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1 | INTRODUCTION

The booming development of microelectrochemical
energy storage devices (MESDs) is driven by the smart,
wearable, and flexible microelectronics applied in micro-
robots, wireless self-powered systems, patient tracking
and location, implantable medical sensors, and internet
of things."®> However, current power sources with heavy
mass, undesired big volume, and inferior flexibility can-
not satisfy the demand of MESDs with the compatible
advantages of light weight, miniaturization, tunable thin-
ness, and mechanical ﬂexibility.4 To provide a microscale
power source for these intelligent applications, MESDs
delivering high volumetric energy density are especially
indispensable since there is stringent size constrains for
the integration with other electronics. In principle, the
total areal size of MESDs could be in the millimeter or
even in the centimeter scale with different configura-
tions.” To date, lithium-based MESDs, especially for lith-
ium thin-film microbatteries (MBs) (<1 mm in
thickness),>®® have been extensively developed in com-
mercial application for wearable and card-type devices.
Nevertheless, these lithium thin-film MBs exhibit low
volumetric energy densities (<200 Wh/L), comparing
with conventional sandwich lithium-ion batteries
(<650 Wh/L).° Furthermore, high cost of the scarce raw
material, toxic and flammable -electrolyte, rigorous
assembly condition with glovebox, and easy leaking of
the electrolyte impede the widespread application of the
lithium-based MESDs with the utilization in implantable,
wearable, and flexible applications that tightly touch with
human body.’® As a result, the “beyond lithium-based”
MESDs with form factors such as highly safe, low cost,
miniaturized, versatile, intelligent, and integrated fea-
tures have attracted incremental attention.

As attractive alternatives for lithium-based MESDs,
zinc-based MESDs with great potential to produce high
volumetric capacity utilizing environmentally friendly
raw materials have captured increasing attentions, due to
the abundant reserves, low cost, high safety in aqueous
electrolyte, and easy processing.''** Moreover, compar-
ing with the single-electron transfer of lithium-based
MESDs, zinc-based MESDs employ the two-electron
transfer during the charging and discharging process,
which can deliver both high gravimetric capacity (820
mAh/g) and high volumetric capacity (5855 mAh/cm?)."®
It is noteworthy that the aqueous electrolyte of zinc-
based MESDs not only provides faster ion diffusion than
the nonaqueous electrolyte in lithium-based MESDs, but
also guarantees outstanding safety of the microdevices."®
Moreover, the high redox potential of the zinc anode
(—0.763 V vs standard hydrogen electrode) allows zinc-
based MESDs to stably work in aqueous electrolyte,

which is difficult to be fulfilled for lithium-based
MESDs.!” Notably, the reversibility of zinc insertion/
extraction in near-neutral or mild acidic electrolyte (e.g.,
pH = 3.6-6.0) protects the zinc anode from the formation
of zinc dendrites and other byproducts.'®'® Taking into
consideration of the above, it is anticipated that zinc-
based MESDs are very promise for the safe and wearable
electronics applications towards high-performance, mini-
aturization, flexibility, integration and adaptability.

As is well-known, zinc ion MBs (ZIMBs) and zinc ion
microsupercapacitors (ZIMSCs) are the two main zinc-
based MESDs as power supplies coupled with various
microelectronics.’*?* As a rule, ZIMBs display high
energy density through slow redox reactions, for exam-
ple, ion insertion/extraction and conversion reaction in
the internal electrode, while ZIMSCs through rapid
Faradic reaction at the interface between the electrode
and electrolyte or the fast adsorption/desorption of elec-
trolyte ions, equipped with high power density.***2
Compared with ZIMBs, ZIMSCs have come into their
renaissance owing to long service life and high power
density.® To this end, we systematically summarize the
recent advances of zinc-based MESDs in ZIMBs and
ZIMSCs for their intelligent integrated systems (Figure 1).
First, a timeline of the development of ZIMBs is given to
introduce the history of ZIMBs. Second, the state-of-the-
art achievements of both ZIMBs and ZIMSCs with differ-
ent configurations in fiber, in-plane, and sandwiched
types are presented for their integrated systems, such as
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FIGURE 1
energy storage devices (MESDs) with different configurations for
intelligent integrated systems

Schematic of zinc-based microelectrochemical
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smart watch, mobile phone, smart insole, and wearable
fabrics. As an emphasis, the integration with other intelli-
gent systems are overviewed for further understanding
and exploiting their potential value. Finally, the key chal-
lenges, prospects, and future developments of zinc-based
MESDs are briefly discussed for their applications in
smart microelectronics.

2 | ZINCION MBs

In the last decade, ZIMBs have been boomed with diver-
sified configurations and cathodes, due to their intrinsic
virtues of exceptional safety and high energy density.!
The development of ZIMBs from the conventional pri-
mary planar MBs to various configuration rechargeable
MBs is summarized in Figure 2. It can be seen that, since
the first employment of the metallic zinc in 1799, zinc

;;;;;;;;; MATERIALS FOR GREEN ENERGY AND ENVIRONMENT

anode has always been a conspicuous negative electrode
in the primary and secondary batteries attributed to high
theoretical capacity and relatively low redox poten-
tial.'**® At the beginning, zinc anode was widely
explored in alkaline Zn-MnO, primary MBs,*”**3> Zn-Ni
MBs,* and Zn-Ag MBs.**” Ascribed to the irreversible
discharge products and limited rechargeability, Yama-
moto et al. in 1986, firstly replaced the alkaline electro-
lyte in the primary batteries with the mild neutral zinc
sulfate electrolyte, but the fundamental mechanism was
still far from clear. After that, aqueous ZIMBs were devel-
oped rapidly with differently innovative configuration of
fiber, interdigital, and sandwich, targeting for smart, por-
table, and wearable electronics. To clearly overview the
development in this filed, we made a systematical sum-
mary of various ZIMBs with representative configura-
tions (e.g., fiber, sandwich, and in-plane) and various
performance metrics, as listed in Table 1.

Zn/iAgMBs  Z0/MnO,
. (@PPy MBs
\;: e \
Zn//AgMBs  Zn//Br,MBs  Zn/Ag MBs \ Y Zn//Zny(OH),V,0,.2H,0 MBs
Zn//MnO,
Zn//MnO, primary MBs
Zn//NiCo MBs

primary MBs

AgCathode  Zn Anode

Zn//Ag

Zn//MnO, MBs

o
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, »
primary MBs SN
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FIGURE 2 Timeline of the development of ZIMBs. Images reproduced with permission as follows: “Zn//MnO, primary MBs,” “Zn//Ag
primary MBs,” “Zn//Ag MBs,” “Zn//MnO, MBs,” “Zn//NiCo MBs,” “Zn//Vs01,-6H,0 MBs,” and “Zn//V,0s MBs,” reproduced with
permission.””** Copyright 2010, 2012, 2014, 2016, 2017, 2018, 2019, and 2020, Wiley-VCH. “Zn//MnO, primary MBs” and “Zn//V,0s-nH,0
MBs,” reproduced with permission.>>*® Copyright 2013 and 2019, Elsevier. “Zn//Ag MBs,” “Zn//Br, MBs,” “Zn//ZnHCF@MnO, MBs,”
“Zn//MnO,@PPy MBs,” and “Zn//V,0s@TiN MBs,” reproduced with permission.>”*> Copyright 2014, 2015, 2016, 2017, 2018, and 2019,
Royal Society of Chemistry. “Zn//Ag MBs,” reproduced with permission.** Copyright 2017, American Association for the Advancement of
Science. “Zn//NiCo MBs,” “Zn//MnO, MBs,” and “Zn//Zn;(OH),V,0,-2H,0 MBs,” reproduced with permission.***% Copyright 2017, 2018,
and 2020, American Chemical Society. “Zn//NaV;0s-1.5H,0 MBs,” reproduced with permission.*” Copyright 2018, Nature Publishing
Group. MBs, microbatteries; ZIMBs, zinc ion MBs
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2.1 | Fiber-type zinc ion MBs

