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A Patternable and In Situ Formed Polymeric Zinc Blanket for
a Reversible Zinc Anode in a Skin-Mountable Microbattery

Minshen Zhu,* Junping Hu, Qionggiong Lu, Haiyun Dong, Dmitriy D. Karnaushenko,
Christian Becker, Daniil Karnaushenko, Yang Li, Hongmei Tang, Zhe Qu, Jin Ge,

and Oliver G. Schmidt

Owing to their high safety and reversibility, aqueous microbatteries using

zinc anodes and an acid electrolyte have emerged as promising candidates
for wearable electronics. However, a critical limitation that prevents imple-
menting zinc chemistry at the microscale lies in its spontaneous corrosion in
an acidic electrolyte that causes a capacity loss of 40% after a ten-hour rest.
Widespread anti-corrosion techniques, such as polymer coating, often retard
the kinetics of zinc plating/stripping and lack spatial control at the microscale.
Here, a polyimide coating that resolves this dilemma is reported. The coating
prevents corrosion and hence reduces the capacity loss of a standby microbat-
tery to 10%. The coordination of carbonyl oxygen in the polyimide with zinc
ions builds up over cycling, creating a zinc blanket that minimizes the concen-
tration gradient through the electrode/electrolyte interface and thus allows for
fast kinetics and low plating/stripping overpotential. The polyimide’s pattern-
able feature energizes microbatteries in both aqueous and hydrogel electro-
lytes, delivering a supercapacitor-level rate performance and 400 stable cycles

excellent wearability.'"3] These advanced
devices require electrical power to sup-
port their smart functions. Unfortunately,
general power supplies for miniaturized
electronic devices are coin cells and thin-
film Dbatteries, which are rigid, thick, and
bulky, and therefore frustrate the design
for wearable electronic devices. To circum-
vent these disadvantages, wireless power
generators have been widely integrated
into wearables.*”l However, they suffer
from temporal and spatial restrictions,
which limit continuous use and human
activities. To match up the size and flex-
ibility of miniaturized wearable electronic
devices, flexible and microscale energy
storage devices, for instance flexible
microbatteries, are of great importance.®?

in the hydrogel electrolyte. Moreover, the microbattery is able to be attached
to human skin and offers strong resistance to deformations, splashing, and
external shock. The skin-mountable microbattery demonstrates an excellent
combination of anti-corrosion, reversibility, and durability in wearables.

Advances in the miniaturization of electronic devices have
allowed the rapid development of wearable technologies and
envisioned seamless and user-friendly smart systems with

Moreover, a prerequisite of next-gener-
ation wearable electronic devices is the
high safety standard, even under severe
mechanical deformations. As  such,
despite high energy density, safety con-
cerns about toxic organic solvent-based
lithium ion batteries impede their applica-
tion in wearable technologies. Aqueous batteries are safe alter-
natives that offer low cost, environmental benignity, and high
tolerance against mishandling.'%'! Among different aqueous
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Figure 1. Corrosion of a Zn anode and its suppression by polyimide. a) Pourbaix diagram of Zn in a 2 mol L™ ZnSO, solution. b) Nyquist plots of the
fresh and aged Zn electrode. The inset shows the equivalent circuit. c) A comparison of the galvanostatic discharge curves of a Zn—-MnO, microbattery
at 100 LA and after ten-hour rest at the fully charged state. d) Schematic of the anti-corrosion mechanism by a polymeric layer. e) Structure of polyimide.
f) FTIR spectrum of the polyimide. g) XRD pattern of piZn after rinsing in 2 mol L™' ZnSO, for 24 h.

batteries, zinc (Zn) ion batteries utilizing zinc electrochemistry
in mildly acidic electrolytes show high energy density and rela-
tively good cycling stability, making them ideal candidates for
safe microbatteries.12-1%]

Although a Zn anode’s reversibility in a mildly acidic electro-
lyte is better than in alkaline electrolytes, the thermodynamical
instability can still cause corrosion. As shown in the Pourbaix
diagram (Figure 1a), Zn tends to dissolve along with hydrogen
evolution. For an electrolyte containing 2 mol L™! Zn ions (the
typical molarity of Zn ions in the electrolytes of Zn ion bat-
teries), a hydroxide film can form on and passivate the Zn
surface when pH increases to larger than approximately 5. As
hydrogen evolution is inevitable, the local increase of pH facili-
tates the formation of passivation films consisting of complexes
of hydroxide and anions. Figure 1b directly shows the forma-
tion of a passivation film and its impact on the impedance of a
Zn anode. The Nyquist plots are fitted by the equivalent circuit
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(inset in Figure 1b; the fitted plots are shown in Figure S1, Sup-
porting Information). The first semicircle (Rgq/Qy) represents
the electric double layer, where Ry is the double layer resist-
ance and Qy is the corresponding constant phase element
(CPE). The n value of a CPE element can be used to determine
a resistive (n = 0), a capacitive (n = 1), or a diffusion (n = 0.5)
behavior. The Ry and Q) represent the resistance and CPE of
the corrosion layer or diffusion layer. For a fresh Zn anode,
only one semicircle is observed, agreeing with the n value
of approximately 1 and 0.5 for the Qg and Qg respectively
(Table S1, Supporting Information), which corresponds to the
formation of the typical electric double layer and the diffu-
sion layer. By contrast, the n value of Q, of the aged Zn anode
decreases to 0.37, indicating the formation of a resistive pas-
sivation layer. Meanwhile, R, increases by almost one order of
magnitude (from 845 Q to 7.6 kQ), confirming the passivation
effect due to the thermodynamical instability of Zn in a mildly

