
agent to construct high volume change Si/MXene anodes 
without the need of any other additives [102].

Similar to the GO hydrogel and its gelation method, Yang 
et al. [103] reported a fast gelation of MXene in an aque-
ous solution with different metal ions such as Mg2+, Co2+, 
Ni2+, Fe2+, and Al3+. It shows that the hydrogels can be 
constructed with the help of divalent and trivalent ions. The 
hydrogels possess G′ and G″ among the whole frequency 
range, which is benefit for 3D printing.

At the same time, Kayali et al. [98] have demonstrated 
that controlling the size of MXene sheets can also improve 
the electrochemical performance. To have average size dis-
tribution, centrifugation is commonly used. Under this cir-
cumstances, the large size flakes with concentrated MXene 
solution by additive adoption or multiple centrifugation 
operations, which might lead to the agglomeration of MXene 
nanosheets.

4.2.1 � MXene‑based micro‑supercapacitors (MSCs)

In recent years, flexible and stretchable electronics have 
boosted the rapid development in a wide variety of emerging 
applications such as implantable medical devices, wearable 
displays, and bioinspired electronic skin [104, 105]. The tor-
tuous channels created by the flexible and stretchable elec-
tronics can be extensively used to develop high interdigital 
energy storage device, such as MSCs. As the important part 
of MSCs, electrode materials and device structures play key 
component in determining the device performance. Hence, 
the MXene with high conductivity and large charge storage 
capability, the interdigital structure with rich open edges, 
high mass loading of active materials, and free of conven-
tional separator have attracted widespread attention [106].

For example, Barg et al. [67]. established an aqueous 
ink with the most reported MXene material Ti3C2Tx by wet 
etching (HCl + LiF) procedure followed by a delamination 
protocol (without sonication steps). Subsequently, an ideal 
viscoelastic property with a shear-thinning behavior by 
extrusion-based printing was constructed with a freestand-
ing 3D architecture, as shown in Fig. 7a. Freeze drying tech-
nology retains the external formation and internal integrity, 
the results show that the prepared Ti3C2Tx inks’ viscoelastic 
properties are suitable for 3D printing of freestanding archi-
tectures. Besides, the porosity can lead to the more effec-
tive active surfaces for the electrolyte and further improve 
rate performances. For the sake of extending potential of 
MXene inks, a 3D-printed interdigitated electrodes with tun-
able finger thickness can be as small as 100 μm (Fig. 7b, c). 
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Furthermore, to evaluate the electrochemical performance, 
the interdigitated symmetrical electrode architectures were 
tested with H2SO4/polyvinyl alcohol (PVA) gel electrolyte. 
Notably, the printed MSCs revealed extraordinary cycling 
performance with only 10% capacitance fade after 10,000 
cycles at 1 A g−1 (Fig. 7d). Moreover, Beidaghi et al. [98] 
utilized high-concentrated Ti3C2Tx inks without additives 
exhibits appropriate extrusion viscoelasticity and used to 
fabricate all solid state MSCs with various thickness on dif-
ferent substrates (Fig. 7e, f). The 3D printing devices with 
various mass loading represent excellent electrochemical 
performance at a 5 mV·s−1 scan rate, which areal capaci-
tance reach to as high as 1035 mF·cm−2, as shown in Fig. 7g.

MXene-based materials are theoretically excellent materi-
als for flexible MSCs; however, amalgamating nanomaterials 
with superb charge storage capability into low-price manu-
facturing process remains challenging. Direct ink writing 
like inkjet and extrusion printing of functional materials 
offers digital and additive patterning, increased material 
utilization, scalable and rapid production, and so on. Zhang 
et al. [51] fabricated MSCs through an extrusion printing 
method with additive-free and interdigitated devices on 
paper substrate. Due to the ideal fluidic properties, vari-
ous fine patterns can be printed (Fig. 7h). For example, 
printing two paths gives MSCs behave line gap ~ 120 µm, 
width ~ 438  µm and spatial uniformity within ~ 5.6% 
(Fig. 7i). Particularly, exponentially decayed resistance 

from 2000 to 10 Ω·sq−1 of the printed lines can be realized 
by increasing the printing numbers (Fig. 7j). It exhibits the 
possibilities of current collectors and conductive agents, due 
to the metallic conductivity. Moreover, depending on the 
hydrogen bonds between the interconnected layers cause a 
strong adhesion, which is enable to the mass production of 
all-MXene printed MSCs. In addition, to meet the energy or 
power requirements, the flexible and interactable MXene-
based array MSCs can be fabricated in series and parallel 
(Fig. 7k). Then, the as-printed array devices are tested with 
CV curves at 20 mV·s−1, such as printing two in parallel and 
in series and four MSCs in parallel and in series (Fig. 7l). 
As printed MSCs display the excellent mechanical flexibil-
ity, which can be attributed to the mechanical strength of 
Ti3C2Tx nanosheets and strong hydrogen bonds between the 
flakes.

