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A Prussian-Blue Bifunctional Interface Membrane for
Enhanced Flexible Al–Air Batteries

Manhui Wei, Keliang Wang,* Yayu Zuo, Liping Zhong, Andreas Züttel, Zhuo Chen,
Pengfei Zhang, Hengwei Wang, Siyuan Zhao, and Pucheng Pei

Flexible Al–air batteries have attracted widespread attention in the field of
wearable power due to the high theoretical energy density of Al metal.
However, the efficiency degradation and anodizing retardation caused by Al
parasitic corrosion severely limit the performance breakthrough of the
batteries. Herein, a Prussian-blue bifunctional interface membrane is
proposed to improving the discharge performance of hydrogel-based Al–air
battery. When a rational 12 mg·cm−2 membrane is loaded, the effect of
anticorrosion and activation is optimal thanks to the formation of a stable and
breathable interface. The results demonstrate that a flexible Al–air battery
using the membrane can output a high power density of 65.76 mW·cm−2.
Besides, the battery can achieve a high capacity of 2377.43 mAh·g−1, anode
efficiency of 79.78%, and energy density of 3176.39 Wh·kg−1 at 10 mA·cm−2.
Density functional theory calculations uncover the anticorrosion-activation
mechanism that Fe3+ with a large number of empty orbitals can accelerate
electrons transfer, and nucleophilic reactant [FeII(CN)6]4− promotes the Al3+

diffusion. These findings are beneficial to the inhibition of interfacial parasitic
corrosion and weakening of discharge hysteresis for flexible Al–air batteries.

M. Wei, K. Wang, Y. Zuo, Z. Chen, P. Zhang, H. Wang
School of Mechanical Engineering
Beijing Institute of Technology
Beijing 100081, P. R. China
E-mail: wangkl@bit.edu.cn
M. Wei, L. Zhong, A. Züttel
Laboratory of Materials for Renewable Energy (LMER)
Institute of Chemical Sciences and Engineering (ISIC)
Basic Science Faculty (SB)
École Polytechnique Fédérale de Lausanne (EPFL) Valais/Wallis
Energypolis, Sion CH-1951, Switzerland
M. Wei, L. Zhong, A. Züttel
Empa Materials Science and Technology
Dübendorf CH-8600, Switzerland
K. Wang, P. Pei
State Key Laboratory of Automotive Safety and Energy
Tsinghua University
Beijing 100084, P. R. China
S. Zhao
Department of Building and Real Estate
The Hong Kong Polytechnic University
Hong Kong P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202302243

DOI: 10.1002/adfm.202302243

1. Introduction

With the gradual popularization of flexible
electronics, such as smart watches, smart
necklaces, and wearable glasses, it has be-
come a significant task to find a safe and
stable power source.[1–4] Although Li-ion
batteries have been regarded as the excel-
lent power systems for flexible electron-
ics, the issues of operational security and
electrolyte leakage in the bent state cannot
be ignored.[5–9] Flexible metal–air batteries
have attracted more attention due to the sta-
bility and reliability.[10–15] Typically, flexible
Al–air batteries show the ultra-high theoret-
ical capacity of 2980 mAh·g−1, energy den-
sity of 8100 Wh·kg−1, excellent ductility, and
light weight, which are expected to become
the next generation of energy storage sys-
tems for flexible electronics.[16–20]

However, a series of challenges, such
as slow kinetics of cathode, terrible me-
chanical properties of electrolyte, poor

conductivity of electrolyte, and parasitic corrosion of anode
should not be overlooked for flexible Al–air battery.[21–23] Many
studies have been carried out to improve the issues. Tian et al.[24]

interweaved CoNi alloy in N-doped carbon nanotube arrays onto
carbon cloth (CoNi@NCNTs/CC) as a self-supporting air elec-
trode for flexible Al–air battery. The cathode had an oxygen re-
duction reaction (ORR) half-wave potential of 0.82 V due to the
abundant active sites in the catalyst. Furthermore, the battery
using CoNi@NCNTs/CC cathode demonstrated a high voltage
level of 1.609 V and excellent battery flexibility. Zhang et al.[25]

designed a polyurethane organic framework (POF) as the inter-
nal support of polyacrylic acid (PAA) hydrogel electrolyte for flex-
ible Al–air battery. The tensile stress of 30 ppi POF hydrogel was
as high as 49.5 kPa due to the pressure transfer mechanism,
which was significantly >3.1 kPa of conventional hydrogel, sug-
gesting flexible Al–air battery using 30 ppi POF hydrogel could
achieve a larger bending angle. Liu et al.[26] proposed a polyvinyl
alcohol based electrolyte for compliant Al–air battery, integrating
polyethylene oxide and N,N′-methylene bisacrylamide (MBA).
Hence, a solution-level conductivity of 2.1 × 10−1 S·cm−1 at room
temperature and a battery power density of 44.5 mW·cm−2 were
obtained, demonstrating the advantage of fast charge as a watch-
band type flexible Al–air battery.