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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acidic electrolyte. In addition to the exacerbation of the corro-
sion, energy recovery after the rest of a battery in the charged
state, a typical usage scenario in practical applications, is also
debilitated by the instability of the Zn anode. These problems
become more fatal for Zn ion microbatteries compared to
bulky batteries because the small amount of Zn in microbat-
teries can be completely corroded or passivated in a short time.
Figure 1c shows the dramatic degradation of the capacity after
keeping the Zn ion microbattery at the fully charged state for
10 h. More than 40% of the charged capacity is lost. It therefore
seems that the eventual success of Zn ion microbatteries with
high practicability for miniaturized electronic devices relies on
electrochemically stable Zn microanodes.

To improve the stability of Zn anodes, a general strategy is
to coat a protective polymer layer onto the Zn anode, which
prohibits the contact of Zn with reactive water molecules and
corrosive ions in electrolytes.1 Despite high efficiency in
corrosion inhibition, the polymeric coating, to some extent,
impedes the access of cations to the Zn anode, resulting in
the large overpotential of the plating/stripping process and
the limitation of the reaction kinetics.'>'® Towards a high-
performance Zn anode, it is of great importance to develop
a polymeric protection layer that resolves corrosion-induced
problems and allows for fast kinetics, including low overpoten-
tial of plating/stripping and a fast charge/discharge ability. Fur-
thermore, polymers for Zn microanodes may be limited by the
lack of spatial control, hence requiring a patternable feature.
Photolithography is a well-established technique for fabricating
high-resolution structures for flexible/wearable microbatteries,
and the UV-induced polymerization should be beneficial to
accomplish the goal of developing a patternable protective
polymer for Zn microanodes."’!

Here, we report a patternable polyimide that can signifi-
cantly improve the Zn electrodes' reversibility at the macro- and
microscale. Although the polyimide coating, as an ion trans-
port barrier, prevents the Zn corrosion in 2 mol L™ ZnSO,, its
high Zn transference number allows for a low Zn plating/strip-
ping overpotential and high reversibility even at a high depth
of charge/discharge (85%). We reveal that the carbonyl oxygen
atoms coordinate with Zn ions. The coordination becomes
stronger as the C—N bonding in the polyimide structure col-
lapses over cycling, which induces the enhancement of the
electron-donating ability of carbonyl oxygen atoms. The in situ
formed Zn blanket resolves the common problem of the large
overpotential induced by a polymeric layer. We use the poly-
imide protected Zn electrode in a microbattery (piZn microbat-
tery) coupled with a common MnO, microcathode and show an
overall improvement compared to a bare Zn microanode (Zn
microbattery). The capacity loss due to the Zn corrosion during
ten-hour rest is reduced to 10%. The capacity of the piZn micro-
battery doubles at the same current. More than 60% capacity
retention after 1000 cycles is attainable for the piZn microbat-
tery, while the Zn microbattery fails after only 100 cycles. We
develop a quasi-solid-state piZn microbattery by using poly-
acrylamide (PAAm) as the electrolyte and demonstrate its capa-
bility as a skin-mountable microbattery with an excellent rate
performance, 400 stable charge/discharge cycles, and high
resistance to deformations and splashing. As a precedent work
for coordination-enabled, highly reversible Zn electrode, we
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provide an effective strategy to energize Zn ion microbatteries
for flexible/wearable electronic devices.

