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Aluminum-air batteries have been considered to be a promising power candidate for flexible
electronics. And the performance of Al-air batteries is mainly regulated by the catalytic activity
of air electrode catalysts. Here, we demonstrate electronic engineered amorphous Fe-Co-S sites
embedded in Prussian blue analogues (FeCoSx-PBA) hetero-nanoframes. The experimental
results and DFT calculations reveal the critical role of the introduced FeCoSx layer to PBA,
which enhances the electron transfer and alleviates the overbinding effect of OH* during the
oxygen evolution reaction (OER). The FeCoSx-PBA hybrid system supplies an optimized
electronic structure for the alkaline OER, which is also confirmed by the much-lowered
overpotential (266 mV at 10 mA cm) for the alkaline OER. Furthermore, the flexible Al-air
battery based on FeCoSx-PBA cathode catalyst exhibits a high peak power density (58.3 mW

cm?), energy density (1483 Wh kgai'!), and outstanding stability for more than 50 h operation
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under bending or stretching condition, demonstrating its potential in the practical application
of flexible electronic devices. Our results may provide a new strategy of modulating the
electronic structure of air electrode catalysts to efficiently promote the reactivity of alkaline

OER and Al-air batteries process.

1. Introduction

The rapid development of flexible and wearable electronic equipment promotes the
exploitation of highly efficient energy storage and conversion devices such as aluminum (Al)-
air batteries. It has remarkable advantages of high theoretical energy density, excellent safety,
and low cost compared to traditional batteries (such as lithium-ion batteries and zinc-air
batteries). The oxygen involved reaction is the most crucial process for Al-air batteries in
portable devices and electric vehicles.!'*l However, the related oxygen involved electro-process
is usually restricted by the instinctly sluggish kinetics for multiple-step proton-coupled electron
transfer steps.>'% Therefore, developing highly efficient catalysts with excellent activity and
predominant durability is critical for its practical applications. Although noble metal and metal
oxides (Pt, Ir, and IrO,) exhibit state-of-the-art catalytic activities for the oxygen involved
process, their multiple disadvantages, including high cost, scarcity, and poor durability, limit
their application on a commercial scale.'!! For this purpose, the development of low-cost and
highly active transition metal-based catalysts is essential.[!>1¢]

Hetero-nanoframes consisted of hollow frame structures have been considered as an
essential morphology in nanocatalysts due to their abundant exposed active sites, enhanced
mass/charge transfer velocity, reduced possibility of aggregation, and favorable interface
effects.!”"!1 However, the poor intrinsic catalytic performance is still a challenge for their
application in electrocatalysis. Cation and anion exchange is an efficient approach to modify

the inherent electronic structure and create new active sites through the introduction of hetero-

atoms, thus improve the intrinsic catalytic activity. After the introduction of heteroatoms, the



surface electron density of active sites can be changed due to the variational coordination
environment among neighboring atoms accompanied by the mismatch of electronegativity and
ionic radius.”! Accordingly, a tailored electronic configuration with optimized band structure
and abundant defects can be adjusted into catalysts through precisely ion-exchange strategy,
which is favorable to promote catalytic activity.[?!2]

In our work, an amorphous FeCoSx embedded in Prussian blue analogues hetero-
nanoframes (FeCoSx-PBA) was fabricated through an ultrasound-assisted ion-exchange
method. By engineering electronic structure through hetero-ion introduction (Fe?** and S*) and
amorphization, the FeCoSx-PBA catalyst has enchanced electron transfer capability and
optimized binding strength with intermediates. Besides, it’s unique hetero-nanoframes
morphology also provide more exposed active sites. As-obtained material exhibits excellent
oxygen evolution performance with a low overpotential of 266 mV at 10 mA c¢cm™ and superior
durability. Dynamic OER study unravel the important role of S atoms to OER of the FeCoSx-
PBA catalyst. Through DFT calculations, the obvious change of the electronic structures was
unraveled, which indicates the boosted electronic conductivity to promote the electron/charge
transfer during OER. Meanwhile, the surface unsaturated FeCoSx layer demonstrates the
optimized binding strength of OH, leading to the alleviated energy barrier of the rate-
determining step for OER. In addition, when severed as air cathode catalyst in Al-air batteries,
the FeCoSx-PBA shows the promoted battery performance. A remarkably high discharge power
density of 58.3 mW cm?, a large energy density of 1483 Wh kg™ and excellent long-term
stability for more than 50 h operation after mechanical recharge was achieved. More
importantly, all-solid-state Al-air batteries with excellent bendability and stretchability are

assembled and applied to charge a smartphone successfully.

