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The necessity and superiorities of micro-nano structur-
al electrodes toward high power: Electrochemical energy
storage (EES) technologies have achieved great success in port-
able electronics and electric vehicles owing to their environ-
mental friendliness and cost effectiveness. With the promotion-
al concepts such as the Internet of Things and ultra-high effi-
ciency self-powered systems in recent years, there are substan-
tial demand for superior EES systems, including but not lim-
ited to high-performance, miniaturization and multi-
function' 4. In a particular EES cell, active materials are car-
ried by electrodes as the basic building blocks of energy stor-
age or release. Material innovation (includes composition,
structure, size and morphology) has revealed remarkable en-
ergy density, power density and lifespan for associated
devices in the lab setting of low mass loading slurry-coating
electrodes!®. However, as the loading increases, the trade-off
between energy density and power density becomes ardu-
ous. High mass loading electrodes with adequate energy stor-
age sites enhance energy supply but necessitate extended
thicknesses. Unfortunately, a thicker slurry-coating electrode
may suffer from sluggish kinetics, low active material utiliza-
tion and poor mechanical stability, leading to inferior power
output and short lifetimel®-71, Therefore, subversive elec-
trode architecture ought to be developed to support high
power and long life under the guaranteed high energy dens-
ity.

It has been realized that local optimization of the active
material alone is far from being able to overcome the inher-
ent disadvantages of its randomly individual stacking configur-
ations. Considering the overall electrodes, integrating the mi-
cro-nano structures into an ordered conductive network not
only maximizes the retention of their inherent advantages
but also enables the coordination of performances, espe-
cially in providing high power while ensuring sufficient en-
ergy supply®. Micro-nano structural electrodes can be seen
as the longitudinally regular deformations of the planar elec-
trodes along with a larger specific surface area. This un-
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doubtedly enhances the potential to load more active sites
and maximize active material utilization. On this premise,
high power is also attainable through the facilitation of ion
and electron transport. Firstly, the pre-set free space between
the micro-nano structures allows the ions in the electrolyte to
reach the surface easily, which improves the decisive speed
of ion transport in thick slurry-coating electrodes®. Besides,
ion migration in the solid phase is still fast based on the mi-
cro-nano structural units. Secondly, electron transport is effect-
ively facilitated by unobstructed electrical percolation net-
works. Micro-nano structural electrodes build on material pre-
paration advances without the use of additional additives
and binders so that the electron channels are not obstructed
by inactive componentsBl. As a result, the transport of elec-
trons from the current collector to the active sites is im-
proved as well. Since both ion and electron channels are op-
timized, the polarization is minimized as much as possiblef©l,
Up to these points, the reaction efficiency and power will be
upgraded. Moreover, the current distribution within micro-
nano structural electrodes can also be predicted and regu-
lated by drawing on modeling simulation to ensure uniform
current distribution at high power output and reduce the risk
of structural collapse.

Recent progresses of micro-nano structural thin-film
electrodes: Ordered arrays of micro-nano structures can be as-
sembled on planar current collectors to design micro-nano
structural thin-film (MNTF) electrodes. MNTF electrodes deliv-
er large specific surface areas, fast ion and electron transport
channels, and interactive electrolyte permeation networks'9l,
The refinement of micro-nano manufacturing technology en-
ables the integration of a variety of micro- and nano-struc-
tures such as lithography, templates, pulsed laser deposition
(PLD), electrodeposition and so onl'"- 12, Typically, silicon can
be designed on the microscopic scale as highly ordered ar-
rays or patterns of rods, tubes, pores and so on. Hallot's
group constructed silicon microtubes three-dimensional (3D)
scaffolds (area enhancement factor (AEF) of 50-60) with differ-
ent thicknesses (100-250 nm) coating of spinel-type LiMn,0,
(LMO) films by atomic layer deposition (ALD) for lithium ion
storage (Fig. 1(a))['3l, Among them, the specific areal capacity
of 100 nm thick LMO film coating silicon microtubes scaffold
is close to 180 pA-h/cm? (Fig. 1(b)), which is one to two or-
ders of magnitude higher than that of 3D electrodes fabric-
ated by all ALD deposition techniques while maintaining suffi-
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Fig. 1. (Color online) (a) Three main steps to deposit LMO films on planar and three-dimensional substrates. (b) Galvanostatic discharge plot of a
3D LMO electrode (100 nm thick/AEF = 50) at different C-rates. (c) Performance of the 3D LMO electrodes made by atomic layer deposition regard-
ing state-of-the-art values of thin film electrodes deposited by magnetron sputtering, pulsed laser deposition (PLD), chemical vapor deposition
(CVD), and ALD methods. Reproduced with permissionl'3}, Copyright 2022, Wiley-VCH. (d) lllustration of the HAN fabrication process. (e) Areal en-
ergy and power densities of HAN@SnO,@Mn0,//HAN@SnO,@PPy asymmetric MSCs measured at different current densities. (f) Performance com-
parison of MSCs based on HAN nanoelectrodes with some reported MSCs. Reproduced with permission!¥, Copyright 2020, Nature Publishing
Group. (g) The working principle of Ni microelectrode. (h) Ragone plots of the Ni-Zn microbattery. Reproduced with permission['3], Copyright
2021, Wiley-VCH. (i) Comparison of a usual SnO, NW electrode (left-hand) with a new design of micropatterned NW electrode (right-hand). Repro-