The corrosion occurs when local charge transfer is avail-
able on the Zn surface, where anodic and cathodic sites are
coupled. An effective strategy to prevent corrosion is to hamper
the migration of ions into the Zn. Figure 1d demonstrates the
anti-corrosion mechanism by a polymeric layer. The polymeric
layer separates Zn and the electrolyte (2 M ZnSO,), thus pre-
venting the formation of both anodic and cathodic sites at
the interface between Zn and the electrolyte. Pursuing this
approach an additional key feature is the possibility to pattern
polymeric layer. Polyimide is a patternable polymer and offers
advantages over other polymers, such as excellent chemical and
thermal stability and low water uptake.??! Besides, carbonyl
oxygen atoms in the polyimide chain are electron-donating
sites, forming stable bonds with electron-accepting sites at
the Zn surface upon an annealing process.?>?%l Taking into
account these two benefits, polyimide is coated onto the Zn
surface. A prepolymerized precursor poly(amic acid) solution
made of 4,4-methylenedianiline, 3,3’,4,4"-benzophenonetetra-
carboxylic dianhydride, 2-(dimethylamino)ethyl methacrylate,
and 5% w/w of photoinitiator (2-benzyl-2-dimethylamino-1-(4-
morpholinophenyl)-butanone-1) is spin-coated and crosslinked
under ultraviolet (UV) light (Figure S2, Supporting Infor-
mation). A baking process at 220 °C triggers the imidization
to polyimide (Figure le) and forms stable adhesion between
the polyimide and Zn. Figure 1f shows the Fourier trans-
form infrared spectroscopy (FTIR) of the polyimide. Peaks at
1720 and 1375 cm™! are assigned to C=0 and C—N bonding,
respectively. Besides, the spectrum displays C—H peaks associ-
ated with benzenes and a methyl group at 720 and 1510 cm™},
respectively.? In comparison to the FTIR spectrum of the pre-
cursor poly(amic acid) (Figure S3, Supporting Information),
peaks related to O—H, N—H, and carboxylic C=0 disappear,
indicating the successful imidiazation. The piZn is placed in
a 2 M ZnSO, solution and aged for 24 h. The X-ray diffrac-
tion (XRD) pattern of piZn after aging displays neat and sharp
peaks of Zn. The absence of peaks associated with basic Zn
sulfate indicates that the polyimide layer can effectively prevent
the Zn corrosion in 2 M ZnSO,.

The corrosion behavior is investigated by linear polarization
experiments at a sweeping rate of 1 mV s™.. Figure 2a shows
the measured Tafel plots of bare Zn and piZn. The cathodic
and anodic plots are attributed to the hydrogen evolution reac-
tion and dissolution of Zn, respectively. The Butler—Volmer
fit for the bare Zn (Figure S4, Supporting Information) gives
a corrosion current of 12 uA cm™. The cathodic and anodic
charge transfer coefficients of 0.56 and 0.44 agree with standard
bulk Zn values.*” The ohmic resistance-controlled process is
observed for piZn, which is attributed to the insulating poly-
imide induced IR drop between the local anode and cathode on
the Zn surface.?%! As a result, the corrosion current is reduced
by more than one order of magnitude, indicating a lower cor-
rosion rate. The effect of polyimide thickness on the protection
efficiency is investigated by a galvanostatic cycling test with a
rest period of 1h for every 5 cycles (Figure SS, Supporting Infor-
mation). When the thickness decreases from around =570 nm
to =380 nm, the polyimide layer becomes too thin to protect
the Zn anode from corrosion. Figure 2b shows the long-term
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Figure 2. High Zn reversibility. a) Linear polarization curves of Zn and piZn in 2 mol L™! ZnSO,. b) Long-term galvanostatic cycling of symmetrical
cells with Zn and piZn at a current density of 4 mA cm2. c,d) SEM images of cycled Zn (c) and cycled piZn (d). Scale bar: 20 um. e) XRD patterns of
cycled Zn and piZn. f) Coulombic efficiency of Zn plating/stripping on stainless steel coated by the polyimide at a current density of 4 mA cm=2. The

inset shows the stable region.

galvanostatic cycling stability of bare Zn and piZn at a large
current density of 4 mA cm™2. A symmetric cell assembled
by sandwiching a separator by two identical Zn foils is used.
After cycling for only 105 h, a sudden drop of the overpotential
resulting from the short-cut between two bare Zn electrodes is
observed. A dense Zn dendrite or a pulverized Zn clusters can
penetrate the separator and thus results in an electrical connec-
tion between two electrodes. The scanning electron microscopy
(SEM) image of the cycled Zn (Figure 2c) does not show a
dense dendritic morphology, implying that the pulverized Zn
clusters due to the hydrogen evolution is the main cause of the
short-cut, which is further confirmed by the residual Zn clus-
ters on the separator after cycling (Figure S6, Supporting Infor-
mation). By contrast, piZn stably cycles for 300 h (Figure 2b)
and maintains a flat surface (Figure 2d). The basic Zn sulfate
due to the corrosion of Zn is found in the XRD spectrum of the
bare Zn (Figure 2e), whereas only Zn is observed for the piZn.
Both, flat morphology and neat Zn peaks in the XRD spectrum
of the cycled piZn demonstrate that the polyimide layer sub-
stantially suppresses the Zn corrosion. Given the fact that only
a small amount of Zn can be loaded onto a microelectrode, a
high coulombic efficiency that allows for high Zn usage is a
decisive factor for a high-capacity microbattery. To evaluate the
coulombic efficiency, an asymmetric cell consisting of a Zn foil
and a stainless-steel sheet coated with the polyimide is assem-
bled and cycled at 4 mA cm™2. During the test, Zn deposits onto
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the coated stainless-steel sheet and then is stripped off. The
coulombic efficiency is determined by the ratio between the
charges consumed by the stripped and deposited Zn. As shown
in Figure 2f, after a short activation process, the coulombic
efficiency is stabilized at around 99.5% (inset in Figure 2f). The
high coulombic efficiency allows for cycling at a deep depth of
discharge (DOD). The galvanostatic profile with an 85% DOD
remains stable over 200 h (Figure S7, Supporting Informa-
tion). Compared to the state-of-the-art strategies to improve the
Zn anode stability, the polyimide shows advantages in simul-
taneously accomplishing good stability, high coulombic effi-
ciency, and deep charge/discharge ability (Table S2, Supporting
Information).