So far, fiber-type ZIMBs are classified into three catego-
ries in terms of device configurations, containing parallel,
twisted, and coaxial, which have been generally accepted
for assembling fiber microdevices.”® First, the parallel
configuration is established with pairing anode and cath-
ode in parallel with a separator separated them. Remark-
ably, the rigid encapsulation is specially required for

the anode and cathode through a rotation-translation
setup, followed by the surface coating of a solid-state
electrolyte on electrodes to hinder from short circuits.
Ascribed to the similar structure of fabric filaments, this
configuration makes them appear to be extremely suit-
able for wearable applications and scale-up energy tex-
tiles only if the twisted fibers possess sufficient strength
withstanding the stress. Third, the coaxial configuration
is constructed by layer-by-layer assembly, where the cur-

rent collector is utilized as a core, followed by sequen-
tially constructing the electrode onto the surface of

impeding the leakage when the electrolyte is liquid. Sec-
ond, the twisted configuration is assembled with twisting
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FIGURE 3 Fiber-type ZIMBs. A, Schematic of the fiber MBs based on Zn wire and MnO,/carbon fiber. The inset is the cross section of
the fiber battery and the discharge process and an optical picture of Zn//MnO, battery and, B, corresponding discharging curves of the fiber
battery with different MnO, loading obtained at 70 mA/g. C, Schematic of fabrication of waterproof Zn//MnO, MBs based on PAM
electrolytes. D, Schematics and Ragone plot of solid-state Zn//MnO, MBs. C,D, Reproduced with permission.***>>* Copyright 2017 and
2018, American Chemical Society. E, Schematic of fabrication and, F, long-term cyclability of aqueous fiber-shaped Zn//Co;0, MBs
comparing with commercially fiber Zn//Co;0, at 1 A/cm’. G, Schematic of flexible quasi-solid-state Zn//Ni-NiO battery. H, Fabrication of
Zn//Ni MBs. A,H, Reproduced with permission.*>*® Copyright 2013 and 2018, Elsevier. I, Schematic of all-solid-state Zn//TiN@V,0s MBs.
Reproduced with permission.*? Copyright 2019, Royal Society of Chemistry. J, Fabrication and, K, rate capability of the compliant Zn//Ag
batteries. Reproduced with permission.** Copyright 2017, American Association for the Advancement of Science. L, Schematic of Zn//Ag
MBs showing cell components and Zn//PANI MBs. M, Schematic of Zn//CoFe(CN)s MBs based on PAM electrolyte with and without F77,
and, N, corresponding galvanostatic charge/discharge curves. (E-G,L-N) Reproduced with permission.’*2>62 Copyright 2016, 2018, and
2019, Wiley-VCH. MBs, microbatteries; ZIMBs, zinc ion MBs
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current collector, wrapping with gel electrolyte or separa-
tors, and then assembling the other microelectrode. And
the coaxial fibers present a core-shell structure with all
components of the coaxial fiber sharing the single one
same axis.

2.1.1 | Parallel fiber ZIMBs
The first fiber ZIMBs was fabricated in a form of primary Zn-
MnO, batteries with a zinc wire as anode and a dip-coated
MnO,/carbon fiber as cathode,® illustrating good flexibility
without capacity loss during bending tests (Figure 3A). How-
ever, this Zn-MnO, battery was not electrochemically revers-
ible and delivered low capacity (Figure 3B). Later, the
appearance of mild neutral zinc sulfate electrolyte was help-
ful for the transformation of the primary Zn-MnO, batteries
into a highly reversible system. For instance, Wang et al.*®
fabricated the rechargeable Zn-MnO, fiber MBs based on the
MnO, electrodeposited on to the fiber-like carbon nanotubes
and zinc wire in the different zinc salt electrolytes with com-
parably bulky anions (e.g., Zn(CFsSOs),, Zn(TFSI),), and
small anions (ZnSO,, ZnCl,, etc.). Remarkably, they demon-
strated the superior capacity of 290 mAh/g at 0.1 A/g, and
uncoiled the effect of the molecular size of zinc salts in the
electrolyte on the specific capacity and cycling stability. To
develop wearable, durable, and deformable MESDs and
simultaneously ameliorate low ionic conductivity, low elastic-
ity, and poor mechanical strength of the quasi-solid-state gel
poly(vinyl alcohol) (PVA) electrolyte, Li et al.® produced a
kind of waterproof, tailorable and stretchable fiber ZIMBs
(Figure 3C) with polyacrylamide (PAM) electrolyte, dip-
coated MnO, cathode, and electrodeposited Zn anode.
Thanks to the highly ionic conductivity of PAM electrolyte,
the resulting Zn-MnO, MBs delivered high specific capacity
of 3021 mAh/g and outstanding energy density of
53.8 mWh/cm® with a high capacity retention of 98.5% after
500 cycles at 2 A/g. Moreover, splendid flexibility and
strechability (up to 300% strain) of this Zn-MnO, MB was
verified with a long-term cyclability (high capacity retention
of 96.5%) even after 12 hours constant underwater operation.
Derived from the synergistic effects of transition
metal ions, a-layered double hydroxides (a-TM(OH),,
TM = transition metal, especially for bimetallic [Ni, Co]
hydroxides),”®#° Co- and Ni-based composites give rise
to a new possibility for high safety, superior rate capa-
bility and energy density. Typically, Huang et al.**
reported a wearable, conductive Zn//NiCo textile fiber
MBs (Figure 3D) utilized conductive yarns of electro-
deposited zinc anode and nickel cobalt hydroxide cath-
ode, exhibiting impressive specific capacity of 5 mAh/
cm?, excellent rate capability up to 116 C in solid-state

electrolyte, superior power density (32.8 mW/cm? and
2.2 W/cm?) and energy density (0.12 and 8 mWh/cm?).
In order to further improve the cyclability of ZIMBs, the
fiber ZIMBs were assembled with 3D finely crafted
ZnO@C-Zn anode and Co(COs3),5(OH),-0.11H,O@CoMoO,
cathode.”® The anode was constructed by in-situ growth of
the ZIF-8-derived ZnO@C nanorods as the framework onto
carbon cloth and sequential deposition of Zn anode, enabling
ZIMBs with admirable cyclability (82% after 1600 cycles), an
impressive capacity retention of 92.5% after bending states of
100 cycles, and remarkable energy density of 4.6 mWh/cm®
and power density of 0.42 W/cm®. Despite of great achieve-
ments, the development of the rechargeable ZIMBs is seri-
ously impeded by rapid growth of zinc dendrite and greatly
increase of electrode irreversibility. To address these issues,
combing the well-designed anode of 3D zinc flakes anchored
onto the carbon fiber with N and O surficial zincophilic sites
and cathode of Co;0, nanowires arrayed on the Ni wire cur-
rent collector, the fiber Zn//Co;0, full MBs> (Figure 3E)
were demonstrated with notable capacity retention of 90%
after 2000 cycles (Figure 3F) and comparable energy density
of 5.63 mWh/cm®, corresponding to areal energy density of
72.5 yWh/cm?,

2.1.2 | Twisted fiber ZIMBs

Twisted fiber MBs are favorable for knittable, weavable,
and flexibly wearable MESDs, owing to the structure sim-
ilar to the woven wire, which could be easily woven onto
the scale-up textiles. The first demonstration of twisted
Zn//Ni-NiO MBs> was constituted with porous Ni-NiO
heterostructured nanosheets cathode without binder and
zinc wire (Figure 3G) for improving the reversibility of
Ni-based cathode and hindering the zinc dendrite. The
interconnected Ni-NiO heterostructures were prepared
with an approach of a mild hydrothermal and low-tem-
perature calcination of Ni-based precursor, facilitating
the MBs with unprecedented cyclability (100% after
10 000 cycles at 22.2 A/g), admirable energy density of
6.6 pWh/cm?, and high power density of 20.2 mW/cm?.
Later, Li et al.>® designed a new strategy to ameliorate
the poor rate capability, short cyclability, and corrosion
of anodic zinc anode, utilizing a 3D TiO, nanotube array
with lithium doping supported anode (Zn@Li-RTiO,)
and Mn-NiO, cathode (Figure 3H). This array structure
accommodated the deposited Zn as nanoparticles instead
of dendrites during the charging and discharging, which
was ascribed to the improved charge transport after Li
doping and hydrogen-evolving property of TiO,. Notably,
this full MB revealed a remarkable capacity retention of
95% after 20 000 cycles, excellent volumetric energy
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density of 34 mWh/cm® with power density of 17.5 W/
cm’. Meantime, twisted Zn//Ag MBs>® were exploited
with Ag cathode and Zn anode loaded on carbon nan-
otubes (loading level up to 99 wt%) by biscrolling
method, devoting linear capacity in solid electrolyte of
0.276 mAh/cm. To enhance the performance of Zn//
Ag,0 MBs, Li et al.>* developed a quasi-solid-state Zn-
Ag,0O MB with high electron-ion conductivity, showing
high capacity of 1.05 mAh/cm?®, prominent energy den-
sity of 1.57 mWh/cm?, remarkable power density of
14.4 mW/cm?, favorable capacity retention of 79.5% after
200 cycles and high coulombic efficiency. It should be
emphasized that this work made a great advance for fur-
ther development of Ag-based cathode for MBs.

