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3D Macroporous Frame Based Microbattery With Ultrahigh
Capacity, Energy Density, and Integrability

Wei Yang, Lin Xu, Wen Luo, Ming Li, Ping Hu, Yuhang Dai, Fazhi Ye, Chunhua Han,
Minxuan Zhou, Rong Tu, Ji Shi, and Liqiang Mai*

In-plane microbatteries (MBs) with features of facile integration, mass
customization, and especially superior electrochemical performance are
urgently required for self-powered microelectronic devices. In this work, a
facile manufacturing process is employed to fabricate Zn–MnO2 MB with a
3D macroporous microelectrode. Benefiting from the high electron/ion
transport path of 3D macroporous microelectrode and high mass-loading of
poly(3,4-ethylenedioxythiophene)-manganese dioxide (PEDOT-MnO2) film,
the MB achieves an ultrahigh capacity of 0.78 mAh cm−2 and an outstanding
areal energy density of 1.02 mWh cm−2. Moreover, 3D macroporous
PEDOT-MnO2 hybrid film is achieved by one-step electrodeposition, which
effectively improves the cycling performance without reducing areal capacity
or hindering the ion diffusion. Notably, the MB can stably drive an electronic
timer for ≈400 min or be integrated and operated on the surface of a digital
hygro-thermometer. The MBs are capable of operating stably in the high
rotation speed and vibration condition, such as applied on the surface of an
axial-flow fan. Moreover, the MB can integrate by stacking the substrate-free
microelectrodes and achieving outstanding energy density of 3.87 mWh cm−2.
Therefore, the PEDOT-MnO2//Zn MB has good prospects as a
next-generation component applied in self-powered microelectronic devices.

1. Introduction

Miniaturized on-chip power supplies are highly required for next-
generation self-powered microelectronic devices. Combining
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high electrochemical performance
and high integration is a crucial is-
sue for on-chip micro energy storage
devices to satisfy the application in
self-powered wireless microsensors,
portable/implantable microelectronic
devices, portable/wearable personal
electronics, microelectromechanical
systems, and so on.[1,2] Nowadays, micro-
supercapacitors (MSCs) with interdigital
electrodes have attracted wide attention
from researchers due to their facile
fabrication, eco-friendliness, high areal
power density, and long lifespan.[3,4]

However, a flat discharge plateau and
high energy density are essential for
many microelectronic elements that
demonstrate the critical status of micro-
sized batteries. As commercial on-chip
micro power supplies, Li-ion film bat-
teries with high areal energy densities
and excellent integration performance
have been widely applied. Still, their
limited lifespan, low power density, en-
vironmental/health risk, and economic

cost limit their further application for next-generation self-
powered micro-electronic systems.[1] Therefore, aqueous mi-
crobatteries (MBs), compatible with high safety, superior en-
ergy/power density, nontoxicity, and simple processing, can re-
alize the application of micro-energy storage devices (MESDs) in
microelectronic devices.

To obtain interdigital microelectrodes for MESDs, active mate-
rials should be constructed in the limited patterned space by vari-
ous methods, such as vacuum filtration,[5] inkjet printing,[6] pho-
toresist carbonization,[7] and bottom–up electrodeposition.[8] The
high areal energy density is crucial and is typically achieved by
high areal mass-loading of active materials. Still, the rate perfor-
mance significantly decays with the increase of the electron/ion
transport path.[9] For microelectrodes, compared with stacking
active materials on the planar surface, 3D microelectrodes with
thick and internal microporous microstructure have enormous
potential to increase surface area and loading of active materi-
als per-unit footprint area. Furthermore, 3D microelectrodes are
capable of offering sufficient electrolyte diffusion paths and ac-
celerating the electron/ion transportation process, which effec-
tively enhances the energy/power performance of the MESDs.[10]

Presently, 3D microelectrodes have been widely applied in
MESDs fabrication and constructed into various morphologies
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such as pillar structure,[11] layer-by-layer structure,[12] vertical
alignment structure,[13] interwoven nanowire structure,[14] and
porous structure.[15] Among them, microelectrode with a macro-
porous structure is capable of offering a large surface area for ac-
tive materials growth, a 3D frame for electron transport, and suf-
ficient interspace for ion transport. Therefore, the hard template
method with polystyrene opal self-assembled film was widely em-
ployed in constructing ordered 3D macroporous microelectrode
and achieving MBs with high energy/power performances.[15–17]

However, the disadvantages, including high costs for polystyrene
nano/micro sphere, the relatively time-consuming vertical depo-
sition process, the strict temperature and time control for post-
baking, and the highly smooth requirement for electrode surface,
have vastly hindered the large-scale commercial application for
this method. Hence, a rapid, scalable, and low-cost manufactur-
ing should be preferentially considered for future industrial ap-
plications. As one of the soft template methods, the hydrogen
bubble template is capable of constructing a macroporous frame
at a breakneck speed, has been widely adopted in the different-
scale electrodes’ manufacture, and achieves a 3D macroporous
structure with high thickness and surface area, which real-
izes high capacity materials loading and achieves superior elec-
trochemical performance.[18] Therefore, the hydrogen bubble
template method has a superior advantage in microelectrode
fabrication and a high potential applied in industrial MESDs
manufacturing.

