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Enhancing the bifunctional activity of electrocatalysts for oxygen reduction/evolution reactions (ORR/
OER), along with improving water retention in gel-polymer electrolytes, is essential for developing high-
performance flexible zinc-air batteries (FZABs). Herein, we synthesize a structure that combines Fe
single atom sites with an FeN, configuration and clusters of four coordinated Fe atoms anchored
on worm-like polypyrrole (Fesa/Feac@PPy/CC) using an electrochemical deposition strategy. It shows a
promoted bifunctional ORR/OER activity with a small potential gap of 0.694 V. Theoretical calculations
indicate that Fe single atom sites lower the energy barrier of the rate-determining step for both the ORR
and OER, while Fe clusters optimize the energy barriers associated with oxygen-containing intermedi-
ates. The interaction between Fe single atom sites and clusters shifts the d-band center of the metal
closer to the Fermi level, leading to electron depletion at the Fe centers. This adjustment triggers a rear-

Received 22nd November 2024, rangement of the orbital electrons and enhances the adsorption interaction with oxygen orbitals, thereby
Accepted 5th February 2025 improving both the ORR and OER activities. Additionally, a water-locking hydrogen bonding network
DOI: 10.1039/d4ee05508; electrolyte composed of polyacrylamide and ethylene glycol is utilized to enhance low-temperature tol-

erance. Thus, the assembled Fesa/Feac@PPy/CC-based FZAB demonstrates ultra-stable operation for
rsc.li/ees 210 h at 25 °C and 167 h at —40 °C.

Broader context

Flexible zinc-air batteries (FZABs) are emerging as a promising class of energy storage devices. However, their development is primarily hindered by the
sluggish kinetics of air-cathode reactions and the inadequate low-temperature tolerance and water retention of alkaline gel-polymer electrolytes (GPEs).
Transition metal-based single atom site catalysts (SACs) are renowned for their superior electrochemical activity in the oxygen reduction reaction (ORR).
Nevertheless, the strong adsorption of oxygen-containing intermediates can limit the oxygen evolution reaction (OER), thereby influencing the charging voltage
of zinc-air batteries (ZABs). It is thus crucial to balance the adsorption strength of these intermediates for both the ORR and OER to optimize their functionality
in ZABs. To address this challenge, we have developed a composite structure consisting of FeN, single atom sites and Fe clusters on worm-like polypyrrole (Fesa/
Feac@PPy/CC), which demonstrates excellent bifunctional oxygen activity. Moreover, we employed a water-locking hydrogen bonding network electrolyte
comprised of ethylene glycol and polyacrylamide to improve low-temperature tolerance. Consequently, the Fesa/Feac@PPy/CC-based FZAB exhibited ultra-
stable performance at —40 °C. This study provides critical insights into constructing highly efficient and stable low-temperature FZABs.
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With the advent of the carbon-neutral development paradigm,
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bifunctional oxygen reduction reaction (ORR) and oxygen evo-
lution reaction (OER) electrocatalysts to optimize the dischar-
ging and charging processes.*” Furthermore, flexible zinc-air
batteries (FZABs) face particular challenges related to gel-
polymer electrolytes (GPEs) and their sensitivity to temperature
fluctuations, particularly at low temperatures.®® Therefore,
engineering effective bifunctional ORR/OER catalysts and
enhanced low-temperature resilience of GPEs maybe an effec-
tive strategy to address these problems.