Owing to expensive materials of Ag and severe zinc
dendrites of Zn//Ni MBs, numerous works were devoted
to the development of Mn- and V-based cathode mate-
rials for fiber MBs. For instance, Wang et al.>’ unveiled
the fabrication of smart Zn//MnO, MBs based on MnO,
cathode coated with polypyrrole and zinc anode. The
fiber MBs delivered long cyclability over 1000 cycles and
a comparable capacity of 135.2 mAh/g at 1 C in quasi-
solid-state electrolyte, which was ascribed to the boosting
ionic conductivity and water retention properties pro-
vided by gelation-based gel. To overcome the dissolution
issue of Mn-based materials, high-capacity V-based cath-
ode materials were explored. Impressively, hierarchical
core-shell structure grown on a carbon nanotube was
finely designed, in which 3D highly conductive porous N-
doped carbon arrays performed as core and 2D V,0s
nanosheets served as shell,>® while the 3D skeleton was
derived from the cobalt-based MOF nanowire arrays on
the carbon nanotubes. Benefitting from the distinct struc-
ture, the all-solid-state fiber MBs extended significant vol-
umetric specific capacity of 457.5 mAh/cm? at 0.3 A/cm®
(based on the cathode), together with both high energy
density of 40.8 mWh/cm® and power density of
5.6 W/cm? (based on the total volume of the device). In
the meantime, another similar work in the same group
for elevating the performance of V-based MBs was also
carried out on 3D well-aligned TiN nanowire arrays with
a core-shell heterostructure in situ grown on carbon nan-
otubes.*” The as-prepared all-solid-state MBs (Figure 3I)
disclosed high volumetric capacity of 405 mAh/cm® at
0.5 mA/cm®, excellent cyclablity (90.6% after 3500 cycles),
and outstanding energy density of 283.5 mWh/cm”.

2.1.3 | Coaxial fiber ZIMBs

In comparison with the parallel and twisted ones, the
coaxial-shaped ZIMBs display with a core-shell

architecture sharing the same axis, which provided
larger, closer, and more efficient active areas between
cathode and anode, thus contributing to high material
mass loading and superior deformation resistance. In
this case, Zamarayeva et al.**> explored the Zn//Ag MBs
(Figure 3J,K) with helical springs and serpentines as
current collector, which showed enhanced mechanical
performance and are resilient to the deformation
retaining the electrochemical performance over 17 000
bending cycles. At the same times, to extend the life-
time of Zn//Ag MBs, they reported a cathode with silver
nanoparticle ink with painting onto the conductive
thread and zinc anode (Figure 3L),>° which was sepa-
rated by a cellophane membrane to hinder Ag* from
migrating to the zinc anode. The as-assembled Zn//Ag
MBs represented favorable cyclability of almost 100%
after 170 cycles, and an energy density of 53.4 Wh/L
(18.35 Wh/kg).

Besides, it was reported that supercapacitor-like dual-
ion mechanism of anion and cation coinserted into poly-
mer cathode materials. For instance, Wan et al.>® devel-
oped Zn//polyaniline (PANI) MBs (Figure 3L) with a
new fashion of organic PANI cathodes grown with in situ
polymerization, which performed stable capacity reten-
tion of 91.5% after 200 bending cycles. Meanwhile, Zhang
et al.%° constructed coaxial fiber MBs using MnO, as cath-
ode protected by poly(3,4-ethylenedioxythiophene)
(PEDOT) and zinc nanosheets as anode, both of which
were electrodeposited onto carbon nanotube fibers,
achieving prominent volumetric capacity of 12.86 mAh/cm?
at 20 mA/cm’, high energy density of 17.9 mWh/cm® and
impressive power density of 28.1 mW/cm?>. To improve the
operational voltage and reversibility of zinc ion insertion
and extraction at high rates, the Prussian blue analogues
with a 3D open framework and ample interstitial sites, were
recognized as a promising cathode material for ZIMBs. As a
typical example, Zhang et al.*' demonstrated the fabrication
of coaxial fiber MBs by arranging the zinc nanosheet arrays
on carbon nanotube fiber as the core and zinc
hexacyanoferrate (ZnHCF) on carbon nanotube as the shell.
The as-fabricated MBs offered high specific capacity of
100.2 mAh/cm® and superior energy density of
195.39 mWh/cm?®. To explore the new electrolyte for ensur-
ing the mechanic strength of the MBs, Ma et al.%® invented
a new-type electrolyte (Figure 3M,N) of the PAM with poly
(ethylene oxide)ss;-poly(propylene oxide)s4-poly(ethylene
oxide) (F77), which showed a distinct sol-gel transition fea-
ture from 0°C to room temperature accompanied with the
state change from aqueous to gel, contributing to the full
utilization of the active material. As a result, this Zn//CoFe
(CN)s MB delivered admirable long-term cyclability (93.4%
after 2000 cycles).
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2.2 | In-plane zinc ion MBs

In-plane MBs are composed of separated parallel elec-
trodes on a single substrate, which allow fast and
multidirection ions diffusion and free from separator.”*"
86 At present, many works were contributed to optimiz-
ing the structural design of microelectrodes and decreas-
ing the project area of the microdevices for enhancing
power density and shortening the distance of ion trans-
port. Classically, Gaikwad et al. manufactured the
stretchable primary Zn//MnO, MBs*® with polyacrylic
acid (PAA)-based gel electrolyte, which offered a capacity
of 3.875 mAh/cm?, an open circuit potential (OCV) of
1.5 V, and surprising strechability even under strain as
high as 100%. Furthermore, they powered a printed cir-
cuit directly with a printed primary Zn//MnO, battery
with a voltage up to 14 V.*” However, many stretchable
MBs previously reported were fabricated with elastic

[Ag,0 + H,0 + 20H- + 2¢"|

[zn+20H] g “ [Ag;0 +2H,0 + 4e"|
[2Ag + 40H |

(D)

pETY

FIGURE 4

LBL deposition

Printing Printing
MnO2 ink Zn ink

substrate, such as acrylic elastomer,®® and fabrics.® To
this end, Yan et al.* presented Zn//Ag MBs based on
intrinsically stretchable Ag nanowires and zinc as elec-
trode, which could maintain their functions even
stretched up to 80% after 1000 cycles. In addition, for pur-
pose of prolonging the cycle life, Shin et al.>* proposed an
intriguing strategy for long cycle life with the deposition
of ZnO through relaxation with the help of Bi,Os.

With the development of the fiber MBs, the in-plane
MBs entered their period of vigorous prosperity after the
rechargeable ZIMBs appearance. Remarkably, smart flexi-
ble Zn//LiMn,O, and Zn//LiFePO,”> MBs (Figure 4A)
were constructed with the thermoreversible hydrogel as
functional electrolyte (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide)) by carving with knife molds.
These MBs appeared with superior resistance under severe
mechanical stresses and a reduced electrode-electrolyte
interfacial resistance after re-wetting at low temperature

"

—_—
U —
& Zn (CF;80;), YO0, (B)

MnO,/PPy

In-plane ZIMBs. A, Optical photographs of flexible Zn//LiMn,0, MBs in flat state and under strong folding. B, Schematic

of packaged and encapsulated Zn//MnO, MBs. C, Screen-printing fabrication of Zn//Ag,O MBs on a stretchable substrate and light up a
LED under the stretchable state. D, Schematic illustration of the fabrication process for Zn//MnO,@PPy MBs. B,D, Reproduced with

permission.*!