It is a fact that the anodic parasitic corrosion severely re-
stricts performance breakthrough of flexible Al–air battery.[27,28]
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The release of hydrogen sacrifices the electrochemical energy
conversion efficiency of the anode, while the accumulation of
byproducts brings an ultra-high risk of interrupting the battery
discharge anytime. For inhibiting the hydrogen evolution corro-
sion of Al anode, Wang et al.[29] prepared ethanol gel electrolyte
using KOH as solute and polyethylene oxide as gelling agents
for Al–air battery. Since there were no H2O molecules in the gel
to erode the Al anode, the battery lifespan and capacity increased
430% and 310% at 0.1 mA·cm−2, respectively. For preventing the
accumulation of byproducts on the Al surface, Zhang et al.[30]

doping sodium lignosulphonate, a metal chelating agent, into
the PAA hydrogel electrolyte of Al–air battery. The coordination
combination of lignosulfonate ion and Al3+ caused Al(OH)3 to be
transferred and decomposed into the electrolyte, so the battery
power density continued to increase from 27.2 to 46.3 mW·cm−2.
In summary, inhibition of anode self-corrosion and activation
of anodizing are considered as the crucial ways to improve the
performance of flexible Al–air battery.

To alleviate the intractable issues of Al self-corrosion and
anodizing hysteresis simultaneously, 4-amino-6-hydroxy-2-
mercaptopyrimidine and ZnO were used as mixed additives
by Luo et al.,[31] inducing a bifunctional interface film upon
the Al anode of aqueous Al–air battery, which inhibited the
hydrogen evolution and increased the battery discharge voltage.
However, no similar studies have been reported in the flexible
Al–air battery. In this work, a self-modulating Prussian-blue (PB)
bifunctional interface membrane is innovatively proposed and
loaded upon Al anode surface for PAA-based Al–air battery. The
anodic self-corrosion is suppressed under the cover of PB mem-
brane, while the Al surface is activated owing to Fe3+ accelerates
electrons transfer and [FeII(CN)6]4− promotes Al3+ diffusion.
The battery thus exhibits a capacity of 2377.43 mAh·g−1, anode
efficiency of 79.78%, peak power density of 65.76 mW·cm−2,
and the increase rate of 138.09% in energy density. Hydrogen
evolution test is carried out to demonstrate the inhibition reg-
ularity of PB mass load on Al self-corrosion. The properties
of the membrane and anodic surface sediments before and
after battery discharge are also explored. Electrochemistry is
measured to reveal the characteristics of interfacial electrons
transport for PB membranes with different mass loads, and
density functional theory calculation is executed to uncover the
mechanism for interaction between the membrane molecules
and Al atoms. Finally, the battery is discharged cyclically to show
the practical application. This study explores and verifies the
characteristics and functions of self-modulating PB interface
membrane from the perspective of experiment and theory, and
broadens the technical path for the anticorrosion and activation
of Al anode in flexible Al–air battery.

2. Experimental Section

2.1. Modulation of PB Membrane and Preparation of Anode

First, 2.61 g Fe plate was dissolved into 35 mL 15% HCl solution,
and 8 mL 10% H2O2 liquid as an oxidant was further dropped
into the beaker containing the solution. FeCl3 (1.03 m) solution
was thus obtained. Next, 12.85 g K4[FeII(CN)6] powder was put
into deionized water to form 70 mL solution, which was evenly
dispersed via ultrasonic oscillation for 1 h.[32] The FeCl3 solution

was added dropwise to the K4[FeII(CN)6] solution with a magnetic
stirring rate of 600 r·min−1. And then, filtration, washing, and
drying were carried out successively, thus ≈10 g FeIII

4[FeII(CN)6]3
(PB) powder could be obtained.

The prepared PB powder, binder (Nafion solution), and filler
(SiO2 & CaCO3) were mixed in a ratio of 10:5:0.1 to form the
slurry and heated in a water bath at 80°C for 4 h. The spray gun
driven by flowing He was used to evenly coat the slurry to the sur-
face of commercial Al alloy Al-1060. During PB loading, the sam-
ples were always placed horizontally on the 80 °C heating table.
Finally, the samples were heated in a high temperature chamber
at 60 °C for 6 h, thus the PB@Al-0 (pure Al), PB@Al-6, PB@Al-
12, and PB@Al-18 anode were prepared (the number represents
the mass load of PB interface membrane, mg·cm−2). In the cur-
rent study, all critical steps of material synthesis and preparation
were performed in a vacuum glove box to avoid reagents deterio-
ration.

