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HIGHLIGHTS

• Based on the drying‑mediated self‑assembly behavior of passivated graphene, a new kind of 2D micro‑flake inks is developed to 
directly print high‑resolution patterns with multiscale porous microstructure.

• The new ink allows to directly print complex 3D structures comprising multiple layers of heterogeneous materials.

• High‑rate all‑solid‑state 3D micro‑supercapacitors have been fully inkjet‑printed with an areal capacitance surpassing 10 mF cm−2 at 
a high scan rate of 1 V s−1.

ABSTRACT Scalable fabrication of high‑rate micro‑super‑
capacitors (MSCs) is highly desired for on‑chip integration of 
energy storage components. By virtue of the special self‑assem‑
bly behavior of 2D materials during drying thin films of their 
liquid dispersion, a new inkjet printing technique of passivated 
graphene micro‑flakes is developed to directly print MSCs with 
3D networked porous microstructure. The presence of macro‑
scale through‑thickness pores provides fast ion transport path‑
ways and improves the rate capability of the devices even with 
solid‑state electrolytes. During multiple‑pass printing, the porous 
microstructure effectively absorbs the successively printed inks, 
allowing full printing of 3D structured MSCs comprising mul‑
tiple vertically stacked cycles of current collectors, electrodes, 
and sold‑state electrolytes. The all‑solid‑state heterogeneous 3D 
MSCs exhibit excellent vertical scalability and high areal energy 
density and power density, evidently outperforming the MSCs 
fabricated through general printing techniques.
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1 Introduction

Over the past decade, planar micro‑supercapacitors (MSCs) 
have attracted tremendous research interest as compact 
energy storage components that can be directly integrated 
with silicon‑based electronics on chip to enable miniaturized 
self‑powered systems [1–4]. To date, a variety of approaches 
have been developed to pattern versatile active materials in 
submillimeter feature size to fabricate MSCs of footprint 
area < 1 cm2 [1]. However, the practical on‑chip integration 
is hindered by the lack of a comprehensive technology that 
simultaneously possesses simple processing, good scalabil‑
ity, and compatibility with micro‑fabrication in silicon tech‑
nology, capability of fabricating thick and multiscale porous 
electrodes (for sufficient energy capacity), and exemption 
from liquid‑state electrolytes for high performance (for 
easy encapsulation). Among various fabrication techniques, 
inkjet printing is promising for on‑chip integration due to its 
unique combination of many merits such as direct (mask‑
free) patterning, non‑contact processing, high resolution, 
excellent scalability, and versatile compatibility with various 
substrates and active materials (especially the emerging 2D 
materials such as graphene [5] and MXenes [6]). As a matter 
of fact, it has been extensively employed to fabricate high‑
performance non‑silicon‑based electronic devices [7–10]. 
However, the conventional inkjet printing is only suitable for 
fabricating ultra‑thin layers, which restricts its application in 
MSCs that often require “thick patterns” at sub‑mm scale. 
In spite of a number of attempts, the printed MSCs suffer 
from either large footprint area [11, 12] or inferior energetic 
performance, e.g., low areal capacitance (< 2 mF cm−2) and 
low rate capability (limited by scan rates < 100 mV s−1) 
[13–15]. Here, by virtue of the unique self‑assembly behav‑
ior of 2D materials, we develop a new kind of micro‑flake 
inks of pseudocapacitive nanoparticle‑passivated graphene 
to directly print sub‑mm patterns with multiscale porous 
microstructure and large thickness of over 10 microns. In 
particular, the micro‑flake inks enable us to fully print 3D 
structured MSCs which comprise multiple vertically stacked 
cycles of current collectors, electrodes, and gel electrolytes. 
The electrochemical performance of such heterogeneous 3D 
devices scales with the cycle number (or device thickness). 
Remarkably, an areal capacitance surpassing 10 mF cm−2 
has been achieved at a high scan rate of 1 V s−1 for the “all‑
solid‑state” 3D MSCs.

2  Experimental Section

2.1  3D Modeling of Drying‑Mediated Self‑Assembly 
of 2D Materials

The 3D coarse‑grained lattice gas model [16] developed by 
Rabani et al. is adapted to study the self‑assembly behav‑
ior of graphene (or in general 2D materials) micro‑flakes. 
In the model, the liquid thin film is represented as a 3D lat‑
tice comprising cubic cells. All the cells have size of 1 nm 
(comparable to the typical correlation length of a solvent) 
and initially are occupied exclusively by solvent, substrate 
(only in the lowest layer) or a micro‑flake. One micro‑
flake is 1 nm thick and can span multiple cells depending 
on its lateral size Lm. For simplicity, in this work all the 
micro‑flakes are in square shape. Each cell i accompanies 
with three binary variables, li, ni, and si, to indicate the 
presence (of value 1) or absence (of value 0) of liquid, 
micro‑flake, and substrate, respectively. During the drying 
process, the solvent cell fluctuates between liquid (li = 1) 
and gas (li = 0) states (to mimic the solvent evaporation or 
condensation), while the micro‑flakes move in randomly 
chosen directions. A liquid cell i can evaporate (li changes 
from 1 to 0) only if at least one of its adjacent lattice 
cells j contains vapor, i.e., lj + nj + sj = 0. A gas cell i can 
condense (li changes from 0 to 1) only if at least one but 
not all of its adjacent lattice cells j satisfy lj + nj + sj = 0. 
The constraints ensure that the evaporation takes place 
layer by layer (though in each layer the evaporation can be 
inhomogeneous), and avoid the formation of bubbles (i.e., 
boiling) and fully vapor‑surrounded liquid or micro‑flakes 
[16]. For simplicity, only the translational motion of the 
micro‑flakes is considered, but not their rotational motion. 
Therefore, during the motion, a micro‑flake is displaced 
by a single lattice spacing in a randomly chosen direc‑
tion (up, down, left, right, forward, or backward). But a 
micro‑flake can only move into the region which is fully 
filled with liquid, and after the micro‑flake moves, the left 
void cells are replenished by liquid. This constraint mimics 
the very low mobility of micro‑flakes at a dry surface. In 
other words, with the liquid evaporation, the micro‑flakes 
become frozen [17]. Therefore, the model includes explic‑
itly the dynamics of solvent evaporation and micro‑flake 
diffusion, and their mutual impact on each other.
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The dynamics of the model are stochastic. Both the liquid 
fluctuation and micro‑flake diffusion processes take place 
with a Metropolis probability given by Eq. 1:

where kB is the Boltzmann constant, T is the temperature, 
and ΔH is the change in energy resulting from the process 
(liquid fluctuation or micro‑flake diffusion) with the Hamil‑
tonian H being calculated as Eq. 2:

where �l , �n , �nl , �ns , and �ls are attraction strength between 
two liquid cells, two micro‑flake cells, one micro‑flake cell 
and one liquid cell, one micro‑flake cell and one substrate 
cell, and one liquid cell and one substrate cell, respectively, 
and � is chemical potential which is used to establish the 
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average concentration of liquid and vapor cells at equilib‑
rium. Each simulation step consists of an attempt to change 
the value (li) of all the liquid/vapor cells followed by Nmove 
attempts to move all the nanoparticles. For the simula‑
tions in Figs. 1b, c and S1, S2, the following parameters 
are used: �l = 2kBT  , �n = 2�l , �nl = �ns = 1.5�l , �ls = �l , 
� = −3.125�l , and Nmove = 20. The simulation box is 5 µm 
long, 5 µm wide, and 20 nm high with periodic boundary 
conditions in the horizontal directions and open boundary 
conditions in the vertical direction. The initial volume con‑
centration of the micro‑flakes is 25%, i.e., 25% of the cells 
(excluding the substrate cells) are occupied by micro‑flakes.