"7 Copyright 2018, Royal Society of Chemistry. E, The structure and working principle of Zn//VO, MBs. A,C,E, Reproduced

with permission.”*”>”® Copyright 2017 and 2019, Wiley-VCH. F, Schematic of screen-printing fabrication of printed Zn//MnO, MBs. G,
Optical image of tandem printed Zn//MnO, MBs. F-G, Reproduced with permission.* Copyright 2019, Oxford Academic Press. LED, light-

emitting diode; MBs, microbatteries; ZIMBs, zinc ion MBs
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(—5°C). It was impressive that this simple cooling process
at low temperature insured the compact connection
between electrode and electrolyte. Furthermore, high
capacity retention was manifested with 83% and 90% after
300 cycles for LiMn,O, and LiFePQO,, respectively, while
the Zn//LiMn,0, MBs delivered a reversible capacity of
71.1 mAh/g at 20 mA/g. Afterward, the environmentally
benign Zn//MnO, MBs*" assembled with 3D
MnO,@nickel nanocone arrays (NCAs) cathode and
Zn@NCAs anode, were reported with an appealing capac-
ity of 535 mAh/cm®.at 1 C, together with superb volumet-
ric energy density of 713 mWh/cm?® and power density of
16.214 W/cm® (Figure 4B). Kumar et al.”* printed the
stretchable Zn//Ag,0 MBs (Figure 4C) by incorporating
polystyrene-block-polyisoprene-block-polystyrene as
binder for homemade inks, leading to the assembly of all-
printed Zn//Ag,O MBs with a reversible areal capacity of
2.5 mAh/cm? even after 100% stretching. Additionally,
Zn//MnO,@polypyrrole MBs”” (Figure 4D) were obtained
by electroplating Zn and MnO,@polypyrrole onto the
indium tin oxide coated with customized polyethylene
terephthalate substrate, possessing a capacity of
110 pAh/cm? at 0.2 mA/cm?, stable cycability after
200 cycles and high energy density of 21 mWh/cm? at
33 mW/cm®. Exhilaratingly, low-cost quasi-solid-state
MBs’® were exploited with a VO, (B)-multiwalled carbon
nanotubes (VO, (B)-MWCNTs) cathode, a Zn-MWCNTSs
anode by laser engraving and hydrogel electrolyte (Zn
(CF5S05),-PVA) (Figure 4E). These MBs exhibited ultra-
high capacity of 314.7 pAh/cm?, splendid energy density
of 188.8 pWh/cm? and power density of 0.61 mW/cm? It
was observed that the capacity of the MBs has no obvious
decay when the temperature reached 100°C.

Taking into the large-scale, easy-process, and low-cost
advancements of Zn//MnO, MBs (Figure 4F),'" our group
demonstrated high-safe Zn//MnO, MBs with superior per-
formance, modularization and customized diversity. With
the assistance of high conductive Zn ink, MnO, ink, and
graphene ink as metal-free current collector, the resulting
separator-free Zn//MnO, MBs were established by screen-
printing technique, revealing high volumetric capacity of
19.3 mAh/cm?® at 7.5 mA/cm?, representative energy den-
sity of 17.3 mWh/cm® and long cyclability (83.9% after
1300 cycles). Notably, this kind of screen-printed Zn//
MnO, could be built on the different substrates, for exam-
ple, paper, glass, clothes, and have the great applicability
for large-scale production (Figure 4G).

2.3 | Sandwiched zinc ion MBs

Besides the fiber and in-plane configuration, sandwiched
MBs are also one of the important energy storage

microdevices, which follow the traditionally stacked bat-
tery design principles, with sandwich-like geometry of
cathode/separator with/or electrolyte/anode.> In the
early stage, Ho et al.°® exploited a direct write dispenser
printing method for the construction of Zn//MnO, pri-
mary MBs with ionic liquid gel electrolyte, which was
easily integrated onto the substrate. This primary Zn//
MnO, MB presented a discharge capacity of 0.98
mAh/cm? and energy density of 1.2 mWh/cm®. At the
same time, Hiralal et al.® obtained the solid-state and
flexible primary Zn//MnO, MBs (Figure 5A) consisted of
MnO, combined with single-walled carbon nanotubes as
cathode, polyethene oxide as electrolyte and zinc anode.
Afterward, Gaikwad et al.®* addressed the thickness and
capacity limitations by mesh-embedded Zn//MnQO, alka-
line MBs architecture, with help of silver ink as current
collector, PAA-based electrolyte, Zn and MnO, active ink
stencil printed onto the nylon-mesh substrates. The
printed MBs had a discharge capacity of 5.6 mAh/cm? at
0.5 mA. This stencil-printed way exceptionally prompted
the development of the MBs with different configura-
tions. After the electrolyte addition of MnSO, and usage
of cathode protection layer for hindering the damage dur-
ing charge/discharge process, the performance of
rechargeable ZIMBs has been significantly enhanced.
Typically, benefiting from the PEDOT bulffer layer, Zn//
MnO,@PEDOT MBs®' fabricated by Zeng et al.
maintained more than 77.7% of initial capacity after
300 cycles, in conjunction with fantastic energy density
of 33.95mWh/cm® and power density of 8.6 kW/kg.
Meanwhile, Lu et al.* prepared the MnO, cathode wrap-
ped with ZnHCF (ZnHCF@MnO,) by in situ
coprecipitation, which combine the capacitive and inter-
calative properties with redox reactions. The resulting
Zn//ZnHCF@MnO, MBs yielded a high average opera-
tion voltage of 1.7 V and exceptional capacity retention of
71% after 500 cycles, associated with a high-rate perfor-
mance (55% capacity retention). In order to ameliorate
the performance of electrolyte, Mo et al.® proved a smart
thermoresponsive electrolyte that could be immigrated
inside batteries to prevent thermal runway via smart sol-
gel transition, then yielded a smart Zn//MnO, system.
After that, this group developed a novel gelatin of PAM-
based hierarchical electrolyte applied for the flexible
quasi-solid-state ZIMBs®® (Figure 5B,C), showing a splen-
did areal energy density of 6.18 mWh/cm?, power density
of 148.2 mW/cm?, and superb cyclability (97% retention
after 1000 times). This extremely safe and wearable MBs
offered reliable wearability and performed well under
complex conditions. Besides, they also proposed the man-
ufacture of freeze-resistant flexible Zn//MnO, MBs®’
comprising a designed anti-freezing hydrogel electrolyte
(Figure 5D,E) even at —20°C. This electrolyte efficiently
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FIGURE 5 Sandwiched ZIMBs. A, Schematic of sandwiched Zn//MnO, MBs. Reproduced with permission.*® Copyright 2010,
American Chemical Society. B, Optical image, scanning electron microscopy (SEM) image (top view) and cross-section SEM image of the
hierarchical polymer electrolyte film. C, Schematic of solid-state Zn//MnO, MBs. D, Schematic illustration of the strong hydrogen bonds
between EG based waterborne anionic polyurethane acrylates, water, and PAM in the antifreezing gel (AF-gel). E, Schematic of Zn//MnO,
MBs based on antifreezing gel. F, Voltage profiles of Zn//MnO, MBs based on PAM and AF-gel after cooling and heating at 0.8 A/g. B-F,
Reproduced with permission.'®7%® Copyright 2018 and 2019, Royal Society of Chemistry. G, Diagram of Zn//NiCo MBs including the PANa
electrolyte, zinc anode, and NiCoOH cathode. G, Reproduced with permission.”® Copyright 2018, Wiley-VCH. H, Diagram of Zn//
NaV;05-H,0 MBs, and, I, cycling performance at 1 A/g in ZnSO,4 and ZnSO,/Na,SO, electrolytes, and, J, optical picture of powering LED
array containing 52 bulbs under bending state. H-J, Reproduced with permission.*” Copyright 2018, Nature Publishing Group. LED, light-
emitting diode; MBs, microbatteries; PAM, polyacrylamide; PANa, sodium polyacrylate; ZIMBs, zinc ion MBs