Surprisingly, beyond the stable cycling stability, piZn shows
a lower overpotential during the Zn plating/stripping process
than that for bare Zn albeit the polyimide coating has induced
a large IR drop at the surface of Zn. In principle, two fac-
tors—ionic conductivity and Zn transference number—of the
coating determine the overpotential of the symmetric cell.
Figure 3a shows the Nyquist plots of bare Zn and piZn in the
symmetrical cells. For bare Zn, we use the equivalent circuit
in Figure 1b to fit its Nyquist plot. The n value of Q, is 1, indi-
cating a standard capacitive behavior attributed to the formation
of an electrical double layer. The charge transfer resistance is as
low as 72 Q, showing the electrolyte’s high ionic conductivity.
Q, shows the n value of 0.5 and hence indicates a diffusion

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a 1.0
18004 ) )
® Zn/Zn ® piZnlpiZn b 0]
15004 & - | 0.8 1
1200+ E
a c 061
Rri 8
£ 900+ 0.51
N s
600 g °Y
1 @ ]
E 0.3
3004 021
0.11
0 0.0

1200 1500 1800

0 300 600 900

kJ mol”

E =w
-131.28  131.28

o Initial

0

d - raw
— background
o fitted
lattice Zn

coordinated Zn*

Z.(@) Zn/Zn piZn/piZn g lattice Zn
e Wavelength (cm™) f - gmzl"
-131.28  131.28

500 1000 1500 2500 3000 3500 4000

KTV *

é l

Ho & /' OH ',
L4
n
oc co -

zn** Zn?

490 4§5 500 505
Kinetic energy (eV)

- raw
— background

528 530 532 534 536 538
Binding energy (eV)

Figure 3. Formation of the polymeric Zn blanket. a) Nyquist plots of symmetrical cells using bare Zn and piZn as electrodes. b) Zn transference number
of two symmetrical cells. c) ESP of the polyimide. d) Zn LMM Auger spectrum of piZn before cycling. e) FTIR and chemical structure of the polyimide
after cycling. f) ESP of the cycled polyimide. g) Zn LMM Auger spectrum of piZn after cycling. h) XPS spectrum of the O1s core level of piZn after cycling.

process. An equivalent circuit including two interfaces estab-
lished by the coated polyimide layer are used to fit the Nyquist
plot of piZn (inset in Figure 3a).[?’] The fitted results are shown
in Figure S8a and listed in Table S3, Supporting Information.
The n values of two constant phase elements (Q, and Q,) in
the circuit demonstrate the electrochemical behaviors at the
interfaces. R, and R, represent the resistance of polyimide
and polarization at the Zn/electrolyte interface, respectively.
Again, the polyimide layer works as a resistive layer because
the n value of the Q, is 0. The polyimide resistance is estimated
to be 1500 Q, thus leading to the ohmic resistance-controlled
process observed in the linear polarization test (Figure 2a).
Upon immersion in the electrolyte, Zn ions will migrate into
the polyimide layer and reduce charge transfer resistance at the
Zn/electrolyte interface (Figure S9, Supporting Information).
The ability of polyimide that allows for ion transport is further
identified by the n value of Q; of 0.5, which reveals a diffusion
behavior. A phase shift of 45° is shown in Figure S8b, Sup-
porting Information, further confirming the diffusion behavior.
The resistance of the polyimide coating is around 200 Q. Con-
sidering the polyimide’s nano-thick feature, its ionic conduc-
tivity is too low to be able to reduce the overpotential of the Zn
plating/stripping process.
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The Zn transference number of the polyimide, therefore,
plays an important role in reducing the overpotential of Zn
plating/stripping. Figure 3b compares the Zn transference
number of the symmetrical cells using bare Zn and piZn. A
transference number of 0.35 for bare Zn agrees with standard
aqueous solutions. In this case, a large concentration gra-
dient develops during the operation, causing a large overpoten-
tial. If coated with a barrier for ion transport, an increase in
the overpotential for Zn plating/stripping is observed and has
been reported elsewhere.>!8] On the contrary, an increase in
Zn transference number can compensate for the reduced ion
transportation by minimizing the depletion of Zn ions during
charge/discharge. Moreover, the cation-controlled ion conduc-
tion shows better reversibility at a high rate.l?®! For piZn, the Zn
transference number reaches 0.59, indicating cation-controlled
ion conduction. Therefore, a high Zn transference number of
the polyimide layer offers better reversibility and reduces the
overpotential for Zn plating/stripping compared to the bare Zn.