2.2. Synthesis of Hydrogel Electrolyte

Acrylic acid (AA) (2.16 g) and 0.0668 g MBA were weighed
and placed in a centrifuge tube as bulk solution and adhesive,
respectively.[33] (NH4)2S2O8 (0.0833 g) and 2 mL deionized wa-
ter were added to a centrifuge tube as an initiator. And then, the
above tubes were dissolved by ultrasonic oscillations for 4 h. KOH
(8.4 g) was put into a beaker and dissolved in deionized water to
20 mL. Next, the solution from the first tube was poured into
KOH solution, and the mixture was ultrasonically oscillated for
1 h. After (NH4)2S2O8 solution was mixed with it, it was manually
shaken quickly and poured into a petri dish with an inner diame-
ter of 10.0 cm immediately. Finally, the PAA hydrogel electrolyte
was synthesized after standing for 1 h.

2.3. Fabrication of Cathode

First, 0.05 g MnO2, 0.08 g Co(NO3)2·6H2O, and 0.05 g C4H7FeO5
were weighed and dissolved in a mortar containing 1 mL C3H8O
and 1 mL deionized water.[34] Then, 0.02 g CH4N2S and 0.04 g
porous carbon nanotubes were continuously added to the mix-
ture. After being heated in a 60 °C water bath and magnetically
stirred for 4 h, the slurry was sprayed on the surface of carbon
paper attached to the foam Ni. Next, the air cathode was trans-
ferred to a tubular furnace and heated at 200 °C for 2 h under
the protection of flowing N2. Finally, an air cathode containing
Mn–Co–Fe–N/S@CNT catalyst was fabricated and used in the
current study.

2.4. Hydrogen Evolution Test of Al Anode

At atmospheric conditions (25 °C, 1.01 kPa), the above anodes
(2.0 × 2.5 cm) were respectively contacted with the PAA hydrogel
and placed at the bottom of the conical flasks. The top of the flask
was sealed with a rubber plug with small holes, and the system
was cooled through an external pool. The mass of the system was
weighed before and after standing for 24 h, and the weight loss
∆mH (g) was considered as the mass of hydrogen. Therefore, cor-
rosion rate v (mg·cm−2h−1) and anticorrosion efficiency 𝜂H (%)
could be calculated as Equations 1 and 2:[35]
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v =
ΔmH

24 ⋅ A
(1)

𝜂H =
vAl − v

vAl
⋅ 100% (2)

where A is the surface area of anode sample, 5 cm2 in this study.
vAl is the corrosion rate of pure Al anode.

2.5. Discharge Performance of Flexible Al–Air Battery

The discharge performance of flexible Al–air batteries using var-
ious anodes was evaluated by NEWARE BTS 7.5X. First, U–I
curves at current densities of 0, 0.5, 0.7, 1, 2, 3, 5, 15, 3, and
1 mA·cm−2 were recorded with a time step of 300 s. Then, the
battery discharge experiments at I = 2, 6, and 10 mA·cm−2 were
carried out, respectively, and the change of voltage U (V) with
time t (h) was also recorded. Further, the capacity Q (mAh·g−1),
anode efficiency 𝜂anode (%), and energy density W (Wh·kg−1) of
the battery at different current densities were calculated, respec-
tively, based on the consumption of Al ∆mAl (g), as shown in
Equations 3–5.[36] Besides, the cyclic discharge performance was
also explored based on a condition of 15 min-on and 5 min-off at
the operating currents of 0.5 and 2 mA·cm−2.

Q = ∫
t

0

I
ΔmAl

⋅ dt (3)

𝜂anode = ∫
t

0

32.4 ⋅ I ⋅ 100%
ΔmAl ⋅ F

⋅ dt (4)

W = ∫
t

0

U ⋅ I
ΔmAl

⋅ dt (5)

where F is the Faraday constant, which is ≈96485.34 C·mol−1.

2.6. Material Characteristics

Before the battery discharge, the surface micromorphology of
pure Al, PB@Al-6, PB@Al-12, and PB@Al-18 anode was ob-
served and the element distribution was analyzed using the FEI
Quanta 250 Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX). The Fourier Transform
Infrared Spectroscopy (FT-IR) of PAA hydrogel was scanned
at wavenumbers of 4000–500 cm−1 using Nicolet iS50 FT-IR.
Besides, the profile micromorphology of PAA hydrogel was also
observed after lyophilization with LGJ-10 freeze–dryer for 12 h.
After the battery discharge, the surface micromorphology of
various anodes was observed at a scale of 40 μm, and the crystal
information of the sediments was displayed by Rigaku Ultima
IV X-Ray Diffraction (XRD).

2.7. Electrochemical Measurement

Electrochemical measurement of flexible Al–air batteries using
various anodes was executed by CHI660E electrochemical work-
station. First, the battery was shelved for 300 s to monitor the

change of open circuit voltage (OCV). Tafel polarization curve was
then scanned based on a voltage range of 0.9–1.9 V and rate of
5 mV·s−1 to obtain the equilibrium voltage and corrosion current.
Next, the Electrochemical Impedance Spectra (EIS) of the battery
before and after discharge was measured with a frequency range
of 10−4–102 kHz. Finally, the Linear Sweep Voltammetry (LSV)
curve of each battery was scanned based on a voltage range of
0–2.0 V and rate of 1 mV·s−1. Besides, Nyquist diagram of PAA
electrolyte was also measured, in which two stainless steel plates
with an exposed area of 1 cm2 and a fixture with a thickness l of
0.16 cm were used to clamp the hydrogel. Therefore, the ionic
conductivity 𝜎 (S·cm−1) of PAA hydrogel could be calculated by
Equation 6.[20]

𝜎 = l
Nx

(6)

where Nx (Ωcm2) is the horizontal axis intercept of the Nyquist
diagram.