Among the various cathode materials for aqueous energy
storage devices, Mn-based materials have a high capacity, low
price, high level of safety, various commonly available valence
states with relatively high electrochemical potentials (Mn2+,
Mn3+, and Mn4+), facilely achieved through electrochemical
preparations.[19,20] Therefore, various Mn-based materials have
been applied in energy storage, such as biphase Co–Mn–
O,[21] 𝛽-MnO2/birnessite core/shell nanostructure,[22] rod-like
Na0.95MnO2,[23] ultralong MnO2 nanowires,[24] and ultrathin 𝛿-
MnO2 nanosheet.[25] In these works, Mn-based materials exhibit
rich morphologies and achieve superior electrochemical perfor-
mance when employed as cathodes for batteries or supercapaci-
tors. Thus, Mn-based materials have been widely adopted as cath-
ode electrodes for MESDs. In general, the energy density (E) de-
pends on the capacity (C) and voltage platform (V). Hence, adopt-
ing suitable active materials and lifting voltage platforms are crit-
ical for improving energy density. As an excellent aqueous an-
ode material, zinc has a low potential of −0.763 V (vs standard
hydrogen electrode), a high capacity density of 5855 mAh cm−3,
safety/nontoxicity, and low cost.[26] Therefore, it has been widely
established as a candidate for aqueous batteries, such as CC–
CF@ZnO//CC–CF@NiO alkaline battery,[27] PPy//Zn battery,[28]

and porous carbon//Zn Br–Zn static battery.[29] Recent years
have witnessed the thriving development of Zn–MnO2 aque-
ous MBs due to their relatively high output voltage, high ca-
pacity, facile fabrication, good safety, low-temperature applica-
tion, and eco-friendliness.[30,31] Nevertheless, the present pla-
narization design and direct active materials loading of MESDs
are hard to realize high areal electrochemical performance.[32]

Therefore, the breakthrough in combining 3D frame microelec-
trode with Zn–MnO2 MBs to achieve high areal energy density
is urgent.

2. Results and Discussion

In this work, the interdigital microelectrode was
achieved by constructing a rational mass-loading poly(3,4-
ethylenedioxythiophene)-manganese dioxide (PEDOT-MnO2)
film on a 3D macroporous Ni frame and further formulated
to fabricate quasi-solid-state PEDOT-MnO2//Zn MBs. The 3D
macroporous Ni frame microelectrode with high thickness
has a large surface area for active materials growth and pro-
vides an abundant pathway for electron/ion transport. The
PEDOT-MnO2//Zn MB has a high capacity of 0.78 mAh cm−2

(at 0.5 mA cm−2), an ultrahigh energy density of 1.02 mWh cm−2

(at 0.65 mW cm−2), and a relatively high power density of
12.16 mW cm−2 (at 0.16 mWh cm−2). Notably, the MB with four
layers stacked microelectrodes shows outstanding integrability
and expansibility, which delivers an ultrahigh areal capacity of
2.94 mAh cm−2 and energy density of 3.87 mWh cm−2. This MB
exhibits excellent electrochemical performance, facile fabrica-
tion, and high integrability that has great potential applications
in microelectronic systems.

The fabrication process of PEDOT-MnO2//Zn is exhibited
in Figure 1. The PEDOT-MnO2 macroporous microelectrode is
achieved through an electrodeposition process. First, Ni micro-
electrodes, fabricated by commercial large-scale wet etching (Fig-
ure S1a, Supporting Information), are prepared and constructed
with 3D macroporous Ni microstructure on the surface by a hy-
drogen bubble template method (Figure 1a). Then, an electrode-
position electrolyte solution containing manganese acetate and
EDOT is prepared, in which a cyclic voltammetry (CV) electrode-
position process with different cycles of 10, 30, 50, 70, and 90
is employed, and constructs a continuous thickness of PEDOT-
MnO2 film on the 3D macroporous Ni frame microelectrode
(denoted as PEDOT-MnO2-10, 30, 50, 70, and 90, respectively)
(Figure 1b). In this strategy, a rational mass-loading film is ca-
pable of providing a high areal capacity relative to a low mass-
loading film and combining a suitable ionic diffusion path. Still,
an excessive mass-loading film will observably impede ion diffu-
sion in the active material (Figure 1c). After that, a Zn@carbon
nanotubes (CNTs) and a PEDOT-MnO2-70 interdigital microelec-
trode are assembled on a polyethylene terephthalate (PET) sub-
strate by assembly tool (Figure S1c, Supporting Information). Af-
ter gel-electrolyte coating, the microelectrodes are packaged with
a square polyethylene (PE) film, and the PEDOT-MnO2//Zn MB
is achieved (Figure 1d).