The cation-controlled behavior is attributed to the abun-
dant carbonyl oxygen atoms in the polyimide. As mentioned
before, these oxygen atoms are electron-donating sites, which
are available for coordinating with Zn ions in the electro-
lyte.29-3 To verify this assumption, electrostatic potential (ESP)

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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calculation of the polyimide, which correlates to the interaction
between ions and polymer chains, are conducted and shown
in Figure 3c. Negative parts concentrate on carbonyl oxygen
atoms, coordinating with Zn ions. Furthermore, the coordi-
nated Zn can be identified in the Zn LMM Auger spectrum
measured by X-ray photoelectron spectroscopy (XPS).233 The
coordinated Zn peak centered at 496.7 eV, in addition to the
lattice Zn peak centered at 499.8 €V, is evident in Figure 3d.34
Likewise, a shoulder peak centered at 532.6 eV in the spec-
trum of the Ols core level of the piZn confirms the interaction
between Zn ions and the carbonyl oxygen atoms (Figure S10,
Supporting Information).13>3¢

Figure 3b also shows an increase in the Zn transference
number from 0.59 to 0.72 over cycling. Likewise, an activa-
tion process is observed in the test for coulombic efficiency
(Figure 2f). Both phenomena are the fingerprints of the
structural change of the polyimide cycled in the electrolyte.
Figure 3e shows the FTIR spectrum of piZn after 300 cycles
at 4 mA cm™. In comparison to the initial structure, the C—N
and C=0 bonding change substantially, while a new peak
correlated to the N—H bonding at 1600 cm™ occurs. Another
change is the occurrence of a broad peak in the range of 3000
to 3500 cm™. Normally, the O—H stretching from the carboxyl
groups and N—H stretching from the amino groups are major
sources. Both evidences signify the tendency to form carboxyl
and amino groups after the breakage of the bonds between
C—N breaks and water uptake over cycling.’”38 Nevertheless,
there is no evidence that the carboxyl and amino groups are
formed as the Cls and N1s core level spectra remain identical
over cycling (Figure S11, Supporting Information). In com-
parison to the initial structure, the carbonyl oxygen atoms
after the structural change show enhanced interaction with
cations as a redder color is observed in the ESP calculation
(Figure 3f). These highly concentrated negative sites attract
more Zn ions. Examining Figure 3g, we observe a new peak
centered at 4978 eV in the Zn LMM Auger spectrum of cycled
piZn, whereas the coordinated Zn peak shifts to a lower energy
centered at 496.5 eV. A non-coordinated Zn has a more positive
character and hence higher kinetic energy.3#3% Therefore, the
new peak is attributed to the free Zn ions, which are absorbed
in the polymer matrix due to the enhanced electrostatic interac-
tion. The 0.2 eV downshift of the coordinated Zn?* peak center
is attributed to the stronger electron-donating ability of carbonyl
oxygen atoms.? An increasing amount of the Zn ions in the
polymer matrix enhances the interaction with oxygen atoms.
As a result, the intensity ratio between the shoulder peak cen-
tered at 532.6 eV and C=0 peak at 531.9 eV in the Ols core
level spectrum increases by 24% (Figure 3h). In addition to the
strong attraction of cations, the positive sites become stronger
than those in raw piZn, hence allowing for an improved ion
transport,?8! which is confirmed by the increased n value for
Q, and Q, derived from the impedance profile of cycled piZn
(Figure S12 and Table S4, Supporting Information). In short, a
strong interaction with Zn ions in the polyimide coating builds
up during cycling, forming a Zn blanket in situ with high Zn
transference number that reduces the concentration gradient
and improves the ion transport. As a result, high Zn revers-
ibility is observed in both galvanostatic cycling tests and cou-
lombic efficiency measurements.
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Figure 4a illustrates the process of fabricating a piZn micro-
anode for a microbattery. Interdigitated electrodes are patterned
and deposited on a substrate, for instance a silicon wafer.
The length and width of the microelectrodes are 4.5 mm and
500 um, respectively. The interspace between two electrodes is
150 um. Zn is electrodeposited onto the anode side, forming
the assembly of Zn nanosheets (Figure S13, Supporting Infor-
mation). Subsequently, the polyimide precursor solution is
spin-coated onto the substrate and patterned by a described
photolithography process. After baking at 220 °C, the Zn micro-
anode is protected by the polyimide. The Bode plot of the pro-
tected Zn microanode (Figure S14, Supporting Information)
demonstrates the similar interface behavior, indicating that
the protection is independent of Zn morphology. In Figure 4b,
we compare the galvanostatic cycling performance of the sym-
metrical microbatteries using bare Zn and piZn with a current
density of 4 mA ¢cm=2 and depth of charge/discharge of 80%.
It is apparent that the overpotential develops over cycling for
the bare Zn microanode due to the corrosion accompanying
with the plating/stripping process. The corrosion even occurs
when the bare Zn microanode is immersed in the electrolyte
as we observe bubbles at the microanode surface (Figure S15,
Supporting Information). The corrosion also results in the
short-cut of the symmetrical microbattery as pulverized Zn
particles easily precipitate at the interspace between two micro-
electrodes. A sudden drop in the overpotential during the 60th
cycle implies the failure of the microbattery due to the short-
cut. By contrast, more than 800 stable cycles are attainable for
the piZn microanode. The polyimide coating, however, covers
the surface of the Zn nanosheet assembly that has a high sur-
face area and hence limits the surface kinetics and access of
ions to the Zn nanosheets. As a result, the surface overpotential
causes a slightly larger overpotential of the piZn microbattery
than that for the bare Zn one. Nevertheless, the overpotential of
the piZn microbattery is still smaller than that using the bare
Zn foil (Figure 2b).