2. Result and Discussion



FeCoSx-PBA hetero-nanoframes were synthesized by a sequential ultrasound-assisted ion-
exchange method. The initial PBA nanocubes ultrasonic in dilute HCI solution containing Fe**,
leading to the partial replacement of Co*" with Fe?" in PBA surface and formed Fe/Co mixed
Prussian blue analogues (MPBA) nanocubes, which provides a basis for the further synthesis
of FeCoS; structure. Further solvothermal treatment was performed to achieve S* ion exchange
with Fe(CN)¢™".

The crystal structure of PBA, MPBA, and FeCoSx-PBA (Figure 1a) was studied by X-ray
diffraction (XRD). The results of all three samples show the same diffraction pattern as
K>CoFe(CN)e (JCPDS#75-38) and Fes[Fe(CN)g]3 (JCPDS#73-687), which can be indexed to a
cubic structure with F-43m symmetry. Due to an almost coincident lattice structure between
K>CoFe(CN)¢ and Fes[Fe(CN)s]z, MPBA shows no noticeable change in XRD pattern
compared to PBA. Furthermore, after the introduction of S, FeCoSx-PBA also shows the same
XRD pattern with PBA and MPBA, demonstrating that the major components of FeCoSx-PBA
are still KoCoFe(CN)s and Fes[Fe(CN)g]3. During the solvothermal reaction process, low
concentration S** was released from thioacetamide (TAA). Then S* inactivated by ethanol,
favors the incomplete decomposition of MPBA, resulting the retain of partial the Prussian blue
structure.?*?71 It is worth noting that all XRD peaks shift mildly from MPBA to FeCoSx-PBA,
as shown in Figure 1a. The main diffraction peak at 260 = 17.57° of MPBA shifts to 17.43° of
FeCoSx-PBA, revealing the expansion of lattice distance caused by the successful introduction
of hetero cation (Fe**) and anion (S%).

The morphology was study by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The results show PBA exhibits nanocubes morphology with a
diameter of about 250 nm (Figure S1). After Fe** ion exchange, MPBA nanocubes with a
nearly unchanged diameter and morphology (Figure S2). The Fe?" ion exchange process was
also studied by the same ultrasonic experiment without the addition of Fe**. As seen, The PBA

nanocubes were corroded and broken into porous nanocubes (Figure S3). The above results
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indicated that Fe** has a stronger bonding than Co** with [Fe(CN)s]*" and it can resist the
corrosion of HCI, which drives the Fe** ion exchange process. After ion exchange with S**, The
SEM image of FeCoSx-PBA in Figure 1b clearly shows a typical cubic shape with numerous
small nanoparticles attached on the surface. TEM image further confirms the hollow cube-like
structure of FeCoSx-PBA with an outer diameter of about 250 nm and skeleton thickness of 20-
40 nm. The attached surface nanoparticles were ranging from 30 nm to 50 nm.
Brunner—Emmet—Teller (BET) results (Figure S4 and Table S1) also support hollow structure
of FeCoSx-PBA, which has a significantly increased BET surface area.

To determine the structural changes caused by the introduction of S. The TEM was further
performed on FeCoSx-PBA. The remarkable single crystal structure with the cubic system was
also confirmed by the selected area electron diffraction (SAED) images in the inset of Figure
1c. Combined with XRD results, it indicated that the hollow cube is mainly an MPBA structure.
The energy-dispersive X-ray spectroscopy (EDX) element scan demonstrates the uniform
distribution of Fe, Co, and S of FeCoSx-PBA (Figure 1d). The line scan profile of a single
FeCoSx-PBA hetero-nanoframes indicated the distribution of Fe, Co, and S. The S content is
significantly high in surface nanoparticles and much lower in the skeleton part. It suggests the
surface nanoparticles may be FeCoSx. High-Resolution Transmission Electron Microscopy
(HRTEM) was used to study the lattice structure of FeCoSx-PBA further. As shown in Figure
1e, no lattice fringe can be observed of the surface particle. Its corresponding Fast Fourier
Transform (FFT) image (insert of Figure 1e) also shows no diffraction spots, revealing the
amorphous feature of FeCoSx. The amorphous structure also evidenced by contrast experiment,
MPBA react with Na>S instead of TAA in the same experiment condition to fully convert
prussian blue to sulfide. As-obtained materials show no XRD peak (Figure S5), revealing the
amorphous structure.