2.2  Synthesis of Passivated Graphene Micro‑flakes

The passivated graphene micro‑flakes were synthesized 
through sequent in situ reduction of potassium perman‑
ganate  (KMnO4) and polymerization of aniline at the 
presence of graphene flakes. First, graphite foil was 
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Fig. 1  Simulation of self‑assembly of passivated graphene (2D flakes) into 3D morphology with macroscale through pores. a Schematic illus‑
tration of different ion transport in through pores and tortuous pores. b, c Simulation results of the 3D gas lattice model of Rabani et al. for the 
final morphology after drying of thin‑film liquid solutions containing graphene flakes (Supplementary Videos S1 and S2 for the evolution of the 
porous structures). d Height profile of the simulated morphology for graphene flakes of two different lateral sizes. Both indicates the occurrence 
of through pores
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electrochemically exfoliated in dimethylformamide (DMF) 
to obtain graphene/DMF dispersion (~ 2 mg mL−1) [5], 
followed by bath sonication (at a power of 80 W) for 2 h, 
centrifugation at 10,000 rpm for 10 min and harvesting the 
supernatant. The XPS analysis [18] indicates the C/O ratio 
of the graphene is 7.8:1, while AFM analysis indicates the 
graphene mainly contains 3–6 flakes (Fig. S3). Second, 
 KMnO4 aqueous solution (5 mL, 10 mg mL−1) was added 
dropwise to the graphene/DMF supernatant (20 mL), fol‑
lowed by adding ethanol (2.5 mL) dropwise and stirring 
for 5 h to reduce  KMnO4 to manganese oxide  (MnOx or 
 Mn3O4 as identified in Fig. S3) nanoparticle coating on the 
graphene flakes. After washing with deionized water and 
isopropanol, the graphene/MnOx flakes were dispersed in 
propylene glycol (10 mL). Third, graphene/MnOx/propyl‑
ene glycol dispersion (4 mL) was mixed with dipropylene 
glycol butyl ether (20 mL), aniline (96 µL), and concen‑
trated hydrochloric acid (88 µL, 38%) under stirring, fol‑
lowed by adding dropwise ammonium persulfate aqueous 
solution (1.6 mL, 14 wt%) and stirring for 5 h to polym‑
erize the aniline and obtain doped passivated graphene 
flakes (hereafter denoted as GMP flakes). After washing 
with water and isopropanol, the doped GMP flakes were 
dispersed in propylene glycol (8 mL) to obtain green dis‑
persion. Finally, ammonium solution (224 µL, 28%) was 
added to the doped GMP/propylene glycol dispersion and 
stirred for 1 h to de‑dope the GMP flakes. After washing, 
the de‑doped GMP flakes were dispersed in 8 mL ethyl‑
ene glycol to obtain stable dark‑blue dispersion. Using a 
high‑precision balance (Advanced Analytic balance with 
precision of 0.01 mg, METTLER TOLEDO), the GMP 
concentration is estimated to be about 2.6–3.3 mg mL−1.

2.3  Ink Preparation

T h e  G M P / e t hy l e n e  g lyc o l  d i s p e r s i o n  wa s 
directly used as inks for inkjet printing. The poly 
(3,4‑ethylenedioxythiophene)‑poly(styrenesulfonate) 
(PEDOT:PSS) ink was formulated through mixing com‑
mercial PEDOT:PSS aqueous solution (1.1 wt%, Prod‑
uct No. 739332, Sigma‑Aldrich) with deionized water 
and diethylene glycol butyl ether at the volume ratio of 
1.0:2.6:0.4. The PVA/H2SO4 gel electrolyte was prepared 
through mixing PVA (200 mg), fumed  SiO2 nanoparticles 

(7 mg, Product No. S5130, Sigma‑Aldrich), and  H2SO4 
(600 mg) with deionized water (2.5 mL) and stirring at 
90 °C until the dispersion was clean. The PVA/H2SO4 
electrolyte ink was prepared through mixing PVA/H2SO4 
gels (0.3 mL) with deionized water (5.1 mL) and ethylene 
glycol (0.6 mL), followed by stirring and centrifugation 
to remove the big particles. The gold inks for printing of 
current collectors and micro‑pillars are commercial gold 
nanoink (UTDAu40, UtDots Inc.) and Au nanometal ink 
(ULVAC Inc, Japan), respectively.

2.4  Ink Printing (Device Fabrication)

Except the gold micro‑pillars, all the components of the 
micro‑supercapacitors were printed with the Dimatix Mate‑
rials Printer (DMP 2800, FujiFilm Inc.) equipped with 
10 pL cartridges (DMC‑11610). Table S1 lists the key 
parameters for the inkjet printing via the DMP printer for 
different inks. The areal porosity of the printed patterns 
was measured through analyzing the optical micrograph 
with the Gwyddion software. The gold micro‑pillars were 
printed with a commercially available electrohydrody‑
namic inkjet printer, Super‑fine inkjet printer (SIJ Technol‑
ogy Inc., Japan). During printing, ink droplets were pulled 
out of the nozzle by a high‑strength electric field between 
the ink meniscus and the substrate [19]. The volume of the 
ejected droplets was optimized by adjusting the bias and 
peak‑to‑peak voltage, the distance between the nozzle tip 
and the substrate, and the ejection frequency. Layer‑by‑layer 
approach was used to build up the micro‑pillars. The width 
and height of the micro‑pillars were controlled by adjusting 
the volume of ink deposited in each layer, the overall number 
of layers, and the time delay between printing the subsequent 
layers (to facilitate solvent evaporation).

2.5  Electrochemical/Electrical Characterization

All the electrochemical measurements (cyclic voltamme‑
try, galvanostatic charge–discharge, and electrochemical 
impedance spectroscopy) and the electrical measurements 
for the PEDOT:PSS conductance were performed at two‑
terminal configuration with the use of a Gamry Interface 
1010E potentiostat (Gamry Instruments Inc., Warminster 
PA, USA), which was connected with a Signatone S‑1160 
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probe station equipped with S‑725‑PRM micropositioners 
(Signatone Corporation, Gilroy CA, USA).

The areal capacitance extracted from cyclic voltammetry 
was obtained from Eq. 3:

where IC and ID are the charging and discharging currents, 
respectively, ΔV  is the voltage window (= 1 V), v is the scan 
rate, and A is the footprint area (~ 0.21 cm2) of the micro‑
supercapacitors including the finger gaps.

The areal energy density (EA) and power density (PA) in 
the Ragone plot are calculated from Eqs. 4 and 5:

and

where t = ΔV∕v is the discharging time.

3  Results and Discussion

To improve the compactness of electronic systems, MSCs 
are expected to have miniaturized footprint area (lat‑
eral dimension) whereas the electrode thickness (vertical 
dimension) could be as large as possible (provided that the 
thickness does not negatively impact the micro‑fabrication 
process) [1] in order to maximize the stored energy. Notwith‑
standing, the mere fabrication of thick electrodes is not suf‑
ficient for supercapacitors to attain high rate capability. The 
increase in electrode thickness often makes the ion transport 
paths lengthy and complex (as illustrated in Fig. 1a) and 
hence impedes the performance at high charge–discharge 
rates (high scan rate or large current density) [20]. Recently, 
many studies have demonstrated that hierarchical porosity 
with multiscale pores, especially macroscale (µm‑level) 
pores [21, 22] and open/straight pores with less tortuosity 
[23, 24], can effectively improve ion diffusion (Fig. 1a) dur‑
ing the fast charging/discharging processes. However, usu‑
ally the fabrication of such hierarchically porous structures 
requires complicated material engineering or fabrication 
processes, and the high performance must rely on liquid‑
state electrolytes which have high ionic conductivity but are 
not preferred for micro‑supercapacitor fabrication due to the 
increased difficulty of encapsulation [1].
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3.1  Simulation