Transition metal based single-atom site catalysts (SACs)
exhibit high utilization of metal atoms and provide plentiful
active sites, which are consistently situated at the optimal
position on the ORR volcano plot for maximum activity.'*"*
In particular, Fe-N-C catalysts guarantee superior ORR perfor-
mance due to having the lowest kinetic barriers and fewer free
energy changes during the *O to *OOH transition.'>"* Guided
by the Sabatier principle, Fe-based SACs exhibit a strong sur-
face bonding capability on the left side of the volcano plot,
enhancing the adsorption of reactive species and benefiting the
ORR process.'* However, the strong adsorption strength can
lead to high desorption barriers for reverse reactions, namely
the OER, thereby impacting the optimal performance of ZABs."?
Previously, we discovered that SACs undergo restructuring
to form specific cluster structures during the electrocatalytic
reaction process, which further enhances the catalytic acti-
vity.'®"'® Additionally, clusters not only provide high active surface
areas and robust electrochemical stability, but also allow for
tunable compositional and structural characteristics.'®*°
Theoretically, the coexistence of single atom sites and clusters
disrupts the typical symmetric charge distribution of tradi-
tional Fe SACs, enabling effective control over the coordination
environment of the metal centers. Consequently, the design of
Fe-based catalysts featuring both single atom sites and clusters
may effectively modulate the reaction barriers of the ORR/OER,
potentially enhancing electrocatalytic activity. Electrochemical
deposition is an effective strategy to synthesize uniform struc-
tural catalysts, while conductive polymers (such as polypyrrole
and polyaniline) possess numerous nitrogen-containing spe-
cies that could anchor metal species.”™>* Therefore, utilizing
conductive polymers as carriers to anchor metal species
through a coordination strategy is a worthwhile endeavor.
Additionally, a crucial challenge for FZABs is their pronounced
susceptibility to low temperatures, due to the common GPE
monomers being limited in functionality to just a few hours
under conditions below 0 °C.**”** Alternatively, incorporating
organic molecules with highly polar functional groups such as
—OH, —COOH, —SO3;, and —NH, can establish a more robust
hydrogen bond network with H,O molecules. This could pre-
vent the freezing of water molecules below 0 °C and promote
the low-temperature performance of FZABs.>*?”

In this work, a two-step electrodeposition strategy is
employed to anchor Fe single atom sites and clusters coexisting
on worm-like polypyrrole (Fesa/Fe,c@PPy/CC) as a bifunctional
oxygen reaction electrocatalyst. This kind of unique three-
dimensional structure can provide more active sites, greatly
shortening the diffusion paths of mass transfer. Furthermore,
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Fe single atom sites reduce the energy barrier of the rate-
determining step for both the ORR and OER, while Fe clusters
average the energy barriers of oxygen-containing intermediates.
The collaboration between Fe single atom sites and clusters
shifts the d-band center of the metal closer to the Fermi level,
thereby improving the bifunctional oxygen reaction activity.
The assembled aqueous ZAB by using Fega/Feac@PPy/CC as
the air-cathode shows a small initial charging-discharging
potential gap of 0.77 V at 10 mA cm > for stably operating for
437 h. More importantly, we introduced ethylene glycol (EG)
into polyacrylamide (PAM) to develop a novel PAM/EG GPE,
which was used to construct a FZAB. The FZAB demonstrates a
stable cycling performance over a wide-temperature range from
a high temperature of 40 °C to a low temperature of —40 °C. Our
work proves the great application potential of non-precious
based electrocatalysts in wide-temperature ZABs.

Results and discussion

Pretreated carbon cloth (CC) with a smooth surface is used to
synthesize Fega/Fe,c@PPy/CC (Fig. S1 and S2, ESIt). An illus-
tration of Fega/Feac@PPy/CC synthesis by a two-step electro-
chemical deposition strategy is depicted in Fig. 1a. Uniform
polypyrrole was firstly grown on the CC substrate at a constant
potential of 0.9 V (PPy/CC). The amount of PPy deposited on a
CC substrate can be controlled by adjusting the deposition
voltages (Fig. S3, ESIT). At constant potentials of 0.8, 0.9 and
1.0 V, the amounts of PPy deposited onto the obtained PPy/CC-
0.8, PPy/CC, and PPy/CC-1.0 were determined to be 1.68, 2.15,
and 2.69 mg cm 2, respectively, using a gravimetric method.
This demonstrated that the PPy loading increases with the
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Fig. 1 (a) Schematic illustration for the synthesis of Fesa/Feac@PPy/CC.
(b) SEM, (c) TEM, (d) HRTEM, (e) and (f) elemental mapping and (g) HAADF-
STEM images of iron clusters (red circles) coupled with iron single atoms
(blue circles) of Fesa/Feac@PPy/CC.
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increase in preparation voltage. Additionally, the thickness of
the deposited PPy gradually increases with escalating potential
from the top view of the carbon fibers in the CC (Fig. S4, ESIt).
Then, the Fe species were deposited onto the PPy/CC support by
cyclic voltammetry (CV) at a potential range from —0.6 to 0.2 V
for 20 cycles to prepare Fega/Feac@PPy/CC, which showed a
three-dimensional (3D) worm-like structure with a diameter of
approximately ~45 nm (Fig. 1b).