The skeleton part of FeCoSx-PBA displayed legible lattice fringes, which can be ascribed

to (200) plane of KoCoFe(CN)s and Fes[Fe(CN)g]3 in Figure 1f and S6. Three parts marked as
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green, blue, and red frame were chosen to remove background noise by Inverse Fourier Filtering
method and was shown in Figure 1g, h, and i. Figure 1g shows significant lattice distortions
marked byline and a large area of vacancies defects marked by dots. Figure 1h displays
characteristic lattice dislocations of ~0.23 nm, which the periodic arrangement of atoms
mismatches and slides. Figure 1i illustrates a representative HRTEM image, in which the
marked lattice spacing value is 0.516 nm that assigned to (200) plane of prussian blue structure.
Compared to PBA and MPBA with lattice distance of 0.504 nm and 0.506 nm respectively,
FeCoSx-PBA shows a small lattice expansion of 0.01 nm, it may attribute to the flexible and
framework-like lattice structure of ferricyanide. These S** doping and the resulting abundant
lattice imperfection were proved to exist in FeCoSx-PBA and could be expected to promote the
electrocatalytic performance.[*3% Element mapping in Figure 1j-m also demonstrate the
distribution of Fe, Co, S in FeCoSx-PBA.

The above results indicated that the S atom has two primary forms in FeCoSx-PBA. One
is S*" in FeCoSy, another is doped S in Prussian blue. X-ray photoelectron spectroscopy (XPS)
was performed to provide in-depth evidence and trace the electronic structure difference among
PBA, MPBA, and FeCoSx-PBA (Figure 2a-e, S7). Along with S introduction, the Co 2p spectra
of FeCoSx-PBA in Figure 2a were deconvoluted into two pairs of the peak at the binding
energies of 778.3 eV, 781.1 eV, 793.3 eV, and 797.3 eV, which were attributed to Co-S and
Co-N species, respectively.’!3% Fe 2p spectra of FeCoSx-PBA (Figure 2b) show a similar
structure with Co. The peaks at 708.1 eV and 720.7 eV belonged to Fe-C species, while the
peaks at 708.5 eV and 721.8 eV belonged to Fe-S species.***1 Moreover, S 2p spectra of
FeCoSx-PBA (Figure 2¢) can be identified as two pairs of the peak with binding energies of
161.8 eV, 163.0 eV, 163.9 eV, and 165.0 eV. The former two peaks can be assigned to Fe/Co-
S groups, and the latter two belong to C-S groups.?®! From these results, it can be found that
doped S atom in FeCoSx-PBA bond with the C atom of the cyanide ligands to form C-S structure.

This suggestion was further confirmed by C 1s XPS spectra, a new peak center at 285.6 eV is
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observed for FeCoSx-PBA and can be assigned to the C-S structure (Figure S8).1*%! Other peaks
at 284.6 eV, 286.7 eV, and 288.7 eV are attributed to C=C-C, C-O/C-N, and C=0,

[37-38] Besides, the N coordination was verified by the N 1s spectra. Three types of

respectively.
nitrogen peaks of FeCoSx-PBA were fitted at 397.1 eV, 398.3 eV, and 401.8 eV, which are
attributed to Fe/Co-N, C-N, and N-H species.***%l Furthermore, a significant peak shift was
observed after S introduction. Original Co-N and Fe-C peaks appear to be a negative shift of
0.8 eV and 0.5 eV, indicating the increased electron density of Co and Fe atoms. The electrical
effect of S atoms was further spread to the adjacent N and C atoms. The negative shift and
positive peak shift of N and C, respectively, revealed the electron density in C and N atoms
decreased and increased separately. Besides, a significant enhanced N-H peak at 401.8 eV was
observed in FeCoSx-PBA also demonstrates N atoms become more electronegative and more
accessible to combine hydrogen molecules in the atmosphere to form N-H like species.[*’l above
results further support the two primary forms of S in FeCoSx-PBA.