Figure 2a,b exhibits the scanning electron microscopy (SEM)
morphology of 3D macroporous Ni microelectrode. The macro-
porous are uniformly distributed on the surface of one finger
of the microelectrode, and the digital image of this interdigital
microelectrode with four fingers exhibits fine appearance (Fig-
ure 2a inset). The macroporous are surrounded by micro Ni
clusters (Figure 2b) with a high surface area, and the Ni clus-
ters are constructed by Ni nanoparticles below 200 nm (Fig-
ure S2a, Supporting Information). Figure 2c exhibits the mor-
phology of PEDOT-MnO2-70 microelectrode. The surface of Ni
clusters is evenly coated with PEDOT-MnO2 composite, and the
macroporous structure is well retained. Furthermore, the dig-
ital image of PEDOT-MnO2-70 microelectrode exhibits a simi-
lar appearance to the 3D macroporous Ni frame microelectrode
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Figure 1. Schematic illustration of the fabrication processes of a) 3D macroporous Ni microelectrodes and b) PEDOT-MnO2 microelectrodes. c) The
schematic diagram for electron/ions transport in different thicknesses of PEDOT-MnO2 film. d) Digital image for PEDOT-MnO2//Zn microelectrodes
and manufacture for quasi-solid-state PEDOT-MnO2//Zn MB.

(Figure 2c inset), demonstrating the outstanding feasibility of
this electrodeposition strategy. Compared to the chapped bulk
structure of PEDOT-MnO2-70 film on the planar microelectrode
(Figure S3, Supporting Information), the 3D Ni frame is capa-
ble of offering sufficient interspace and surface area for active
materials growth, the rational mass loading of PEDOT-MnO2-
70 film is capable of providing superior areal capacity, and the
porous structures provide transport paths for electrolyte ions.
The SEM images of PEDOT-MnO2-10 to 90 are further collected.
Compared to 3D macroporous Ni frame microelectrode, the mor-
phology of PEDOT-MnO2-10 appears unchanged at low magnifi-
cation images. At high magnification, the Ni clusters are densely
covered with nanosized PEDOT-MnO2 composite material, and

the Ni nanoparticles remain well (Figure S4, Supporting Infor-
mation). With the increase of mass loading, the macroporous
is covered with gradually thickened PEDOT-MnO2 film. The
macroporous structure remains well for PEDOT-MnO2-30 and
50 (Figures S5 and S6, Supporting Information). The excessive
mass-loading film appears for PEDOT-MnO2-90 with macrop-
orous size shrinking dramatically (Figure S8, Supporting Infor-
mation), indicating the feature of continuous mass loading in-
crease with the electrodeposition process for the strategy. Fur-
thermore, energy dispersive spectroscopy (EDS) mapping im-
ages of the edge side of PEDOT-MnO2-70 are exhibited in Fig-
ure 2d and verify the homogeneous distribution of Mn, S, and Ni
elements, indicating the MnO2 and PEDOT are uniform coated

Figure 2. Structural characterizations of PEDOT-MnO2 microelectrode. SEM images of a,b) 3D macroporous Ni frame microelectrode and c) PEDOT-
MnO2-70 microelectrode. d) EDS mapping images of Ni, Mn, and S elements. e) Full XPS spectrum and f) Mn 2p spectrum of PEDOT-MnO2 micro-
electrode.
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on the microelectrode. The atomic ratio of Mn and S elements
of PEDOT-MnO2-70 microelectrode is also characterized by EDS
and present in Figure S9, Supporting Information. For PEDOT-
MnO2-10, 30, 50, and 90 microelectrodes, similar EDS results are
also obtained, indicating the uniformity of active material depo-
sition during this process (Figures S10–13, Supporting Informa-
tion). The X-ray diffraction (XRD) patterns of Ni, porous Ni, and
PEDOT-MnO2-70 microelectrodes are exhibited in Figure S14,
Supporting Information, porous Ni has high stability during the
deposition process, and the electrodeposition of MnO2 shows a
low crystallinity. The Raman spectra of MnO2-70, PEDOT-MnO2-
70, and PEDOT-70 microelectrodes are exhibited in Figure S15,
Supporting Information. The obvious Raman peaks of Mn–O for
MnO2 and C=C for PEDOT can be detected in PEDOT-MnO2-
70.[20,33] The high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) images
of PEDOT-MnO2-70 are shown in Figure S16, Supporting In-
formation; the interplanar distance of 0.24 nm corresponds to
the (100) MnO2 (JCPDS# 30–0820) and the SAED pattern shows
similar results. The PEDOT-MnO2-70 is further characterized by
X-ray photoelectron spectroscopy (XPS). As shown in Figure 2e,
the XPS survey spectrum exhibits the presence of S, C, O, and
Mn elements in the PEDOT-MnO2-70 film. Figure 2f exhibits the
XPS peaks of Mn 2p3/2 at 641.7 eV, and Mn 2p1/2 at 653.4 eV;
the spin-energy separation of 11.7 eV corresponds to the Mn4+