4.2.2 � Additive free of MXene‑based EESDs

To the best of our knowledge, the fully printable fabrication 
of energy systems with binder-free (without polymer binder) 
ink is still challenging [107]. And the extrusion-based elec-
trochemical energy storage device with higher energy den-
sity is still in its infancy [108]. The abundant functional 
surface terminations and superior mechanical characteristic 
permit MXene to form a hierarchically viscoelastic substrate 
[109]. Wu et al.[101] fabricated pure MXene ink on the 

Fig. 7   Additive-free MXene inks. a Schematic representation of the 
manufacturing strategy developed for 3D printing of freestanding 
MXene architectures and MSC demonstrators. b, c SEM and opti-
cal photographs (inset) of freestanding Ti3C2Tx microstructure and 
3D-printed interdigitated structure. d Cycling stability test showing 
over 90% capacitance retention after 10,000 cycles at 1 A·g−1. Repro-
duced with the permission from Ref. [67], Copyright 2019 WILEY-
VCH. e, f Printing tunable finger thickness on various substrate. g 
CV curves at 5 mV·s−1 for different mass loading. Reproduced with 

the permission from Ref. [98]. Copyright 2018 American Chemical 
Society. h Photo of MXene aqueous ink and printed patterns. i Low 
and high magnification SEM image of printed interconnected MXene 
MSC (Scale bar 200  µm, 500  nm, respectively). j The sheet resist-
ance, Rs with number the printed paths. k, l Extrusion-printed tan-
dem devices with great flexibility and typical CV curves of the as-
printed tandem devices. Reproduced with the permission from Ref. 
[51]. Copyright 2019 Nature
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substrate as the current collector. Then, two different kinds 
inks such as MXene-based LFP and LTO were prepared, 
which were printed on the substrate, individually (Fig. 8a). 
This is a new attempt to take full advantages of the MXene 
(MXene acts as a highly capacitive electrode, conducting 
interconnect, current collector, and adhesive additive).

In addition to LIBs, Zn-ion hybrid capacitors (ZICs), 
which utilize capacitor-type cathode and a matched zinc 
battery type anode have high energy and power character-
istics [110]. Sun’s [111]group successfully demonstrated 
an 3D-printed MXene-based ZIC cathodes as shown in 
Fig. 8b, c. In this work, a trace amount of Zn2+ worked as 
cross-linkers to obtain a binder-free inks. The constitution 
of gel mostly suppresses the restacking of MXene flakes 
and promotes electrolyte penetration. The as-printed aque-
ous rechargeable ZICs possess the excellent rate capability 
of 184.4 F·g−1 at discharge current of 10 A·g−1 and revers-
ible areal capacity of around 1006.4 mF·cm−2 at discharge 
current of 0.38 mA·cm−2, which are currently the highest 
value among 3D-printed capacitor devices. Moreover, the 
as-integrated ZIC device achieved a reversible areal power 
density of 5.9 mW·cm−2 (Fig. 8d–f).

5 � Conclusion and outlook

Printable technology has promising potential for fabrication 
of power supply devices. Notably, 3D printing EESDs is 
a new and quickly developing technology that has a huge 
influence on next generation electronics. Herein, we first 
summarize the different printing methods for 3D printing 
focused on their advantages and limitations, and followed 
by highlighting the DIW-based extrusion printing and the 
ink required rheological properties. Thereafter, the research 

focus on novel 2D materials GO and MXene-based print-
able energy storage devices, including supercapacitors and 
rechargeable batteries are presented. The research progresses 
in device construction and performance enhancement due to 
the unique properties of GO and MXene two-dimensional 
nanosheets structures are highlighted. The attractive proper-
ties of printable ink component and design requirements to 
enhance ink rheological properties with excellent printabil-
ity are further discussed. Of note, the ink with higher elastic 
modulus (G′/G″ > 1) can be suitable for 3D printing. Mean-
while, several ink rheological properties adjusted work are 
described, which aim at enhancing the device performance. 
Afterwards, binder- or additive-free inks, which are still in 
the initial stage of development, are introduced.

Recent achievements have provided the innovative routes 
in printing process, materials screening and architecture rev-
olutions for printing various energy storage devices. How-
ever, there are still several challenges to be addressed before 
widespread utilization.

In the first place, the energy storage device by 3D print-
ing technique is still in its infancy. We are simply fabricat-
ing the device layer by layer, thinking about the rheological 
properties of the ink (binder, conductive agent, and active 
materials), and constructing a very small samples to use. For 
practical application, the compatibility with other manufac-
turing processes is quite indispensable, which needs the high 
scalability. Therefore, modifying the device structure and 
choosing ink materials are essential. For instance, materials 
contain high aspect ratio fillers or nanosheets, which can be 
easy to agglomerate and cannot flow through small nozzles, 
which restrict the selection of materials and lower the print-
ing accuracy. Particularly, for the small size electronics, one 
of the main factors to improve the energy storage capability 
is to achieve a high printing resolution.

Fig. 8   a Schematic illustration of additive-free aqueous MXene-based 
LTO and LFP inks. Reproduced with the permission from Ref. [101]. 
Copyright 2021 WILEY-VCH. b Zn2+ gelation process targeting the 
preparation of MXene ink. c Top-view SEM images and correspond-

ing EDS maps of the MXene. d Mass and area specific capacitance 
values at different current densities. e, f Schematic diagram and 
Ragone plots of the 3DP ZIC full cell. Reproduced with the permis-
sion from Ref. [111]. Copyright 2021 American Chemical Society
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Second, 3D printing has the capability of tailoring the 
thickness of electrodes to increase the volumetric capaci-
tance and energy density compared to bulky electrodes at the 
same level. Unfortunately, the most electrodes at extremely 
high mass loadings will restrict the ion diffusion, which is 
lacking in competitiveness with traditional techniques like 
evaporation, electrochemical deposition and sputtering. 
Therefore, the dedicated research efforts should be focused 
on modifying printable ink with proper viscosity and poros-
ity, to realize efficient conductive channels. Apart from 
these, the well-controlled interface on the substrate with 
flexible properties is another important factor.

Finally, it is still challenging to construct all the compo-
nents such as electrodes, separator, and packaging via 3D 
printing. Furthermore, to meet the requirement of integrated 
with smart electronics is called “internet of things (IoT)”, 
such as environmental or health monitoring and external or 
implantable electronics, it is particularly wished to achieve 
fully fabrication of energy storage by 3D printing. The intel-
ligent design is versatile to robust and seamless with high 
ion conductivity as well as mechanical compliance, which 
satisfies the protective characteristic.
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