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The rapid development and further modularization of miniaturized and self-
powered electronic systems have substantially stimulated the urgent demand for
microscale electrochemical energy storage devices, e.g., microbatteries (MBs)
and micro-supercapacitors (MSCs). Recently, planar MBs and MSCs, composed
of isolated thin-film microelectrodes with extremely short ionic diffusion path
and free of separator on a single substrate, have become particularly attractive
because they can be directly integrated with microelectronic devices on the same
side of one single substrate to act as a standalone microsized power source or
complement miniaturized energy-harvesting units. The development of and
recent advances in planar MBs and MSCs from the fundamentals and design
principle to the fabrication methods of 2D and 3D planar microdevices in both
in-plane and stacked geometries are highlighted. Additonally, a comprehensive
analysis of the primary aspects that eventually affect the performance metrics

of microscale energy storage devices, such as electrode materials, electrolyte,

implantable medical sensors, radio-
frequency identification tags, remote
environmental sensors, portable and wear-
able electronics, and their wireless self-
powered micro/nanosystems, have greatly
accelerated the ever-increasing need for
microscale electrochemical energy storage
systems.'"®  Currently, microbatteries
(MBs) and micro-supercapacitors (MSCs)
are two representative microscale elec-
trochemical energy storage devices,’™
which can be manufactured on the
micro/nanoscale to be directly coupled
with microelectronics!®!2 as standalone
microscale power sources or complement
miniaturized energy harvesters, such as
solar cellsl'* and nanogenerators,>1¢l

device architecture, and microfabrication techniques are presented. The
technical challenges and prospective solutions for high-energy-density planar

MBs and MSCs with multifunctionalities are proposed.

1. Introduction

The relentless development and integration of microscale elec-
tronics, such as micro-electromechanical systems, microrobots,
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mitigating the discontinuity, periodicity,
and indeterminacy of renewable solar and
mechanical energy. Such unitized micro-
scale power sources or self-powered inte-
grated microsystems are being deemed as
necessary requirements for environmental,
health, medical, industrial monitoring, and military applica-
tions.[7-22I Notably, most microelectronics can be normally oper-
ated with low power, ranging from nanowatts to milliwatts, 32!
while with continuous boom of microelectronics high specific
energy (per area or volume) of MBs and MSCs is being given
top priority to run them for extended periods of time.?6-28] Fur-
thermore, future microelectronics are projected to be miniatur-
ized, flexible, aesthetic, smart, versatile, and integrable in form
factors, and the same is expected for the MBs and MSCs.[2:30]
The nomenclature about what size of electrochemical energy
storage device (e.g., MBs and MSCs) is able to be regarded as
miniaturization still lacks a clear definition. In general, the
devices referred to as MBs and MSCs represent a total footprint
area in the square millimeter or even the square centimeter
scale, and electrode thickness of less than 10 um or arrays of
separator-free microelectrodes with microscale size in at least
two dimensions, or devices with 3D architectures on the scale
of 1-10 mm? including all the components and associated
packaging.”-?+2>31 Tt is noted that this definition is also suit-
able for some unconventional energy storage devices, based on
materials such as fiber, paper, and freestanding thin-film elec-
trodes.??73%] In this progress report, the planar MBs and MSCs
refer to the system of two symmetric or asymmetric (anode vs
cathode, or negative electrode vs positive electrode) dimension-
ally defined microelectrodes with in-plane or stacked geometry
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built on one single substrate. Importantly, both of them can be
directly coupled with integrated circuits on a microelectronic
chip with desired compatibility.

As we know, MBs and MSCs possess quite different
energy storage mechanisms. In general, MBs through revers-
ible slow redox (insertion-type, conversion-type, and alloy-
type) reaction deliver low self-discharge rate and high energy
density (20-200 mWh cm™3, 0.01-1 W cm™3),338 whereas
MSCs can reversibly absorb and desorb electrolyte ions with
a faster rate or undergo rapid Faradaic reaction at the inter-
face between electrolyte and electrodes, endowing superior
power density (10-1000 W c¢m=, 0.01-10 mWh cm™3).2%#2
MBs, especially working in conventional liquid electrolyte,
are restricted by low power density and short cycle life (nor-
mally <1000 times), which is not ideal for biomedical in vivo
microsystems. Unlike MBs, MSCs are able to fully store
energy in seconds or even in milliseconds, with the intriguing
characteristics of free maintenance and long lifespan. Con-
ventionally, commercial stacked batteries and supercapaci-
tors are fabricated by sandwiching a porous polymer mem-
brane as separator between two electrodes, consisting of
active materials, conductive additives and binders, from
slurry casted on metal based current collector (e.g., Cu, Al). As
a result, the conventional stacked batteries and supercapacitors
are too large and rigid,** making them hard to downscale
their size to gain the miniaturization necessary for integration
with microsystems. Therefore, innovative device geometries
and unconventional microfabrication technologies of both MBs
and MSCs with high performance metrics are being exploited
for the miniaturization and integration of microelectronics.

2. Micro-Electrochemical Energy Storage Devices

In terms of the current trend in this field, we classified the
planar micro-electrochemical energy storage devices (MEESDs)
of MBs and MSCs into four types, including 2D stacked micro-
devices, 2D in-plane microdevices, 3D in-plane microdevices,
and 3D stacked microdevices, based on the patterns and orien-
tations of microelectrodes on one single substrate. As displayed
in Figure 1, 2D stacked microdevices are typically made up of
the multiply stacked layers starting with the bottom current
collector, followed by anode, electrolyte, cathode, and top cur-
rent collector in a vertical direction to the substrate through
layer-by-layer deposition (Figure 1a). 2D in-plane microdevices,
typically with interdigital geometry, are composed of two neigh-
boring electrodes (anode and cathode) separated by micrometer
interspaces in parallel arrangement on one side of the substrate
(Figure 1b). 3D in-plane microdevices are constructed by ver-
tically aligned isolated perpendicular pillar microelectrodes
of interdigital anodes and cathodes on current collectors/sub-
strate (Figure 1c), while 3D stacked microdevices are configured
with conformal stacked layers of all the components (current
collector, electrode, electrolyte) on 3D vertically aligned micro-
structured or nanostructured substrate (Figure 1d). It should be
noted that, in a stacked architecture, the ions have to diffuse
vertically throughout the thickness of the total microdevice,
whereas in interdigitated configuration they move parallel to
the substrate. The difference of ion diffusion leads to a slightly
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different electrochemical behavior in the stacked microdevices
in comparison to the in-plane ones. Further, 2D stacked struc-
ture can make full use of the substrate footprint area, while
the microelectrode area in the 2D in-plane configuration was
reduced by at least a factor of 2, caused by the interspaces
between two neighboring microelectrodes. As a result, the areal
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Figure 1. Schematic of the classified four types of MEESDs. a) 2D stacked microdevice. b) 2D in-plane microdevice. c) 3D in-plane microdevice.

d) 3D stacked microdevice.

capacity or capacitance of 2D stacked microdevices is twice
more than that of 2D in-plane ones at the same thick microelec-
trodes in principle.

The 3D MEESDs developed are to highly increase the
mass loading of active materials, provide a comparable areal
normalized performance closed to those of bulky devices, and
simultaneously maintain their structural superiority of 3D
microelectrodes for high power performance. In the case of 3D
stacked architecture, the formation of 3D structural microelec-
trodes mainly relies on the 3D supporting substrate. The full
containment of anode, cathode, and electrolyte/separator as
well as supporting substrate truly leads to less than one half
effective space for anode or cathode. Therefore, 3D in-plane and
stacked microdevices basically have similar areal performance
for the same thick electrodes. It is worth noting that both 2D
and 3D stacked MEESDs require gel-like or solid electrolyte as
separator to avoid short circuit, while in-plane MEESDs are free
of separators, and can be well operated in both liquid-state and
solid-state electrolytes. Since the thin solid-state electrolyte
(also acting as separator) is sandwiched between anode and
cathode, the stacked MEESDs hold unique performance met-
rics in developing arbitrary-shaped on-chip devices, which
could not be achieved in the interdigitated counterparts because
their anodic and cathodic microelectrodes cannot intersect each
other.*>4%l Consequently, this unique arbitrary-shape feature
for stacked microdevices enables them to fully couple with
the residual space in integrated circuits, enhance the aesthetic
versatility, and miniaturize the array dimensions of power
source-integrated electronics.

3. Microbatteries

MBs have been developed for at least 30 years, and possess
an intrinsic virtue of high energy density. However, they are
primarily limited by short lifetime and poor power density
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due to the slow ion intercalation charge-storage mechanism
and low ionic conductivity of solid-state electrolyte. As illus-
trated in Figure 2, the timeline briefly introduces the develop-
ment process of planar MBs from 2D to 3D configuration, and
from stacked to in-plane geometry, including nanostructured
materials, innovative device configurations, battery types, and
microfabrication technologies. And various MBs with repre-
sentative areal and volumetric performance metrics are sum-
marized in Table 1.

3.1. 2D Stacked MBs

The 2D stacked MBs, also named as thin-film MBs, were first
developed among the four-types of MBs in 1983,57] mainly
referring to thin-film lithium ion MBs. Kanehori et al.?”) first
reported the fabrication of thin-film lithium ion MBs using TiS,
as cathode, glassy solid electrolyte of Li; sSiy ¢Pg 404, and metallic
lithium as anode through chemical vapor deposition (CVD) and
magnetron sputtering. These binder-free and additive-free MBs
exhibited excellent cycling stability up to 2000 times because of
short Li-ion transport pathway. Subsequently, various electrode
and electrolyte materials have been exploited for 2D stacked
MBs. Typically, i) the positive electrodes include metal oxides
(V,05),19] lithium transition metal layered oxides (marked as
LMO, such as LiC00,,!°® LiMn,0,/®7)), olivine and polyanion com-
pounds (LiFePO,),1®®land doped LMO-like materials (LiNiCoO,).[*"!
ii) The negative electrodes cover carbon-based materials
(graphite”” and porous carbonl”!), silicon,”?73! lithium,P? and
Ti compounds (TiO,74 and Li TisO1,%). iii) Solid-state elec-
trolytes involve ion-conductive LiNbO;-SiO,,7? Li,S—P,Ss,"”!
lithium lanthanum titanium oxides (Liz,La 3 -,TiO;),”® glassy
amorphous lithium phosphates (Li,0-P,05-Si0,),"” lithium
phosphorus  oxynitride (LiPON),®%  Li;,Zn(GeO,),® and
polymers®2#31 as both electrolyte and separator. Most reported
inorganic solid-state electrolytes have low ionic conductivity
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Figure 2. A brief timeline of the development history of representative planar MBs. Inset images: “3D stacked Li-ion MBs on perforated substrate
based on MoS, and mesocarbon,”*’ “2D interdigitated Li-ion MBs based on Li,TisO;, and LiMn,0O,”. Reproduced with permission.l*8l Copyright 2007,
Elsevier. “3D interdigitated Zn-Ni MBs based on Zn and Ni(OH),.”*l “3D interdigitated Li-ion MBs based on carbon and polypyrrole.” Reproduced with
permission.”% Copyright 2008, Elsevier. “Flexible 2D stacked Li-ion MBs.” Reproduced with permission.’] Copyright 2012, American Chemical Society.
“2D interdigitated Li-ion MBs by 3D printing.” Reproduced with permission.?l Copyright 2013, Wiley-VCH. “High-power 3D interdigitated Li-ion
MBs.” Reproduced with permission.>3l Copyright 2015, National Academy of Sciences. “Stretchable 2D in-plane Zn-Ag,O MBs by screen printing.”
Reproduced with permission.’l Copyright 2017, Wiley-VCH. “Thermoreversible 2D interdigitated Zn-ion MBs.” Reproduced with permission.F!