2p electrons.[34,35] Figure S17a, Supporting Information presents
the XPS of S 2p, the binding energy for S 2p3/2 and S 2p1/2 are
located at 163.3 and 164.6 eV, and a binding energy difference
of 1.3 eV. The third peak, at 168.1 eV, corresponds to partially
oxidized S (S𝛿+).[36,37] The O 1s peak has four obvious compo-
nents, representing the peak at 529.5 eV for the Mn–O com-
ponent, the peak at 530.9 eV for the C–O–C component in PE-
DOT, the peak at 532 eV for the Mn–O–H component, and the
peak at 533.4 eV for absorbed water (Figure S17b, Supporting
Information).[38]

To evaluate the electrochemical properties, a two-electrode
cell is assembled. The PEDOT-MnO2 microelectrodes are em-
ployed as cathodes, and a commercial Zn foil is employed as
the anode in the aqueous electrolyte containing 2 m ZnSO4 and
0.4 m MnSO4. Figure 3a presents the discharge voltage profiles
of PEDOT-MnO2-10, 30, 50, 70, and 90 at a current density of
1 mA cm−2. With the thickness of PEDOT-MnO2 film increas-
ing, all the curves have a prolonged discharge voltage platform
situated at ≈1.2–1.4 V, and the areal capacities increase succes-
sively, indicating the 3D macroporous Ni frame offers a suffi-
cient interspace and surface area for constructing active materi-
als with gradually expanded mass loading. The areal specific ca-
pacities of PEDOT-MnO2-10, 30, 50, 70, and 90 at different cur-
rent densities are shown in Figure 3b. At a low current density
of 1 mA cm−2, the areal specific capacities of the above micro-
electrodes are 0.34, 0.81, 1.10, 1.42, and 1.59 mAh cm−2, respec-
tively (gravimetric capacity based on the mass of active materi-
als is exhibited in Figure S18, Supporting Information). When
the current density increases to 10 mA cm−2, the capacities of
PEDOT-MnO2-10 to 70 are maintained at 0.14, 0.31, 0.41, and
0.51 mAh cm−2, respectively. For PEDOT-MnO2-90, the capacity
retention notably decreases to 0.44 mAh cm−2 because the exces-
sively thick film seriously hinders the diffusion of the ions and
results in a poor rate performance. Therefore, compared with the

above microelectrodes, the thickness of PEDOT-MnO2-70 film is
capable of achieving high mass-loading and relatively high ions
diffusion simultaneously. The electrochemical impedance spec-
trum (EIS) is further carried out to explore the electrochemical
behavior of PEDOT-MnO2-10 to 90 microelectrodes (Figure S23,
Supporting Information). The typical Nyquist plots of PEDOT-
MnO2-10 to 90 can consist of a series resistance (Rs), an inter-
facial resistance (Ri), and a charge transfer resistance (Rct).

[39]