In this work, we have developed an inkjet printing process 
to produce thick electrodes with 3D networked microstruc‑
ture which contains macroscale open pores. The process is 
based on the drying‑mediated self‑assembly behavior of 
2D materials. Over the past two decades, it has been well 
established that during the evaporation of thin‑film solutions 
containing passivated nanoparticles, the nanoparticles can 
self‑assemble (aggregate) into various interesting patterns or 
structures, such as wormlike [17], labyrinthine [25], finger‑
ing [26], and cellular [27] patterns. The general mechanism 
of such self‑assembled patterns relies on the interaction 
between the nanoparticle aggregation and the solvent evapo‑
ration: the passivated nanoparticles are initially stable in the 
solvent, but start to aggregate with each other when the sol‑
vent evaporates. Because the nanoparticles have comparable 
size to the typical solvent correlation length (~ 1 nm), their 
movement (diffusion) and aggregation are strongly restricted 
by the evaporation of the thin‑film solvent; and meanwhile, 
the nanoparticle movement also significantly influences the 
dynamics of the solvent evaporation. As a result, the mutual 
impacts generate a variety of intriguing patterns under dif‑
ferent drying conditions. Based on this mechanism, Rabani 
et al. [17, 28] introduced a generic coarse‑grained lattice 
gas model to simulate the self‑assembly behavior of the 
nanoparticles and account for almost all observed spatial 
and temporal structures and patterns. As an important exten‑
sion, we employ the 3D lattice gas model [28] to explore the 
self‑assembly behavior of the emerging graphene (as well 
as other 2D materials). The extremely high anisotropicity 
of graphene flakes leads to distinct self‑assembly behavior 
from spherical nanoparticles. Their atomic thickness (or nm‑
scale thickness for few‑layer flakes) makes their aggregation 
still strongly impacted by the solvent fluctuations, whereas 
their µm‑scale lateral dimension gives rise to significantly 
increased attractions with the solvent and other flakes that 
also influence the final pattern formation. A typical simu‑
lation result of the evolution of graphene self‑assembly is 
shown in Supplementary Videos S1 and S2. Initially, the 
graphene flakes are uniformly distributed and can diffuse 
freely in the 3D simulation box. During the liquid evapora‑
tion, the flakes start to aggregate and are finally frozen to 
form a 3D network morphology (Fig. 1b, c). Interestingly, 
unlike other graphene‑based 3D porous structures [29], the 
drying‑mediated 3D graphene networks contain plenty of 



 Nano‑Micro Lett.           (2020) 12:40    40  Page 6 of 14

https://doi.org/10.1007/s40820‑020‑0368‑8© The authors

macroscale “through pores” which penetrate from the top 
to the bottom of the dried films and expose the substrate 
(Fig. 1c, d), even when the solution contains very high con‑
centration of graphene (e.g., initially 25% volume concentra‑
tion in the simulations for Fig. 1b, c). Consistent with the 
early studies [17, 28], the network structure is not sensitive 
to the size of nanoparticles (Fig. S1). However, increasing 
the flake size enlarges the through pores and pushes more 
graphene stacked upon each other to form higher graphene 
clusters (Figs. S1 and S2). The latter is because larger size 
increases the collision probability and inter‑particle attrac‑
tions, both of which enhance the formation of 3D structures 
[28] during solvent evaporation. Thereby, 2D materials of 
large flake size are favored for simultaneously producing 
two “special” morphology characteristics: thick 3D network 
structure, and large through pores. In contrast, for spheri‑
cal/isotropic nanoparticles, it is challenging to build up 
thick/high 3D structures and meanwhile keep the large‑size 
through pores [28, 30].

3.2  Inkjet Printing

Because of the simple processing, such an evaporation‑
driven self‑assembly was envisioned as a promising “bot‑
tom‑up” approach for novel device fabrication [16, 17], yet 
so far few has been demonstrated. Inkjet printing is an ideal 
technique to implement this approach for device fabrication 
because of its ability to manipulate tiny droplets at pico‑liter 
or even femto‑liter level to deposit liquid‑phase inks in arbi‑
trary thin‑film patterns on various substrates. In this work, 
we use inkjet printing to readily produce graphene films/
patterns with the self‑assembled 3D networked microstruc‑
ture. In general, the drying‑mediated self‑assembly requires 
that the nanoparticles have relatively weak inter‑particle 
attractions, which are efficiently screened in a solution (to 
avoid agglomeration), but become manifest as the solvent 
evaporates [17]. Although a number of studies formulate 
various inkjet printable inks for graphene and 2D materi‑
als, similar microstructures to that in Fig. 1b, c have not 
been obtained in a controllable manner. Many of the pre‑
sent inks use binders (or surfactants) [13, 31] or aggres‑
sive solvents, such as N‑methyl‑2‑pyrrolidone (NMP) [32, 
33], to stabilize graphene, which, however, also prevent the 
self‑assembly of graphene during the solvent evaporation. 
This often results in non‑porous films/patterns. Here we 

prepare passivated graphene by sequent in situ synthesis of 
two different nanoparticles: manganese oxide nanoparticles 
are first synthesized through in situ reduction of  KMnO4 
at the presence of the electrochemically exfoliated pristine 
graphene flakes [34] to obtain manganese oxide‑anchored 
graphene flakes (Fig. S3), which are further passivated 
through in situ polymerization of aniline to form polyani‑
line (PANI)‑anchored graphene flakes (Figs. 2a and S3), or 
the so‑called GMP micro‑flakes. Assembly of nanomaterials 
onto graphene flakes (usually graphene oxide flakes) has 
become a popular technique in developing new devices and 
nanocomposite materials [35] because it can make the best 
of the macromolecular structure and excellent properties of 
graphene to improve performance or produce more func‑
tionalities. As a new successful case, the GMP micro‑flakes 
developed in this work enable us to formulate stable inks 
simply through dispersing them in a mild solvent, ethylene 
glycol. The high‑concentration ink (about 3.0 mg mL−1, 
Fig. 2a) is stable for more than 1 year and provides excel‑
lent jetting performance (Fig. S4). It is worth noting that 
the dual‑passivation process plays an important in the ink 
stability because neither the singly manganese oxide‑passi‑
vated or PANI‑passivated graphene can attain comparable 
stability in the inks. The accurate mechanism needs further 
exploration. One possible reason is that the synthesis process 
of manganese oxide subtly modifies the graphene flakes so 
as to improve the coverage of anchored PANI while still 
retains their good conductivity. In particular, during the 
ink drying, the GMP flakes self‑assembled into a 3D net‑
work structure (Fig. 2b) which is qualitatively similar to the 
simulated morphology in Fig. 1b, c, i.e., containing plenty 
of macroscale through pores (Fig. 2c, d, g). The through 
pores remain even when the networks are as thick as several 
micrometers (Fig. 2g, h). It is worthy of mentioning that the 
size of the through pore in the printed GMP patterns is at the 
level of 10 microns, much larger than that in the simulated 
patterns (Figs. 1c and S1). The deviation might result from 
the different factors between simulations and experiments, 
such as the thickness of the thin‑film liquids, graphene flake 
size (about 0.5–5 µm for the experimental GMP flakes, as 
shown in Figs. 2e and S3c), and motions of graphene flakes 
during aggregation (see Sect. 2 for details). Nevertheless, 
the large‑scale through pores play an important role in the 
inkjet printing of high‑rate MSCs, as demonstrated below.