Copyright 2017, Wiley-VCH. “High-temperature flexible 2D interdigitated Li-ion MBs.” Reproduced with permission.’®l Copyright 2018, Elsevier.

of about 10~ S cm™, while polymer-based electrolytes usually
achieve higher ionic conductivity at the level of 10 S ecm™ at
room temperature, which are hardly comparable with the com-
mercial organic liquid electrolyte (1072 S cm™). Additionally,
a variety of thin-film micromechanical techniques, such as
CVD,4 physical vapor deposition,®! thermal evaporation,?!l
magnetron sputtering, 7] sol-gel solution,®#) and atomic
layer deposition (ALD),® have been proposed for the fabrica-
tion of these thin-film MBs. However, most stacked lithium
ion MBs suffer from low power density and poor rate capability
due to low electrical conductivity of electrode films and infe-
rior ionic conductivity of solid-state electrolyte, therefore, new
solid-state electrolytes with high ionic conductivity need to be
explored urgently. To meet the stringent requirement of flex-
ible, miniaturized devices, it is crucial to design thin-film MBs
with superior mechanical stability for direct integration with
flexible electronics. For instance, Lee and co-workersP! devel-
oped a bendable thin-film battery with a sandwich structure
of LiCoO,, LiPON, and metallic lithium, fabricated via mag-
netron sputtering and thermal evaporation and followed by a
universal transfer approach through sticky tapes (Figure 3a—d).
The resultant MBs showed excellent flexibility without capacity
fade at serious deformation and with slight voltage decay under
repeated bending tests for 20 000 times. Such device delivered
considerable energy density of 2.2 mWh cm™ with a large dis-
charged plateau of 3.9 V. Moreover, this microdevice can be
seamlessly integrated with an organic light-emitting diode (LED)
to form an all-in-one flexible display system. Subsequently, the
flexible MBs based on Li/lithium boron oxynitride (LiBON)/
LiCoO, were constructed through sophisticated fabrication
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techniques like magnetron sputtering, thermal evaporation, and
in situ encapsulation.” The protective encapsulation consisted
of polyacrylate film by ultraviolet (UV) polymerization and alu-
minum oxide layer. It is worth noting that the total thickness of
the full device is only 10 um including the encapsulated layer.
As a result, the as-fabricated MBs displayed high volumetric
discharge capacity of 49.2 uAh cm™ pum™' (based on cathode
layer), excellent capacity retention of 90% after 1000 cycles, and
remarkable mechanical integrity under severe bending and
twisting states. Notably, the MBs could be operated at a wide
temperature range from —10 to 60 °C and delivered high
rate capability up to 30 C at 20 °C. It is suggestive that such
microdevices provide diverse opportunities for future flexible
and wearable miniaturized electronics.

The solid-state electrolytes for MBs have the intrinsic advan-
tages of nonflammability, nonvolatility, no leakage of liquid
electrolytes, outstanding shape compatibility, and improved
safety. Nevertheless, the areal capacity of such 2D stacked
MBs is still very limited due to the thinness of electrode film,
usually <5 um. By increasing the thickness of film electrodes,
higher areal capacity could be achieved. But the thick electrode
films would produce longer diffusion distance for electrolyte
ions and decrease electrical conductivity of electrode. If the
whole mixed ion-electron conductive network of electrode is
not appropriately built, the volumetric capacity, rate capability,
and power density of MBs will be dramatically reduced. More-
over, the rigid and thick electrode films could be harmful for
the construction of flexible 2D stacked MBs induced by the
weakened interfaces and integrity of stacked films on the sub-
strate during repeated mechanical deformation. In addition,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Table 1. Summary of the electrochemical performance of different planar MBs. V: Voltage. Cp: Areal capacity. Cy: Volumetric capacity. Ex: Areal
energy density. P5: Areal power density. E,: Volumetric energy density. P,: Volumetric power density. EC: Ethylene carbonate. DEC: Diethyl carbonate.
PMMA: Polymethyl methacrylate. DMC: Dimethyl carbonate. P,TFSI: 1-butyl-1-methyl-pyrrolidinium bis (trifluoromethylsulfonyl) imide. PVDF-HFP:
Poly(vinylidene difluoride-co-hexafluoro-propylene). PC: Propylene carbonate. PPy: Polypyrrole.

Types Electrodes Thickness Electrolyte \ Ca Cy Ea Pa Ey Py Stability ~ Refs.
[um] [wAh cm™?] [mAh cm™] [uWh cm™] [mW cm™?] [mWh cm™] [W cm™)
2D stacked Li//LiS, 4//3.7 Liz6Sio6P04Os  1.5-2.5 150 - 3009 - - - 2000 (75%) [57]
MBs
Li//LiCoO, -//0.1 LigsLagsTiOs 3.3-43 - 55 - - 199 - 300 (65%) [58]
Li//LiCoO, 3//5 LiPON 3-4.2 106?) - 4139 - 2% - 100 (99%)  [51]
Li//LiCoO, 1.7 LiBON 3-4.2 299 - 1139 - 83.69 - 1000 (90%)  [59]
2D in- LisTisOy,//LiMn,O,  0.6//1 1M LiCIO4/EC/DEC/ 1.5-3 4.5% - 119 - - - - [48]
plane MBs PMMA
LisTisOy,//LiCoO,  15//15 1w LiCIO,/EC/DEC/ 1.5-2.5 270 - 6709 - - - - [60]
PMMA
Ni-Sn//Li, MnO, ~ 15//15 1w LiCIO,/EC/DEC  2-4 - - 2259 119 150 74%) 15 (64%)  [61]
LisTisO1,//LiFePO, 150//150 1 wm LiCIO,/EC/DMC 1-2.5 1200 - 2700 20%) - - 30 (96%)  [52]
Li,TisOq,-EG// 5//7 LiTFSI/Py,TFSI/ 1-2.4 409 67.7% 75 59 1255 8.8%) 3300 (100%) [56]
LiFePO4-EG PVDF-HFP
Zn//MnO, 530//530 6 M KOH 1-1.5 38000 - 4700 - - - - [62]
3Din- Ni-Sn//Li, MnO2 ~ 10//10 1w LiClO,/EC/DEC 1.4-3.2 239 23%) 659 369 652 362 100 (80%) [53]
plane MBs
Carbon//PPy 62//65 1w LiCIO4/EC/DMC 0.7-3.5 109 109 209 - 209 - - [50]
Zn//Ni(OH),  400//400 6 M KOH 1.3-1.7 2.59) - 4.3 - - - - [49]
3D stacked Mesocarbon//MoS, 500//500 1 wm LiPFg/EC/DEC 1.3-2.2  2000% 409 3500°) - 709 - 200 (60%)  [47]
MBs
Lithiated Si// ~ 400//400 1w LiClO,/PC/SU-8 2.2-3.7 18007 909 5200?) - 260? - 100 (92%)  [63]
LiNig gCoq.15Alp.050, Photoresist
Li//TiO, —//78 1M LTFSI/EC/DEC 1.1-2.3  370° - - - - - 40 (100%)  [64]

2Reported values based on footprint area or volume of device; P Reported values based on electrode area or volume. The thickness referred to the whole anode and

cathode; 9Calculated values according to the reported literatures.

most 2D stacked MBs reported previously are related to solid-
state inorganic electrolytes and polymer-based organic electro-
lytes, but aqueous based systems for such microdevices have
not been well explored. Taking into consideration the high
ionic conductivity, safety issue, environmental friendliness,
and biological compatibility, developing aqueous based thin-
film MBs, in particular working in “water-in-salt” that can
stably extend voltage to 3 V,P!l and coupling with high areal
or volumetric energy density and superior rate performance,
will be a competitive option for the portable and wearable
electronics. Further, aqueous electrolyte with an immiscible
fluorinated additive would efficiently form organic and inor-
ganic fluorides based interphase and resolve cathodic stability
limit to assemble high-voltage (4 V) aqueous lithium ion MBs
with enhanced safety.l]

3.2. 2D In-Plane MBs

2D in-plane MBs consist of parallel microelectrodes next to each
other on single substrate operated at liquid or solid-state elec-
trolyte. Such microdevices, free of separator, allow for fast and
multidirectional diffusion of electrolyte ions due to in-plane

Adv. Mater. 2019, 37, 1900583
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geometry. In this case, high power density can be achieved by
narrowing the width and optimizing structural design of pat-
terned microelectrodes and decreasing the interspace width of
the neighboring microelectrodes. Typically, Kanamura and co-
workers*®3 manufactured the electrode microarrays of LiMn,0,
and Li,TisO,, on interdigital Au current collectors via microinjec-
tion technique. The resultant all-solid-state MBs with polymer
gel electrolyte could be operated at high current density of 50 C
and exhibited remarkable rate capability due to short interspace
(50 um) between microelectrodes and high ionic conductivity
(1 mS cm™) of gel electrolyte. Afterward, King and co-workers[®!]
fabricated in-plane lithium ion MBs by direct electrodeposi-
tion of thin layer of nickel-tin as anode and lithiated man-
ganese oxide as cathode on the interdigitated porous nickel
scaffolds (Figure 3e,f). The resultant microdevices, dependent
on the thickness of active materials used, delivered ultrahigh
power density of 2.4-7.4 mW cm™ um™! at ultrahigh cur-
rent densities of 250-1000 C, at least two orders of magnitude
higher than those of other MBs (0.1-5 C).5*% The exceptional
performance of such microdevices was attributed to reason-
able construction of both opposite microelectrodes with abun-
dant nanoporous structure, and extremely small interspaces of
10 um between adjacent microelectrode fingers, significantly
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Figure 3. 2D stacked and in-plane MBs. a) Schematic of the fabrication of flexible 2D stacked lithium ion MBs. b) Cross-section SEM image of the
stacked MBs. c) Photograph of an all-in-one flexible LED system integrated with the flexible stacked MBs. d) Capacity retention at different bending
states. a—d) Reproduced with permission.’" Copyright 2012, American Chemical Society. €) Schematic showing planar lithium ion MBs with inter-
digital patterns of anode and cathode on a nickel scaffold. f) Discharge curves at various current densities from 0.5 to 1000 C. e,f) Reproduced with
permission.l®] Copyright 2013, Nature Publishing Group. g) Schematic of flexible integrated lithium ion MBs with multidirectional Li-ion diffusion
mechanism. h) Schematic of ion transfer in microelectrodes without and with EG cover. g,h) Reproduced with permission.’®l Copyright 2018, Elsevier.
i) Schematic of stretchable interdigital Zn-MnO, MBs. j,k) SEM images of the fabric under j) 0% to k) 100% strain. |) Discharge curves of Zn-MnO,
MBs tested at 0%, 50%, and 100% strain. i-l) Reproduced with permission.l2 Copyright 2012, Wiley-VCH. m) SEM images of interdigital planar
Zn-based MBs showing the broken area recovered after cooling for 2, 4, and 5 min at =5 °C. n) Cycling stability of Zn-based MBs with folding for
3 times. m,n) Reproduced with permission. Copyright 2017, Wiley-VCH.