duced with permission!¢], Copyright 2022, American Chemical Society.

cient power density (Fig. 1(c)). Decreasing the scale of the
structure from micron to nanoscale can further increase the
specific surface area of the current collector to provide more
loading sites within the same height. An ultrathin and rigid
honeycomb alumina nanoscaffold (HAN) (Fig. 1(d)) was de-
signed by Lei's group for micro-supercapacitor (MSC)['4l, The
vertically aligned HAN with ultra-high cell density and ultrath-
in nanoscaffold has a surface area enhancement factor of 240
with no aspect ratio limitation, allowing for effective ion trans-
port and large electroactive surface area in a limited foot-
print of the microelectrode. The robust HAN was first coated
with tin oxide (SnO,) and manganese oxide (MnO,) or
polypyrrole (PPy) was then electrodeposited to generate
HAN@SnO,@Mn0O, or HAN@SnO,@PPy electrodes, respect-
ively. The peak energy density of the as-prepared sandwich-
type asymmetric MSCs is about 4 times higher than that of
carbide-derived carbon (CDC) based MSCs, but has a similar
peak power density (Fig. 1(e)), which is one of the best per-

formances of advanced MSCs (Fig. 1(f)). The incorporation of
micro-nano structures is also beneficial to improve the electro-
chemical reaction kinetics under aqueous and solid state elec-
trolytes. Recently, Zhu et al. constructed an aqueous Ni-Zn mi-
crobattery (MB) with ultrahigh rate capability and durability
by in situ reconstruction of epitaxial phase nanoporous Ni
(Fig. 1(g))'%l. The surface reconstruction of interconnected
nanoporous Ni enables sufficient conductivity and reaction
sites, and the as-prepared Ni-Zn MB has a high power dens-
ity of 320.17 mW/cm? and a maximum energy load of 0.26
mW-h/cm? (Fig. 1(h)), achieving a breakthrough in the perform-
ance of aqueous MB. For years, solid-state electrolytes are con-
sidered to be one of the effective strategies to solve battery
safety, but their poor contact with the electrode interface of-
ten leads to low rate performance in addition to their own
low conductivity. In order to increase the contact interface
between the electrode and the solid electrolyte, Kim et al. de-
veloped imaged SnO, nanowire arrays on the stainless steel
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Fig. 2. (Color online) (a) Schematic showing Li-ion MBs with interdigital patterns of 3D bicontinuous nanoporous NiSn anodes and LiMnO, cath-
odes. (b) Ragone plot of microbattery cells and conventional power technologies. Reproduced with permission(2'], Copyright 2013, Nature Publish-
ing Group. (c) The process sequence to prepare 3D interdigital electrodes dielectric capacitor. (d) SEM and optical microscope of 3D interdigital
electrodes dielectric capacitor prepare by photolithography and laser induced. (e) Ragone plot showing high-energy, high-power densities of
the 3D interdigital electrodes dielectric capacitor. Reproduced with permission22l, Copyright 2022, Wiley-VCH. (f) Schematic representation of
MnO,-coated Si microtube electrodes for on-chip MSCs with interdigitated and parallel plate configurations. Reproduced with permission(23],
Copyright 2021, Elsevier. (g) Schematic illustration of the fabrication of 3D MnO, NTA-based flexible MSCs. (h) Ragone plot comparing the 3D
MnO, NTA-based MSCs with other 2D and 3D MSCs. Reproduced with permission(24, Copyright 2022, Royal Society of Chemistry.

through photolithography and controlled the array forma-
tion by modifying different area and spacing of the SnO,
nanowires patterns (Fig. 1(i))'9. Tailored designs in the mi-
crochannels formed between the patterns improve the interfa-
cial bonding between the electrolyte and electrodes, enhan-
cing the capacity of solid-state lithium-ion batteries (LIBs) at
high charge-discharge rates and long cycles.