2.8. Quantum Chemical Calculation

The quantum chemical properties of anode-electrolyte interface
were investigated based on density functional theory (DFT). The
supercell of Al(1 1 1) with a vacuum layer thickness of 30 Å and a
size of 4× 4 was established to interact with H2O or [FeII(CN)6]4−,
so that two interface models could be obtained. GGA/PBE func-
tional and OTFG ultrasoft pseudopotentials were used to calcu-
late and analyze interface binding energy, density of states (DOS),
and partial density of states (PDOS). Besides, Mulliken charge,
electrostatic potential (ESP), highest occupied molecular orbital
(HOMO), and lowest unoccupied molecular orbital (LUMO) of
[FeII(CN)6]4− were further calculated to demonstrate the elec-
trophilic and nucleophilic properties.

3. Results and Discussion

3.1. Anticorrosion and Activation Principle of PB Membrane

Al self-corrosion and anodizing hysteresis of flexible Al–air bat-
tery are regarded as the notorious issues, which severely limit the
performance breakthrough of the battery. To ameliorate the above
problems, a PB bifunctional interface membrane upon Al anode
was proposed and modulated, as shown in Figure 1a. Fe2+ can
be initially obtained through the substitution reaction between
Fe plate and HCl solution, and Fe3+ is eventually formed under
the oxidation of H2O2, as shown in Equation 7. Further, Fe3+ re-
acts with K4[FeII(CN)6] solution to generate FeIII

4[FeII(CN)6]3 as
Equation 8.[37] After a continuous process of filtration, washing
and drying, PB powder is obtained. Moreover, Nafion solution is
used to impart viscosity to PB powder, and SiO2 & CaCO3 is uti-
lized to enhance the flexibility, dispersion, stability, and tensile
strength of the interface membrane. Ultimately, the mixture is
coated on the Al surface to form a uniform load under the pre-
scribed ratio, and the PB@Al anode is obtained after drying at
a high temperature. It should be emphasized that the PB inter-
face membranes dominated by the typical mass loads of 6, 12,
and 18 mg·cm−2 are highly representative, so pure Al, PB@Al-6,

Adv. Funct. Mater. 2023, 33, 2302243 © 2023 Wiley-VCH GmbH2302243 (3 of 11)

 16163028, 2023, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202302243 by Paul Scherrer Institut PSI, W
iley O

nline L
ibrary on [05/10/2023]. 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

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. a) Modulation of PB bifunctional interface membrane and preparation of PB@Al anode. b) Schematic diagram of interfacial molecular inter-
action for flexible Al–air battery using i) pure Al anode and ii) PB@Al anode. c) Hydrogen evolution per 24 h and corrosion rate, and d) anticorrosion
efficiency of Al anodes loaded with different mass PB membranes.

PB@Al-12, and PB@Al-18 anodes are studied in this work com-
paratively.

For pure Al anode, exposed Al atoms are prone to react with
OH− and H2O in PAA hydrogel electrolyte, which not only re-
duces electrode efficiency, but also impedes the rapid anodizing
due to the slow diffusion of Al3+, as shown in Figure 1b,i. Us-
ing a PB@Al anode greatly alleviates the both issues. On the one
hand, the coverage of PB membrane sharply reduces the number
of hydrogen evolution active sites of the anode surface and the
possibility of Al self-corrosion, while it does not affect the elec-
trode electrochemical reaction. On the other hand, Fe3+ in the
membrane will cling to the anode surface and electrophilic at-
tack Al atoms continuously. Due to the existence of a large num-
ber of empty orbitals in Fe3+, electrons of Al anode are forced
to transfer to the external circuit faster.[38] Besides, Al3+ will be
forced to combine with [FeII(CN)6]4− via the ions transport chan-
nels in the membrane under electrostatic interaction. After the
forced diffusion, Al3+ will be attracted and plundered by OH−

in the electrolyte, improving the movement rate compared with
natural diffusion of pure Al anode. As a result, the speed of elec-
trons transfer and ions transport is increased, and the Al surface
is thus activated. The process is shown in Figure 1b,ii, and the
fabricated PB@Al anodes are shown in Figure S1 (Supporting
Information).