shortening lithium ion diffusion pathway. Very recently, our
group developed a one-step mask-assisted device fabrication tech-
nique for facile construction of all-solid-state flexible lithium ion
MBs with Li TisO;, nanospheres/electrochemically exfoliated
graphene (EG) as anode and LiFePO, microspheres/EG as

Adv. Mater. 2019, 31, 1900583
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cathode on a nylon membrane, using ionogel electrolyte of
bis(trifluoromethanesulfonyl)imide lithium salt (LiTFSI), 1-butyl-
1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(P14TFSI), and poly(vinylidene difluoride-co- hexafluoropropylene)
(PVDF-HFP) (LiTFSI/P,, TFSI/PVDE-HFP) (Figure 3g).5% The
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as-fabricated lithium ion MBs exhibited long-term cyclability with
100% of initial capacity retained up to 3300 cycles, exceptional
flexibility without capacity fade under repeated serious bending
and twisting, and high-temperature stability up to 100 °C. The
outstanding electrochemical performances of these MBs are pri-
marily ascribed to the full consideration of various components of
batteries, including high-capacity electrode materials, screening
stable electrolyte, electrode design, and strongly coupled inter-
faces. It is pointed out that, with a smooth EG layer covered on
the top surface of microelectrodes, the as-obtained planar lithium
ion MBs have proved to possess multidirectional lithium ion
diffusion mechanism, in which electrolyte ions could transfer
from two side surfaces and the top surface of microelectrodes
(Figure 3h), resulting in dramatically enhanced rate capability. So
far, only a few 2D in-plane lithium ion MBs have been constructed
with smart functional flexibility, such as foldability, stretchability,
and self-repairability. The major challenge lies in the inflex-
ibility and nonstretchablity of electrode materials, e.g., graphite,
metal oxides, Li,TisO;,, LiFePO,, LiCoO,, and LiMn,0,. To over-
come this issue, these stiff materials are usually transferred into
deformable composites combined with the inherently flexible
and elastic supports, from nanocarbons (e.g., graphene, carbon
nanotubes (CNT5), and carbon nanofiber) to conducting polymers
(e.g., polyaniline, poly(3,4-ethylenedioxythiophene)).3”43]

To realize scalable integration and applicability, several
simple and scalable strategies, e.g., inkjet printing,®®*’ spray
printing,®® and screen printing,**-11 have been proposed to
manufacture microelectrodes or batteries on either flexible or
inflexible substrates. In particular, along with the rapid devel-
opment of new techniques, the novel scalable 3D printing
microfabrication was initially used to fabricate 2D in-plane
MBs. For example, Lewis and co-workers®? reported the 3D
printing fabrication of interdigitated lithium ion MBs without
need for templates based on interdigital microelectrodes of
Li,TisO;, and LiFePO, on Au current collectors. The patterned
microelectrodes could be precisely stacked through layer-by-
layer deposition, thereby such microdevices presented high
areal energy density of 9.7 ] cm™. Hu and co-workers!!%2 fab-
ricated all components 3D-printed lithium ion MBs, with inter-
digital electrodes free of metal current collectors, through 3D
printing of hybrid microelectrodes and solid-state electrolyte
inks. Graphene oxide (GO)-based composite inks comprising
Li,TisOq, or LiFePO, and highly concentrated GO solution
were used to fabricate the lithium ion MB prototypes. After
thermal annealing, the printed microelectrodes showed highly
increased electrical conductivities of 31.6 S cm™ for cathode
and 6.1 S cm™ for anode. The full cell delivered a discharge
capacity of about 100 mAh g! with a notable cycling stability.
The emerging and promising 3D technology for such patterned
MBs can be further engineered with high precision to accurately
control the finger thickness, finger width, and interspace of
adjacent interdigital fingers. Furthermore, the extrusion-based
inks should have high apparent viscosity, high ratio of active
materials, and superior electrical conductivity after solidifica-
tion. In addition, most reported 2D in-plane MBs have a small
voltage window (<3 V) that translates to the restriction of energy
density due to the application of high potential (vs Li*/Li)
Ti-based materials as anode, rather than graphite and silicon.
However, low lithiation potential (vs Li*/Li) graphite and silicon
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as anode always encounter huge volume expansion that would
remarkably degrade the contact interface between microelec-
trodes and current collectors or/and solid-state electrolyte, and
eventually generate poor cycling performance. Therefore, the
elaborated screening of high-capacity active materials and
rational design of microelectrodes with nanoporous and con-
ductive network that can intrinsically accommodate volume
expansion through innovative manufacturing process is an
effective way to assemble high areal or volumetric capacity MBs.

Beyond the abovementioned lithium ion MBs, 2D in-plane
zinc-based MBs with various functions like flexibility, stretch-
ability, and self-recovery have been developed. For instance,
Steingart and co-workers®? designed stretchable Zn-based MBs
with active materials of Zn and MnO, embedded in a compliant
conductive fabric with ultrahigh load of 16 and 12.8 mg cm™,
respectively. The resultant stretchable Zn ion MBs showed a
rather high areal capacity of 3.8 mAh cm™, and no degrada-
tion of capacity under strain as high as 100% (Figure 3i-1l). Even
though stretched up to 150% in horizontal direction and twisted
by 90° in vertical direction, the MBs could still sufficiently work.
Afterward, Cui and co-workersP! explored the cooling-recovery
flexible Zn-based MBs with interdigital pattern of Zn as anode
and LiFePO, or LiMn,0O, as cathode, using thermoreversible
polymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEOs;—PPO3,—PEOs;3) gel electrolyte. When a mechanical
damage occurred at the electrode—electrolyte interface, a simple
cooling stimulation would rapidly repair and refresh the broken
interface within 5 min of MBs providing a high healing efficiency
of capacity up to 98% after being folded (Figure 3m and n). Fur-
ther, a wearable charge system was constructed by integrating
the flexible Zn-based MBs with a solar cell and thermocell,
demonstrative of great potential integration with wearable
microelectronics. In addition, all-solid-state flexible Zn ion MBs
were constructed via direct electrodeposition of MnO, and Zn
nanosheets on interdigital carbon nanotube films supported on
thin polydimethylsiloxane film.1%%] The resulting MBs displayed
high areal capacity of 0.72 mAh cm™2, and outstanding flexibility
without obvious capacity changes under different bending angles.
Further, the as-assembled wearable integrated system based on
monolithic Zn ion MBs and pressure sensor could achieve real-
time health monitoring both statically and dynamically with high
sensitivity. Although 2D in-plane Zn-ion MBs have made signifi-
cant advances, a myriad of challenges still remain to be tackled
before actual applications can be realized, including the further
improvement of areal or volumetric energy/power density and
cycling stability, suppression of the formation of dendritic zinc,
enhancement of zinc plating/stripping columbic efficiency,
optimization of electrolyte components for high stability, exploi-
tation of flexible or self-healing electrolytes that are well compa-
rable to ionic conductivity of liquid electrolyte, and development
of scalable cost-effective technologies.

3.3. 3D In-Plane MBs
The key objective of the 3D in-plane MBs with interdigitated
design is to enlarge areal loading of the footprint-confined

active materials, notably boosting areal capacity and energy,
in comparison with 2D in-plane microdevices. Moreover, 3D
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hierarchical structure of microelectrode arrays is highly condu-
cive for fast diffusion of electrolyte ions in the shortened 3D ion
transfer pathways, which can simultaneously gain high areal
power density and energy density. Typically, 3D interdigital
nickel-zinc (Ni-Zn) MBs with high-aspect-ratio microelectrode
arrays were fabricated by Chamran et al.*)! through photo-
assisted anodic etching and electroplating on the glass sub-
strate. The photoassisted anodic etching was used to form deep
hole in silicon mold template for the formation of the vertical
microelectrodes, and the electroplating was implemented to fill
the silicon mold with metal Ni and Zn. To prepare the micro-
electrodes of Ni-Zn MBs, Ni(OH); as cathode was electrochemi-
cally deposited on the Ni microelectrode arrays. The as-obtained
3D interdigital Zn-Ni(OH), MBs working in alkaline elec-
trolyte exhibited relatively low areal capacity of 2.5 uAh cm™
due to the low thickness of Ni(OH), (1 um). Afterward, Braun
and co-workers®} designed the mesostructured and iso-
lated microelectrodes arrangement through 3D holographic
lithography and conventional photolithography (Figure 4a—d).
The uniform spatial distribution of microelectrode arrays