To further detail the local electronic structure, EELS was performed. Especially for the
FeCoSx-PBA, the PBA frame region and amorphous FeCoSx particles region was studied
separately (Figure S9). First, the Fe Lo 3 white lines (Figure 2e) shows 0.5 eV negitively shift
from MPBA to PBA, which indicate a slightly decreased of valence state of Fe. This is
consistent with the introduction of Fe?" in MPBA. Thus, the Co and Fe L3 spectra of PBA
frame region in FeCoSx-PBA has no sigficant change compared with MPBA, it shows the doped
S don’t influence the valence state of Co and Fe. But the Co and Fe L, 3 spectra of amorphous
FeCoSx region in FeCoSx-PBA exhit 1 eV positive shift compared with PBA frame region.
Represents a significant structural difference between PBA structure and sulfide structure.[*!]
The S L3 white lines (Figure 2f) intensity in PBA frame region is lower than amorphous
FeCoSx region and has 0.5 eV difference. Which also shows the different forms of S in FeCoSx-
PBA. % The Mossbauer spectroscopy was further employed to analyze different Fe species.

The Mdssbauer spectrum of FeCoSx-PBA (Figure 2f) was fitted with a single and a doublet
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assigned to Fe (II)-C/N and Fe (II)-S species, respectively. The Mossbauer spectrum of PBA
and MPBA (Figure S10, S11) were fitted with a single and a doublet but assigned to low spin
Fe (II) and high spin Fe (III) species, respectively.?>#4¢l After introducing Fe?*, the region
ratio of single: doublet in MPBA increased, showing an increased Fe?"/Fe’* ratio from 1.46 to
2.91. The corresponding fitting parameters and the relative peak area for the catalysts were
summarized in Table S2.

Then we introduce the DFT calculations to unravel the significant improvements of OER
performance in the FeCoSx-PBA hybrid system. Although the cage structure of PBA endows
them a stable structure with a high surface area, the low electronic conductivity still leads to
limited application in the electrocatalyst. With the introduction of the FeCoSx on the surface
with different bonding situations, the electroactivity of PBA has been activated on the surface
defective FeCoSx layer with large exposure of active sites. The bonding and anti-bonding
orbitals near the Fermi level (Er) are mostly dominated by the surface FeCoSx layers.
Meanwhile, the remarkable stability of the PBA structure frame determines the long-term
durability of the composite electrocatalyst (Figure 3a). Thus, the projected partial density of
states (PDOS) of S, Fe, Co, and -CN functional groups in FeCoSx-PBA are illustrated. Except
for the surface, S sites demonstrate the broad S-3p orbitals, covering from Ev-8.0 eV to Ev+3.5
eV (Ev=0 eV). However, the surface unsaturated S shows a strong delocalization feature with
the dominant peak at Ev-4.7 eV, which effectively suppresses the overbinding effect of -OH in
the alkaline environment (Figure 3b). From the bulk to the surface, the eg of Fe-3d orbitals
significantly shifting from Ev+4.5 eV to Ev+0.6 eV. The downshifting of the d-band center of
surface Fe is also noted, which boosts up both the electron transfer and binding with the OH
group. Meanwhile, the surface Fe indicates the evident crossing of Er, supporting the reduction
of valence state with improved electronic conductivity. This significantly compensates for the
poor electron transfer capability in pristine PBA (Figure 3c¢). For Co-3d orbitals, we notice the

evident splitting of tog and e; in PBA-Co and the interfacial Co. Only Co sites in the surface
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FeCoSx layer demonstrate the increased electron density of 3d orbitals near Er to further
enhance the electron transfer, which is consistent with the XPS results (Figure 3d). In addition,
the CN groups in PBA is also investigated regarding the electronic structures. From the bulk
PBA to the interfacial region binding with FeCoSx, the s,p orbitals of -CN groups demonstrate
the gradual downshift away from the Er, becoming more electronegative, which confirms the
experimental characterizations. This also means that the introduction of the surface FeCoSx
layers not only leads to the modified -CN functional groups with improved stability but also the
overbinding poisoning of OH groups during OER (Figure 3e).