Hydrogen evolution test is carried out to explore the anticor-
rosion effect of PB interface membrane on Al anode. As shown
in Figure 1c, pure Al anode has the highest hydrogen evolution
mass per 24 h, and the corrosion rate is up to 6.34 mg·cm−2 h−1.
With the increase of PB mass load, the corrosion rate of Al
anode is greatly reduced. When 18 mg·cm−2 PB membrane
is loaded upon Al surface, the corrosion rate is the lowest,
≈1.19 mg·cm−2 h−1, indicating that the higher PB mass load cov-
ers more hydrogen evolution active sites, and the parasitic cor-
rosion of Al anode is significantly inhibited. The anticorrosion
efficiency in line with the above law is shown in Figure 1d, and
the peak value is ≈81.20% when PB@Al-18 anode is used. It is
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Figure 2. a) Schematic diagram of flexible Al–air battery using PB@Al anode. b) LSV curve of flexible Al–air batteries using various anodes. c) U–I
curve of flexible Al–air batteries using various anodes at different current densities. Discharge curves of flexible Al–air batteries using various anodes at
d) 2 mA·cm−2, e) 6 mA·cm−2, and f) 10 mA·cm−2. g) Capacity, h) anode efficiency, and i) energy density of flexible Al–air batteries using various anodes
at different current densities.

worth emphasizing that the continuous increase of PB mass load
upon Al anode brings optimized anticorrosion efficiency, but suf-
focating interface membrane may be regarded as the passivation
layer to delay anodizing because of blocking ions transport chan-
nels. Therefore, 18 mg·cm−2 is seen as the limit PB mass load in
the current study.

2Fe + 6H+ + H2O2 ⇒ 2Fe3+ + 2H2O + 2H2 ↑ (7)

3K4[FeII(CN)6] + 4Fe3+ ⇒ FeIII
4 [FeII(CN)6]3 + 12K+ (8)

3.2. Performance Evaluation of Flexible Al–Air Battery

Schematic diagram of a flexible Al–air battery using the PB bi-
functional interface membrane is shown in Figure 2a. PAA hy-
drogel electrolyte is sandwiched between the PB@Al anode and
Mn–Co–Fe–N/S@CNT cathode to assemble a flexible Al–air bat-

tery in the current study. LSV curve of the battery is tested and
then shown in Figure 2b. It can be seen that slow anodizing
severely limits the peak power density of the battery using pure
Al anode, only ≈34.91 mW·cm−2. The loading of PB membrane
on Al surface can effectively improve the anodic kinetics, and the
highest peak power density can be obtained for the battery using
PB@Al-12 anode, which is ≈65.76 mW·cm−2. Unlike the anticor-
rosion properties, further increased PB mass load will no longer
have higher battery power because the suffocating membrane al-
ready hinders interfacial electrons transfer to external circuit and
ions diffusion into the electrolyte. Therefore, 12 mg·cm−2 is con-
sidered as the optimal PB mass load to achieve anticorrosion and
activation of Al anode simultaneously. U–I curve is then shown
in Figure 2c. The battery voltage at each current density is the
lowest when a pure Al anode is used. Surprisingly, PB interface
membrane activates the Al surface, promoting electrons trans-
fer and ions diffusion, so the battery voltage is significantly in-
creased. As the PB mass load increases, the voltage increases
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Figure 3. SEM images of the prepared a) PB@Al-6, b) PB@Al-12, and c) PB@Al-18 anode. d) XRD spectroscopy and e) SEM images of the surface
sediments for various anodes after battery discharge.

first and then decreases, which shows a consistent rule with LSV
curve. Galvanostatic discharge performance of the batteries us-
ing various anodes at current densities of 2, 6, and 10 mA·cm−2

is tested, as shown in Figure 2d–f, respectively. Although the bat-
tery discharge duration is different for each current density, the
same regularity is indicated. The discharge voltage increases with
the increase of PB mass load, and decreases when it exceeds
12 mg·cm−2. Because a rational load of PB membrane can ac-
tivate the Al surface, while a suffocating membrane will delay
the battery anodizing. Under the same current density, the bat-
tery discharge duration also follows the above regularity. It can
be explained that a lower PB mass load with poor anticorrosion
performance is easy to cause ions channels blocked by byprod-
uct Al(OH)3, and the higher one tends to asphyxiate interface.
Therefore, the PB@Al-12 anode maximizes the discharge per-
formance of the battery, and the corresponding parameters are
shown in Figure 2g–i. It can be seen that the highest capacity of
2377.43 mAh·g−1 and anode efficiency of 79.78% can be obtained
at 10 mA·m−2 for Al–air battery using PB@Al-12 anode thanks
to the excellent anticorrosion efficiency. Meanwhile, a high bat-
tery energy density of 3176.39 Wh·kg−1 is achieved due to the ac-
celerated electrons transfer and ions diffusion. Detailed battery
performance parameters are shown in Table S1 (Supporting In-
formation).