widened the working temperature range comparing with sodium polyacrylate (PANa) hydrogel electrolyte with
PAM electrolyte (Figure 5F) and equipped the Zn//MnO, Fe’* crosslinkers that provided ionic bonding with the
MBs with high energy density of 32.68 mWh/cm”. PANa, resulting in the superb Zn//NiCo performance. It
With the pursuit of high capacity and high energy  is certified that PANa electrolyte guaranteed an order of
density, Co- and Ni-based were paid much attention magnitude higher cycability than the PVA electrolyte sys-
owing to high theoretical capacity and large working  tem of Zn//NiCo MBs, coupled with the zinc-free den-
voltage as same as the development of the fiber-type drites owing to the usage of quasi-solid-state electrolyte
MBs. For example, Wang et al.®® reported a Zn//Co;0,  (Figure 5G).”
MB by electrodepositing Zn anode and porous Co;04 Ascribed to low cost and multivalence of vanadium,
cathode on carbon fibers and Ni foam, respectively, using ~ vanadium-based materials have been respected as the
the electrospinning polymer of PVA-PAA as the separa- promising candidates for ZIMBs. Representatively,
tor. These fabricated MBs expressed high discharge volt- NaV;05-1.5H,0 nanobelts synthesized by easy-processing
age of 1.78 V and high energy density of 241 Wh/kg.  liquid-solid stirring strategy was appeared as cathode for
Then, Ma et al.'"® formed the same system based on the Zn//NaV3;0g-H,O MBs, proving stable electrochemical
Co’* rich-Co;0, cathode, aided with CoSO, addition for ~ performance under bending state, using quasi-solid-state
preventing the dissolution of the cathode, which revealed electrolyte (Figure 5H). Furthermore, Zn//NaV;05-H,0
unexceptional flexibility, a high voltage of 2.2 V, and MBs showed enhanced cycling stability based on the elec-
notable energy density of 360.8 Wh/kg. Also, Tan et al.”®  trolyte of ZnSO, with Na,SO,, demonstrating the poten-
generated a Zn//Co;0, MB maintaining outstanding rate ~ tial of integration with light-emitting diode (LED)
capability and energy efficiency over 70% after 200 cycles. (Figure 5LJ).*” Furthermore, another vanadium-based
Remarkably, Huang et al.> constructed a self-healing material of Vs0,,-6H,O via electrodeposition was
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TABLE 2 Performance comparison of the reported ZIMSCs with different configurations

Capacity retention (%)/

cycle number
87.4%/6000
91%/20 000

Power density Energy density Refs.

Capacitance

Voltage (V) Electrolyte

Configuration Electrode

98

29.6 yWh/cm?
52.7 Wh/kg

8 mW/cm?

83.2 mF/cm? at 1 mA/cm?

ZHSO4
Zn(CF3S03), (organic) 170 F/gat 0.1 A/g

0.2-1.8
0-1.8

Zn//carbon nanotubes

Interdigital

99

1725 W/kg

3 mWh/cm?

Zn//active carbon

Sandwich
Fiber

100
101

25 pWh/cm?

~100%/10 000
98%/15 000
80%/3000

56 mF/cm? at 0.05 mA/cm?

86.8 mAh/g at 0.5 A/g

PVA-ZnSO,

0.2-1.8

Zn//active carbon

59.7 Wh/kg

447.8 W/kg

5 mW/cm?

PAM-ZnSO,
ZnS0O,

0.15-1.95

0.4-1.5

Zn//hollow carbon

Sandwich

N
=]
—

152 pWh/cm?

1.1 F/cm? at 0.5 mA/cm?

Poly(3,3’-dihydroxy

Interdigital

benzidine)//active carbon

103
104
105
106

107
108

34.8 Wh/kg
34.9 Wh/kg

13 kW/kg

93.4%/5000
95%/75 000

54.1 mAh/g at 0.1 A/g
128.6 F/gat 0.4 A/g

210 F/gat 0.1 A/g

ZnSO,-MnSO,

ZnS0O,

MnO,//active carbon 0-2.0

Zn//MXene@rGO

Sandwich

279.9 Wh/kg
31.4 kW/kg

0.2-1.6

Sandwich

106.3 Wh/kg
24.9 kW/kg

93%/80 000

0-1.9 Zn(CF3803)2

Zn//activated graphene

Sandwich
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107.3 Wh/kg
0.16 mW/cm?

16.74 kW/kg

73.6%/100 000

1.297 F/cm? at 0.16 mA/cm® ~100%/10 000

148.2 mAh/g at 4.2 A/g

PVA-ZnSO,
ZnSO,

Zn//N-porous carbon 0-1.8

Sandwich

152 pWh/cm?
82 Wh/kg

0.5-1.5

Zn//active carbon
Zn//Ru0,-H,0

Interdigital

122 mAh/g at 0.1 A/g 87.5%/10 000

ZH(CF3SO3)2

0.4-1.6

Sandwich

Abbreviations: PAM, polyacrylamide; PEDOT, poly (3,4-ethylenedioxythiophene); PVA, poly(vinyl alcohol); ZIMSCs, zinc ion micro-supercapacitors.

discovered with layered structure, enabling ZIMBs with
high capacity of 300 mAh/g and fairish capacity retention
of 96% after 50 cycles.”® Furthermore, Zhao et al.*®
invented the flexible Zn//V,05-1.5H,0 sandwiched MBs
with binder-free cathode by an in situ approach, and dis-
closed high specific capacity of 361 mAh/g at 0.1 A/g
under bending state, superb rate capability of 115 mAh/g
at 2 A/g, and impressive capacity retention of 85% after
300 cycles. To sum up, there are two main approaches for
improving the performance of vanadium-based materials.
One is the intercalation of extra ions (such as Li,’"%*
Na,”* Ca,™ Zn,” Co,”* Mn”®) into the interlayer
nanochannels of layered vanadium oxides. Another strat-
egy is the insertion of crystalline water molecules as the
pillar to expand the layer spacing for fast ions transfer.
Besides, some materials with expanded layered structure
(MoS,”®) or 3D porous framework (cyanogroup iron
hexacyanoferrate’®) were also proposed for ZIMBs with
satisfactory performance.

3 | ZINCION
MICROSUPERCAPACITORS

Different from the ion insertion/extraction or conversion
mechanism of MBs, MSCs store the energy by fast surface
reactions, arising much attention due to high power den-
sity, long-term cyclability and superior rate capability,
but suffer from relatively inferior energy density.***” To
combine the unique strengths of MBs and MSCs into one
device, the hybrid ion MSCs have emerged as a highly
competitive class of MESDs with high energy density and
satisfactory power density, assembled by a capacitive
electrode as power source and a battery-type electrode as
energy source. As same as the rechargeable MBs, hybrid
MSCs are usually named according to their internal shut-
tling ions. So far, hybrid MSCs based on monovalent
metal ions have been widely investigated, while multiva-
lent metal ion MSCs have gained limited attention, in
which most studies have mainly focused on ZIMSCs
because of their cost effectiveness, multivalent ions
charge storage mechanism and fast ion transfer dynamics
in the aqueous electrolyte. To date, the present ZIMSCs
could be divided into the in-plane, sandwich, and fiber
configurations. The main device configurations, elec-
trodes, and electrochemical performance of the state-of-
the-art ZIMSCs reported are listed in Table 2.