Transmission electron microscopy (TEM) reveals an absence
of distinct lattice fringes, suggesting that the Fe did not form
nanoparticles (Fig. 1c and d).>® As shown in Fig. 1e and f,
the Fe, N, O and C elements are uniformly dispersed in
Fesa/Feac@PPy/CC. The presence of oxygen originates from
the unavoidable surface oxidation when the sample is exposed
to air. The aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images are presented in Fig. 1g; the bright spots represent
the significantly higher electron density of Fe compared to the
non-metallic elements C and N, indicating that Fe is dispersed
on atomic scale. Furthermore, both individual and more highly
concentrated bright spots are distinctly observed, confirming
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the coexistence of Fe single atoms and Fe clusters in the
Fesa/Feac@PPy/CC system. The Fe loading in Fega/Feac@PPy/CC
is approximately 0.92 wt% as determined by an inductively
coupled plasma optical emission spectrometry (ICP-OES) test
(Table S1, ESIt). Moreover, the untreated CC without treatment
is not favorable for the growth of PPy (Fig. S5, ESIT).

The X-ray diffraction (XRD) pattern of Fega/Fe,c@PPy/CC
only shows two characteristic peaks at 26.5° and 44.7°, corres-
ponding to the C (002) and C (100) crystal planes of PPy/CC,
respectively (Fig. 2a). The absence of additional metal peaks
suggests that no significant formation of Fe-based compounds
occurs in Fegs/Fe,c@PPy/CC, implying that Fe may exist in
atomic-scale entities. Due to the small particle size and low
concentration, its crystalline phases are undetectable. X-ray
photoelectron spectroscopy (XPS) could provide comprehensive
analyses of the specific bonding structures and states in Fega/
Fe,c@PPy/CC. The wide spectrum of Fega/Fe,c@PPy/CC reveals
the presence of Fe, O, N and C elements, consistent with TEM
elemental mapping results (Fig. S6, ESIt). As shown in Fig. 2b,
the Fe 2p XPS spectrum of Fegy/Fe,c@PPy/CC displays the
doublet peaks of Fe® (706.7/721.2 eV), Fe*" (709.2/722.6 eV),
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Fig. 2 (a) XRD patterns of Fesa/Feac@PPy/CC and PPy/CC. (b) Fe 2p and (c) N 1s XPS spectra of Fesa/Feac@PPy/CC. (d) The normalized Fe K-edge
XANES and (e) FT-EXAFS spectra of Fe foil, Fe,Os, FePc and Fesa/Feac@PPy/CC. (f) FT-EXAFS fitting curves of the Fe K-edge for Fesa/Feac@PPy/CC, while
the inset is the structural model. (g) WT count plots of the Fe K-edge at K-space for Fe foil, Fe,O3, FePc and Fesa/Feac@PPy/CC.
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and Fe®* (711.6/724.0 eV) and satellite peaks (717.0/729.2 eV).*
The presence of Fe” demonstrated the existence of Fe-Fe bonds
in Fegs/Feac@PPy/CC, and the presence of multiple valence
states maybe enhance the ORR/OER reactions. As shown in
Fig. 2¢, the pyridinic-N (398.6 eV), Fe-N (399.4 eV), graphitic-N
(401.1 eV), and oxidized N (403.2 eV) exist in the N 1s
spectrum.*® The pyridinic-N with lone pair electrons can be
oxidized for promoting the OER, while graphitic-N increases
the number of conjugated m electrons to enhance oxygen
adsorption for promoting the ORR.>! The presence of Fe-N
bonds indicates the coordination between Fe atoms and
nitrogen-containing species in the PPy.