As we have seen that the piZn offers superior performance at
the microscale, it is interesting to investigate a full cell’s perfor-
mance. We deposit a MnO, nanosphere assembly (Figure S16,
Supporting Information) as the microcathode. Figure 4c shows
the cyclic voltammetry (CV) curves of the assembled microbat-
tery in a 2 mol L™! ZnSO, solution. A pair of redox peaks is
observed for various scan rates, correlating to the insertion and
extraction of cations (H* and Zn*") in MnO,.***l We have pre-
sented the capacity loss after resting at the charged state for 10 h
due to the degradation of the bare Zn microanode (Figure 1c)
and have interpreted that the polyimide coating will address
this issue. Figure 4d provides direct evidence that around 90%
capacity is attainable after a ten-hour rest at the charged state.
In addition to the anti-corrosion property, piZn also shows a low
overpotential, which is able to allow for a high-rate capability.
Figure 4e compares the rate performance of the microbattery
using bare Zn and piZn microanode. The capacity of the micro-
battery with the piZn microanode is at least 2 times of that for
the microbattery with the bare Zn microanode. At high rates
(150 and 200 pA), the capacity of the piZn microbattery is more
stable than that of the bare Zn microbattery, agreeing with the
better Zn reversibility at a high current as seen from Figure 2b.
It is natural that the corrosion aggravates at a high rate, which

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Aqueous microbattery. a) Schematic of the fabrication of a microbattery. b) Galvanostatic cycling performance of Zn and piZn microbattery

at a current density of 4 mA cm™2

. €) CV curves of the piZn microbattery with a MnO, microcathode at different scan rates. d) Discharge curves of a

fresh piZn microbattery and that after the rest of 10 h at the fully charged state. e,f) Comparisons of rate (e) and cycling (f) performance of the Zn

and piZn microbattery.

causes an irreversible loss of the capacity. Figure 3e presents a
fast drop of the capacity of the bare Zn microbattery after only
5 cycles at 200 pA. By contrast, the capacity of the piZn micro-
battery recovers after the high-rate cycling. Combining the
advantages of the anti-corrosion ability and high reversibility of
the piZn microanode, the capacity retention of the piZn micro-
battery after 1000 charge/discharge cycles reaches around 60%,
while it rapidly drops to less than 10% in 100 charge/discharge
cycles for the bare Zn microbattery.