The OER activity was studied in an alkaline medium (1.0 M KOH) through linear sweep
voltammetry (LSV) (Figure 4a) for the as-prepared three catalysts and benchmark Ir/C (20%)
which were prepared on glassy carbon electrodes. After modifying PBA's outermost surface by
Fe?*, the as-obtained MPBA has an obvious enhanced catalytic performance with 75 mV
increased overpotential at 10 mA cm™ compared with PBA. Furthermore, the FeCoSx-PBA
with further optimization of electronic structure and decreased d-band center shows the best
OER activity among all these samples, including commercial Ir/C. Its overpotential at a current
density of 10 mA cm™ is approximately 266 mV, much lower than Ir/C (320 mV), PBA (409
mV), and MPBA (334 mV), respectively. The Tafel plot is an inherent parameter to evaluate
OER catalytic kinetics. The lowest Tafel slope of 33 mV dec™! (Figure 4b) for FeCoSx-PBA
suggested the fastest OER dynamics. Long-term stability is another crucial criterion factor in
evaluating the catalytic property. Hence, the chronoamperometric response was carried out at a
constant current density of ~8 mA cm™. After 15 hours test, FeCoSx-PBA still remains 91.4%
current, indicate its superior durability (Figure S12). To eliminate the influence of corrosion
current, a faradaic efficiency study was performed on a rotating ring-disk electrode (RRDE) in
No-saturated 1 M KOH (Figure S13). With the disk current held constant at 200 pA, a ring
current of ~38.3 nA was detected, which proved that the observed OER current catalyzed by

FeCoSx-PBA could be mainly attributed to OER with high Faradaic efficiency of 95.7%.
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To gain deeper insight into the OER activity of the FeCoSx-PBA, the electrochemical
impedance spectra (EIS) and electrochemical double-layer capacitance (Car) test was performed.
The Cqi of FeCoSx-PBA, MPBA, and PBA (Figure S14) is confirmed to be 24.3 mF cm™, 11.8
mF cm?, and 8.2 mF cm™, respectively. Combine with BET results (Figure S4), the FeCoSx-
PBA performed better exposure and enhanced electroactive sites. In the Nyquist plots (Figure
4c), PBA displays the largest charge transfer resistance (Rct), and MPBA shows a 12% reduced
R¢t value. Undoubtedly, FeCoSx-PBA owns the lowest R of all three catalysts. It is only
approximately a quarter of PBA, which suggested that the faster electron transfer ability during
OER in FeCoSx-PBA. This result further proved that the electron structure was modified from
PBA to FeCoSx-PBA along with decreasing R¢.. The important role of PBA frameworks to OER
also unravel by contrast experiment. As shown in Figure S15, amorphous FeCoSx shows poor
OER activities compared to FeCoSx-PBA.

The OER dynamic study is another vital tool to understand the OER process and
mechanism. /n-situ Raman and quasi-in-situ XPS spectrum was performed on FeCoSx-PBA
during the OER catalysis process. In-situ Raman spectrum (Figure 4d and S16) shows a
catalysts’ reconstruction in 1.35 V (vs. RHE) and formed CoFe oxy-hydroxides. The low
reconstruction voltage is in favor of catalyzing OER and could be caused by large amount
defects in amorphous structure. Further quasi-in-situ XPS results unravel the electronic
structure evolution of different elements at different applied OER voltage. As shown in Figure
4e, with the increased voltage, the valence state of Co also grows and becomes stable at a high
value. But Fe offers a very steady valence state among the OER process. These results show
the Co sites facilitate the site-to-site electron transfer and stabilize the Fe sites. Moreover, the
S 2p quasi-in-situ XPS result (Figure 4e and S17) shows the existence of residual sulfur in
catalysts during OER. Which means the surface reconstituted species is S doped CoFe oxy-

hydroxides or CoFe hydroxysulfides. The increased adsorbed SO4>" peak also indicated lattice
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S in FeCoSx-PBA is partially oxidized into SO4> during OER. The SO4> would be adsorbed on
the catalyst surface and promote the OER process.[*">