X-ray absorption fine structure (XAFS), including X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), utilized to further determine
the coordination structures of Fe species. The Fe K-edge XANES
spectra reveals that the peak position of Fegs/Fe,c@PPy/CC was
located between the Fe foil and Fe,Oj3, approaching that of Fe
phthalocyanine (FePc), suggesting the Fe in Fega/Fe,c@PPy/CC
is around the +2 valence state (Fig. 2d). As shown in Fig. 2e, the
EXAFS spectrum of Fega/Feac@PPy/CC exhibits two main
peaks. In detail, the peak at 1.5 A in R-space coincide with
the Fe-N peak position in FePc, slightly offset from the Fe-O
peak position in Fe,O;. The peak at 2.6 A in R-space alignes
with the Fe-Fe bond. However, the Fe-Fe bond position in the
synthetic Fega/Fe,c@PPy/CC aligns with that in Fe,O; and is
significantly different from the 2.2 A position observed in Fe
foil. This is attributed to the Fe clusters in Fega/Fe,c@PPy/CC
being in nanoscale, in contrast to the larger size of standard
bulk Fe foil. Moreover, the Fe foil contains only Fe-Fe coordi-
nation bonds, while the Fegs/Fe,c@PPy/CC includes nitrogen
atoms surrounding the iron, resulting in electron loss, similar
to the behavior observed in Fe,0;. Consequently, the length of
the Fe-Fe bond in Fega/Feac@PPy/CC is longer than that in the
Fe foil, approaching the bond length in Fe,O;. Previous studies
also indicated that Fe-Fe bonds in Fe clusters coordinated with
non-precious metal atoms are significantly stretched compared
to those in Fe foil.>*** Moreover, the Fe-N and Fe-Fe coordina-
tion numbers are respectively 3.78 and 2.76, suggesting the
presence of the Fe,~FeN, configuration (Fig. 2f and Table S2,
ESIT). Additionally, wavelet transform (WT) analyses reveal that
the maximum intensities at approximately 5.0 and 6.5 A™" in
K-space correspond to Fe-N and Fe-Fe (Fig. 2g), respectively,
further identifying the presence of Fe-Fe and Fe-N coordina-
tion in Fega/Fe,c@PPy/CC. To study the formation mechanism
of Fega/Feac@PPy/CC, we further performed constant potential
deposition of iron species on PPy/CC substrates every 0.1 V
within a potential range from +0.2 V to —0.6 V, with each
potential held for 10 min. All the synthetic samples were
characterized using XAFS as shown in Fig. S7 (ESI{). FT-
EXAFS fitting analysis in Table S3 (ESIt) indicated that only
Fe-N bonds were detected at the potentials of 0.2 V and 0.1 V,
and the coordination number increased from 3 to 4, suggesting
the formation of Fe atom sites. As the potential decreased to
—0.2 V, Fe-Fe bonds began to appear, implying the formation
of Fe clusters. In the potential range of —0.3 V to —0.6 V, both
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Fe-Fe and Fe-N bonds coexists. Based on the above analysis, we
can infer that in the electrodeposition process, Fe monomers
are initially formed, followed by the gradual appearance of Fe
clusters, eventually resulting in structures that contain both
FeN, configurations and Fe, clusters.