atl
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and precise control of the internal electrode mesostructure
endowed hierarchical and affluent channels for fast lithium-ion
transport and increased the available active area limited by the
given footprint. Therefore, the unique mesostructure enabled
the fabricated full cells, based on Ni-Sn as anode and lithi-
ated MnO, as cathode, to achieve ultrafast discharge rate up to
1000 C. As expected, high energy density of 6.5 pyWh cm™ um™
and impressive power density of 3600 uW cm™ um™' were
gained. This resulted from the advanced architecture of MBs
through the elaborate design of the 3D conductive interdigital
substrate and microelectrodes with rational size, shape, and
porosity. Generally, the full optimization of the distribution,
size, and ratio of length to diameter of vertically aligned micro-
electrodes is highly necessary for fast ion transfer, increasing
active materials loading, and decreasing the device resistance,
which can further improve energy density and power density.
It is noteworthy that the fabrication of the most reported 3D
MBs[#250104 basically relies on the well-established photolithog-
raphy and electrodeposition techniques, rendering conventional
electrode materials unusable. For instance, graphite, Li,Ti;O,,
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Figure 4. 3D in-plane and stacked MBs. a,b) Schematic of interdigital patterns of 3D in-plane MBs via electroplating of Ni-Sn and MnO,, followed by
lithiation to form lithiated MnO,. c) Cross-section SEM image of the interdigital electrodes of 3D lithiated MnO, cathode (left inset) and Ni—Sn anode
(right inset). d) Simulated (lines) and measured (scattered points) capacity as a function of electrode digit width. a—d) Reproduced with permission.>’!
Copyright 2015, National Academy of Sciences. e) Schematic isometric view of the 3D stacked MBs based on conformal films of Ni current collector,
MoS, cathode, hybrid polymer electrolyte, mesocarbon microbeads anode.*”] f) 3D silicon scaffold obtained from the selective reactive ion etching of
the wafer. g) Top-view transmission X-ray microscopy image of the four functional layers deposited by ALD on silicon micropillars. h) Rate performance
at different current densities. f-h) Reproduced with permission.[4 Copyright 2017, Wiley-VCH. i) Schematic diagram, j) cross-section SEM image, and
k) charge—discharge profiles of 3D stacked lithium ion MBs. Reproduced with permission.®l Copyright 2018, Elsevier.
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LiFePOy, LiCoO,, LiMn,0,, and LiNiysCoy3Mng,0, are diffi-
cult to be directly synthesized on 3D interdigital current collec-
tors. To solve this, a facile approach of colloidal suspension in
a suitable solution followed by forced infiltration using silicon
mold with deep holes was proposed for these conventional bat-
tery materials to construct 3D electrode arrays.*] For example,
mesocarbon microbeads (MCMBs) were used to assemble 3D
carbon microelectrode arrays through the colloidal MCMBs
dispersed in propylene carbonate to fill the perforated silicon
mold. As a result, the 3D carbon microelectrodes lead to high
areal capacity of 4.6 mAh cm™2, about eight times greater than
that of 2D microelectrodes (0.6 mAh cm™). The configuration
of 3D microelectrodes enables the in-plane devices to accommo-
date more active materials with greatly enhanced areal capacity.
Besides colloidal processing, the emerging 3D printing tech-
nique is highly flexible, which makes easy and elaborate design
of on-chip 3D in-plane microelectrodes or current collector
arrays on rigid or deformable substrates possible. This can be
further used to deposit anode and cathode micropatterns of 3D
MBs, holding great promise for flexible and wearable 3D in-
plane microdevices.

3.4. 3D Stacked MBs

3D stacked MBs are capable of tapping the whole projected area
of microelectrodes by utilizing the third dimension (with height
up to 500 um), allowing for high active material loading and
enhanced areal capacity, in comparison with 2D stacked MBs in
the fixed footprint area. Therefore, such 3D MBs could deliver
intrinsically high areal energy density via rational fabrication.
For instance, Nathan et al.l*’] reported full 3D stacked MBs on
a perforated substrate (silicon and glass), with the conformal
films of electroless-deposited Ni current collectors (2—4 pm),
electrodeposited MoS, cathode (1 pm), hybrid PVDF polymer/
SiO, electrolyte membrane, mesocarbon microbeads as both
anode and current collector to fill the remaining cylindrical cav-
ities by spin-coating and vacuum pulling method (Figure 4e).
The areal capacity of this cell reached up to 2 mAh cm™,
30 times higher than that of 2D stacked MBs with the same
device components, because of substantial microchannel plates
on substrate providing tremendously increased surface area for
mass loading. After that, Lethien and co-workers!®!l developed 3D
stacked MBs based on four functional layers, consisting of insu-
lating thin film (Al,03), current collector (Pt), negative electrode
(TiO,), and solid electrolyte (Li3PO,4), on 3D scaffolds of double
microtubes at the silicon wafer through ALD (Figure 4f-h).
Due to the significantly enlarged geometrical surface, an
increased areal capacity from 3.5 up to 370 uAh cm™ was
obtained. Most previous works reported used silicon substrates
as only scaffold to load up active materials, resulting in relatively
low fraction of active materials and small capacity. Recently, a
new fabrication route for all-solid-state 3D stacked MBs was
developed by Dunn and co-workers!®*l based on semiconductor
processing method and photopatternable polymer electrolyte
derived from SU-8 photoresist to form conformal solid-state
electrolyte (Figure 4i-k). 3D silicon anode made by dry etching
crystalline silicon wafers was served as both the scaffold and
negative electrode. The resultant silicon anode was subjected to
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partial lithiation (10% of theoretical capacity) to keep volume
change controlled during charge and discharge. Conformal
electrolyte with micrometer-thick layer derived from SU-8 pho-
toresist gave lithium ionic conductivity of 2.8 x 107 S cm™.
It was found that longer exposure time for cross-linked SU-8
decreased ionic conductivity. Vacuum-infiltrated approach was
used to form the stacked cathode of LiNiygCoy 15Aly ¢50,. The
rechargeable 3D stacked MBs in a small-format 3 mm X 3 mm
footprint delivered high areal capacity of 1.8 mAh cm™ and
remarkable areal energy density of 5.2 mWh cm™. Further-
more, such microdevices could be operated at a high current
density of 0.66 mA cm™ with good cycling performance.
Even though these 3D microelectrodes can deliver high areal
capacity, few designs of the full 3D stacked MBs have been
realized so far, resulting from the intractable technical factor
of uniform conformal layer-by-layer deposition on 3D topolo-
gies. The utilization of substrate (silicon and carbon) as both
active materials and supports would be a highly reliable way to
simplify the fabrication processing and decrease the fraction of
inactive materials. Taking account of huge demands for con-
sumer microelectronics and appearance of internet of things,
3D stacked MBs with high areal capacity will become the pop-
ular microscale power supplies for various microsystems in the
future.

4. Micro-Supercapacitors

MSCs, as novel microscale energy storage devices, have attracted
much attention due to high power density (=10* W cm ™), robust
rate capability (up to 10°-10* V s71), and ultralong cyclability
(=10° cycles).[2105-19] Figure 5 shows the development history
and advances of MSCs from 2D to 3D microelectrode structure
with the introduction of new microfabrication technologies, as
well as being accompanied by the continuous improvement of
flexibility and stretchability. Table 2 gives a summarization of
the areal and volumetric electrochemical performances of the
various planar MSCs based on different electrode materials.

4.1. 2D Stacked MSCs

The architecture and merits of 2D stacked MSCs are very sim-
ilar to the aforementioned stacked MBs. The primary obstruc-
tion for such thin-film MSCs substantially originates from low
ionic conductivity of solid electrolyte, which dramatically limits
power and energy densities, and eventually inhibits the applica-
tions in microsystems. So far, only a few works of such stacked
MSCs have been reported using LiPON (107® S cm™) as solid
electrolyte/separator and RuO, as electrodes through multistep
sputtering strategy.!'18129130] Recently, several 2D materials with
relatively high ionic conductivity have been discovered, such as
GO,!'3boron nitride (BN),!**and vermiculite.['3%l The ionic con-
ductivity of these 2D materials can reach up to 103-102 S cm™!
in low concentration salt solution due to much abundant
hydrophilic functional groups on their surface. Moreover, the
intrinsic 2D structure enables them to readily form ultrathin
film with a thickness of <100 nm. These two merits endow
such 2D materials as a promising separator for assembling 2D
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Figure 5. A brief timeline showing the history of development of various planar MSCs. Inset images: “2D in-plane MSCs based on photolithography and
electropolymerization.” Reproduced with permission.""% Copyright 2003, Elsevier. “Flexible 2D in-plane MSCs based on polymer electrolyte.” Repro-
duced with permission.'"] Copyright 2006, Elsevier. “Onion-like carbon based 2D interdigitated MSCs.” Reproduced with permission.l''Zl Copyright
2010, Nature Publishing Group. “3D interdigitated MSCs based on polypyrrole/carbon.” Reproduced with permission.[''3] Copyright 2011, Elsevier. “2D
in-plane MSCs by laser technique.” Reproduced with permission.[*’] Copyright 2011, Nature Publishing Group. “High-rate (1000 V s™') graphene based
2D interdigitated MSCs.” Reproduced with permission.['" Copyright 2013, Nature Publishing Group. “2D interdigitated MSCs by screen printing.”
Reproduced with permission.['"! Copyright 2014, Royal Society of Chemistry. “All-inkjet-printed flexible 2D interdigitated MSCs.” Reproduced with
permission.?l Copyright 2016, Royal Society of Chemistry. “2D interdigitated MSCs by 3D printing.” Reproduced with permission.['"®l Copyright 2017,
American Chemical Society. “Arbitrary-shaped 2D stacked MSCs by spray coating.” Reproduced with permission.“6! Copyright 2017, American Chemical

Society. “Stretchable 2D interdigitated MSCs by vacuum filtration.” Reproduced with permission.['"l Copyright 2018, Elsevier.

stacked MSCs. As a typical example, our group applied nano-
sized GO (NGO, lateral size of 100 nm) as a separator for the
construction of all graphene-based arbitrary-shape stacked
MSCs, such as junction-wire shape, hollow square shape, letter
shapes, and number shapes, on a flexible substrate through
layer-by-layer spray coating approach (Figure 6a).*®! The flex-
ible NGO separator with a thickness of =2 um exhibited an
improved capacitance thanks to much more ordered water near
the confined NGO layers, and exceptional ionic conductivity
that is well comparable to the gel electrolyte of polyvinyl alcohol
(PVA)/H,S0O,. Because of the compatible interface and strong
interaction between GO and graphene, the as-fabricated MSCs
presented excellent flexibility and electrochemical stability even
under serious bending and twisting deformation (Figure 6b,c).
It should be noted that this is the first realization of arbitrary-
shaped flexible stacked MSCs. Further, 2D BN nanosheets were
used as a new-type separator (=2.2 um), sandwiched between
MnO, nanosheet/PH1000 cathode layer and graphene anode
layer, to manufacture asymmetric stacked MSCs on various
flexible substrates, using the same spray coating technology.!'!’]
The resulting asymmetric MSCs exhibited stable electrochem-
ical stability at high voltage of 1.8 V and impressive energy den-
sity of 8.6 mWh cm™. Despite the crucial advance of the stacked
MSCs using GO and BN nanosheets as separators, it is still
unclear what the transport mechanism of electrolyte ions on
the surface of these 2D materials is, how the thickness of both
electrodes and ultrathin separator affects the electrolyte ions
diffusion, and whether the different functional groups on the
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surface of these 2D nanosheets influence the ionic conductivity.
Nevertheless, designing hybrid thin film microelectrodes with
2D nanosheets and heterostructures could provide numerous
ways for creating high-capacitance microdevices in a confined
area or volume.3*13] Tt is believed that, with assistance of
high-resolution printing techniques, graphene and 2D mate-
rials, serving as both active materials and innovative ultrathin-
separators (<1 um), will open various opportunities to develop
ultrathin, flexible, and integrated MSCs with stacked geometry.