Besides the good performance in aqueous electrolyte, a
quasi-solid-state microbattery using the PAAm based hydrogel
as the electrolyte is assembled. The contact resistance between
the PAAm and the piZn microanode is small enough (23 Q) to
avoid the possible voltage drop (Figure S17, Supporting Infor-
mation). Charge/discharge profiles of the piZn microbattery
at different currents are presented in Figure 5a. At a current
of 10 pA, a high capacity of 14 pAh is achieved. Two consecu-
tive plateaus indicating the insertion of H* and Zn?* into the
MnO, verify that the charge storage mechanism in the PAAm
based hydrogel remains identical to that in the aqueous elec-
trolyte. With increasing currents, the capacity decreases due
to the kinetic limitation. The piZn microbattery delivers a
capacity of 7 and 5 pAh at a current of 100 and 200 HA, respec-
tively. In comparison to the capacity achieved in the aqueous
solution, we do not observe a noticeable capacity loss in the
quasi-solid state. In practical applications, power and energy
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are two essential parameters to evaluate the performance of a
battery. Therefore, Figure 5b shows the energy output of the
piZn microbattery with the PAAm electrolyte at different dis-
charging powers. The excellent rate performance seen in the
aqueous electrolyte continues here. At a high power of 270 pW,
the energy output still reaches 5 uWh, showing the ability to
provide electricity for power-demanding electronic devices.
Furthermore, more than 70% energy output can recover after
cycling at high power. Generally, a passivation layer of basic
Zn sulfate will accumulate rapidly on the cathode’s surface at
a high rate, "% thus impeding the migration of cations into
MnO,. The aqueous electrolyte still can be trapped at the solid
interface, thus keeping the performance. Nevertheless, the
new solid interface separates the PAAm electrolyte and MnO,.
As a result, the piZn microbattery with the PAAm electrolyte
shows some energy loss after cycling at high power. The inset
in Figure 5b further shows the high-power capability of the
microbattery as a supercapacitor-like charge/discharge time,
ranging from seconds to minutes, is observed. The galvano-
static cycling performance at a current of 100 pA is shown
in Figure 5c. 400 stable charge/discharge cycles are attain-
able. Moreover, the charge/discharge curves at the 50th and
350th cycle show almost identical charge/discharge profile.
The well-kept discharge plateau demonstrates that the piZn
microbattery offers stable energy output for a long-term ser-
vice time.
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Figure 5. Quasi-solid-state microbattery for practical applications. a) Galvanostatic charge/discharge curves of the piZn microbattery with the PAAm-
based electrolyte at different currents. b) Rate performance of the piZn microbattery. The inset shows the Ragone plot of the piZn microbattery.
c) Cycling performance of the piZn microbattery. The inset shows the galvanostatic charge/discharge curves of 50th and 350th cycle. d) Optical images
of the piZn microbattery in different application scenarios. Panel (i) shows the microbattery attached on skin. Panels (ii and iii) show the microbattery
attached to a tissue in dry and wet conditions. Panel (iv) shows the microbattery after being crumpled. e) Capacity of the piZn microbattery at different
bending angles. f) Capacity retention of the piZn microbattery as a function of bending cycles. g) Galvanostatic discharge curves of the piZn microbat-
tery under punching (((i)) and hammering (((ii)). The insets show the voltage change.

The fabrication of the piZn microbattery is based on a
standard photolithography process and hence compatible with
any flexible and flat substrate. As Kapton tape shows high flex-
ibility and resistance to chemicals, we use a Kapton tape as the
substrate to fabricate a flexible and skin-mountable microbat-
tery. Figure 5d presents several application situations for the
skin-mountable microbattery. The microbattery can be easily
attached to skin and power an electric timer (Figure 5d, panel
())- As the microbattery is exposed to environments, it is pos-
sible that the microbattery will be splashed. The water may
seep into the microbattery from the upper and bottom sur-
face. Therefore, we attach the microbattery onto a tissue and
drop water onto it. In this case, the microbattery continues to
power the electric timer (Figure 5d, panels (ii and iii)), showing
that the adsorbed water has no effect in practical applications.
Furthermore, the microbattery on the skin may be severely
deformed, while it should keep its performance. Panel (iv) of
Figure 5d proves that the microbattery functions well after
being heavily crumpled.

Figure Se shows the capacity of the piZn microbattery
under different bending angles. The curvature of the bending
is kept at 1 mm, thus imposing sufficient deformation to the
microbattery. A small bending angle strengthens the contact
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between the PAAm electrolyte and the electrode materials.
As a result, the capacity increases from 8.2 to around 9 pAh
with bending angles of 30° and 60°. Upon further bending, the
capacity decreases due to the delamination of the PAAm layer
from the electrode materials. Therefore, the capacity decreases
to 75 pAh, presenting a capacity retention of 85%. Figure 5f
shows the capacity retention of the piZn microbattery under
multiple bending cycles. In one bending cycle, the microbat-
tery is bent to 90° and recovered. Besides the firm attachment
onto the electrode over 100 bending cycles (Figure S18, Sup-
porting Information), the capacity of the microbattery is meas-
ured at the recovered state to investigate the potential impact
on the energy storage ability. At over 100 bending cycles, 90%
capacity can be maintained, showing a good resistance of the
skin-mountable microbattery to the repeated mechanical defor-
mations. In addition to repeated deformations, external impacts
that may penetrate the sealing of the microbattery are inevitable
for skin-mountable microbatteries because they are positioned
at the outer surface of the human body. Figure 5g presents the
galvanostatic discharge profile of the punched ((panel (i)) and
hammered (panel (ii)) piZn microbattery at 50 HA. In both situ-
ations, a typical discharge plateau is observed and the voltage
changes less than 10 mV under the external impacts (insets
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of Figure 5g), demonstrating the good reliability of the piZn
microbattery as an outer interface between a human being and
the environment. Based on the stable charge/discharge perfor-
mance, Video S1, Supporting Information, demonstrates the
stability in practical applications. The skin-mountable microbat-
tery attached to a finger with different directions stably operates
a timer under repeated bending. Besides, the stable operation
of the timer is observed upon punching and hammering and
after being cut by a knife.