3.3. Microscopic Characteristics of PB Membrane Surface

PB with different mass loads are coated on the smooth, non-
oxidized surface of pure Al anode (Figure S2, Supporting
Information), and the micromorphology is observed at dif-
ferent scales. Figure 3a shows the prepared Al anode with a
6 mg·cm−2 PB interface membrane. It implies that the mem-
brane is easy to be damaged by parasitic corrosion and the ions
transport channels is prone to be blocked by byproducts during
the battery discharge. Figure 3b shows the prepared Al anode
with a 12 mg·cm−2 PB interface membrane. The cracks on the
membrane surface are evenly distributed with moderate pore
size, inhibiting the Al self-corrosion and providing the essential
channels for Al3+ diffusion. Figure 3c shows the prepared Al
anode with a 18 mg·cm−2 PB interface membrane. It should be
mentioned that the higher mass load coating can further improve
the anticorrosion efficiency of Al anode. However, the membrane
is easy to cracking and unstable at this time, which hinders the
contact between PAA hydrogel and Al atoms, thereby impeding
the rapid anodizing and increasing ions transport resistance.
Surface EDX analysis of prepared various anodes is also per-
formed, as shown in Table S2 (Supporting Information). With the
increase of PB mass load, the content of Al on the anode surface
decreased significantly, indicating the weakening of hydrogen
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Figure 4. a) OCV, b) Tafel polarization curve, c) Nyquist diagram before discharge, d) Nyquist diagram after discharge, and e) EIS equivalent circuit of
flexible Al–air batteries using various anodes.

evolution reaction. Meanwhile, the proportion of C, N, and Fe in
the membrane increased gradually, suggesting that the bifunc-
tional interface become thicker. Besides, FT-IR, profile SEM, and
Nyquist diagram of the prepared PAA hydrogel electrolyte are
shown in Figure S3a–c (Supporting Information), respectively. A
large number of –OH & H2O, –NH2, –COO−, and C–O groups
are enriched and stored in the crosslinking structure of the hy-
drogel, which ensures a high ionic conductivity of 0.397 S·cm−1

and will not damage the stability of PB interface membrane.[39]

After the battery discharge, the properties of sediments on the
anode surface are studied by XRD, as shown in Figure 3d. It can
be seen that a large number of byproduct Al(OH)3 exist on the
surface of pure Al anode according to the diffraction peaks at 2𝜃
= 18.73, 20.56, 28.18, 36.42, 38.06, 40.60, 53.32, 64.08, and 79.08°

(ICOD 01-077-0117). Besides, a small amount of KAlO2 is found
at 2𝜃 = 31.70° (ICOD 01-089-8451). After the PB membrane with
different mass is loaded on the Al anode surface, parasitic cor-
rosion is greatly inhibited and the amount of Al(OH)3 is drasti-
cally reduced. It can be fed back by the number and intensity of
Al(OH)3 diffraction peaks in Figure 3d. In order to further ex-
plore the effect of different PB mass loads on the accumulation
of byproducts, the surface micromorphology of various anodes
after the battery discharge is shown in Figure 3e. A large number
of byproduct Al(OH)3 is accumulated on the surface of pure Al
anode, and the dense passivation layer hinders the anodizing. PB
membrane (6 mg·cm−2) is unstable, thus the failure leads to the
Al(OH)3 accumulation on the anode surface, which interrupts
the battery discharge. PB membrane (12 mg·cm−2) is relatively
intact, and there is no large amount of byproducts on the sur-
face, because the uniform and moderate hiatus ensures the bal-

ance of ions transport and anticorrosion. Although a suffocative
18 mg·cm−2 PB membrane has stronger anticorrosion proper-
ties, the narrow ions channels has been blocked by Al(OH)3, even
if only a small amount of byproducts. Therefore, 12 mg·cm−2 is
regarded as the optimal mass load of PB interface membrane,
achieving anticorrosion without excessive passivation of anodiz-
ing.

3.4. Electrochemical Analysis of the Interface

Electrochemical analysis of flexible Al–air batteries using var-
ious anodes is performed to explore properties of interfacial
electrons transport. Figure 4a shows the battery OCV within
300 s. The loading of PB membrane leads to faster stabilization
of the voltage, and the battery using PB@Al-12 anode obtain
the highest OCV, ≈1.681 V, which is >1.547 V of pure Al anode.
Thanks to the rapid stripping of electrons from the Al surface
by Fe3+ with a large number of vacant orbitals, PB@Al-12
anode surface has the faster kinetics. Tafel polarization curve
is scanned and shown in Figure 4b. With the increase of PB
mass load, Al surface is activated and the equilibrium voltage is
increased. However, 12 mg·cm−2 is an inflection point, and the
continuous increase of PB will cause suffocation of the interface,
thus the equilibrium voltage will drop instead of rising. The
corrosion current continues to decrease with the increase of the
PB mass load, because the number of hydrogen evolution active
sites on the Al surface reduces greatly. Detailed parameters,
such as equilibrium voltage, corrosion current, and Tafel slopes
are shown in Table S3 (Supporting Information). Figure 4c
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Figure 5. a) Interfacial energy level, b) DOS of Al(1 1 1)-H2O and Al(1 1 1)-PB interface, and c) PDOS of Al(1 1 1)-H2O and Al(1 1 1)-PB interface.
d) Millikan charge e) ESP f) HOMO and g) LUMO of [FeII(CN)6]4−.