4.2. 2D In-Plane MSCs

2D in-plane MSCs, with extremely short ionic pathway ranging
from several to hundreds of micrometers, are one class of
highly competitive complementary miniaturized yet robust
energy supply. From 2003, Sung et al.11011L136 have developed
the prototypes of 2D in-plane MSCs to all-solid-state MSCs
and flexible MSCs based on electrochemical polymerized
polypyrrole (PPy) electrodes, using H3;PO,/PVA and organic
LiCF3;SO;/polyacrylonitrile gel electrolyte. After that, various
innovative strategies have been well developed for the fabrica-
tion of such MSCs with high-precision microelectrodes, such
as photolithography,'3138] plasma-etching process,''*l laser
technique,**13% electrochemical deposition,'214% and printing
techniques.??34141 Furthermore, a great lot of nanostructured
electrochemically active materials were ingeniously designed
for high-performance MSCs, for example, onion-like carbon,!!2
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Table 2. Summary of the electrochemical performance of various planar MSCs. Ca: Areal capacitance. Cy: Volumetric capacitance. HQ: Hydro-
quinol. OLC: Onion-like carbon. PC: Propylene carbonate. EMIMTFSI: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide. G: Graphene.
FG: Fluorine-modified graphene. AG: Activated graphene. EMIMBF,: 1-ethyl-3-methylimidazolium tetrafluoroborate. LDH: Layer double hydroxides.
PANI: Polyaniline. CMC: Sodium carboxymethylcellulose.

Types Electrodes Thickness Electrolyte 2 Ca Cy En Pa Ey Py Stability Refs.
[um] [mMFem™?  [Fem™]  [uWhecm™?] [mWcecm™? [mWhem™]  [Wcem™)
2D stacked  RuO,//RuO,  0.3//0.3 LiPON 0-2 382 - 219 - - - 500 (53%)  [118]
MSCs
EG//EG 0.7//0.7  H,SO,/PVA  0-0.8 3.3% 10.6% 0.299 0.769 0.982) 213 10 000 [46]
(93%)
EG-HQ// 0.7//0.7  H,SO,/PVA  0-0.8 9.82) 32.79 0.87°) - 2,99 2.3 - [46]
EG-HQ
EG// 1.8//0.9 LiCl/PVA 0-1.8 9.6% 19.2% 439 - 8.6% 429 5000 (92%) [119]
MnO,-PH1000
2D in-plane  OLC//OLC 7/]7 Et,NBF,/PC  0-3 - 1.3% - - 1.6 200°) 10 000 n12]
MSCs (100%)
LSG//LSG 7.6//7.6  H,SO,/PVA 0-1 2.3% 32) 0.39 - 0.4% 60% 10 000 [44]
(96%)
LSG//LSG 7.6//7.6 EMIMTFSI 0-2.5 - 233 - - 213 1402 30 000 [44]
(100%)
TisCo//TisC,  1.3//1.3  H,SO,/PVA  0-0.6 27 357%) 1.39 - 189 159 10 000 [120]
(110%)
CDC//CDC  1.4//1.4 1MH,SO,  0-0.9 129 879 1.5 30°) 110 2500 - 3]
rGO//rGO  0.015//0.015 H,SO,/PVA 0-1 8ob) 18 11.19 - 2.5 495b) 100000  [114]
(100%)
PANI-G/EG//  4.5//4.5 EMIMBF, 0-2.5 34b) 69°) 299 - 460 6.4%) - n21
PANI-G/EG
FG//FG 0.7//0.7 EMIMBF,/  0-3.5 4.4 33.5%) 7.49 - 56 21%) 5000 (93%) [122]
PVDF-HFP
LSG-MnO,//  15//15 1M Na,SO,  0-0.9 400%) 250 459 - 307 109 - [123]
LSG-MnO,
Li,TisO,//AG  3//10  LiTFSI/P,,TFSI/  0-3 27.8% 42.8% 359 - 53.5% 3.5b) 6000 (99%)  [27]
PVDF-HFP
TisC,// - 6MKOH  0.4-1.45 400 - 10.8% 8.8 - - 10 000 [124]
Co-Al-LDH (92%)
Zn//AC 50//80  ZnSO,/CMC  0.5-1.5 1297 - 115.4%) 45 10 000 [125]
(100%)
MnO,-PPy// - LiCl/PVA 0-1.6 - 55.7% - - 19.8% 2.6 7000 (92%)  [126]
V,05-PANI
3Din-plane  G-CNTs//G- 15//15 1 m Na,SO, 0-1 2,10 1) 0.39 - 0.15% 1150 - n27]
MSCs CNTs
G-CNTs//G-  20//20 BMIMBF, 0-3 3.9 25 4.99 - 2.4 1359 8000 (98%) [127)
CNTs
MnO,//MnO,  68//68  0.5mNa,SO, 0-0.8 1139 - 10% 20? - - - [128]

?Reported values based on footprint area or volume of device; PReported values based on electrode area or volume. The thickness referred to the whole anode and
cathode; 9Calculated values according to the reported literatures.

carbide-derived carbon,?®! graphene (reduced GO, doped can transfer in parallel along the flat plane of 2D materials with
graphene, and laser-scribed graphene (LSG)),1?8105123139141  minimization of the diffusion barriers, and make full use of
GO, MXene,"**141 MoS,,'*7148] and their hybrids with  atomic layer thickness of 2D materials to adequately boost elec-
pseudocapacitive metal oxide (e.g., MnO, and RuO,)"**1% and  trochemical performance (Figure 6d).''*1>3-155] Moreover, 2D
conducting polymers (polyaniline).!2:11152 Among them, 2D materials intrinsically possess mechanical robustness to endow
materials, e.g., graphene and MXene, with large exposed sur-  them as microelectrodes for the interdigital flexible MSCs with
face area and abundant accessible active sites are well matched  outstanding stretchability and self-repairability when self-recov-
to the in-plane architecture of MSCs, in which electrolyte ions  ering gel electrolyte is used.
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Figure 6. 2D stacked and in-plane MSCs. a) Schematic of the fabrication of 2D stacked junction-wire-shaped MSCs. b) Capacitance retention as a func-
tion of repeated bending number. Insets are three bending states. c) Cycling stability under a severe bending condition. Insets are top- and side-view
optical images of junction-wire-shaped MSCs. a—c) Reproduced with permission.[*¢l Copyright 2017, American Chemical Society. d) In-plane geometry
of graphene-based MSCs, showing that the ions between the electrode gaps can be rapidly transported along the planar graphene sheets with a short
diffusion pathway. Reproduced with permission.""l Copyright 2013, Nature Publishing Group. e) Schematic diagram, f) cross-section SEM image
of microelectrode, g) CV curves, h) areal and volumetric capacitance of 2D interdigital MSCs based on nanohybrid stacked film. e-h) Reproduced
with permission.'?l Copyright 2015, Wiley-VCH. i) Schematic of the fabrication of 2D interdigital MSCs from LSG. Reproduced with permission.*!l
Copyright 2013, Nature Publishing Group. j) Schematic of asymmetric MSCs based on LSG negative electrode and LSG-MnO, positive electrode via
electrochemical deposition. Reproduced with permission.['??l Copyright 2015, National Academy of Sciences. k) Schematic of the fabrication process
of planar ZIMCs. ) SEM image of electrodeposited Zn nanosheets as anode. m) CV curves of Zn anode and AC cathode. n) Charge—discharge curves
obtained at different current densities. k-n) Reproduced with permission.'?] Copyright 2018, Wiley-VCH.

Ti3;C, MXene presents high volumetric capacitance of up to  of large-flake MXene and abundant active sites of small-flake
=1500 F cm™3, surface hydrophilicity, and metallic conductivity = MXene, the resulting all-MXene MSCs exhibited high volu-
of =9000 S cm™,1°15% which has been acknowledged as an  metric capacitance of 356.8 F cm™, but the cell voltage in
attractive candidate for 2D in-plane MSCs. Typically, Gogotsi  aqueous electrolyte is very limited, only 0.6 V, showing a low
and co-workers? fabricated all-MXene solid-state 2D in-  energy density of 18 mWh cm™. To address this issue, our
plane MSCs using large-flake MXene (lateral size of 3-6 um)  group developed high-voltage ionogel-based MSCs based on
as current collectors and small-flake MXene (=1 um) as active  the same ionic liquid preintercalated MXene films in 1-butyl-
material through spray coating technique, followed by direct  3-methylimidazolium tetrafluoroborate (EMIMBEF,). The as-
laser cutting approach. Benefited by the high conductivity fabricated MXene-based MSCs stably worked at a voltage of 3 V
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in EMIMBF,/PVDF-HFP electrolyte, and delivered remarkable
energy density of 43.7 mWh cm™3.11% Therefore, it is concluded
that, through further optimization of MXene flake size, thick-
ness, composition, and selective screening of high-voltage and
stable electrolyte, the capacitive performance of MXene-based
MSCs can be tremendously enhanced.

Graphene has been considered as an ideal electric double
layer capacitive material because of ultrathin flexible structure,
high surface area (2630 m? g1, superior electrical conductivity,
and high theoretical capacitance (550 F g!).1617163] However,
the electrochemical performance has been primarily hindered
by the restacking tendency due to strong Van der Waal force
between graphene nanosheets, resulting in the huge decrease
of accessible surface area of electrolyte ions. To address
this issue, one reliable strategy is to efficiently hybridize
nanospacers to minimize Van der Waal force of graphene
nanosheets and improve the ionic accessibility. For instance,
Wu et al.'?ll constructed a micrometer-thick compact hybrid
film based on alternating stacked mesoporous polyaniline-
functionalized graphene and EG, with layered sandwich struc-
ture, for MSCs (Figure 6e-h). Taking into account the positive
synergistic effect, polyaniline based graphene nanosheets can
not only prevent the restacking of graphene but also provide
tremendous pseudocapacitive contribution to greatly improve
the capacitance. Consequently, the assembled MSCs delivered
landmark volumetric capacitance of 736 F cm™ in aqueous
electrolyte and ultrahigh energy density of 46 mWh cm™ in
ionic liquid. On the other hand, another approach is to design
and create hierarchical pores between graphene nanosheets
to directly avert the restacking, increase the accessible area,
and reduce the barriers of ion diffusion. For example, Kaner
and co-workers*164 employed an infrared laser to reduce the
stacked GO film into well-exfoliated graphene (LSG) film by
an unusual photothermal effect, in which GO strongly absorbs
high-intensity light to primarily remove functional groups
on its surface (Figure 6i). The as-fabricated LSG electrodes
had notable features like excellent electrical conductivity of
2.35 x 10> S m™!, open network structure, and high surface area
of 1520 m? g™!. As a result, the interdigital MSCs delivered a
significant increase of energy density and power density, com-
pared with active carbon-based supercapacitors. Furthermore,
the resultant LSG microelectrodes could be used as conducting
substrates for the deposition of high-capacitance pseudocapaci-
tive materials, and subsequent assembly of symmetric MSCs
or asymmetric MSCs (Figure 6j).l'%)l For instance, MnO, was
deposited onto the surface of LSG microelectrodes with open
porous structure and high surface area. As a consequence, the
hybrid LSG-MnO, electrodes possessed ultrahigh volumetric
capacitance of over 1100 F cm™. When it was converted to
the constituent MnO,, this capacitance value corresponded to
1145 F g7!, approaching the theoretical value of 1380 F g\
Therefore, the exploitation of novel 2D hybrid nanosheets with
enriched exposed edges, tailored thickness, and well-defined
nanopores can dramatically improve areal/volumetric capaci-
tance and rate capability of planar MSCs.