Then we further unravel the improved electroactivity of the FeCoSx-PBA hybrid system
based on the energetic reaction pathway. Under the equilibrium state, the OER reaction pathway
shows the continuous trend for both PBA and FeCoSx-PBA composite systems. The reaction
[*O+H2O+20H] — [*OOH+H20+0H] is the rate-determining step for OER due to the largest
energy barrier. For pure PBA, the energy barrier is 1.78 eV which is much larger than the 1.47
eV of FeCoSx-PBA composite system, confirming the enhanced electroactivity for OER
(Figure 4g). With the applied standard potential of 1.23 V, the evident reaction trend is
displayed. For pristine PBA, the initial OH adsorption of alkaline OER is very strong, which
leads to a nearly 1 eV energy drop. However, such a strong overbinding effect of OH also
hinders the subsequent reactions, resulting in 0.55 eV overpotential of the OER. In comparison,
although the slightly weaker adsorption of OH on FeCoSx-PBA composite shows the initial
uphill trend for OER, the overall overpotential has been much lowered to 0.24 eV, which is
highly consistent with the electrochemical performances (Figure 4h). The stable adsorption of
key intermediates shows that the O-related species prefer the Fe sites on the surface with mild
adsorption strength to maintain efficient intermediates transformation. Meanwhile, the Co sites
facilitate the site-to-site electron transfer from the surface, and S sites balance the optimal
binding strength with OH groups within the alkaline environment. Which is consistent with the
quasi-in-situ XPS results (Figure 4e, f and S17). The stable structure of PBA after adsorption
supports the long-term durability performances in the experiments (Figure 4i).

To evaluate the Al-air battery performance of FeCoSx-PBA. A liquid Al-air battery was
assembled in which 2 M KOH with ZnO and Na>SnOs3 as additive was used as the electrolyte
to slow down the corrosion of aluminum,”! an aluminum sheet and FeCoSx-PBA/carbon black
loaded on carbon cloth (2 mg cm2) served as the anode and air cathode, respectively.

Polarization curves (Figure 5b) indicated that the maximum power density of FeCoSx-PBA is
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58.3 mW cm™. The capacity property was studied by Galvanostatic discharge curves. As shown
in Figure Sc, FeCoSx-PBA generates a large specific capacity of 1259 mAh g at a current
density 1 mA cm?, and the energy density was calculated as 1483 Wh kg™!. When current
density increased to 5 mA cm?, the specific capacity and energy density also decreased to 1091
mAh g and 1199 Wh kg!, respectively. Furthermore, in a large discharge current density of
10 mA cm™, this Al-air battery still remains 1002 mAh g capacity and 970 Wh kg 'energy
density. These battery parameters of FeCoSx-PBA materials are better than other materials in
the literature to the best of our knowledge and indicated their great potential to serve as efficient
air cathodes for clean energy storage and conversion applications. Due to the extremely high
reduction potential of Al in aqueous, Al cannot be electrodeposited in aqueous electrolytes.
Thus, the Al-air battery was not rechargeable. Hence, to assess the long-term stability of
FeCoSx-PBA cathode, a mechanical recharge through replacing Al sheet was performed. 10
hours was chosen as a period, and in all 5 periods, the Al-air battery remains nearly unchanged
in discharge voltage, as shown in Figure Sd. This result demonstrated that FeCoSx-PBA
cathode exhibit superior long-term stability. Further, the blue light-emitting diode was
successfully lighted by two-series-connected Al-air batteries (Figure S18). Also, the Ragone
diagram plotting the energy and power densities of the fabricated device compared to those
reported Al-air batteries is depicted in Figure Se and Table S4.