In general, inkjet printing is only suitable for printing thin‑
film patterns (< 1 micron) when high resolution is required. 
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Although the high alignment accuracy allows for overwrit‑
ing for multiple passes to increase the film thickness, the 
patterns formed in the initial printing passes are often dam‑
aged or deformed by the ink solvents from the subsequent 
printing passes, which causes short circuits of the interdigi‑
tated electrodes in the case of MSCs and hence limits the 
electrode thickness [5]. Nevertheless, the initially printed 
porous GMP patterns can act as “sponge” to quickly absorb 
the subsequent inks and restrict them within the predefined 
area. During drying of the absorbed inks, the GMP flakes 
prefer to aggregate onto the underlying GMP clusters so as 
to increase the pattern thickness while retain the 3D network 

morphology, which can further absorb inks from the follow‑
ing printing passes. Such a self‑replication process makes it 
possible to overwrite the patterns for hundreds of printing 
passes without causing evident deformation (Fig. S5). In 
addition, as indicated in Fig. 2g, although the printed GMP 
patterns are very porous, there is no evident thickness dif‑
ference between the perimeter and center of the patterns. In 
other words, the GMP patterns are free from the ubiquitous 
coffee‑ring effect [36]. In general, during the drying of a liq‑
uid drop, outward capillary flows often occur due to the pin‑
ning of the three‑phase contact line. They carry solutes from 
the center to the perimeter and make the latter much thicker, 
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resulting in the so‑called coffee‑ring effect. In this work, the 
underlying 3D porous structures absorb and localize the inks 
and hence prevent the global outward flows, as evidenced by 
the factor that in comparison with the ink drying in the first 
printing pass (Supplementary Video S3), the global flows 
attenuate in the subsequent printing passes (Supplementary 
Videos S4 and S5). The absence of global outward flows 
essentially suppresses the coffee‑ring effect. Additionally, 
the multiscale porous microstructure (Fig. 2d, e) of the 
GMP patterns significantly increases the surface roughness 
of the substrates and thereby can geometrically enhance the 
hydrophobicity of a hydrophobic solid [37] to form a super‑
hydrophobic surface (water contact angle > 150°). As shown 
in Figs. 2f and S6, after dip coating or drop casting of a 
thin layer of fluoropolymer, the GMP patterns attain a water 
contact angle around 170°, much higher than 109° for the 
fluoropolymer coating on a flat surface (Fig. S6). Usually the 
production of super‑hydrophobic surface needs expensive 
materials and complex time‑consuming processes [38]. In 
this sense, our inkjet printing of GMP provides a simple and 
cost‑effective solution. On the whole, the global uniformity, 
large thickness, and multiscale porous microstructure are all 
favorable for high‑performance MSCs.

3.3  Printed High‑Rate MSCs

Thus, MSCs with GMP electrodes can be easily printed on 
various substrates (Fig. 3a, b). First, gold nanoparticles are 
printed in interdigitated structures (with gap of ~ 200 µm) to 
serve as current collectors, then the GMP flakes are printed 
at various printing layers (passes) as porous electrodes, and 
finally, a hydrogel electrolyte (aqueous dispersion of poly‑
vinyl alcohol (PVA), sulfuric acid, and silica nanoparticles) 
is drop‑cast on the top to bridge the two separate electrodes. 
Due to the self‑replication behavior of the micro‑flake inks, 
the electrodes are well patterned and free from short circuits 
(Fig. 3b, c). It is worth noting that the through pores, which 
remain in the 40‑layer devices, seem to vanish in the 250‑layer 
devices (Fig. 3d). One possible reason is that when the porous 
patterns become very thick (e.g., over 15 µm thick for the 250‑
layer devices, Fig. S7), most of the subsequently printed ink 
is trapped into the through pores, which restricts the motion 
of the GMP flakes inside the through pores and forces them 
to be filled after ink drying. Nevertheless, the inks on the top 
of the patterns still have freedom to assemble GMP flakes and 

continue the self‑replication process, as evidenced by the pres‑
ence of deep (~ 5 µm thick) pores at the top of the 250‑layer 
devices (Fig. S7). As shown in Fig. 3e‑g, the cyclic voltam‑
mograms (CVs) contain characteristic pseudocapacitive peaks 
[39] of PANI which shift with the increase of scan rates. In 
the literature, supercapacitors based on PANI, graphene/PANI 
[39–41] or other pseudocapacitive materials [42] are typically 
restricted to a moderate scan rate of up to 100 mV s−1, while 
our printed GMP MSCs (with < 40 printing layers of GMP) 
exhibit good rate capability (Fig. 3e–g) and vertical scal‑
ability against printing passes (or thickness, Fig. 3h) at high 
scan rates up to 10 V s−1. To confirm the high‑rate perfor‑
mance, we analyze in Fig. 3i the dependence of peak current 
ip on the scan rates v, in terms of the assumed power law of 
ip = avb where a and b are pre‑factor and exponent, respec‑
tively. In general, b ≈ 1 indicates a high‑rate capacitive storage 
mechanism while b ≈ 0.5 corresponds to a slow storage pro‑
cess limited by diffusion [20, 24]. For all of our GMP MSCs 
with less than 40 printing passes, b ≈ 0.8 throughout the scan 
rates from 10 to 10,000 mV s−1, suggesting the fast capaci‑
tive storage mechanism. It should be ascribed to the presence 
of the through pores which are of macroscale and decreased 
pore tortuosity, two favorable characteristics to shorten the 
ionic transport lengths [24]. As compared with the macropo‑
res (typically less than 1 μm) in other studies [21, 24], the 
through pores in our GMP devices have much larger size (at 
the level of 10 μm). Although the large pore size lowers the 
mass loading of active materials, it is likely an enabling fac‑
tor for solid‑state electrolytes (of low ionic conductivity yet 
preferred for on‑chip MSCs due to simplified encapsulation) 
[1] to achieve high‑rate capability. On the contrary, due to the 
absence of through pores, the thicker micro‑supercapacitor 
(250 printing layers) has inferior rate performance (Fig. 3h). 
While it has an areal capacitance of about 13.8 mF cm−2 at 
low scan rate of 10 mV s−1, when the scan rate increases to 
10 V s−1, its capacitance reduces to 2.0 mF cm−2, very close 
to that (1.7 mF cm−2) of the 40‑layer device. In the ip ~ v plot 
(Fig. 3i), b for the 250‑layer device keeps high value of 0.86 
only at low scan rates up to 100 mV/s and decreases to 0.59 
at high scan rates of 500–10,000 mV s−1, implying the slow 
diffusion‑limited storage process. This is consistent with the 
45° Warburg‑type impedance element at the mid‑frequency 
region in the Nyquist plots for the 250‑layer device (Fig. 3j) 
[20], clearly different from the nearly vertical curves of the 
thinner (10‑ and 40‑layer) devices. To further confirm the sig‑
nificance of the through pores, we have also formulated pure 
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PANI inks by dispersing commercial PANI in dimethyl sul‑
foxide (DMSO) at a concentration of 3 mg mL−1 and printed 
MSCs in the same device structure as the GMP devices. Also, 
because of the lack of through pores (Fig. S8), the devices 
exhibit poor performance at high scan rates despite the com‑
parable capacitance to that of the GMP devices at low scan 
rates.