The Rs of PEDOT-MnO2-10 to 90 microelectrodes is approxi-
mate. When the deposited film rises from PEDOT-MnO2-10 to
90, the Ri and Rct gradually increase. Moreover, the slopes of
fit lines of PEDOT-MnO2-30 to 90 gradually decrease at low-
frequency, indicating their transfer/diffusion kinetics decrease
gradually.[40] The galvanostatic charge/discharge (GCD) curves of
PEDOT-MnO2-70 from 1 to 10 mA cm−2 with a potential win-
dow of 0.9 to 1.8 V are shown in Figure 3c. With the current
density increases, the charge/discharge curves exhibit stable volt-
age and relatively high Coulombic efficiency. In addition, the IR
drop is calculated from GCD results of 7.4, 13, 18.6, 24.5, 22.9,
35.1, 40.4, 45.9, 51.7, and 56.5 mV at a current density from 1
to 10 mA cm−2, respectively. The low IR drop for PEDOT-MnO2-
70 microelectrode demonstrates the 3D macroporous Ni frame,
and PEDOT offers a fast electron transfer path. The high areal
capacity of PEDOT-MnO2-70 is contributed by the Mn2+ addi-
tive and the inserting/extracting of Zn2+/H+ (Figure S19a, Sup-
porting Information).[41] Besides, PEDOT-MnO2-70 and MnO2-
70 exhibit similar discharge plateau and areal capacity, indicat-
ing the low contribution of PEDOT in the charge/discharge pro-
cess (Figure S19b, Supporting Information). Meanwhile, MnO2-
70 shows a poor cycling performance without PEDOT protection
(Figure S19c, Supporting Information), which is consistent with
previous reports.[30,42,43] The approximate GCD performances of
PEDOT-MnO2-10, 30, 50, and 90 with high Coulombic efficiency
and stable discharge plateau are exhibited in Figure S22, Support-
ing Information, indicating the high electrochemical reliability
for the PEDOT-MnO2 films with thickness increasing. The CV
curves of PEDOT-MnO2-70 from 1 to 5 mV s−1 are shown in Fig-
ure 3d with a voltage from 0.9 to 1.9 V. Upon cathodic scanning of
1 mV s−1, the two reduction peaks at 1.4 and 1.2 V peak cor-
respond to Mn4+ reduction to Mn3+, which approximate to the
GCD results. To study the charge storage mechanism of the
PEDOT-MnO2-70 microelectrode, Dunn’s method is employed
to separate the current contributions of capacitive contribution
(shaded region) and diffusion-controlled contribution (blank re-
gion) (Figure 3e; Figure S24, Supporting Information).[44] The
diffusion-controlled and capacitive contributions to the total
stored charge of the PEDOT-MnO2-70 microelectrode at differ-
ent scan rates are shown in Figure 3f. With the scan rates rising
from 1, 2, 3, and 4 to 5 mV s−1, the ratios of contribution de-
termined by the capacitive process increase steadily from 51.4%,
66.2%, 72.7%, and 76.5%, to 85.4%, respectively. To determine
the reaction kinetic of PEDOT-MnO2-70 and MnO2-70, the gal-
vanostatic intermittent titration technique (GITT) is employed.
Figure 3g–i illustrates the GITT curves and the ions diffusion
coefficients of PEDOT-MnO2-70 and MnO2-70 microelectrodes.
The two obvious discharge plateaus correspond to the diffusion
coefficient values, indicating the fast H+ insertion of plateaus
I and slow Zn2+ insertion of plateaus II, respectively.[45,46]

Moreover, the similar GITT curves and corresponding ion
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Figure 3. Electrochemical performance of PEDOT-MnO2-10, 30, 50, 70, and 90 microelectrodes. a) Discharge curves at a current density of 1 mA cm−2

and b) areal capacities at various current densities. c) GCD curves of PEDOT-MnO2-70 at various current densities. d) CV curves of PEDOT-MnO2-70 at
different scan rates and e) from 0.9 to 2.1 V with shadowed area exhibiting the capacitive contribution. f) Separations of capacitive and diffusion-controlled
contribution at different scan rates for PEDOT-MnO2-70 microelectrode. GITT curves during the discharge and charge process for g) PEDOT-MnO2-70
and h) MnO2-70 microelectrodes. i) Ionic diffusion coefficient derived from GITT curves during the discharge and charge process for PEDOT-MnO2-70
and MnO2-70 microelectrodes.

diffusion coefficients of PEDOT-MnO2-70 and MnO2-70 in-
dicate that similar storage mechanism occurred in the two
microelectrodes.

Electrochemical performances of quasi-solid-state PEDOT-
MnO2//Zn MB are shown in Figure 4. The CV profiles of
PEDOT-MnO2//Zn MB at varying scan rates from 1 to 5 mV
s−1 are exhibited in Figure 4a. With the scan rates increasing,
the CV curves show an analogous shape, demonstrating a supe-
rior rate performance and a highly reversible redox reaction. Fig-
ure 4b shows the GCD curves of the PEDOT-MnO2//Zn MB at
various current densities ranging from 0.5 to 10 mA cm−2, ex-
hibiting a discharge platform from 1.2 to 1.4 V, consistent with
the CV results. Moreover, the PEDOT-MnO2//Zn MB shows an
ultrahigh areal capacity of 0.78 mA cm−2 at the current density of
0.5 mA cm−2 and capacity retention of 32% at the current density
of 5 mA cm−2 (Figure S25, Supporting Information). The MB ex-
hibits considerable capacity retention of 77% after 1000 cycles at a
current density of 15 mA cm−2 (Figure S26, Supporting Informa-
tion). The overall performance of the PEDOT-MnO2//Zn MB was

evaluated with the Ragone plot related to the areal energy density
and areal power density (Figure 4c). PEDOT-MnO2//Zn MB de-
livered an ultrahigh areal energy density of 1.02 mWh cm−2 at
the power density of 0.65 mW cm−2. This ultrahigh energy den-
sity exceeded most reported aqueous micro energy storage de-
vices, about VO2(B)-MWCNTs//Zn MB of 0.189 mWh cm−2,[47]