Driven by the increasing demand for flexible and wearable electronic devices, solid Al-air
batteries were further fabricated with FeCoSx-PBA/carbon black material supported on carbon
cloth as the air cathode, aluminum sheet as the metal anode, and alkaline polyvinyl
alcohol/polyethylene glycol as the gel electrolyte. The fabricated battery exhibits outstanding
bendability and stretchability. Figure 5f shows a single battery displays an open circuit voltage
of 1.44 V, and two batteries in series exhibit an open-circuit voltage of 2.94 V. The hydrogel
used in batteries endows the battery with excellent flexibility (Figure S19). At a discharge

current of 1 mA, this solid Al-battery was bent to 60, 120, and 180 degrees respectively and its
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discharge performance is almost constant because its discharge voltage only has slightly
decreased (Figure 5g). When the battery was stretched by 10%, 20%, and 30%, it did not break
upon elongation. After stretched 10% to 30%, the battery has a gradually decreased discharge
voltage at | mA cm™, but the voltage decreasing amplitude is small. Even up to 30%, the battery
output voltage was also maintained above 1 V during stretching (Figure Sh). It is easy to
understand that stretch batteries will increase charge and mass transfer distance and hinder
battery performance. From the above results, this solid flexible Al-air battery displays
remarkable bendability and stretchability. The actual application shows that the device with
four batteries connected in series can charge a smartphone from 20% electricity to fully charge
(Figure Si) under various bending conditions from 0°to 360°.

3. Conclusion

In summary, we have successfully developed a unique hollow FeCoSx-PBA hetero-nanoframes
catalyst via an ultrasound-assisted ion exchange procedure. Through the introduction of Fe and
S atoms, abundant defects were created. Besides, the original atoms with the modified
electronic structure caused the obvious downward shift d-band center, which decrease the
adsorption and desorption energy between active sites and catalytic intermediates. DFT
calculations further confirm that the surface FeCoSx layer significantly enhances the electron
transfer capability of PBA to achieve the efficient OER process. The suppression of OH
overbinding also guarantees the transformation of the efficient intermediate. Meanwhile, the
stable structure of PBA protected by the surface FeCoSx layer is the critical factor for the long-
term durability of electrocatalysts. Above morphological and structural advantages provide
more exposed active sites and optimize the intrinsic electronic structure, which dramatically
enhances the catalytic activity. Moreover, FeCoSx-PBA cathode can drive a solid Al-air battery
with remarkable bendability, stretchability, and a high specific capacity of 1259 mAh g at 1

mA cm. This work may expand the toolbox of the strategy to design and synthesize high-
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performance energy-related catalysts in morphology and structure through -electronic

engineering.
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Figure 1. (a) Powder XRD pattern of PBA, MPBA, and FeCoSx-PBA (left). The corresponding
XRD pattern range from 16 degrees to 19 degrees (right). (b) SEM image of FeCoSx-PBA. (¢)
TEM image of FeCoSx-PBA, and the corresponding SAED image (inset). (d) EDX line scan of
a single FeCoSx-PBA hetero-nanoframes. (¢) HRTEM image of nanoparticle in the surface of
FeCoSx-PBA, and the corresponding FFT image (inset). (f) HRTEM image of the skeleton part
in FeCoSx-PBA. (g-1) magnified HRTEM images extracted by Inverse Fourier Filtering of blue,
red and green box in (f). EDX mapping of FeCoSx-PBA in (j) HAADF-image, (k) Co L edge,
(i) Fe L edge, (m) S K edge.
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Figure 2. (a) Schematic diagram of FeCoSx-PBA. (b) Co 2p and (c) Fe 2p XPS spectra of the
of FeCoSx-PBA and MPBA. (d) S 2p XPS spectra of FeCoSx-PBA. (e) Co Lo 3 and Fe L3 edge
EELS spectra of PBA, MPBA, and FeCoSx-PBA. (f) S L3 edge EELS spectra of FeCoSx-PBA.
(g) Mossbauer spectrum pattern of FeCoSx-PBA.
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Figure 3. The electronic structures of FeCoSx-PBA. (a) Structural configurations and real
spatial 3D orbital contour plots of two different FeCoSx-PBA system. (b) Site-dependent
PDOSs of S in FeCoSx-PBA. (c¢) Site-dependent PDOSs of Fe in FeCoSx-PBA. (d) Site-
dependent PDOSs of Co in FeCoSx-PBA. (e) Site-dependent PDOSs of -CN in FeCoSx-PBA.