3.4  Heterogeneous 3D MSCs

Therefore, the high‑rate performance of the inkjet‑printed 
GMP MSCs is restricted to the electrode thickness of a few 

micrometers. In order to retain the high‑rate performance 
for thicker electrodes, we have fabricated through full print‑
ing 3D structured MSCs (Fig. 4a, b) whose electrodes con‑
sist of cyclic stacking of current collectors, electrodes, and 
gel electrolytes. In striking distinction from all the other 
supercapacitor electrodes in the literature, multiple continu‑
ous electrolyte layers are embedded in the 3D electrodes to 
maximize their interface area and provide faster ion trans‑
port pathways. However, electrolytes are electronically insu‑
lating which will reduce the overall electrode conductivity 
and degrade the rate capability. To circumvent this draw‑
back, we introduce in each electrode a sparse array of metal 
micro‑pillars to connect the upper current collectors with 
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the base current collectors and form conductive electronic 
paths, so that multiple ionic and electronic pathways are 
constructed throughout the 3D electrodes (Fig. 4a, b). More 
importantly, such 3D MSCs can be readily fabricated by 
inkjet printing. On top of the inkjet‑printed base gold cur‑
rent collectors, we use high‑resolution electrohydrodynamic 
inkjet printing [43, 44] to print gold pillar arrays where the 
pillars have diameter and height about 2 and 10 µm, respec‑
tively, and are pitched by 100 µm (Fig. 5a, Supplementary 
Video S6, Sect. 2). Then the GMP inks are printed for 40 
layers to fabricate the multiscale porous electrodes (Fig. 5b, 
d, Supplementary Video S7), followed by printing of 10 
layers of PVA/H2SO4 aqueous inks for the local electro‑
lyte layers (Figs. 5c and S9a–c). These constitute the first 
cycle. Each successive (upper) cycle starts with printing of 
40 layers of PEDOT:PSS inks as the upper (local) current 
collectors (Fig. S9d–f), followed by the printing of GMP 
and PVA/H2SO4 layers with the same process as in the first 
cycle. Finally, viscose PVA/H2SO4 gels are drop‑cast as 
the global electrolyte to bridge the pair of 3D electrodes. 
In this work, we have managed to fabricate devices with 
three cycles (Fig. 5e) where the topmost GMP layer has 
approached the top of the gold pillars, suggesting a total 
electrode thickness about 10 µm (Figs. 5f and S9g–i). In 
Fig. 5, a 3D device is denoted as “mC‑nL” which means the 
device comprises m cycles and each cycle contains n layers 
of GMP. The CV analysis (Fig. 5g, h) confirms the excel‑
lent vertical scalability (areal capacitance against printing 
cycles or thickness) under scan rates up to 1 V s−1. The 
3‑cycle MSC (in total of 120 printing layers of GMP) has 
attained areal capacitance of 11 mF cm−2 at 1 V s−1, much 
higher than 7 mF cm−2 for 1‑cycle device with 250 layers of 
GMP. The ip‑v curves of the 2‑ and 3‑cycle devices (Fig. 5i) 
retain a high value of b ≈ 0.9 at scan rates up to 1 V s−1, 

confirming the high‑rate capacitive storage process. At scan 
rates > 1 V s−1, the 2‑ and 3‑cycle devices exhibit similar 
capacitance, around 5 mF cm−12 at 5 V s−1 and 3 mF cm−2 
at 10 V s−1. The degraded rate capability might result from 
the increased series resistance (Fig. S10) caused by the rela‑
tively low conductivity of PEDOT:PSS as the local current 
collectors. Nevertheless, the attained capacitance (> 10 
mF  cm−2 at 1 V s−1) has already been much higher than 
that of most other printed MSCs at much lower scan rates 
(< 2 mF cm−2 at 1–100 mV s−1) [45]. Additionally, the 3D 
devices exhibit good cycling performance with capacitance 
retention of 80% after being tested through galvanostatic 
cycling for 2000 times at high charging/discharging current 
density of 2.5 mA cm−2 (Fig. S11). 

The printing of 3D MSCs makes use of the synergy 
between different printing layers. The porous GMP lay‑
ers can quickly absorb the subsequently printed GMP and 
PVA/H2SO4 inks so as to retain the interdigitated structure. 
The sulfuric acid in the electrolyte inks can directly re‑
dope the underneath GMP layer (PANI on the GMP flakes 
is initially de‑doped; see Sect. 2 for details) to increase 
its electrical conductivity. The aqueous PEDOT:PSS inks 
dry almost immediately after being printed on the sub‑
strates so that they do not impact the underlying PVA/
H2SO4 electrolyte layers. Instead, after drying the cross‑
linked PEDOT:PSS layers can serve as both the conduc‑
tive current collectors and the protective layers for the 
PVA/H2SO4 layers to prevent them from being attacked 
by the upper GMP inks. Besides, the ethylene glycol in 
the GMP inks serves as an effective dopant for the under‑
lying PEDOT:PSS layer to greatly improve its conduct‑
ance [46] (Fig. S12). Finally, all the three different mate‑
rial layers can attain the functionality immediately after 
ink drying, i.e., in no need of any post treatment such as 
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annealing and chemical reduction—the pristine graphene 
in the GMP flakes avoids any reduction process after print‑
ing. All these merits enable us to directly print a number 
of heterogeneous layers for hundreds of passes without 
severely deforming the patterns (Fig. S13).

3.5  Performance Comparison

Since areal performance is a key metric for on‑chip MSCs 
[1, 47], we compare the areal energy density and power 

density of our printed devices with those of the advanced 
MSCs in the literature [6, 40, 45, 47–51] fabricated with var‑
ious advanced electrode materials and/or fabrication tech‑
niques as shown in Fig. 6. It is clear that our printed devices 
have attained comparable performance to most of the other 
devices, with areal energy density of ~ 1 µWh cm−2 at power 
density of ~ 10 mW cm−2 for the 3‑cycle devices. It is worth 
mentioning that many of the other MSCs are actually char‑
acterized with liquid electrolytes, which result in higher 
electrochemical performance, but significantly increase the 
difficulty of encapsulation. The simple processing of our 
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fully printed all‑solid‑state MSCs greatly improves compact‑
ness and integrability on chip.

4  Conclusions

In conclusion, we have formulated stable micro‑flake inks of 
polyaniline and manganese oxide‑passivated graphene nano‑
composites that allow to directly print multiscale porous pat‑
terns with similar morphology to the simulation results. The 
porous structures can absorb the multiple printed layers of 
ink and prevent their local flows to enable facile fabrica‑
tion of thick (over 10 µm) yet globally uniform patterns at 
high resolution around 100 µm. In particular, the presence 
of through pores greatly improves the macroporosity and 
decreases the pore tortuosity in the electrodes, leading to 
good rate capability of the all‑solid‑state MSCs at scan rates 
up to 10 V s−1. Moreover, likely for the first time, we have 
demonstrated fully inkjet‑printed MSCs with innovative 3D 
electrode architecture that effectively integrates multiple 
cycles of current collectors, electrodes, and gel electrolytes 
with gold micro‑pillars to achieve high‑rate performance 
(> 10 mF cm−2 at scan rate of 1 V s−1) and excellent ver‑
tical scalability. The fully printed all‑solid‑state devices 
have attained comparable areal energy density and power 
density to most of other high‑performance MSCs that are 
with liquid‑state electrolytes and fabricated through more 

complicated processes. The discovered self‑assembly behav‑
ior of graphene flakes, the developed inkjet printing tech‑
niques, and the demonstrated 3D electrode architecture can 
all be generalized through integrating with other materials 
(especially other pseudocapacitive materials for passivation 
coating of graphene or other 2D materials) to provide simple 
yet scalable fabrication of high‑rate MSCs to expedite on‑
chip integration of energy storage components in practice.

Acknowledgements We thank Jari Keskinen, Anna Railanmaa, 
Donald Lupo, and Mikael Östling for helpful discussion. We 
acknowledge the financial support of the Swedish Research Council 
through the Marie Skłodowska‑Curie International Career Grant 
(No. 2015‑00395, co‑funded by Marie Skłodowska‑Curie Actions, 
through the Project INCA 600398), the Formas Foundation through 
the Future Research Leaders Grant (No. 2016‑00496), the ÅForsk 
Foundation (Grant No. 17‑352), the Olle Engkvist Byggmästare 
Foundation (Grant No. 2014/799), the Academy of Finland (Grant 
No. 288945 and 319408), and Academy of Finland Research Infra‑
structure “Printed Intelligence Infrastructure” (PII‑FIRI, Grant No. 
320019).