carbon//Zn MSC of 0.115 mWh cm−2,[48] Na-MnO2//Zn MB of
0.087 mWh cm−2,[49] CNT//Zn MSC of 0.03 mWh cm−2,[50] ITO-
MnO2 MSC of 0.027 mWh cm−2,[51] MnO2@Ppy//Ppy MSC of
0.012 mWh cm−2,[52] and MnHCF-MnOx MSC of 0.002 mWh
cm−2.[53] Moreover, PEDOT-MnO2//Zn MB could offer a maxi-
mum power density of 12.16 mW cm−2, which towered over the
Ni-MnO2//Zn MB of 0.0013 mW cm−2 with a similar max areal
energy density.[32] Furthermore, the volumetric performance of
PEDOT-MnO2//Zn MB was calculated (Figures S27 and S28,
Supporting Information), achieving a maximum volumetric en-
ergy density of 56 mWh cm−3. To demonstrate the electrochem-
ical performance of active materials, we ignored the thickness
of the Ni interdigital microelectrode of 100 μm and achieved a
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Figure 4. Electrochemical performance of PEDOT-MnO2//Zn MB. a) The CV curves at different scan rates, b) the GCD curves at various current densities,
and c) the Ragone plots based on the areal energy/power densities. d) Electrochemical performance of MBs in series. e) The digital hygro-thermometer
is driven by MBs in series (without substrate). f) The LED-MBs system operates with high-speed rotation. g) Digital images show an electronic timer
driving by a MB for ≈400 min.

high maximum volumetric density of 123 mWh cm–3 (denoted
as PEDOT-MnO2//Zn-m).

To investigate the potential application on microelectronic
chips system, the series and integration performance of PEDOT-
MnO2//Zn MB was further demonstrated. The GCD curves at
5 mA cm−2 with the voltage windows of 1.8, 3.6, and 5.4 V
for PEDOT-MnO2//Zn MB, two PEDOT-MnO2//Zn MBs in se-
ries, and three PEDOT-MnO2//Zn MBs in series were exhibited
in Figure 4d. The twofold and the threefold voltage window of
MBs in series suggest good performance scalability. Compared
to MESDs by “bottom–up” manufacture, the substrate-free mi-
croelectrodes for PEDOT-MnO2//Zn MB show superior conve-
nience in integration.[54] The term “substrate-free” denotes that
the microelectrodes are processed without a substrate. When em-
ployed, the microelectrodes can be easily fastened to any surface.
It is able to utilize the extra space and adopt scattered distribution
into the microelectronic circuit with a “plug-in compatibility”
embedding method (Figure S29, Supporting Information). The
PEDOT-MnO2//Zn MBs in series are able to applicate in a com-
mercial digital hygro-thermometer and provide a stable voltage
output of over 1 h. The substrate-free microelectrodes can be as-
sembled on the devices’ surface directly, and the thickness of the
MB is reduced (Figure 4e; Movie S1, Supporting Information).
Furthermore, the operando testing system for high-speed rotat-
ing parts (such as aircraft rotors) is hard to realize currently, and
one of the essential reasons is difficulty to wire for micro sensors’
power supply. A light-emitting diode (LED)-MBs system is inte-
grated on the surface of an axial-flow fan with 1450 rpm rotation
speed, 149 Pa full pressure, 5870 m3 h−1 blowing rate, and high
vibration, demonstrating the excellent operating stability of the
MBs in the rotation facility (Figure 4f; Movie S2, Supporting In-
formation). This system is expected to develop into a self-powered

sensor system in the high-speed rotating component. To display
the practical potential of PEDOT-MnO2//Zn MB, an electronic
timer is powered by the MB and stable operating for an ultra-long
time of ≈400 min (Figure 4g).[55] To highlight the excellent stan-
dardization, integrability, and expansibility of the substrate-free
microelectrodes, a MB with four layers stacked microelectrodes
is fabricated (denoted as PEDOT-MnO2//Zn(4L) MB). PEDOT-
MnO2//Zn(4L) MB delivers a fourfold areal capacity (2.94 mAh
cm−2 at 0.5 mA cm−2) than that of PEDOT-MnO2//Zn MB with-
out any rate capacity reduction. Remarkably, the ultrahigh areal
energy density of PEDOT-MnO2//Zn(4L) MB of 3.87 mWh cm−2

makes it among the best performance MBs (Figure S30 and Table
S1, Supporting Information). These excellent features indicate
that the PEDOT-MnO2//Zn MB is a promising class of electronic
components to satisfy certain practical application requirements
and present on-chip integration technology.