20



az4o bo4o C 400
— FeCo0S.-PBA — EA‘;%‘Z&-PBA — FeCoS_-PBA
2001 . S —
—~ MPEA L 035 S — PBA 300 MPEA
% 1e0f — PBA T N . _ — PBA
LE) —Ir/C (20%)) e 6@((\ - Ir/C (20%) E
1201 5 0.30 ael 200
< g B S )
£ a0 > 2T e 88 N
= 025 o M 1001
<
40
266mV
0 ——— 0.20 - . :
12 13 14 15 16 17 18 05 00 05 10 5
d E (V vs. RHE) e log (Jj| mA cm?) f
165 Co 2p3/2 Fe 2p3/2 1.65
— 16 . o PR S 2p
L - 1.6V L
T 155 = 155v | I 199
r 15 S 1y | X215
rg' 1.45 :é\ 1.45V tg 145
> 1.4 7] v [ 3 1.4
< 1.35 5 135v | =1.35
(] = 1.3V (0]
3 125 - 125V ® 125
9 12 12V 1 o 42
> ocP 000 ocP | = ooP :
300 400 500 600 700 800 900 1000 784 776 712 704 180 175 170 165 160 155
g Raman Shift (cm™) I Binding Energy (eV) Binding Energy (eV)
6
— PBA
< — FeCoS,-PBA  a *OH *0 *OOH
v 4 ’
> u=o -
g 2 _ 4
c _ a1 ®
L 0 —— *00H o2 k
30H +HIG WG ¥ R &
h 40H +*OH +20H +OH 2H20 >
i ===y )
S 0.5|—FeCos.-PBA g3 %’
3 = =T “ X A .ol
S d < - i : S SembE, s L=t = ooy
c — ] £ LE - il ; i | - i - .
5 oy~ ERmnimninninn
R R TR | . R 1= g K
1.5 Nl o g B y P e N it PO | b=, Te=ll=e, S o % s
Figure 4. (a) Polarization curves and (b) Tafel plots of PBA, MPBA, FeCoSx-PBA and

commercial Ir/C (20%) in an O2-saturated 1 M KOH solution (scan rate 2 mV s™'). (c¢) EIS
spectra of PBA, MPBA and FeCoSx-PBA. (d) in-situ Raman spectra of FeCoSx-PBA during
OER. (e) quasi-in-situ Co 2p3/2 and Fe 2p3/2 XPS spectra of FeCoSx-PBA during OER. (f)
quasi-in-situ S 2p XPS spectra of FeCoSx-PBA during OER. (g) The OER reaction pathways
of FeCoSx-PBA and PBA in the alkaline environment at the equilibrium state (U = 0 V). (h)
The OER reaction pathways of FeCoSx-PBA and PBA in the alkaline environment with an
applied potential of 1.23 V. (i) The structural configuration of key intermediates adsorptions on
FeCoSx-PBA.
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Figure 5. (a) Schematic diagram of flexible Al-air batteries. (b) Polarization and power density
curves of the Al-air batteries. (c) Galvanostatic discharge curves at 1 mA cm™, 5 mA cm?, 10
mA cm of Al-air batteries, respectively. (d) Discharge curves at 1 mA cm and recharged by
replacing Al foil. (e) Ragone plots of the Al-air batteries. The values reported for other energy
storage devices are added for comparison. (f) open circuit voltage-time curves of one and two
solid Al-air batteries. (g-h) Discharge curves of wearable Al-air batteries at different bending
angles or stretching ratios at a discharge current of 1 mA. (i) Photographs of four batteries in
series charging an iPhone with bending angle 0°, 90°, 180°, and 360°.
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The electronic structure modified of amorphous Fe-Co-S sites embedded in Prussian blue
analogues (PBA) hetero-nanoframes as high-performance oxygen evolution reaction (OER)
and flexible Al-air battery electrocatalysts. The morphology and structure advantages enable
excellent activity and superior stability toward the OER. Density functional theory calculations
reveal the introduction of FeCoSx layer to PBA will enhance the electron transfer and alleviates
the overbinding effect of OH*.

Min Ly, Li An, Jie Yin, Jing Jin, Rui Yang, Bolong Huang,* Yang Hu, Yong-Qin Zhao,
Pinxian Xi,* and Chun-Hua Yan

Electronic Engineering of Amorphous Fe-Co-S Sites in Hetero-nanoframes for Oxygen
Evolution and Flexible Al-air Batteries
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