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com‑
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com‑
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0‑020‑0368‑8) contains 
supplementary material, which is available to authorized users.

References

 1. N. Amponsah Kyeremateng, T. Brousse, D. Pech, Microsu‑
percapacitors as miniaturized energy‑storage components for 
on‑chip electronics. Nat. Nanotechnol. 12, 7–15 (2017). https 
://doi.org/10.1038/NNANO .2016.196

 2. Z.S. Wu, X. Feng, H.M. Cheng, Recent advances in graphene‑
based planar micro‑supercapacitors for on‑chip energy storage. 
Natl. Sci. Rev. 1, 277–292 (2014). https ://doi.org/10.1093/nsr/
nwt00 3

 3. M. Beidaghi, Y. Gogotsi, Capacitive energy storage in micro‑
scale devices: recent advances in design and fabrication of 

0.01 0.1 1 10 100
0.1

1

10

100

RuO2/MXene in PVA/KOH [50]

PANI/Graphene
in PVA/H2SO4 [40]

PANI/Graphene in 1M H2SO4 [40]

PANI/Graphene in EMIMBF4 [40]

En
er

gy
 d

en
si

ty
 (µ

W
h 

cm
−2

)

Power density (mW cm−2)

1C-40L, this work
2C-40L, this work
3C-40L, this work
CDC in 1M H2SO4 [47]
OLC in NEt4BF4/PC [45]
LSG in Ionogel [49]
Sprayed MXene in
PVA/H2SO4 [51]
Printed MXene in
PVA/H2SO4 [6]

LSG/MnO2 in 1M Na2SO4 [48]

0.01 0.1 1 10 100
0.1

1

10

100

RuO2/MXene in PVA/KOH [50]

PANI/Graphene
in PVA/H2SO4 [40]

PANI/Graphene in 1M H2SO4 [40]

PANI/Graphene in EMIMBF4 [40]

En
er

gy
 d

en
si

ty
 (µ

W
h 

cm
−2

)

Power density (mW cm−2)

1C-40L, this work
2C-40L, this work
3C-40L, this work
CDC in 1M H2SO4 [47]
OLC in NEt4BF4/PC [45]
LSG in Ionogel [49]
Sprayed MXene in
PVA/H2SO4 [51]
Printed MXene in
PVA/H2SO4 [6]

LSG/MnO2 in 1M Na2SO4 [48]

Fig. 6  Areal‑normalized Ragone plots showing the energy density 
versus power density of the 3D structured GMP MSCs. Also included 
are several interdigitated MSCs fabricated with other techniques and/
or different electrode materials and electrolytes. LSG laser‑scribed 
graphene, CDC carbide‑derived carbon, OLC onions‑like carbon. 
Numbers in the brackets are the cited references

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-0368-8
https://doi.org/10.1038/NNANO.2016.196
https://doi.org/10.1038/NNANO.2016.196
https://doi.org/10.1093/nsr/nwt003
https://doi.org/10.1093/nsr/nwt003


Nano‑Micro Lett.           (2020) 12:40  Page 13 of 14    40 

1 3

micro‑supercapacitors. Energy Environ. Sci. 7, 867–884 
(2014). https ://doi.org/10.1039/c3ee4 3526a 

 4. C. Shen, S. Xu, Y. Xie, M. Sanghadasa, X. Wang, L. Lin, A 
review of on‑chip micro supercapacitors for integrated self‑
powering systems. J. Microelectromech. Syst. 26, 949–965 
(2017). https ://doi.org/10.1109/JMEMS .2017.27230 18

 5. J. Li, S. Sollami Delekta, P. Zhang, S. Yang, M.R. Lohe, 
X. Zhuang, X. Feng, M. Östling, Scalable fabrication and 
integration of graphene microsupercapacitors through full 
inkjet printing. ACS Nano 11, 8249–8256 (2017). https ://doi.
org/10.1021/acsna no.7b033 54

 6. C. Zhang, L. McKeon, M.P. Kremer, S.‑H. Park, O. Ronan 
et al., Additive‑free MXene inks and direct printing of micro‑
supercapacitors. Nat. Commun. 10, 1795 (2019). https ://doi.
org/10.1038/s4146 7‑019‑09398 ‑1

 7. A.G. Kelly, T. Hallam, C. Backes, A. Harvey, A.S. Esmaeily 
et al., All‑printed thin‑film transistors from networks of liquid‑
exfoliated nanosheets. Science 356, 69–73 (2017). https ://doi.
org/10.1126/scien ce.aal40 62

 8. G. Iannaccone, K. Kostarelos, D. McManus, V. Sanchez‑
Romaguera, G. Fiori et al., Water‑based and biocompatible 
2D crystal inks for all‑inkjet‑printed heterostructures. Nat. 
Nanotechnol. 12, 343–350 (2017). https ://doi.org/10.1038/
nnano .2016.281

 9. T. Carey, S. Cacovich, G. Divitini, J. Ren, A. Mansouri et al., 
Fully inkjet‑printed two‑dimensional material field‑effect het‑
erojunctions for wearable and textile electronics. Nat. Com‑
mun. 8, 1202 (2017). https ://doi.org/10.1038/s4146 7‑017‑
01210 ‑2

 10. M.‑M. Laurila, H. Matsui, R. Shiwaku, M. Peltokangas, J. 
Verho et al., A fully printed ultra‑thin charge amplifier for on‑
skin biosignal measurements. IEEE J. Electron Devices Soc. 
7, 566–574 (2019). https ://doi.org/10.1109/JEDS.2019.29150 
28

 11. P. Sundriyal, S. Bhattacharya, Inkjet‑printed electrodes on 
A4 paper substrates for low‑cost, disposable, and flexible 
asymmetric supercapacitors. ACS Appl. Mater. Interfaces 9, 
38507–38521 (2017). https ://doi.org/10.1021/acsam i.7b112 62

 12. K.‑H. Choi, J. Yoo, C.K. Lee, S.‑Y. Lee, All‑inkjet‑printed, 
solid‑state flexible supercapacitors on paper. Energy Environ. 
Sci. 9, 2812–2821 (2016). https ://doi.org/10.1039/C6EE0 
0966B 

 13. J. Li, F. Ye, S. Vaziri, M. Muhammed, M.C. Lemme, M. 
Östling, Efficient inkjet printing of graphene. Adv. Mater. 25, 
3985–3992 (2013). https ://doi.org/10.1002/adma.20130 0361

 14. L. Li, E.B. Secor, K.S. Chen, J. Zhu, X. Liu et al., High‑per‑
formance solid‑state supercapacitors and microsupercapacitors 
derived from printable graphene inks. Adv. Energy Mater. 6, 
1600909 (2016). https ://doi.org/10.1002/aenm.20160 0909

 15. D. Pech, M. Brunet, P.L. Taberna, P. Simon, N. Fabre, F. 
Mesnilgrente, V. Conédéra, H. Durou, Elaboration of a 
microstructured inkjet‑printed carbon electrochemical capac‑
itor. J. Power Sources 195, 1266–1269 (2010). https ://doi.
org/10.1016/j.jpows our.2009.08.085

 16. O. Kletenik‑Edelman, E. Ploshnik, A. Salant, R. Shen‑
har, U. Banin, E. Rabani, Drying‑mediated hierarchical 

self‑assembly of nanoparticles: a dynamical coarse‑grained 
approach. J. Phys. Chem. C 112, 4498–4506 (2008). https ://
doi.org/10.1021/jp709 583u

 17. E. Rabani, D.R. Reichman, P.L. Geissler, L.E. Brus, Drying‑
mediated self‑assembly of nanoparticles. Nature 426, 271–274 
(2003). https ://doi.org/10.1038/natur e0208 7