Besides the consideration of intrinsic capacitance of elec-
trode materials, another key factor regarding high energy den-
sity of MSCs is the applied voltage because the energy density
is proportional to the square of the cell voltage. In this case,
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developing high-voltage electrolytes, e.g., water-in-salt electro-
lyte,l11%5] jonic liquid,I'*®! and organic electrolyte,’l and the rea-
sonable construction of aqueous asymmetric devices!'%7:198] and
hybrid energy storage devices to enlarge cell voltage window are
the key approaches for improving energy density of MSCs. As a
typical example, our group recently reported ionogel-based fluo-
rine-modified graphene (FG) MSCs with the EMIMBF,/PVDF-
HFP electrolyte.l'?” Since the FG films exhibited enriched
fluorine modified electrochemically active sites, high electrical
conductivity, and compatible interfacial wettability between
microelectrodes and EMIMBF,/PVDF-HFP electrolyte with a
wide voltage of 3.5 V, the as-fabricated MSCs showed impres-
sive volumetric capacitance of 134 F cm™ and ultrahigh energy
density of 56 mWh cm™.

To boost the energy density, developing asymmetric planar
MSCs with suitably matched pseudocapacitive electrode and
electrical double-layer capacitive electrode is also a good choice
to improve the capacitance and cell voltage. For instance, Yang
and co-workers'®l developed the asymmetric MSCs based
on interdigitated microelectrodes of vanadium pentoxide and
graphene-vanadium nitride quantum dots via 3D printing
strategy to simultaneously realize the efficient patterning and
high loading of active materials. Remarkably, the as-printed
asymmetric MSCs with a cell voltage of 1.6 V presented
high areal capacitance of 208 mF cm™ and energy density of
74 uWh cm™. However, the printed thick microelectrodes
suffer from low electronic conductivity, poor rate capability, and
inferior cycling stability. Zhang and co-workers'”% prepared a
series of sandwich-structured transition metal hexacyanofer-
rates (MHCF, M = Cu, Ni, Co, and Fe)/graphene thin films for
asymmetric MSCs by alternate stacking deposition of graphene
and MHCEF layers. Thanks to the structural advances of hybrid
films and asymmetric in-plane configuration, the resultant
MSCs based on FeHCF as anode and CuHCF as cathode
offered high energy density of 44.6 mWh cm=.

Hybrid ion microcapacitors, e.g., lithium ion microcapacitors
(LIMCs) and zinc ion microcapacitors (ZIMCs), can sufficiently
combine the merits of capacitive electrode and battery-type
electrode, simultaneously delivering high energy density and
high power density. Recently, our group developed all-solid-
state planar LIMCs with interdigital patterns of lithium titanate
(LTO) nanospheres as anode and activated graphene (AG) as
cathode through mask-assisted filtration of electrode materials
and EG.””] By coupling with high-voltage ionogel electrolyte,
the as-assembled LIMCs delivered high volumetric energy den-
sity of 53.5 mWh cm™3, stable cycling performance with 98.9%
of capacitance retention after 6000 cycles, high safety at high
temperature of 80 °C, outstanding flexibility, and modular inte-
gration of bipolar cells. The exceptional performance of these
LIMCs was mainly attributed to the synergistic combination of
the advances of the stacked-layer microelectrodes with in-plane
geometry, effective match of zero-strain Faradaic LTO and high-
capacitance non-Faradaic AG, strong interfacial engineering
between the microelectrodes and substrate with the help of
large-lateral-size EG nanosheets as 2D conducting additive, and
flexible support. As another example, Feng and co-workers!!?’]
constructed the planar ZIMCs, made of electrodeposited Zn
nanosheets as anode and activated carbon (AC) as cathode
via the incorporation of photolithography, electrodeposition,
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and injection (Figure 6k-n). Thanks to the reversible strip-
ping/plating of the Zn anode and fast ion adsorption/desorp-
tion on the AC cathode, the resulting ZIMCs achieved record
areal capacitance of 1200 mF cm™, areal energy density of
115.4 uWh cm™2, and excellent cycling stability without obvious
decay after 10 000 cycles. Meanwhile, Qu and co-workers!'”!]
reported the flexible planar ZIMCs based on Zn anode and
CNTs cathode through electrodeposition. The as-obtained
ZIMCs delivered high areal energy and power densities of
29.6 uWh cm™ and 8 mW cm™2, respectively, and achieved
remarkable flexibility without capacitance decay bent from flat
to 180°. Moreover, the degraded ZIMCs could be restored by
replenishing the zinc source without destroying original con-
figuration to enhance the capacitance and longevity. Therefore,
designing asymmetric MSCs and hybrid ion microcapacitors
is an effective strategy to improve the energy density of MSCs.
However, the R&D of asymmetric MSCs and hybrid ion micro-
capacitors has not been completely exploited, due to the huge
challenges of the mass/charge balance of anode and cathode,
kinetic match of Faradaic and non-Faradaic reaction, screen of
suitable electrolyte, and interfacial integrity of microelectrodes
with electrolyte and current collectors.

One of the greatest performance metrics of 2D in-plane
MSCs is that they usually present ultrahigh frequency
response with alternating current (AC) line-filtering,®l
accounting for filtering AC into direct current (DC). In

www.advmat.de

principle, AC line-filtering requires a resistor—capacitor
(RC) constant of less than 8.3 ms (120 Hz).['72173] The state-
of-the-art interdigital MSCs could deliver a RC constant of
less than 1 ms, superfast scan rate up to 1000 V s~! or more
(10 000 V s71),107137152] indicative of ultrahigh instanta-
neous power delivery. Typically, as reported by Wu et al.,['%!
it involved the bottom-up fabrication of continuous and
ultrathin sulfur-doped graphene (SG) films derived from
the peripheral trisulfur-annulated hexa-peri-hexabenzocoro-
nene (SHBC) through thermal annealing with assistance of
a thin Au protecting layer (Figure 7a). After the deposition
of gold current collectors and oxidative etching, 2D in-plane
MSCs based on SG films were achieved. Due to the uni-
form S doping, high conductivity of SG film, and short ionic
transfer distance, the fabricated planar MSCs could work at
ultrafast scan rate of 2000 V s7! (Figure 7b), simultaneously
delivering a remarkable capacitance of 8 F cm™3 at that scan
rate. The discharge current density of the MSCs linearly
responds to the scan rate of up to 2000 V s71. The microde-
vices exhibited a large characteristic frequency of 3836 Hz at
the phase angle of —45°, corresponding to a short time con-
stant of 0.26 ms, indicative of ultrafast frequency response.
Furthermore, these devices offered an ultrahigh power den-
sity of 1191 W c¢m™3, which was well comparable to that of
Al electrolytic capacitors. Zhu and co-workers!'%”] reported
the fabrication of flexible multilayered graphene-based MSCs
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Figure 7. 2D in-plane MSCs with AC line filtering performance. a) Schematic diagram of SHBC-derived SG films for MSCs on a Si/SiO, wafer. b) CV
curves at scan rate of 2000 V s7. a,b) Reproduced with permission.['%*l Copyright 2017, American Chemical Society. c) Photograph of CVD graphene
MSCs arrays on flexible substrate. d) Phase angle as a function of the frequency. e) AC input signal and pulsating DC signal converted by bridge rectifier.
f) DC signal output of CVD graphene MSCs in series under flat and bending states. c—f) Reproduced with permission.[1” Copyright 2018, Wiley-VCH.
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with AC line-filtering performance, using dry transfer and
direct laser writing of highly electrical conductive CVD gra-
phene (Figure 7c). Benefitting from the increased interlayer
distance, efficient ion/electron conducting channels, high
conductive microelectrodes, and narrow interspace, the char-
acteristic frequency at phase angle of —45° was 2025 Hz with
a short time constant of 0.49 ms (Figure 7d). At 120 Hz, the
phase angle was —76.2°, corresponding to an ultralow RC
time constant of 0.54 ms. Furthermore, an AC line-filtering
electrical circuit was designed, where a full wave bridge
rectifier, the fabricated MSCs, and a load resistor were con-
tained. It was demonstrated that pulsating DC signal gener-
ated by bridge rectifier (Figure 7e) was readily converted into
the stable and smooth DC output of 0.88 V for one cell and
1.6 V for two cells of MSCs (Figure 7f). Even though the cir-
cuit was subjected to severe deformation, the DC output was
stably unchanged, indicative of great potential of such MSCs
for AC line-filtering applications. Benefitting from higher
energy and prominent miniaturization compared to Al elec-
trolytic capacitors, the largest component in most integrated
circuits, such 2D in-plane MSCs, can potentially replace the
bulky electrolytic capacitors to apply for miniaturized and
integrated electronics.

Catalyst
CNTs
Graphene

www.advmat.de

4.3. 3D In-Plane MSCs

To further improve areal capacitance and energy density,
developing 3D in-plane MSCs with increased areal loading of
active materials is regarded as an effective way. Moreover, 3D
microelectrode arrays can not only accelerate electrolyte ions
diffusion into/out from the abundant nanochannels of micro-
electrodes but also significantly increase accessible active sites
of active materials to the electrolyte, contributing to enhanced
areal energy and power densities. To this end, Lin et al.l'’]
designed 3D CNT carpets based MSCs on interdigital graphene
micropatterns through multistep CVD process, in which in
situ growth of CNTs on graphene enabled them to seamlessly
join each other, and thereby form well-developed electrically
conducting network and affluent channels for electrolyte ions
diffusion (Figure 8a—d). As a result, the as-fabricated MSCs
showed ultrahigh rate capability up to 500 V s7! (Figure 8e),
AC line-filtering performance (Figure 8f), exceptional power
density of 115 W cm™, and two orders of magnitude higher
energy density than Al electrolytic capacitors. As another
typical example, 3D microelectrode arrays were applied as a
support to load MnO, film with a homogeneous thickness of
350 nm (Figure 8g).l'28] With these 3D microelectrode scaffolds,

500
400-
300+
200+
100+
0]
-100-
-200
-300
-400

o

I (mA/ecm?)

-

T. = 2.62ms

1.
0.
0.

0.

£ 0.
So.
i .
£Eo

o3 0.
=g

0

O=NWbUONODOWO

-500

00 02 04 0.6 08 1.0
Potential (V)

10% 10" 10° 10' 10* 10° 10* 10°
Frequency (Hz

Figure 8. 3D in-plane MSCs. a) Schematic of graphene/CNT carpets (G/CNTCs) MSCs grown by CVD technique. b) Top-view SEM image of G/CNTCs-
MSCs. c) Cross-section SEM image of G/CNTCs-MSCs. d) Transmission electron microscopy image of single CNT. e) CV curve at scan rate of 500 Vs~
f) Evolution of the real and imaginary capacitance as a function of frequency. a—f) Reproduced with permission.['?] Copyright 2013, American Chemical
Society. g) Overview of 3D MnO, interdigital MSCs from macroscopic view down to nanometer scale. Reproduced with permission.l'28l Copyright 2017,
Wiley-VCH.