exhibits the Nyquist diagram of each battery before discharge,
which is composed of solution resistance, high-frequency ca-
pacitive reactance, intermediate-frequency capacitive reactance,
intermediate-frequency inductive reactance, and low-frequency
capacitive reactance. It should be emphasized that with the
increase of PB mass load, the radii of three capacitive reactance
arcs representing the anticorrosion layer, Al↔Al+, and Al+↔Al3+

are increased, suggesting that the anticorrosion efficiency of Al
anode is gradually improved.[40] For the fitting EIS parameters
in Table S4 (Supporting Information), the gradient increase of
charge transfer resistors Rct, I, Rct, II, and Rct, III verified the above
regularity. Besides, the radius of intermediate-frequency induc-
tive reactance arc, which represents the continues adsorption
and desorption of parasitic product Al(OH)3 on the Al anode,
shows a law that pure Al is the largest and PB@Al-12 anode
is the smallest. The reason is that a rational PB mass load of
12 mg·cm−2 effectively prevents the accumulation of Al(OH)3
on the anode surface and ensures the unimpeded interfacial
ions channels. The fitting EIS errors are shown in the Table S5
(Supporting Information). Further, Nyquist diagram of the
battery after discharge is shown in Figure 4d. It can be seen that

the radius of capacitive reactance arc is the largest for the battery
using pure Al anode, indicating a higher interfacial charge
transfer barrier occurs because of a massive accumulation of
byproducts after battery failure. The loading of PB interface
membrane severely inhibits the anodic parasitic corrosion, and
the PB@Al-12 anode has the smallest charge transfer resistance
due to the excellent anticorrosion efficiency and a breathable
interface. Finally, an equivalent circuit that can reflect the regu-
larity of interfacial electrons transfer is shown in Figure 4e, and
the Bode plots before and after battery discharge are shown in
Figure S4a,b (Supporting Information), respectively.

3.5. Interaction Mechanism between PB Membrane and Al Anode

DFT is used to reveal the interaction mechanism between
[FeII(CN)6]4− and Al anode from the perspective of quantum
chemistry. As shown in Figure 5a, the binding of Al(1 1 1) and
free H2O will release the energy of 15.56 kJ·mol−1, while the en-
ergy level of −63.32 kJ·mol−1 for Al(1 1 1)-PB interface can be
reached, suggesting a more stable interface will be obtained when

Adv. Funct. Mater. 2023, 33, 2302243 © 2023 Wiley-VCH GmbH2302243 (8 of 11)
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PB membrane is loaded upon Al anode. Detailed energy change
parameters for the two interfaces are shown in Table S6 (Support-
ing Information). Further, DOS of Al(1 1 1)-H2O and Al(1 1 1)-PB
interface, is calculated and shown in Figure 5b. The energy differ-
ence between two adjacent peaks on either side of the Fermi level
is considered as the pseudogap, which can directly reflect the in-
tensity of interfacial molecular interaction.[41] The pseudogap of
Al(1 1 1)-PB interface is ≈0.096 Ha, which is >0.072 Ha of Al(1
1 1)-H2O. It indicates that the binding between [FeII(CN)6]4− and
Al atoms is stronger, which verifies the conclusion that the Al(1 1
1)-PB interface is more stable. PDOS of the two interfaces is also
analyzed to investigate the contribution of each atomic orbital to
the DOS.[42] As shown in Figure S5 (Supporting Information),
the orbital p dominates the interfacial molecular interaction of
Al(1 1 1)-H2O and Al(1 1 1)-PB interface. Moreover, the strength
of atomic bonding by the orbital p in the Al(1 1 1)-PB interface
is higher than Al(1 1 1)-H2O due to the larger pseudogap value
of 0.113 Ha for the former interface, as shown in Figure 5c. Be-
sides, it also exhibits that the orbital s of the atoms in the two
interfaces contribute almost equally to the interaction. However,
the orbital d of Al(1 1 1)-PB interface promotes the interfacial
molecules binding owing to the contribution of Fe2+, unlike the
Al(1 1 1)-H2O interface, which only the orbitals s and p partic-
ipate in the interaction. Finally, Mulliken charge, ESP, HOMO,
and LUMO of [FeII(CN)6]4− are shown in Figure 5d–g, respec-
tively. Overall, the electronegativity of [FeII(CN)6]4− implies that
the ion tends to bond with electropositive Al3+. In this way, Al3+

is forced to move rapidly to the wetted ions channel in the mem-
brane, and thus be easily plundered by OH− after the forced diffu-
sion, which increases the movement rate greatly compared with
natural diffusion of pure Al anode, ensuring a high power density
of the battery. Locally, the high HOMO density of –C≡N implies
that the group has strong nucleophilic properties, which dom-
inates the bonding between [FeII(CN)6]4− and Al3+. Meanwhile,
the high LUMO density at the center of [FeII(CN)6]4− suggests
that Fe2+ has a driving effect on electrons transfer. Similarly, Fe3+

in the PB interface membrane will also constantly attract and
peeling electrons off Al surface to the external circuit due to the
large number of internal empty electron orbitals in Fe3+, improv-
ing the electron transfer rate greatly.[38,43,44] Therefore, the PB in-
terface membrane significantly promotes the ions transport and
electrons transfer, thus activating the Al anode.