3. Conclusion

In summary, we demonstrate a PEDOT-MnO2//Zn MB by elec-
trodeposited PEDOT-MnO2 film on a 3D macroporous Ni frame
interdigital microelectrode. The 3D frame with high thickness
offers sufficient space and surface area for active materials and
provides an abundant pathway for electron/ion transport. Bene-
fiting from the 3D macroporous microelectrode with high mass-
loading active material, the fabricated PEDOT-MnO2//Zn MB
exhibits an ultrahigh areal capacity of 0.78 mAh cm−2 (0.5 mA
cm−2), an excellent areal energy density of 1.02 mWh cm−2

(0.65 mW cm−2), and a relatively high areal power density of
12.16 mW cm−2 (0.16 mWh cm−2). The MB with high electro-
chemical performance is capable of operating in a high-speed
rotating component stably and driving an electronic timer for
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≈400 min. Benefiting from the substrate-free microelectrodes,
the PEDOT-MnO2//Zn(4L) MB shows outstanding integrabil-
ity and expansibility and delivers ultrahigh areal capacity of
2.94 mAh cm−2 and energy density of 3.87 mWh cm−2. In addi-
tion, the PEDOT-MnO2//Zn MB shows excellent integration and
high weldability, and is capable of embedding in microelectronic
circuits facilely. Moreover, the commercial large-scale wet etching
procedure for microelectrodes can significantly reduce the costs
and vastly increase the effectiveness of research and manufac-
ture. Owing to a combination of ultrahigh areal energy density,
high power density, excellent integration, and outstanding indus-
trialization prospects, PEDOT-MnO2//Zn MB exhibits high po-
tential in the next-generation self-powered microelectronic sys-
tems.

4. Experimental Section
Chemicals: Manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O),

manganese sulfate monohydrate (MnSO4·H2O), zinc sulfate heptahy-
drate (ZnSO4·7H2O), nickel sulfate hexahydrate (NiSO4·6H2O), am-
monium sulfate ((NH4)2SO4), magnesium nitrate (Mg(NO3)2·9H2O),
sodium sulfate anhydrous (Na2SO4), multi-walled carbon nanotube
(MWCNT), 3,4-ethylenedioxythiophene (EDOT), and xanthan gum were
the chemicals used. All the chemicals were used without further purifica-
tion.

Fabrication of 3D Macroporous Ni Frame Microelectrode: 3D macrop-
orous Ni frame microelectrode was fabricated through an electrodeposi-
tion process.[56] First, an electrolyte containing 0.75 m (NH4)2SO4 and
0.1 m NiSO4 was prepared. A Ni interdigital microelectrode, a Pt foil, and
a saturated Ag/AgCl were employed as working electrode, counter elec-
trode, and reference electrode, respectively. The typical electrodeposition
was performed with a constant voltage of −4.5 V for 100 s. The 3D macro-
porous Ni frame microelectrode was rinsed with deionized (DI) water, fol-
lowed by drying at 90 °C for 30 min.

Fabrication of PEDOT-MnO2 Microelectrode: The PEDOT-MnO2 mi-
croelectrodes were fabricated by a CV electrodeposition process in an
electrolyte (20 mL) contained (CH3COO)2Mn·4H2O (0.245 g) and EDOT
(100 μL). The 3D macroporous Ni frame microelectrode, a Pt foil, and a
saturated Ag/AgCl were employed as working electrode, counter electrode,
and reference electrode, respectively. The electrodeposition process was
performed with the potential window of 0–1.2 V at 50 mV s−1 for 10, 30,
50, 70, and 90 cycles. The achieved PEDOT-MnO2 microelectrodes were
rinsed with DI water and dried at 90 °C for 30 min.

Fabrication of Zn@CNTs Microelectrode: The Zn@CNTs microelec-
trode was fabricated by a two-step deposition process. First, an elec-
trophoresis process with a brass interdigital microelectrode as the neg-
ative electrode and a Pt foil as the positive electrode in a dispersion liq-
uid was employed, which contained 20 mL absolute alcohol, 20 mg car-
bon nanotubes, and 5 mg Mg(NO3)2. The electrophoresis procedure was
worked at a constant voltage of 10 V for 3 min with a direct current sta-
bilized power supply. After drying at 80 °C for 10 min, an interdigital mi-
croelectrode with CNT-coated fingers was achieved. Then, the Zn@CNTs
microelectrode was achieved by an electrodeposition process in a solution
of 0.5 m NaSO4 and 0.5 m ZnSO4 at −1.1 V for 600 s by a CHI760D. In
this procedure, the CNT-coated microelectrode, a Pt foil, and a saturated
Ag/AgCl electrode were employed as the working electrode, the counter
electrode, and the reference electrode, respectively.

Preparation of the Electrolytes: The aqueous electrolyte was prepared
by dissolving 2 m ZnSO4 and 0.4 m MnSO4 in 20 mL DI water. The gel-
electrolyte was prepared by adding 0.7 g xanthan gum into the 20 mL above
aqueous electrolyte, followed by mechanical stirring under 40 °C for an
hour.