Adv. Mater. 2019, 31, 1900583 1900583 (15 of 24) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

the assembled MSCs delivered high areal energy density of
=10 uWh cm™ and power density of =1 mW cm™ simulta-
neously, suggestive of great promise for on-chip electronics.
However, these used technological processes, e.g., CVD and
photolithography, for constructing 3D interdigitated topology
involve complicated multiple steps with high cost. To overcome
this, the emerging 3D printingl'’* and laser technologies!*’*!
could offer the possibility of fast and scalable fabrication of 3D
interdigitated microelectrode arrays, with easy operation and
high resolution, from 3D active electrodes to high-conductive
3D current collectors for MSCs. In general, the manufacturing
of symmetric 3D interdigital MSCs with two identical micro-
electrodes is much simpler than those of asymmetric MSCs or
MBs with two different electrode material fingers. Although
3D geometry is an intriguing approach to effectively increase
areal capacitance and energy density of MSCs, the parameters
(size, length, and width) and hierarchical structure (surface,
pores, and functionalities) of 3D microelectrodes still lack the
systematic investigation to maximize the electrochemical per-
formance. Furthermore, such in-plane 3D MSCs in principle
do not fully use their architecture merits to pack high-loading
active materials for achieving high areal capacitance while
maintaining fast ion transfer and power density. To further
improve energy density, the creation of 3D interdigital hybrid
MSCs with asymmetric microelectrodes is a feasible strategy
thanks to the enlarged cell voltage (e.g., 2—4 V) and introduc-
tion of pseudocapacitive materials for enlarging areal or volu-
metric capacitance. Unfortunately, there is still no 3D stacked
MSCs reported so far, inhibited by the technical complexity of
cell configuration and low ionic conductivity of conformable
solid-state electrolyte. Similar to 3D stacked MBs, exploiting
printable, bendable, shape-conformable polymer gel electro-
lytes with high ionic conductivity would be a good option to
build novel 3D stacked MSCs.

5. Integration for Flexible Standalone System

The continuous growth of miniaturized flexible electronics
has intensively stimulated the ever-increasing pursuits of
highly integrated standalone systems with long durability and
free maintenance.”'7¢178] Miniature energy harvesters as
power supplies, e.g., photovoltaic cell’’” or nanogenerator,!!’]
usually cannot generate sufficient electricity to power the
microelectronic devices for long-time operation, due to their
discontinuity, indeterminacy, and low efficiency. The combina-
tion of miniaturized energy harvester and microscale energy
storage devices into a self-powered system is regarded as an
efficient route to remedy the insufficient power generated by
energy harvesters and solve the issue of electricity source for
MEESDs. For instance, carbon based MSCs were integrated
with a solar panel and an in-plane integrated circuit on a flex-
ible polymer substrate to realize self-powering.'®" Integrating
triboelectric nanogenerator with MXene-based MSCs for wear-
able harvester-storage module was used as highly compact
self-charging power unit."¥! Zn//LiFePO, MBs to combine
thermo-electrochemical cell scavenging body heat energy real-
ized a wearable self-charging system.’’ As far as the func-
tionalized smart standalone systems are concerned, one very
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promising direction is to integrate the different microdevices
of energy generation, energy storage, and energy consump-
tion on a single flexible substrate into a complete standalone
system, such as, self-powered implantable biomedical device,
environmental sensor, and health monitor. These self-sufficient
microsystems with self-powered and intelligent functions can
convert energy harvested from surrounding environment, such
as solar energy, mechanical vibration, and thermal energy, via
solar cell, nanogenerator, and thermoelectric module, respec-
tively, into electrical energy (Figure 9a). Then, the obtained elec-
trical energy can be directly stored in the MEESDs, e.g., MBs
and MSCs, and can be applied to drive the normal operation of
the microelectronic modules, e.g. microscale sensor, small dis-
play, and micro-electromechanical systems (Figure 9c), when-
ever and wherever they are needed. Regarding the MEESDs,
MBs usually have high energy density, but limited by power
density. MSCs possess high power density, while suffering
from low energy density. Therefore, it is advisable to choose
individually high-energy MBs or high-power MSCs, or com-
bine them together in terms of the specific application environ-
ments of miniaturized electronic systems, working in tight and
small spaces in the aerospace, military, precision instruments,
biomedical, and other fields. Besides the above applications, the
utilization of a flexible self-powered standalone microsystem,
capable of realizing all flexible components of energy generator,
energy storage, and energy consumption integrated on a small
area of flexible substrate, is key for specific and urgent appli-
cations in the unpredictable occasions of no external power
supply or external electricity-cut environments, e.g., intelli-
gent clothing and healthcare sensors. Nevertheless, there are
still several intractable problems standing in the way of these
innovations, such as the uniformity of different electronics by
microfabrication technique, proper cell encapsulation for stable
operation, and suitable design of integrated circuits to well
match energy generation, energy storage, and energy consump-
tion devices. Moreover, the connected system should be a highly
conductive network with seamless electrical interconnection to
reduce the series resistance for minimizing the generation of
internal heat and energy loss. To achieve this goal, the advanced
technologies of high-resolution photolithography and high-pre-
cision printing, including screen printing, inkjet printing, and
3D printing (Figure 9b), hold great potential for one-step scal-
able fabrication of all components of energy harvester, energy
storage, and energy consumption, including different current
collectors, various electrode materials, electrolytes, high-con-
ductive interconnects, functional integrated circuits, and even
encapsulation for the future self-powered microsystems.
Recently, our group reported a universal and cost-effective
screen printing technique for rapid and scalable fabrication
of graphene-based planar integrated MSCs (IMSCs), using
highly conductive graphene ink with remarkable rheological
property.l'81 IMSCs with shape compatibility, aesthetic prop-
erty, excellent flexibility, and outstanding modularization were
printed on arbitrary substrates in several seconds. The printed
IMSCs were free of external metal current collectors and
extra interconnections as well as separators. The capacitance
and voltage output were easily tailored through well-defined
arrangements of MSCs in series or parallel, depending on
the specific requirements of microelectronics. As a proof of
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Figure 9. Schematic diagram of flexible self-powered standalone system with energy harvester, energy storage, and energy consumption. a) Energy
harvester to convert other energy (solar, mechanical, thermal energy) to electrical energy using solar cell, nanogenerator, and thermoelectric device.
b) Scalable manufacture of the monolithic standalone self-powered system using advanced technologies of high-resolution photolithography and
printing techniques of screen printing, inkjet printing, and 3D printing. c) Energy consumption of the representative display and sensor.

concept, a tandem pack of IMSCs by integrating 130 MSCs
could deliver an ultrahigh voltage over 100 V, demonstrative
of numerous opportunities of such IMSCs for miniature high-
voltage electronics. Further, an integrated standalone system,
composed of tandem asymmetric MSCs based on the inter-
digital patterns of MnO, and polypyrrole, a polyaniline-based
gas sensor, and a Si-based solar cell, was constructed on a
single paper through screen-printing and electrodeposition
strategies.[3] Importantly, the integrated MSCs in this as-fabri-
cated system can efficiently store electrical energy from solar
cell, and thus readily drive the gas sensor, displaying a highly
sensitive response for NH; and HCl. Fan and co-workers!!3%
demonstrated a printable and wearable self-powered sensing
system coupled with inkjet printable MSCs and SnO, sensor
on a single piece of polyethylene terephthalate (Figure 10a—c).
MnO, based MSCs, SnO, microsensors, and integrated cir-
cuits were directly printed to construct the monolithic system
through relevant printable inks, except for amorphous silicon
solar cell and other supporting electronic parts, including light-
emitting diode light, voltage regulator, and switches. Such a
fully self-powered integrated standalone system mainly con-
sisted of amorphous silicon solar cell, MnO, based MSCs,
and SnO, gas sensor could spontaneously implement sensing
function without external charging modules. As a concise func-
tional illustration, self-powered sensor system showed remark-
able sensitivity toward ethanol/acetone and the resistance drop
resulted from the detection of ethanol/acetone turning on the
LED as a warning signal. In addition, Ha and co-workers!!4l
constructed a highly stretchable strain sensing standalone
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system based on high-performance all-solid-state MSCs, a
strain sensor, and a Si solar cell (Figure 10d-i). By incorpo-
rating with the multiple techniques, such as photolithography,
e-beam evaporation, and reactive ion etching process, all com-
ponents on a single deformable polymer substrate were well
connected via long serpentine interconnections. When the
whole stretchable integrated system in the sun was attached
to the wrist under solar irradiation, the arterial pulse could be
clearly detected, reflecting the feasibility of wearable functional
standalone system. For the optimization of these self-powered
standalone systems, higher energy density for MSCs or MBs,
higher sensitivity for sensors, and low consumption on inter-
connection should be further improved. The realization of fully
flexible self-power standalone system on a single substrate for
practical application has a promising future but there is a long
way to go.

6. Conclusions and Perspectives

The MEESDs from MBs to MSCs, serving as microscale
standalone energy storage units or complement micropower
sources, are undeniably important and in urgent demand for
flexible and miniature electronics. Along with accumulating
technical readiness level, 2D MEESDs with both in-plane and
stacked geometries are gradually moving toward 3D MSCs and
MBs with high areal and volumetric energy and power densi-
ties. From the development and recent achievements of MBs
and MSCs, it is worth noting that the greatest challenge lies
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Figure 10. Integration of energy harvesters, energy storage, and energy consumption for flexible standalone system. a) Schematic of monolithically
printable integrated self-powered smart sensor system on a plastic substrate. b) Photographs of wearable wristband with a LED as the indicator for gas
detection. c) Response and recovery curves of as-printed microsensor toward ethanol at room temperature. Reproduced with permission.['32 Copyright
2018, Wiley-VCH. d) Photograph of the stretchable MSCs array integrated with a solar cell and a strain sensor. €) Schematic of MSCs, f) fragmentized
graphene foam-based strain sensor, and g) a solar cell on polyimide substrate. h) Optical image of the integrated system attached on the skin of the
wrist. i) Resistance change of the strain sensor driven by the stored energy of the MSCs in response to the pulse signal of the radial artery. d-i) Repro-

duced with permission.l'¥] Copyright 2018, Elsevier.

in the overall improvement of both energy density and power
density in a confined footprint area/volume of MEESDs with
long-term lifespan and multifunctional properties, catering to
the various requirements of microelectronics and microsys-
tems. To realize this goal, it is highly recommended to fully
consider all device components of MBs and MSCs, including
electrode active materials, microelectrode fabrication, selected
electrolyte, device configuration, and interfacial contact, listed
in details below.