 18. S. Sollami Delekta, K.H. Adolfsson, N. Benyahia Erdal, M. 
Hakkarainen, M. Östling, J. Li, Fully inkjet printed ultrathin 
microsupercapacitors based on graphene electrodes and a 
nano‑graphene oxide electrolyte. Nanoscale 11, 10172–10177 
(2019). https ://doi.org/10.1039/c9nr0 1427f 

 19. M.M. Laurila, B. Khorramdel, M. Mantysalo, Combination of 
E‑jet and inkjet printing for additive fabrication of multilayer 
high‑density RDL of silicon interposer. IEEE Trans. Elec‑
tron Devices 64, 1217–1224 (2017). https ://doi.org/10.1109/
TED.2016.26447 28

 20. Y. Xia, T.S. Mathis, M.Q. Zhao, B. Anasori, A. Dang et al., 
Thickness‑independent capacitance of vertically aligned liq‑
uid‑crystalline MXenes. Nature 557, 409–412 (2018). https ://
doi.org/10.1038/s4158 6‑018‑0109‑z

 21. F. Zhang, T. Liu, M. Li, M. Yu, Y. Luo, Y. Tong, Y. Li, Mul‑
tiscale pore network boosts capacitance of carbon electrodes 
for ultrafast charging. Nano Lett. 17, 3097–3104 (2017). https 
://doi.org/10.1021/acs.nanol ett.7b005 33

 22. C. Zhu, T. Liu, F. Qian, T.Y.J. Han, E.B. Duoss et al., Super‑
capacitors based on three‑dimensional hierarchical graphene 
aerogels with periodic macropores. Nano Lett. 16, 3448–3456 
(2016). https ://doi.org/10.1021/acs.nanol ett.5b049 65

 23. M. Guo, Y. Li, K. Du, C. Qiu, G. Dou, G. Zhang, Fabricat‑
ing hierarchically porous carbon with well‑defined open pores 
via polymer dehalogenation for high‑performance superca‑
pacitor. Appl. Surf. Sci. 440, 606–613 (2018). https ://doi.
org/10.1016/j.apsus c.2018.01.215

 24. M.R. Lukatskaya, S. Kota, Z. Lin, M.Q. Zhao, N. Shpigel 
et al., Ultra‑high‑rate pseudocapacitive energy storage in two‑
dimensional transition metal carbides. Nat. Energy 6, 17105 
(2017). https ://doi.org/10.1038/nener gy.2017.105

 25. M.O. Blunt, C.P. Martin, M. Ahola‑Tuomi, E. Pauliac‑Vaujour, 
P. Sharp, P. Nativo, M. Brust, P.J. Moriarty, Coerced mechani‑
cal coarsening of nanoparticle assemblies. Nat. Nanotechnol. 
2, 167–170 (2007). https ://doi.org/10.1038/nnano .2007.25

 26. E. Pauliac‑Vaujour, A. Stannard, C.P. Martin, M.O. Blunt, I. 
Notingher, P.J. Moriarty, I. Vancea, U. Thiele, Fingering insta‑
bilities in dewetting nanofluids. Phys. Rev. Lett. 100, 176102 
(2008). https ://doi.org/10.1103/PhysR evLet t.100.17610 2

 27. C.P. Martin, M.O. Blunt, E. Pauliac‑Vaujour, A. Stannard, 
P. Moriarty, Controlling pattern formation in nanoparticle 
assemblies via directed solvent dewetting. Phys. Rev. Lett. 99, 
116103 (2007). https ://doi.org/10.1103/PhysR evLet t.99.11610 
3

 28. C.G. Sztrum, O. Hod, E. Rabani, Self‑assembly of nanopar‑
ticles in three‑dimensions: formation of stalagmites. J. Phys. 
Chem. B 109, 6741–6747 (2005). https ://doi.org/10.1021/
jp044 994h

 29. N. Yousefi, X. Lu, M. Elimelech, N. Tufenkji, Environmen‑
tal performance of graphene‑based 3D macrostructures. Nat. 

https://doi.org/10.1039/c3ee43526a
https://doi.org/10.1109/JMEMS.2017.2723018
https://doi.org/10.1021/acsnano.7b03354
https://doi.org/10.1021/acsnano.7b03354
https://doi.org/10.1038/s41467-019-09398-1
https://doi.org/10.1038/s41467-019-09398-1
https://doi.org/10.1126/science.aal4062
https://doi.org/10.1126/science.aal4062
https://doi.org/10.1038/nnano.2016.281
https://doi.org/10.1038/nnano.2016.281
https://doi.org/10.1038/s41467-017-01210-2
https://doi.org/10.1038/s41467-017-01210-2
https://doi.org/10.1109/JEDS.2019.2915028
https://doi.org/10.1109/JEDS.2019.2915028
https://doi.org/10.1021/acsami.7b11262
https://doi.org/10.1039/C6EE00966B
https://doi.org/10.1039/C6EE00966B
https://doi.org/10.1002/adma.201300361
https://doi.org/10.1002/aenm.201600909
https://doi.org/10.1016/j.jpowsour.2009.08.085
https://doi.org/10.1016/j.jpowsour.2009.08.085
https://doi.org/10.1021/jp709583u
https://doi.org/10.1021/jp709583u
https://doi.org/10.1038/nature02087
https://doi.org/10.1039/c9nr01427f
https://doi.org/10.1109/TED.2016.2644728
https://doi.org/10.1109/TED.2016.2644728
https://doi.org/10.1038/s41586-018-0109-z
https://doi.org/10.1038/s41586-018-0109-z
https://doi.org/10.1021/acs.nanolett.7b00533
https://doi.org/10.1021/acs.nanolett.7b00533
https://doi.org/10.1021/acs.nanolett.5b04965
https://doi.org/10.1016/j.apsusc.2018.01.215
https://doi.org/10.1016/j.apsusc.2018.01.215
https://doi.org/10.1038/nenergy.2017.105
https://doi.org/10.1038/nnano.2007.25
https://doi.org/10.1103/PhysRevLett.100.176102
https://doi.org/10.1103/PhysRevLett.99.116103
https://doi.org/10.1103/PhysRevLett.99.116103
https://doi.org/10.1021/jp044994h
https://doi.org/10.1021/jp044994h


 Nano‑Micro Lett.           (2020) 12:40    40  Page 14 of 14

https://doi.org/10.1007/s40820‑020‑0368‑8© The authors

Nanotechnol. 14, 107–119 (2019). https ://doi.org/10.1038/
s4156 5‑018‑0325‑6

 30. X. Zhang, A. Crivoi, F. Duan, Three‑dimensional patterns 
from the thin‑film drying of amino acid solutions. Sci. Rep. 
5, 10926 (2015). https ://doi.org/10.1038/srep1 0926

 31. J. Li, M.C. Lemme, M. Östling, Inkjet printing of 2D layered 
materials. ChemPhysChem 15, 3427–3434 (2014). https ://doi.
org/10.1002/cphc.20140 2103

 32. D.J. Finn, M. Lotya, G. Cunningham, R.J. Smith, D. McClos‑
key, J.F. Donegan, J.N. Coleman, Inkjet deposition of liquid‑
exfoliated graphene and  MoS2 nanosheets for printed device 
applications. J. Mater. Chem. C 2, 925–932 (2014). https ://doi.
org/10.1039/C3TC3 1993H 

 33. F. Torrisi, T. Hasan, W.P. Wu, Z.P. Sun, A. Lombardo et al., 
Inkjet‑printed graphene electronics. ACS Nano 6, 2992–3006 
(2012). https ://doi.org/10.1021/nn204 4609

 34. K. Parvez, Z.S. Wu, R. Li, X. Liu, R. Graf, X. Feng, K. Mül‑
len, Exfoliation of graphite into graphene in aqueous solutions 
of inorganic salts. J. Am. Chem. Soc. 136, 6083–6091 (2014). 
https ://doi.org/10.1021/ja501 7156