3.1 | In-plane microsupercapacitors

As mentioned previously, the in-plane MSCs are fabri-
cated with cathode and anode onto one single substrate,
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FIGURE 6 Different configurations of ZIMSCs. A, Schematic of the preparation process of ZIMSCs, and corresponding scanning
electron microscopy images of carbon nanotube, microelectrode, and anode after electrodeposition. Reproduced with permission.*®
Copyright 2018, Royal Society of Chemistry. B, Schematics of ZIMSCs based on DHB and zinc anode, corresponding SEM images.
Reproduced with permission.'®* Copyright 2019, American Chemical Society. C, Schematic of the fabrication process of ZIMSCs by

electrodeposition and injection. D, Schematic of flat-type ZIMSCs, 2D hierarchically nanostructured zinc anode, and structure of fiber
ZIMSCs. E, Schematic of the synthesis route of N-doped hierarchically porous carbon. C-E, Reproduced with permission.'°*°¢!%7 Copyright
2019, Wiley-VCH. F, Schematic of sandwich ZIMSCs. Reproduced with permission.'®* Copyright 2019, Royal Society of Chemistry. DHB,
poly(3,3’-dihydroxybenzidine); ZIMSCs, zinc ion microsupercapacitors

separated by an empty physical spacing with widths of
several or hundreds of micrometers.'® Initially, Sun
et al.”® constructed the first ZIMSC with battery-type
zinc anode and capacitor-type carbon nanotube cathode,
as shown in Figure 6A. The interdigital microelectrodes
of ZIMSC were fabricated by laser engraving of carbon
nanotube paper pasted on the polyimide tape, following
by electroplating the zinc anode on one side of the inter-
digital microelectrodes. In the meantime, they offered a
novel strategy of recoverable zinc anode by in situ ele-
ctroplating the anode without destruction of microelec-
trodes, which sufficiently alleviated the issue of
irreversible consumption of zinc anode and capacity fad-
ing during the charge/discharge process. The as-pre-
pared ZMSCs displayed excellent areal capacitance of
83.2 mF/cm” at 1 mA/cm?, remarkable energy density
of 29.6 yWh/cm? and power density of 8 mW/cm?, as
well as high capacity retention of 87.4% after
6000 cycles. However, carbon nanotube as cathode sup-
plied with a low capacitance of the ZIMSCs. To address
this stumbling issue, an effective strategy was to apply

the materials with high pseudocapacitance into the
cathode. For instance, Wang et al.}%2 devised an innova-
tive cathode of a pseudocapacitance polymer (poly(3,3’-
dihydroxybenzidine) [DHB]) electrodeposited onto the
surfaces of porous active carbon and zinc anode by elec-
trodeposition (Figure 6B). Assisted with the pseudo-
capacitance polymer, the resulting ZIMSCs exhibited
ultrahigh areal capacitance of 1.1 F/cm”® and maximum
areal energy density of 152 pWh/cm?, in conjunction
with high capacity retention of 80% after 3000 cycles.
For the same purpose, Zhang et al.'%’ built the in-plane
ZIMSCs (Figure 6C), composed of battery-type electro-
deposited zinc nanosheet anode and the capacitor-type
active carbon cathode with fast ion adsorption/desorp-
tion mechanism, fabricated by the refined process of
photolithography, electrodeposition, and injection. As a
consequence, the fabricated ZIMSCs revealed landmark
areal capacitance of 1297 mF/cm? at 0.16 mA/cm?, out-
standing areal energy density of 115.4 pWh/cm® at
0.16 mW/cm® without obvious capacity decay after
10 000 cycles.
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3.2 | Other type microsupercapacitors

As known, conventional ZIMSCs”®103195:108 ith sand-
wich configuration store the energy through both the
Faradaic redox reactions on the surface of anode (Zn/Zn*
*) and the formation of electric double layers with elec-
trolyte ions on the cathode. To improve the capability of
storing energy, 2D hierarchically nanostructured zinc
metal (2D-Zn) was electrodeposited onto the surface of
the carbon fiber by voltage-tailored electrodeposition. As
illustrated in Figure 6D, the fiber-type ZIMSCs'%*''° were
successfully fabricated with 2D-Zn structures on carbon
fibers as anode and active carbon casted onto the carbon
fibers as cathode, separated by cellulose papers. This
well-designed nanostructure supplied the fiber-type
ZIMSCs with improved ions diffusion and electron trans-
port, contributing to high areal capacitance of 56 mF/cm?®
at 0.05 mA/cm?, high energy density of 25 pWh/cm? and
power density of 50 pW/cm? as well as high capacity
retention of nearly 100% after 10 000 cycles. However,
impeded by the limited specific surface area of the
corresponding carbonic cathodes and charge storage
capacity via adsorption/desorption of zinc ions in the
Helmholtz layer even in the 2D hierarchically structure,
the energy density is far from satisfactory especially at
high rates. To overcome this issue, a robust sandwich
ZIMSC consisted with a cathode of self-designed N-doped
hierarchically porous carbon'®® and zinc anode. The
poriferous architectures with large surface area and the
incoming N dopants favoring the adsorption/desorption
of zinc ions during charge/discharge, contributed to the
exceptional capacity of 148.2 mAh/g at 4.2 A/g, excellent
capacity retention of 88.3% after 10 000 cycles, high
power density of 27.6 kW/kg and energy density of
91.8 Wh/kg. As another example, Chen et al'®! intro-
duced a flexible sandwich ZIMSC (Figure 6F) composed
of the copolymer derived hollow carbon spheres as cath-
ode, PAM hydrogel as electrolyte and zinc anode deposi-
tion on carbon cloth. Due to high surface area and
hollow structure of the cathode, the ZIMSCs unveiled
robust capacity of 86.8 mAh/g, exceptional energy density
of 59.7 Wh/kg, large power density of 447.8 W/kg, com-
bining with admirable capacity retention of 98% after
15 000 cycles.

4 | FLEXIBLE AND SMART
INTEGRATED SYSTEMS

Although the MESDs have scored tremendous achieve-
ments so far, but there is still a long way for realizing
practical applications of individual MESDs. At present,
most electrical devices are supplied by external and

unportable power sources, with bulky volume and heavy
mass, which cannot meet the booming demand of the
portable and implantable self-powered miniaturized elec-
tronics. Till now, the state-of-the-art MESDs could pro-
vide with areal energy density of 10-2 to 10 mWh/cm®
from MBs and power density of 10 to 103 mW/cm? from
MSCs. However, to realize high energy from microwatts
to watts for powering the microelectronics,’ the self-inte-
gration modularization of parallel and serial connection
in a well-designed fashion is acknowledged as a more
reliable strategy.”®®*' Besides, the MESDs could be inte-
grated with microsized energy harvesters (eg, solar cells,
nanogenerators) to provide high peak power, reasonable
energy density for consumer microelectronics. Despite of
the advances of innovative MESDs and self-powered sys-
tems demonstrated, the development of smart integrated
systems are still in their infancy.

Miniaturized electronics could be readily integrated
with different MESDs for the prosperous targeting appli-
cations. Typically, a battery-in-screen configuration
could be realized by replacing the color filter in a liquid
crystal display screen with the ZIMBs (Figure 7A).”” The
miniaturized ZIMBs integrated with the color filter in
one layer was wired on the screen to supply power,
which could be directly powered by ZIMBs (Figure 7B).
For wearable and flexible MESDs, customized battery
with specified capacity and voltage was crucial for cer-
tain applications. As exemplified, aqueous Zn//PANI
ZIMBs''! were established by packaging with vertically
stacked and interconnected electrodes. And an inte-
grated photosensor was constructed, constituted with a
ring-shaped battery, a photocell, a resistor (47 Q), a
transistor and a LED (Figure 7C). A ring-shaped inte-
grated microdevice was successfully formed based on
the in-series Zn//PANI MBs, possessing a capability of
lighting up a red LED when the photocell detected a cer-
tain of darkness.

Recently, wearable systems have gained increasing
attention, which required an appropriate and high-safety
power source as power supply in various applications of
smart watch, health monitor and various sensors. Espe-
cially, the strechability of zinc ion MESDs is important
when integrated with wearable electronics,'*""> com-
posed of an elastic gel membrane, stretchable electrolyte
and electrode with superior mechanical performance.
And an all-stretchable-component energy storage device
has been successfully established with robust mechanical
deformability.** For instance, a smart watch integrated
with ample electronic components including a processor,
display and sensors, thus demanding of a powerful
energy supplier. For example, the as-fabricated Zn//
MnO, MBs''® could stubbornly survive after placing it
onto the shoes and walking on it for 2 days, even when it
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FIGURE 7 Flexible and smart integration systems based on zinc ion MESDs. A, Schematic of the principle of ZIMBs array as a color
filter, under ultraviolet light illumination. B, Simulation of the full color display with RGB pixels and galvanostatic discharge curves of
ZIMBs array measured at 0.3, 0.5, and 0.8 mA. C Schematic of integration of wearable photo sensor with ring-shape Zn//PANI MBs and a
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integrated ZIMBs with other smart systems. A,B,E) Reproduced with permission.®®”” Copyright 2018 and 2019, Royal Society of Chemistry.
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was fixed onto the wheel of the car for 20 minutes expo-
sure on the road. Owing to the appearance of industrial
weavability and knittability of Zn//NiCo MBs (Figure 7D),
the integration with other smart systems easily realized
on the fabrics. For example, in order to better integrate
the MESDs into the clothes with the sensor, smart micro-
devices and other wearable microelectronics, the
knittable fabrics were applied for constructing Zn//Co304
MBs®*'!” with other smart electronics, including the
wearable sensor, wearable electronics, and smart glass.
As another example, Li et al.°® invented a flexible energy
supplier for smart watch. In this case, three Zn//MnO,
MBs were connected in series and attached the smart
watch to guarantee the well-operation, and further all
functions were realized without accidents. Meanwhile,
the health monitor system integrated with four serially
connected Zn//MnO, MBs into T-shirt was also success-
fully constructed to collect pulse wave data and heart
rate, which could easily imply the human physiological
state under flat and bending states. It was interesting that
the smart insoles were applied to build a high-resolution
in-shoe measurement system which could offer real-time
information while running, walking and other human