3.6. Cyclic Discharge and Physical Demonstration of Flexible
Al–Air Battery

For simulating the actual operation of the flexible Al–air battery
using PB@Al-12 anode, a cyclic discharge experiment is carried
out under the condition of 15 min-on and 5 min-off. U–t curves
of batteries at operating current densities of 0.5 and 2 mA·cm−2

are shown in Figure 6a,b, respectively. It can be seen that the dis-
charge voltage and OCV of the battery using PB@Al-12 anode
is significantly higher than that using pure Al anode during the
duration of 10000 s. Above all, the degradation of battery volt-
age is very serious when a pure Al anode is used. It implies that
the 12 mg·cm−2 PB membrane can activate the Al surface and
maintain the harmonious relationship between ions transport
and electrons transfer, so that the high battery voltage level is kept

steadily when PB@Al-12 anode is used. The crucial performance
of the flexible Al–air batteries using pure Al and PB@Al-12 an-
odes is compared in Figure 6c, exhibiting an average increase rate
of 101.09% and a highest increase rate of 138.09% (energy den-
sity) after Al anode was modified with 12 mg·cm−2 PB bifunc-
tional interface membrane. Finally, the real work condition of
the flexible Al–air battery using PB@Al-12 anode is monitored.
Two flexible batteries in series can supply power to an electric
meter, as shown in Figure 6d and Figure S6a–c (Supporting In-
formation) are also displayed. Two batteries in series can also
charge a mobile phone, as exhibited in Figure 6e. And then two
flexible batteries in series are used to power the electric lights
with different nominal voltages of 2.0, 2.5, and 3.0 V, as shown
in Figure S6d–f (Supporting Information), respectively. Further,
the test on battery powering an electric light at different bending
angles is carried out, so as to demonstrate the battery operating
state under flexible work, as shown in Figure 6f. It can be seen
that the battery is always in good working condition at different
typical bending angles (0, 45, 90, 135, and 180°). Supplementary
demonstration of the battery can also be found in Figure S6g,h
(Supporting Information).

4. Conclusion

In this work, a self-modulating Prussian-blue bifunctional inter-
face membrane was presented to achieve anticorrosion and acti-
vation of Al anode in flexible Al–air battery. Hydrogen evolution
of the anode and discharge of the battery were tested to explore
the improvement of the interface membrane on energy efficiency
and operating performance. Electrochemical measurement and
density functional theory calculation were performed to uncover
the mechanism by which membrane molecules defend and acti-
vate Al anode. The main conclusions are as follows:

1) A Prussian-blue bifunctional interface membrane was pro-
posed, and the mechanism of anticorrosion and activation
was revealed. The membrane was self-modulated through a
simple, green and low-cost process. Fe3+ with a large num-
ber of empty orbitals continuously attracted electrons to peel
off the Al surface, facilitating electrons transfer. Meanwhile,
the nucleophilic reactant [FeII(CN)6]4− coordinated with Al3+,
promoting the diffusion of Al3+ into the electrolyte.

2) Rational mass load of the membrane upon Al anode was con-
firmed. A Prussian-blue interface membrane with a mass load
of 12 mg·cm−2 proved to be optimal, achieving a high anticor-
rosion efficiency of 73.50%. Meanwhile, uniform and moder-
ate hiatus provided a fast channel for electrons transport and
ions diffusion, obtaining a stable and breathable interface.

3) A high-performance flexible Al–air battery was designed.
When 12 mg·cm−2 Prussian-blue interface membrane was
loaded upon the Al anode, a high battery capacity of
2377.43 mAh·g−1 and anode efficiency of 79.78% were
achieved at 10 mA·cm−2. Besides, the highest energy density
of the battery was ≈3176.39 Wh·kg−1 with a high increase
rate of 138.09%. Finally, the battery peak power density of
65.76 mW·cm−2 was obtained.
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Figure 6. Cyclic discharge experiment (15 min-on and 5 min-off) of flexible Al–air batteries using pure Al and PB@Al-12 anode at the operating current
densities of a) 0.5 mA·cm−2 and b) 2 mA·cm−2. c) Comparison of the crucial performance for flexible Al–air batteries using pure Al and PB@Al-12 anode.
The physical demonstration of two flexible Al–air batteries using PB@Al-12 anodes in series d) power an electric meter, e) charge a mobile phone and
f) power an electric light at different typical bending angles (0, 45, 90, 135, and 180°).
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