Recent progresses of micro-nano structural interdigit-
ated electrodes: Different from the sandwich-type device as-
sembly of thin-film electrodes, the interdigitated electrodes ar-
range the cathodes and anodes in a finger or comb shape on
the same plane and remove the traditional separator('7-19],

The size and spacing of the electrode units can reach the mi-
cron level, and the micro-spacing enables the convenient and
rapid transmission of electrolyte ions in narrow gaps to
provide ultra-high power density. In order to further increase
the exposed sites on the electrode surface, the micro-nano
structure arrays can be combined with the interdigitated ar-
rangement to realize EES devices with high energy density
and power density!29, To ensure high power density without
sacrificing energy density, a strategy to simultaneously optim-
ize ion and electron transport in interdigitated electrodes is
proposed. Pikul and his colleagues developed highly conduct-
ive bicontinuous nanostructures using porous templatesi2',
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Fig. 3. (Color online) (a) Schematic illustration for preparation of c-NiVS/NiCuP and e-NiVS/NiCuP on Cu wire. (b) Areal and volumetric Ragone
plot of the asymmetric device. Reproduced with permission(2%), Copyright 2020, Elsevier. (c) Schematic diagram of the FNSC. Reproduced with per-
missionB%, Copyright 2022, Wiley-VCH. (d) Schematic diagram of fiber type supercapacitors. Reproduced with permission3", Copyright 2022,

American Chemical Society.

The NiSn anode and the lithiated LMO cathode were conform-
ally coated on the interdigitated highly porous Ni scaffold
(Fig. 2(a)), respectively and as-obtained MB have a power dens-
ity as high as 7.4 mW/cm2/um, which is 2000 times higher
than other similar MBs (Fig. 2(b)). In particular, some specific
technique realizes the transformation of two-dimensional
thin film electrode to interdigitated electrode simultaneously
with micro-nanostructures. For example, a novel micro-nano
structural interdigitated electrode (Fig. 2(c)) with high depth-
to-diameter ratio porous (diameter and depth of pores are 25
and 490 um, respectively) were fabricated on photosensitive
glass substrates by laser induction (Fig. 2(d))[22l. Then, the Ni
electrodes were grown on the inner wall of porous glass by
electroless plating thus transforming the planar interdigit-
ated structure into a spatial interdigitated structure with high-
er specific surface area (422 times the specific capacitance of
the planar structure). Due to the laser-induced smooth hole
inner wall and pore shape electrode, an energy density of
3.4 W-h/kg and a power density of 6.48 x 10'" W/kg were
achieved (Fig. 2(e)). Moreover, it is possible to combine mi-
cron Si structure with interdigitated electrodes as techno-
logy advances. A Si microtube with an AEF of 47 was used to
construct the three-dimensional structure electrode of MSC.
Bounor et al. used ALD to sequentially deposit Al,O5 layers
(50 nm) and Pt layers (50 nm) on Si microtubes(?3l, Then a
580-nm-thick nanostructured MnO, film was electroplated on
the Si/Al,O3/Pt interdigitated microelectrodes by pulsed elec-

trodeposition to maximize energy density while maintaining
a high power density (> 1 mW/cm?) (Fig. 2(f)). Recently, a por-
ous MnO, nanotube arrays (NTAs) assembled by intersecting
nanoflakes was applied in on-chip MSC devices by a poly-di-
methylsiloxane (PDMS)-assisted transfer method (Fig. 2(g))24.
Due to the sufficient space between porous nanotubes, the ac-
cessible surface of ions is greatly increased while shortening
the diffusion path of ions. The porous nanotube structure not
only shortens the diffusion path of ions but also greatly in-
creases the accessible surface of ions, so as to greatly im-
prove the utilization rate of MnO,. The associated MSCs
achieve high specific area and volume energy densities
(1.9 uW-h/cm? and 2.38 mW-h/cm3) (Fig. 2(h)).