activities, indicative of great potential in rehabilitation,
sports and medical diagnostics. These smart insoles con-
sisting of various smart sensors could collect and transfer
real-time information via a bluetooth-connected mobile
phone, exhibiting a strong resistance from external strain
when walking, running, and jumping on the top of the
smart insoles (Figure 7E). Impressively, it could list a
detailed report even running after 2.1 km with the assis-
tance of Zn//MnO, MBs, involving knee stress, gait, com-
pressive evaluation and contact flight ratio.

To efficiently convert the renewable energy (such as
solar, friction, mechanical, and thermal energy) into
electricity and timely supply power for smart micro-
devices, an effective strategy is to develop the integrated
systems consisting of energy harvester (eg, solar cells,
nanogenerators), energy storage system (eg, MBs,
MSCs), and energy conversion devices. Typically, utiliz-
ing solar energy to generate the power and supply elec-
trical energy for MBs and MSCs is a reliable way to
establish energy autonomous system. Therefore, an inte-
grated power source in a bracelet was designed based on
organic photovoltaic module (Figure 7F) and fiber Zn//
Ag battery.*® Furthermore, triboelectric nanogenerators
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(TENGS) and Zn//MnO, MBs''? with the 3D spacer fab-
rics were successfully integrated with the help of recti-
fier (Figure 7G), which had a three-layer configuration
separated by mediate support layer with up and down
layer, serving as the flexible substrate, in which the
space could be filled with gel electrolytes. It was verified
that the energy storage efficiency of the electrical energy
provided by TENGs was up to 39.8%. For other energy
utilization, a wind-generator and a flexible Zn//Ag,O
fiber MB>* were combined to enable gathering and stor-
ing wind energy, and the generator have great capability
for converting the wind energy into electricity. After-
wards, a smart integrated system of the fully solar-
powered coaxial stretchable sensing fiber system®® was
fabricated, involving solar cells for energy harvest, aque-
ous Zn//MnO, battery for energy storage, and a strain
sensor for energy conversion. More specifically, the
solar cells supplied the energy by converting the solar
energy into electricity and fiber Zn//MnO, MBs stored
as chemical energy, existed as a constant and continu-
ous energy supplier for strain sensor, which worked syn-
ergistically to ensure the stable operation of the solar-
powered coaxial stretchable sensing fiber systems.

5 | SUMMARY AND
PERSPECTIVES

In summary, we review the state-of-the-art advances of
zinc ion MESDs in both MBs and microsupercapacitors
for the smart integrated systems. Briefly, the importance
and current status of zinc ion MESDs with the fiber, in-
plane, and sandwiched configurations are described in
details, with an emphasis on the construction of ZIMBs
and ZIMSCs with high-performance and multifunctional
form factors and fundamental understanding of their
energy storage mechanism. Moreover, the progresses of
zinc ion MESDs for flexible and smart integrated systems
are presented to highlight environmental adaptability,
scalability, and applicability.

With the ever-increasing interest in safe, flexible,
miniature, and wearable electronics, enormous efforts
have been devoted to zinc-based MESDs from ZIMBs
to ZIMSCs, as summarized above. It is worth noting
that, only if addressing the challenging issues of
safety, low cost, wide working temperature range,
large voltage operation, high energy/power density,
long-term cycability, and compatible integration, their
practical applications of zinc-based MESDs in the
future will be realized. But in our opinion, the follow-
ing challenges and technical problems should be seri-
ously considered to accelerate the development of
zinc-based MESDs.

5.1 | Screening of high-capacity cathodes
and design of extremely stable anodes

It is well accepted that the capacity of cathode and anode
materials is one of the key factors for determining the
performance of both MBs and MSCs. In general, zinc
anode usually works both as current collectors and active
material at the same time, but zinc metal is directly
appeared without decoration, leading to the irreversible
side reactions, H, revolution, corrosion, zinc dendrite
growth, and passivation that definitely decrease the
energy density to some extent. To mitigate this issue, the
promising strategies of anode protection include the rea-
sonable construction of zinc anode with hierarchical
architecture or zinc hybrids,'® uniform coating of inert
layer on zinc anode,’>''® synthesis of appropriate crystal
zinc structure,”® and introduction of effective additives
into electrolytes.* Specifically, hierarchical architectures,
such as 3D skeleton matrix zinc anode, supply high sur-
face area with enriched active sites for ions accommoda-
tion, enhanced electrode permeability, producing
uniform electric field streamlines and minimizing Zn
nuclei size effectively. In addition, surface coating and
interface modification have been demonstrated as effec-
tive strategies to address the issues of zinc anode,'* such
as porous protective layer on the Zn surface,'?® and intro-
duction of artificial solid electrolyte interface.

On the other hand, since zinc anode possesses high
theoretical capacity of 825 mAh/g, the present capacity of
the report cathodes cannot well match with this high
capacity of anode. Currently, the Mn-, V-, and Prussian
blue-based materials have been demonstrated to greatly
enhance the performance of zinc storage. Undoubtably,
high-performance cathode materials containing multiple-
electron redox reaction, ample active sites and high con-
ductivity (such as Co[III] rich-Co;0,4,"® cyanogroup iron
hexacyanoferrate,”” oxygen-deficient MnO,,"*" conduc-
tive metal-organic framework'??), especially intercala-
tion-pseudocapacitive layered materials, are highly
demanded, and their increased zinc ion storage capability
would be realized by combining the defect/vacancy engi-
neering (eg, heteroatom doping, oxygen vacancies), modi-
fication of surface/interface, construction of highly
conductive heterostructures, and enlargement of the
interlayer spacing in 2D-layered materials.

5.2 | All-climate and solid-state
electrolytes

As mentioned above, the electrolyte for zinc ion MESDs
contains neutral (or mild acid) and some alkaline aque-
ous solution. Compared to neutral electrolyte, the
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alkaline electrolyte contributes to the irreversible capac-
ity, severe zinc dendrites, and passivation.'** Generally,
the most used ZnSO, solution suffers from the intrinsi-
cally limited solubility and low zinc stripping/plating
coulombic efficiency, while the Zn(CF;SOs), presents a
smaller polarization and higher coulombic efficiency,
since the bulky CF3SO; anion decreases the number of
the water molecules surrounding the Zn>* and reduce
the solvation effect.'?* Besides, high concentrated aque-
ous electrolyte, such as Zn(TFSI),+ LiTFSL'** could
exhibit dendrite-free stripping/plating of zinc with nearly
100% coulombic efficiency due to the formation of close
ion pairs (Zn-TFSP+ suppressing the formation of (Zn-
[H,0]s)*" and H, evolution. Additionally, preadded Mn**
additives can provide an appropriate equilibrium between
Mn** dissolution and the reoxidation of Mn®' in the
electrolyte.'*®