First, the electrochemical performance of MEESDs mainly
depends on the inherent properties of electrochemically active
materials. To facilitate fast electron transfer and rapid ion dif-
fusion, nanostructured porous electrode materials with high

Adv. Mater. 2019, 31, 1900583 1900583

electrical conductivity are expected. Moreover, the electrode
materials of particularly pseudocapacitive metal oxide and poly-
mers with small volume change or microelectrode films with
tailored pores that can significantly accommodate large volume
expansion are highly required to preserve the integrity of
microelectrodes without structural fracture and damage during
deep charge and discharge process. For example, nanostruc-
tured silicon/carbon materials within controllable nanopores,
and highly continuous conductive network for electrons and
ions are very promising anodes for high-capacity lithium ion
MBs,[183184] while the emerging 2D materials, such as graphene,
MXene, MoS,, have great potential for high-performance MSCs
due to their unique open and ultrathin structure, outstanding
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flexibility, large accessible surface area, and tunable physical
and chemical properties.['®*18 To overcome the shortcomings
of individual 2D materials, 2D heterostructures by stacking two
different 2D nanosheets or more is considered as an efficient
approach to form the synergistic merits. Furthermore, dif-
ferent from conventional active materials, compact thin-film
hybrid electrodes combined with hierarchically nanoporous
structure and high electrical conductivity also hold tremen-
dous opportunities for constructing MBs and MSCs with high
volumetric performance.2L134187] Additionally, considerable
efforts are still needed to be devoted into the development of
new active materials for higher electrochemical and mechanical
performance of MBs and MSCs. To understand the structural
evolution and ion dynamics of active materials during charge
and discharge process, in situ or quasi in situ characterization
techniques, such as in situ X-ray diffraction pattern, transmis-
sion electron microscopy, electrochemical quartz crystal micro-
balance (EQCM), and X-ray adsorption spectroscopy, should be
considered, all of which are crucial for developing new active
materials with high electrochemical performance.

Second, the exploitation of fast, scalable, cost-effective manu-
facture techniques for fabricating microelectrodes is urgently
needed to realize practical implementation of MBs and MSCs.
So far, various microfabrication strategies have been devel-
oped, including photolithography,?®3] electrochemical depo-
sition,12140] plasma etching,?*151 photochemistry,?% mask-
assisted filtration,'®] microinjection,*3% laser,*+13° and
printing techniques.['¥1°) Among them, printing technologies,
including 3D printing,?>1%? inkjet printing,?*%! spray
printing,3*%] and screen printing,>*?4 hold tremendous oppor-
tunities for the mass production of MBs and MSCs, which can
be directly coupled with the printed electronics, using the same
techniques, on the same inflexible, flexible, or stretchable sub-
strate. Importantly, a printable process can be precisely repeated
to realize hundreds of micrometers thick microelectrode arrays
for improving areal energy density. The key challenges of print-
able MBs and MSCs include the strategies of preparing a stable
active material ink with a proper viscosity for smooth printing,
engineering the printable microelectrodes with high electrical
conductivity and hierarchical nanostructure, localizing the con-
formable electrolyte with high ionic conductivity on the project
area, and last but not the least, establishing a strong interface
of electrode and electrolyte with good wettability for fast ion dif-
fusion. Very importantly, in situ encapsulation that is another
key factor for practical application can be also achieved through
direct printing of electrolyte resistant airtight polymers. In addi-
tion, with the improvement of technological process, high-preci-
sion methods like photolithography can manufacture high-reso-
lution microelectrodes and downscale the widths of microelec-
trodes and interspaces of neighboring electrodes to a nanoscale
size, which may be massively beneficial for the mass production
of the integrated MBs or MSCs connected in series and in par-
allel to efficiently boost the voltage and current output in a lim-
ited on-chip area.

Third, electrolyte should be rationally selected to well match
with MBs and MSCs according to electrode materials, func-
tional properties, and specific purpose. Benefitting from high
ionic conductivity, liquid electrolyte-based MBs and MSCs pos-
sess superior rate capability and high power density. However,
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there is a pressing need for cell encapsulation in order to com-
pletely prevent electrolyte leakage for safety concerns. Inorganic
solid-state electrolytes can form a uniform thin membrane and
achieve a stable high voltage up to 5 V, but they present the
serious shortcomings of low ionic conductivity at room tem-
perature and poor mechanical performance that is not suitable
for flexible MEESDs. Polymer based solid-state electrolyte is
made up of the acid, alkali, salt, or ionic liquid and polymers,
such as PVA, polyethylene oxide (PEO), and PVDF-HFP. With
reasonable optimization, polymer gel electrolyte can achieve
higher ionic conductivity than pure liquid electrolyte (e.g.,
ionic liquid), while some polymers (e.g., PEO) are unstable
and prone to decompose at high voltage (e.g., 4 V). In addition,
polymer gel electrolyte through the graft of certain functional
polymers (e.g., —COOH) is capable of realizing robust stretch-
ability or self-repairability,!1°1192 which is crucial for the fabrica-
tion of flexible and stretchable MEESDs. One challenge ahead
of the functional polymer gel electrolyte lies in maintaining
the stable ionic conductivity during deformation. Apart from
this, developing redox-based electrolytes would be an effective
strategy to boost areal or volumetric capacity of MBs and capac-
itance of MSCs because of the introduction of redox species
that can provide extra charge storage.19>1°* Considering safety
issue and biological compatibility, aqueous based electrolytes
such as water-in-salt and solvent-in-salt with a large voltage
window of up to 4 and 4.5 V, respectively,’»?? offer dramatic
chances to develop high-voltage aqueous and nonaqueous MBs
and MSCs for in vivo and wearable microelectronics. Addition-
ally, the functional electrolytes with electrochromic,['* thermal
self-protective,'® and photoswitching properties!®”] have
been developed for fast response to external stimuli, while the
compatibility between the functional electrolytes and micro-
electrodes should be seriously considered.

Fourth, in view of the configuration and dimensionality of
MBs and MSCs, there remain disparities between electrolyte
ions diffusion and microfabrication. 2D stacked MBs and 2D
in-plane MSCs have been extensively investigated, from micro-
electrode materials, solid-state electrolytes to multifunctional
properties. Along with the pursuit of high-performance MSCs,
asymmetric MSCs and hybrid ion microcapacitors are gradu-
ally developed to simultaneously improve the capacitance and
voltage. In the case of MSCs, ultrahigh-power MSCs with AC
line-filtering performance hold great potential to be seamlessly
incorporated with integrated circuit for replacing bulky Al elec-
trolytic capacitors. Differently, there are only a few studies on
3D MBs and 3D MSCs due to the complicated process and
requirement of multiple techniques involved, resulting in
incomplete usage of the architecture merits of 3D microelec-
trodes with high-loading active materials. With high active
material loading, 3D MBs and 3D MSCs could dramatically
enhance areal energy density, which is of great importance for
actual applications. But it remains a great challenge to construct
electrically conducting, nanoporous, and compact microelec-
trode arrays with a reliable thickness from tens to hundreds of
micrometers. Beyond lithium ion MBs, zinc ion MBs, and sym-
metric MSCs, developing other high-energy MBs (e.g., lithium—
sulfur batteries, %19 lithium-air batteries,?® zinc-air bat-
teries?%l) with miniature architecture and hybrid MSCs (e.g.,
lithium ion capacitors,?-2°2 sodium ion capacitors,?%3l and zinc
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ion capacitorsi?®) may be an effective approach to improve
areal or volumetric energy density of MEESDs. As compared
with stacked microdevices, in-plane MBs and MSCs possess
unique metrics of multidirectional electrolyte ion diffusion for
greatly boosting rate capability.® However, the investigation
and understanding of the ion transfer mechanism for in-plane
MBs and MSCs are still at their infancy. Thereby more research
works on theoretical simulation and in situ characterization
(e.g., Raman spectroscopy, infrared spectroscopy, and EQCM)
should be done to optimize the device architectures and sizes
for improving the energy and power densities.

Fifth, the dynamics of ion-electron conversion of MBs and
MSCs is mainly determined by interfaces, which have a sig-
nificant effect on rate capability, energy, and power densities.
In principle, MBs and MSCs have at least two important inter-
faces, one between microelectrodes and current collectors, and
another between microelectrodes and electrolyte. In general,
the compatible and strongly coupled interfaces can substan-
tially reduce the interfacial resistance, facilitate electron transfer
between microelectrodes and current collectors, and accelerate
the ion diffusion between microelectrodes and electrolyte, thus
contributing to high rate capability and low energy loss induced
by internal resistance. In particular, the future flexible MBs
and MSCs with multifunctionalities of foldability and stretch-
ability are highly required to possess strong interfacial interac-
tion in order to preserve their intimate contact with each other
without delamination and fracture when they are subjected
to deformation under stress. Usually, the interfaces between
microelectrodes and electrolyte can be significantly improved
via heteroatomic doping,?®! introducing vacancies!?® and
modifying surface?”! of electrodes, which aims to enhance
the wettability between them. On the other hand, directly
forming bonds,?%®! introducing intermediate layers,?® and
direct growth of electrodes!’?”! on current collectors are useful
strategies for producing strongly coupled interfaces between
microelectrodes and current collectors. As demonstrated in
Si-Li;PO,~LiCoO, MBs, the formation of lithium immobiliza-
tion layer at the interface between electrode and solid electro-
lyte has a remarkable influence on the cycling performance.l?!%
Therefore, more studies should be devoted to the interfacial
engineering, including the composition, modification, evolu-
tion, and dynamics of the interfaces.

Based on the recent advances and device fabrication devel-
opment of MEESDs, the future trend of areal and volumetric
energy density of these MBs and MSCs can be predicted.
Within the next five to ten years, to satisfy the growth of flexible
and miniature electronics operating over long periods of time,
increasing the volumetric energy density through the contin-
uous research and development of MBs from lithium ion MBs
to other high-energy MBs, e.g., lithium—sulfur/air MBs, and
high-voltage hybrid MSCs, by a factor of two or more, could be
a reliable direction toward dimensionally defined MEESDs as
standalone or complementary micropower sources for practical
applications. Additionally, a key application for MBs and MSCs
is to engineer a self-powered standalone integrated system with
smart functions on a single substrate. The major challenges
for the realization of such integrated system lie in the lack of
one-step, efficient microfabrication method to simultaneously
construct the different components with strong compatibility,
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e.g., energy harvester, energy storage, energy consumption, as
well the continuous connection of external circuits and suit-
able encapsulation for each components. To this end, printing
techniques, including inkjet printing, screen printing, and 3D
printing, are considered as the all-in-one advanced strategies
for the overall design of most possible device components, e.g.,
microelectrodes, current collectors, electrolyte filling, conduc-
tive circuit, and even direct encapsulation. Moreover, the total
energy conversion efficiency from energy harvester to energy
consumption should be taken into account, which could be
improved through the full consideration of the overall system,
and the improvement of overall compatibility between various
components. It is predicted that the accumulated technical
readiness level will highly facilitate the rapid development of
the self-powered standalone integrated systems in the near
future with various functions (e.g., implantable microdevices
and healthcare sensors). Therefore, it is believed that the planar
MEESDs of MBs and MSCs are ideal micropower sources
for planar integrated circuits and microsystems applications,
where a high level of integration, particularly in all-in-one self-
powered standalone microsystems, is required.
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