Recent progresses of micro-nano structural fiber elec-
trodes: Flexible fiber electrodes emergence meets the de-
mand for wearable electronic devices in the fields of medical
care, sports, infotainment and so on. They coupled with flex-
ible electrolytes form a monolithic one-dimensional struc-
ture and further assembled into devices in parallel, twisted
and coaxial structures. Moreover, the fiber electrodes with suffi-
cient energy/power density and molding flexibility are pos-
sible to compound with other functional electronic devices
to form multifunctional integrated flexible electronic
devices[?5-28], NiVS/NiCuP nanostructures (Fig. 3(a)) were fabric-
ated on copper wires as fiber electrodes for high-perform-
ance MSCI29, For the first time, porous 3D NiCuP layers were
prepared on Cu fibers by electrodeposition. Then NiVS electro-
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active material was covered on the porous three-dimension-
al NiCuP layer by hydrothermal method, followed by sulfura-
tion treatment. The proposed electrode was able to maintain
an energy density of 188 uW-h/cm? even at a high power dens-
ity of 14.3 mW/cm? (Fig. 3(b)), which is significantly higher
than other reported fiber SCs. However, fiber electrodes gener-
ally suffer from low specific capacitance, slow ion diffusion
and poor electrical conductivity, whereas the introduction of
micro-nano structures may yield superior energy density and
power density. Usually, the array of micro-nano structures is
loaded on the surface of the flexible conductive current collect-
or by vertical arrangement. Furthermore, micro-nano hetero-
structural composites are also feasible. To this end, Guo et al.
used a combination of doping and micro-nano structural elec-
trode construction (Fig. 3(c)) to prepare nitrogen-doped vana-
dium dioxide/nitrogen-doped carbon (N-VO,@NC@CNTF) fiber
electrodes by growing VO, on PPy nanowires of carbon nan-
otube fibers (CNTF)B%, The nitrogen-doped PPy-derived car-
bon is not only able to act as a conductive scaffold for enhan-
cing the ion transport process and conductivity, but also to
regulate the loading of the VO,. On the basis of the synergist-
ic effect of doping and conducting network, all-solid-state
fiber-shaped nonpolarity supercapacitors (FNSC) assembled
from LiCI/PVA gel electrolyte and N-VO,@NC@CNTF fiber elec-
trodes achieved an energy density of 51.8 mW-h/cm3 at a
power density of 1000 mW/cm3. Meanwhile, the fiber-shaped
aqueous zinc-ion batteries (FAZIB) assembled from N-VO,@NC
@CNTF cathode, Zn@CNTF anode and CMC/ZnSO, gel electro-
lyte obtained an excellent energy density of 313.13 mW-h/cm3
at a power density of 142 mW/cm3. Besides, a multifunction-
al core-shell heterostructure electrode was formed by anchor-
ing MoS, nanosheets on TiN nanowires grown on CNTF
(MoS,@TiN/CNTF) (Fig. 3(d))3". The uniformly distributed
MoS, nanosheets are used as the shell to provide abundant
electrochemical active sites, and the neatly arranged TiN
nanowires are used as the conductive core. The flexible fiber-
shaped ammonium-ion asymmetric supercapacitors (FAASCs)
assembled with MoS,@TiN/CNTF anode, MnO,/CNTF cath-
ode and NH4CI-PVA gel electrolyte twist achieved an energy
density of 195.1 uW-h/cm?, even a high specific volume en-
ergy density of 144.4 uW-h/cm? is available at a high power
density of 20 mW/cm2.

Conclusion and prospects: With regard to electrode struc-
tural investigations, finite element simulation modeling is an-
other important method to optimize electrode or device
design and clarify structure-performance relationshipsB32-34,
Some of the micro-nano structural electrodes have been
modeled to simulate reaction degree of the electrode units
and the ion concentration between electrodes under differ-
ent charge/discharge states to predict the optimal structure
parameters. However, experimental and simulation com-
bined studies are still lacking. One reason may be that some
high performance materials are difficult to match with spe-
cial micro-nano structure preparation processes. In conclu-
sion, the introduction of micro-nano structures into the elec-
trode architecture of thin film electrodes, interdigital elec-
trodes and fiber electrodes is an effective strategy to ensure
the retention of sufficient energy density at high power dens-
ity. Nevertheless, the fabrication of micro-nano structural elec-
trodes is rather demanding, and their reproducibility and reli-
ability still need to be studied!35-38],
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