 35. W.C. Lee, K. Kim, J. Park, J. Koo, H.Y. Jeong et al., Graphene‑
templated directional growth of an inorganic nanowire. Nat. 
Nanotechnol. 10, 423–428 (2015). https ://doi.org/10.1038/
nnano .2015.36

 36. R.D. Deegan, O. Bakajin, T.F. Dupont, G. Huber, S.R. Nagel, 
T.A. Witten, Capillary flow as the cause of ring stains from 
dried liquid drops. Nature 389, 827–829 (1997). https ://doi.
org/10.1038/39827 

 37. A. Lafuma, D. Quéré, Superhydrophobic states. Nat. Mater. 2, 
457–460 (2003). https ://doi.org/10.1038/nmat9 24

 38. H.Y. Erbil, A.L. Demirel, Y. Avci, O. Mert, Transformation of 
a simple plastic into a superhydrophobic surface. Science 299, 
1377–1380 (2003). https ://doi.org/10.1126/scien ce.10783 65

 39. A. Eftekhari, L. Li, Y. Yang, Polyaniline supercapacitors. J. 
Power Sources 347, 86–107 (2017). https ://doi.org/10.1016/j.
jpows our.2017.02.054

 40. S. Yang, Z.‑S. Wu, K. Müllen, Z. Liu, S. Liu, K. Parvez, S. Li, 
X. Feng, Alternating stacked graphene‑conducting polymer 
compact films with ultrahigh areal and volumetric capaci‑
tances for high‑energy micro‑supercapacitors. Adv. Mater. 
27, 4054–4061 (2015). https ://doi.org/10.1002/adma.20150 
1643

 41. H.P. Cong, X.C. Ren, P. Wang, S.H. Yu, Flexible graphene‑
polyaniline composite paper for high‑performance superca‑
pacitor. Energy Environ. Sci. 6, 1185–1191 (2013). https ://
doi.org/10.1039/c2ee2 4203f 

 42. T.M. Dinh, A. Achour, S. Vizireanu, G. Dinescu, L. Nistor, K. 
Armstrong, D. Guay, D. Pech, Hydrous  RuO2/carbon nanow‑
alls hierarchical structures for all‑solid‑state ultrahigh‑energy‑
density micro‑supercapacitors. Nano Energy 10, 288–294 
(2014). https ://doi.org/10.1016/j.nanoe n.2014.10.003

 43. B.W. An, K. Kim, H. Lee, S.Y. Kim, Y. Shim, D.Y. Lee, J.Y. 
Song, J.U. Park, High‑resolution printing of 3D structures 
using an electrohydrodynamic inkjet with multiple func‑
tional inks. Adv. Mater. 27, 4322–4328 (2015). https ://doi.
org/10.1002/adma.20150 2092

 44. J.‑U. Park, M. Hardy, S.J. Kang, K. Barton, K. Adair et al., 
High‑resolution electrohydrodynamic jet printing. Nat. Mater. 
6, 782–789 (2007). https ://doi.org/10.1038/nmat1 974

 45. D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. 
Gogotsi, P.‑L. Taberna, P. Simon, Ultrahigh‑power micro‑
metre‑sized supercapacitors based on onion‑like carbon. Nat. 
Nanotechnol. 5, 651–654 (2010). https ://doi.org/10.1038/
nnano .2010.162

 46. J.E. Yoo, K.S. Lee, A. Garcia, J. Tarver, E.D. Gomez et al., 
Directly patternable, highly conducting polymers for broad 
applications in organic electronics. Proc. Natl. Acad. Sci. USA 
107, 5712–5717 (2010). https ://doi.org/10.1073/pnas.09138 
79107 

 47. P. Huang, C. Lethien, S. Pinaud, K. Brousse, R. Laloo et al., 
On‑chip and freestanding elastic carbon films for micro‑
supercapacitors. Science 351, 691–695 (2016). https ://doi.
org/10.1126/scien ce.aad33 45

 48. M.F. El‑Kady, M. Ihns, M. Li, J.Y. Hwang, M.F. Mousavi 
et al., Engineering three‑dimensional hybrid supercapacitors 
and microsupercapacitors for high‑performance integrated 
energy storage. Proc. Natl. Acad. Sci. USA 112, 4233–4238 
(2015). https ://doi.org/10.1073/pnas.14203 98112 

 49. M.F. El‑Kady, R.B. Kaner, Scalable fabrication of high‑power 
graphene micro‑supercapacitors for flexible and on‑chip 
energy storage. Nat. Commun. 4, 1475 (2013). https ://doi.
org/10.1038/ncomm s2446 

 50. H. Li, X. Li, J. Liang, Y. Chen, Hydrous  RuO2‑decorated 
MXene coordinating with silver nanowire inks enabling fully 
printed micro‑supercapacitors with extraordinary volumetric 
performance. Adv. Energy Mater. 9, 1803987 (2019). https ://
doi.org/10.1002/aenm.20180 3987

 51. Y.Y. Peng, B. Akuzum, N. Kurra, M.Q. Zhao, M. Alhabeb 
et al., All‑MXene (2D titanium carbide) solid‑state microsu‑
percapacitors for on‑chip energy storage. Energy Environ. Sci. 
9, 2847–2854 (2016). https ://doi.org/10.1039/c6ee0 1717g 

https://doi.org/10.1038/s41565-018-0325-6
https://doi.org/10.1038/s41565-018-0325-6
https://doi.org/10.1038/srep10926
https://doi.org/10.1002/cphc.201402103
https://doi.org/10.1002/cphc.201402103
https://doi.org/10.1039/C3TC31993H
https://doi.org/10.1039/C3TC31993H
https://doi.org/10.1021/nn2044609
https://doi.org/10.1021/ja5017156
https://doi.org/10.1038/nnano.2015.36
https://doi.org/10.1038/nnano.2015.36
https://doi.org/10.1038/39827
https://doi.org/10.1038/39827
https://doi.org/10.1038/nmat924
https://doi.org/10.1126/science.1078365
https://doi.org/10.1016/j.jpowsour.2017.02.054
https://doi.org/10.1016/j.jpowsour.2017.02.054
https://doi.org/10.1002/adma.201501643
https://doi.org/10.1002/adma.201501643
https://doi.org/10.1039/c2ee24203f
https://doi.org/10.1039/c2ee24203f
https://doi.org/10.1016/j.nanoen.2014.10.003
https://doi.org/10.1002/adma.201502092
https://doi.org/10.1002/adma.201502092
https://doi.org/10.1038/nmat1974
https://doi.org/10.1038/nnano.2010.162
https://doi.org/10.1038/nnano.2010.162
https://doi.org/10.1073/pnas.0913879107
https://doi.org/10.1073/pnas.0913879107
https://doi.org/10.1126/science.aad3345
https://doi.org/10.1126/science.aad3345
https://doi.org/10.1073/pnas.1420398112
https://doi.org/10.1038/ncomms2446
https://doi.org/10.1038/ncomms2446
https://doi.org/10.1002/aenm.201803987
https://doi.org/10.1002/aenm.201803987
https://doi.org/10.1039/c6ee01717g

	Drying-Mediated Self-Assembly of Graphene for Inkjet Printing of High-Rate Micro-supercapacitors
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 3D Modeling of Drying-Mediated Self-Assembly of 2D Materials
	2.2 Synthesis of Passivated Graphene Micro-flakes
	2.3 Ink Preparation
	2.4 Ink Printing (Device Fabrication)
	2.5 ElectrochemicalElectrical Characterization

	3 Results and Discussion
	3.1 Simulation
	3.2 Inkjet Printing
	3.3 Printed High-Rate MSCs
	3.4 Heterogeneous 3D MSCs
	3.5 Performance Comparison

	4 Conclusions
	Acknowledgements 
	References