Assembly of PEDOT-MnO2//Zn MB: The PEDOT-MnO2//Zn MB was
assembly by pasting PEDOT-MnO2 cathode and Zn@CNTs anode micro-

electrodes on a PET film by cyanoacrylate glue under optical alignment.
After solidification of cyanoacrylate glue, the gel-electrolyte was coated on
the microelectrodes and packaged with a square PE film with edge sealing.

Materials and Devices Characterization: Scanning electron microscopy
(SEM) images were obtained with a JEOL JSM-7100F SEM at an accel-
eration voltage of 20.0 kV. Energy dispersive X-ray spectroscopy (EDS)
results were recorded by an Oxford IE250 system. X-ray photoelectron
spectroscopy (XPS) results were recorded by the VG Multi Lab 2000. High-
resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) images were obtained with a Titan G2 60–300.
X-ray diffraction (XRD) results were recorded by a D8 DISCOVER X-ray
diffractometer with Cu K𝛼 radiation (𝜆 = 1.5418 Å).

Electrochemical Measurements: The CV and GCD results were
recorded by a CHI760D to examine the electrochemical performances of
PEDOT-MnO2 microelectrodes and the PEDOT-MnO2//Zn MBs. The CV
and GCD tests of PEDOT-MnO2 microelectrodes and PEDOT-MnO2//Zn
MBs were measured by a two-electrode system. The EIS results were mea-
sured in a frequency range of 0.01–300000 Hz by the CHI760D with a stan-
dard three-electrode system. GITT results were conducted on Land T2001A
battery testing stations with a voltage window range of 0.9–1.8 V. The cur-
rent pulse of 1 mA cm−2 for 5 min and the following relaxation for 30 min
were applied in GITT test.

The areal capacity (Ch) of PEDOT-MnO2 microelectrode was according
to the following equation:[15]

Ch = IΔt
AΔV

(1)

where I, ∆t, ∆V, and A were the discharge current, the discharge time after
IR drop, the potential window, and the print area of half of the full device
(0.07 cm2, Figure S1a,b, Supporting Information), respectively.

The areal capacity (Cf) of PEDOT-MnO2//Zn MB was according to the
following equations:[15]

Cf =
IΔt

AΔV
(2)

where I, ∆t, ∆V, and A were the discharge current, the discharge time after
IR drop, the voltage window, and the print area of the full device (0.14 cm2,
Figure S1a,b, Supporting Information), respectively.

The electrochemical kinetic analysis of microelectrodes was according
to the following equations:[45]

i = avb (3)

log (i)= blog (v)+log (a) (4)

where i was the current, v was the scan rate, and a and b were the fitted
parameters.

The current i(V) at a given potential V obeyed the relations of:

i (V) = k1v+k2v1∕2 (5)

Where i(V), k1v, and k2v1/2 are the measured current, current from the
surface capacitive contribution, and current from the diffusion-controlled
contribution, respectively.

The ions diffusion coefficients were measured by galvanostatic inter-
mittent titration technique (GITT) and calculated based on the following
equation:[45]

DGITT = 4
𝜋Δ𝜏

(
mBVM

MBS

)(
ΔEs

ΔE𝜏

)2

(6)

where mB was the weight of the active materials, MB referred to the molec-
ular weight, Vm was the molar volume, S was the surface area of microelec-
trode, 𝜏 was the duration time of the current pulse, ΔEs was the voltage

Adv. Energy Mater. 2023, 2300574 © 2023 Wiley-VCH GmbH2300574 (7 of 9)

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300574 by W
U

H
A

N
 U

N
IV

E
R

SIT
Y

 O
F T

E
C

H
N

O
L

O
G

Y
, W

iley O
nline L

ibrary on [14/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advenergymat.de

difference measured at the end of the relaxation period for two succes-
sive steps, and ΔE𝜏 was the difference between the initial voltage and final
voltage during the discharge pulse time 𝜏 after eliminating the IR drop.

The areal energy density (Ea) and areal power density (Pa) were calcu-
lated using the following equation:[15]

Ea =
∫ t

0 IV (t) dt

A
(7)

Pa =
Ea

t
× 3600 (8)

where t referred to the discharge time, I was the discharge current, V(t)
was the discharge voltage at t, dt was the time differential, and A was the
print area of the full device.

The volumetric energy density (Ev) and volumetric power density (Pv)
were calculated using the following equation:[15]

Ev =
∫ t

0 IV (t) dt

A
(9)

Pv =
Ev

Δt
× 3600 (10)

where t referred to the discharge time, I was the discharge current, V(t)
was the discharge voltage at t, dt was the time differential, and A was the
volume of the full device.
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