To satisfy environmental adaptability and increase the
energy density, it is urgent to explore the all-climate, high-
safe, and high-voltage zinc ion MESDs. However, the
aqueous electrolyte will be frozen below 0°C or boiled over
100°C at one bar pressure, and suffers from narrow work-
ing potential windows, which is not suitable for high-
energy-density zinc ion MESDs working at the wide tem-
perature range. The aqueous electrolyte might cause the
serious leakage issues when the device is operated in
highly complex states such as scrolling, pressing, twisting,
stretching, and other destroying actions. One feasible solu-
tion for this issue is devoted to the development of new
quasi-solid-state electrolytes (eg, ionogel, PAM, PVA, and
PANa-based electrolytes) and even all-solid-state electro-
lytes (eg, metal oxide inorganic electrolyte), owing to their
advantages of outstanding electrochemical stability under
low/high temperature, wide working voltage and easy
processing of encapsulation. But there is still a long way to
realize the practical utilization since the insufficient ionic
conductivity, unsatisfactory mechanical stability and lack
of fundamental understanding of the interfacial chemistry
between electrode and electrolyte. Besides, the “water-in-
salt” electrolytes,'* characteristic of retarded oxygen and
hydrogen evolution by the excessively concentrated salt
solution, is a highly competitive choice to widen the work-
ing voltage window of the aqueous electrolyte on the
promise of high safety. In the “water-in-salt” electrolyte,
the zinc ion hydration could be limited by the high con-
centration of Li*, Na*, and AI**,'*” which could impede
the side reaction of hydrogen evolution reaction. Further-
more, the effective additives,"'*'*” such as special poly-
mers, organic molecules and metal ions of Bi**and Pd*,
could be considered as one of the key knacks for the zinc
dendrites suppression in the improvement of long-term
cyclability, high energy density and high safety of zinc-
based MESDs.

53 |
density

High energy density and power

For high energy density, there are two main factors of
specific capacity and cell voltage that are responsible for
energy density. Therefore, there are three ways for
improving the energy density by (a) increasing the poten-
tial of the cathode, (b) increasing the number of the elec-
trons involved in the redox reactions for improving
specific capacity, and (c) decreasing the molecular weight
of electrode materials."">'*® For high power density,
besides improving the voltage, another approach is
focused on the enhancement of the reaction kinetics,
which could reduce the over potentials and hinder the
fast voltage decay. In this case, the decisive part for high
energy/power density is the choice and design of elec-
trode materials. Furthermore, the configuration of high
energy density devices with a proper electrode material
could be diverse. In particular, the in-plane configuration
could be more likely to meet the demands of high
energy/power density, since they can provide a 3D ion
diffusion transport mechanism'*® with increased loading
mass and free of the separator, and possess the capability
of miniaturization with a customized shape.

So far, several effective strategies for high energy den-
sity and power density have been developed.'** The first
efficient strategy is the optimization of electrode mate-
rials.'®** Large capacity and high voltage cathode mate-
rials conjunct with large capacity and low potential
anode materials could contribute to the increase in
energy density. Those active materials should provide a
fast electron-ion transfer path and increase specific sur-
face area to supply more active sites. The second one is
the structural engineering of electrodes with increased
loading mass and decreased binders and conductive addi-
tives."*' Unique electrode design is of great importance
for realizing high energy density without sacrificing the
flexibility, such as self-supporting electrodes, honey-
comb-patterned current collector, spine-like electrode
with the hard component for energy storage and the soft
component for flexibility provider. The third strategy is to
develop high voltage electrolytes.'*” Especially, all-solid-
state electrolytes with high voltage, mechanical robust-
ness, high ionic conductivity, and small electrode/electro-
lyte interface resistance are promising for next-
generation zinc-based MESDs.

5.4 | Innovative device configuration

In view of the device geometry of zinc ion MESDs, there
are three main types of fiber, in-plane, and sandwiched
configurations. The major purpose of developing each
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configuration is to satisfy the different application scenar-
ios, for example, fiber MESDs for wearable electronics,
in-plane MESDs for ultrathin-customized and miniature
electronics, and sandwich MESDs for flexible electronics.
Moreover, novel configurations, such as nanowire micro-
devices for in situ probe, 3D-interconnected configura-
tion for promoting the ion transport, are supposed to be
developed for further understanding the fundamental
mechanism of the flexible microdevices and improving
the whole capacity. With the rapid development of Inter-
net of Thing, wearable, and miniature electronics, the
key requirement is to construct high-performance zinc-
based MESDs with various functional properties on a
flexible, stretchable and customized substrate. Another
important factor is the development of three-dimensional
electron-ion conductive easy-processing configuration,
which is decided by three counterparts, including the
electron/ion conductivity of microelectrode, the ion con-
ductivity of electrolyte and the interfacial resistance
between electrode and electrolyte. In particular, well-
designed configuration should be proposed for supplying
high areal and volumetric energy density of zinc-based
MESDs based on the sufficient utilization in a customized
project area, which will have a significant impact on the
dynamics of ions and electronics. What's more, the inno-
vative design will be helpful for the construction of
highly safe zinc-based MESDs for smart integration sys-
tems on one single substrate, which is one of the greatest
challenges in the road of realizing industrial applications.

5.5 | Developing scalable fabrication and
encapsulation techniques

The present manufacturing techniques, such as doctor
blading, knife graving, electrodeposition, photolithogra-
phy are still far from satisfactory for the practical applica-
tions. To overcome this issue, cost-effective, easy-
processing, and scalable fabrication techniques must be
explored, in particular, printing technologies, such as
inkjet printing, screen printing, 3D printing. In order to
use these techniques, high-quality well-defined inks
should be controllably prepared to construct the stable
and highly conductive electrode for MESDs, printed onto
the different substrates. Particular emphasis is given to
the flexible MESDs which require highly stable contact of
the formed electrodes with the printed substrate and effi-
ciently withstand the severe deformation. In addition, it
should be stated that the unconventional encapsulation
of MESDs, sealed by the encapsulated materials such as
polydimethylsiloxane, polyurethane or other elastic poly-
mers, presently is still in the early development stage,
which should be paid much attention to substantially

prevent the leakage of liquid electrolyte and thus guaran-
tee high performance and stability of zinc-based MESDs.

5.6 | Fabrication of multifunctional
highly integrated systems with satisfactory
mechanical stability

In order to realize the multifunctional and integrable sys-
tems, numerous features are demanded such as self-
healing, photo sensing, and pressure sensing. The high
safety of environmentally friendly zinc-based MESDs
makes these self-powered integrated systems promise for
many emerging applications such as biomimetic,
healthcare, artificial intelligence, modern optoelectronics,
sensing microelectronics, and other energy-related
devices. For instance, the fiber MESDs have a great
potential in the wearable devices due to its knittable
nature and similarity with fabrics. More importantly, the
energy efficiency is supposed to evaluate the overall per-
formance of the integrated systems, which could be likely
improved by selecting the proper matched electronics,
including energy harvester (eg, solar cells, nano-
generators), energy storage system (eg, ZIMBs, ZIMSCs)
and energy conversion devices (eg, sensor), for the inte-
gration of MESDs.

However, mechanical stability is one of the most
important performance when evaluating the devices
property. To realize good mechanical stability, there are
several important strategies developed.'** First, the elec-
trode and current collectors should possess good mechan-
ical stability under severe deformation. The current
collectors should be chemically compatible with the
active layers and have good adhesion to prevent delami-
nation during flexing and calendaring. Effective strategies
have been realized without metal current collectors or
with thin evaporated metals.® Second, the flexible and/
or stretchable substrate is supposed to supply good
mechanical stability. Also, the packaging materials
should be flexible, sealable, resistant to corrosion and
chemically resistant to aqueous and organic solvents/
chemical products in the battery.?® Third, the electrode
microstructure could be designed to disperse the defor-
mation pressure, such as spine-like electrode,"*® bamboo-
slip-like electrode, in which the hard component could
work as energy storage and the soft component could
work as flexibility provider. The last but not least, all-
solid-state electrolyte’*® could contribute to high
mechanical stability, and then avoid the leakage of aque-
ous electrolyte under the severe deformation.

In brief, great significance is put on the exploration
and optimization of high performance cathode, anode and
electrolyte, combined with the novel configuration and
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further understanding of the mechanism. Importantly, the
synergistic optimization of the whole devices including
encapsulation and energy conversion efficiency should be
overally considered. Therefore, zinc-based MESDs are a
very important class of high-safety, cost-effective micro-
scale power source, and holds great promise for the future
wearable and miniaturized smart integrated systems.
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