In summary, we developed a polyimide coating as a poly-
meric Zn blanket for a highly reversible Zn anode. As an
insulating layer, the polyimide coating induces the ohmic resist-
ance-controlled suppression of the corrosion. More importantly,
the strong polar oxygen atoms in the polyimide coordinate with
Zn*" ions, and the coordination further builds up over cycling.
Coordinated Zn ions are able to minimize the concentration
gradient through the solid-electrolyte interface, thus allowing
for a small overpotential of the Zn plating/stripping process.
As a result, the piZn anode shows a significantly improved
lifespan at a high current density. Moreover, the piZn anode
offers near 100% coulombic efficiency and a stable cycling per-
formance at 85% DOD, thus guaranteeing the high utilization
and reversibility of a microanode with a small mass loading.
As the polyimide is patternable by standard photolithography
processes, we design a microbattery with the piZn microanode.
In the aqueous electrolyte, the corrosion-induced capacity loss
is reduced from 40% to 10%. Compared to the Zn microbat-
tery, the piZn microbattery’s capacity at different current densi-
ties increases by at least 2 times and recovers after high-rate
charge/discharge cycles. By contrast, irreversible capacity loss is
observed for the Zn microbattery. The piZn microbattery shows
60% capacity retention for 1000 cycles, while the Zn microbat-
tery can only run for 60 cycles to attain the same capacity reten-
tion. These superior performances in the aqueous electrolyte
continue in the hydrogel electrolyte, which shows a high-rate
capability with a charge/discharge time at the supercapacitor
level and a long lifespan of 400 stable cycles. Furthermore, a
skin-mountable microbattery is produced, which shows stable
performance under deformations, splashing, and external
shocks. Therefore, the as-developed patternable polyimide
envisions a reliable and powerful microscale battery with high
safety, stability, and wearability to energize the rapid develop-
ment of wearable electronics.

Experimental Section

Preparation of piZn: The polyimide precursor solution is synthesized
according to the previous work.!l The precursor solution is spin coated
onto the Zn electrode at a rotation speed of 9000 rpm and dried at 50 °C
for 10 min. Subsequently, the poly(amic acid) is polymerized for 300 s
using Suss M)B4 mask aligner. The imidization process is conducted at
220 °C.

Preparation of the PAAm-Based Hydrogel: 6 g acrylamide was dissolved
in 40 mL 2 mol L™ ZnSOy, followed by the addition of 30 mg ammonium
persulfate and 4 mg N,N “methylenebis(acrylamide). The solution was
under rigorous stirring until it became clear. Afterward, the prepared
solution was injected into rubber molds and covered with a glass plate.
The sample was kept at 70 C for 3 h to allow complete polymerization.
Subsequently, the samples were taken out of the molds and were directly
attached to the microbattery.
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Fabrication of the Microbattery: The Cr/Au current collector in the
microbattery is deposited by nanoPVD (Moorfield Nanotechnology
Ltd.) and patterned by a standard lift-off process using an AZ-5214E
photoresist  (Microchemicals GmbH). The Zn microanode is
electrochemically deposited under 1V versus SCE using the electrolyte of
1 mol L™ ZnSO,. The piZn microanode is fabricated as described above.
The MnO, microcathode is deposited by a pulse deposition according to
the previous work.[*’]

Characterization: FTIR spectroscopy (Nicolet 6700, Thermo Scientific)
was carried out in attenuated total reflection mode. The morphologies
were characterized by SEM (FESEM, DSM982 Gemini). XRD tests were
performed on X'Pert PRO MPD, Philips (Co K radiation, 1 =1.78910 A).
XPS tests were performed on ESCALAB 250Xi, ThermoFisher Scientific.
Symmetric cells (Zn/Zn and piZn/piZn) and asymmetric cells consisting
of Zn/stainless steel coated by the polyimide are used for plating—
stripping tests. Plating—stripping profiles and galvanostatic charge—
discharge profiles were taken from the battery test system (Arbin 2000).
CV curves and impedance spectra were measured by an electrochemical
workstation (MULTIAUTOLAB/M101, Metrohm Autolab).The impedance
measurement is carried at the open circuit potential.

Calculation: The molecular geometries of the fresh polyimide and
the cycled polyimide for the ground states were optimized by DFT at
the B3LYP/6-311G + (d, p) level. ESPs were evaluated. All the DFT
calculations were carried out with the Gaussian 09 package.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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