For further researching the influence of electrochemical
deposition conditions on the structure of catalysts, the Fe@
PPy/CC-10 and Fe@PPy/CC-30 were also prepared via 10 and
30 CV cycles, respectively. The Fe loadings for Fe@PPy/CC-10
and Fe@PPy/CC-30 are approximately 0.56 wt% and 1.22 wt%
(Table S1, ESIY), respectively. TEM and XRD analyses show no
obvious nanoparticles, suggesting that Fe is present as atom-
ically dispersed species (Fig. S8-S10a, ESIt). Additionally, wide-
scan XPS confirms the presence of Fe, O, N and C in both
Fe@PPy/CC-10 and Fe@PPy/CC-30 (Fig. S10b, ESI{). The Fe 2p
spectra exhibit peaks corresponding to Fe°, Fe>* and Fe**, along
with satellite peaks (Fig. S10c, ESIT). Moreover, the N 1s spectra
in Fig. S10d (ESIT) reveal the presence of pyridinic-N, Fe-N,
graphitic-N, and oxidized N in both samples. Notably, the
content of Fe-N in Fe@PPy/CC-10 is higher than in Fe@PPy/
CC-30, suggesting a potentially greater proportion of Fe-N
coordination in Fe@PPy/CC-10. The N contents for the catalysts
Fe@PPy/CC-10, Fesa/Feac@PPy/CC, and Fe@PPy/CC-30 are
10.6 at%, 11.0 at%, and 12.1 at%, respectively (Fig. S11 and
Table S4, ESIT). The high N content ensures superior electrical
conductivity and provides numerous sites for anchoring
metals. The presence of Fe-N peaks in all three catalysts
confirms the successful loading of Fe. Notably, the Fegs/Fe,c@
PPy/CC exhibits a high proportion of pyridinic-N and graphitic-N.
The XANES spectra indicate that both Fe@PPy/CC-10 and Fe@PPy/
CC-30 exhibit oxidation states close to that of FePc, approximately
at +2 valence (Fig. S12a, ESIt). The FT-EXAFS spectra show that
both Fe@PPy/CC-10 and Fe@PPy/CC-30 exhibit Fe-N and Fe-Fe
bonds (Fig. S12b, ESIT), and further fitting results are presented in
Table S2 (ESIT). Based on the coordination configuration and Fe
loading results, the ratio between single atom and clusters in
Fe@PPy/CC-10 and Fe@PPy/CC-30 is calculated to be 1.14:1 and
1.05: 1, respectively (Table S5, ESIT). It can be concluded that the
content of single atoms and clusters could be adjusted by tuning
the electrodeposition conditions. To investigate the impact of
different PPy loadings on CC on the subsequent iron deposition
for forming the FeN, structure, we utilized PPy/CC-0.8 and PPy/CC-
1.0 as substrates for iron species electrodeposition, designated as
Fesa/Feac@PPy/CC-0.8 and Fegy/Feac@PPy/CC-1.0, respectively.
FT-EXAFS spectra fitting analyses revealed that the coordination
numbers for Fe-N and Fe-Fe bonds in Fega/Fe,c@PPy/CC-0.8 are
approximately 3 and 10, respectively, whereas they are 4 and 6 for
Fega/Feac@PPy/CC-1.0 (Fig. S13 and Table S2, ESIT). The results
indicate that the amount of PPy loaded on the CC significantly
influences the state of the deposited iron species, suggesting that
an optimal loading of PPy facilitates the formation of both FeN,
single atoms and Fe, clusters.

The OER performances were conducted using a three-
electrode system in 1.0 M KOH electrolyte. The linear sweep
voltammetry (LSV) curves in Fig. 3a reveal that Fegs/Feac@PPy/
CC exhibits an overpotential of 294 mV at 20 mA cm 2, which is

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electrochemical performances. (a) OER polarization curves, (b) the corresponding overpotentials at 20 and 50 mA cm™2, (c) Tafel plots and (d)
linear plots of scan rates versus current density of Fesa/Feac@PPy/CC and RuO,/CC tested in 1.0 M KOH electrolyte. (e) Durability of Fesa/Feac@PPy/CC

for the OER after 5000 CV cycles, the inset is the chronopotentiometry curve at 20 mA cm

~2.(f) ORR polarization curves and (g) Tafel plots of Fesa/

Feac@PPy/CC and Pt/C tested in O,-saturated 0.1 M KOH electrolyte. (h) LSV curves at different rotation rates and calculated K—L plots (inset) at different
potentials for Fesa/Feac@PPy/CC. (i) Stability of Fesa/Feac@PPy/CC for 10 000 CV cycles.

much lower than that of RuO,/CC of 375 mV. The RuO,/CC
electrode was prepared by a drop coating method, which is
associated with non-uniformity compared to self-supporting
electrodes synthesized from an in situ grown strategy. Addition-
ally, the presence of Nafion may negatively impact mass trans-
port. Thus, the OER performance of RuO,/CC may be inferior to
that of other rotating disk electrode tests. Even at a high current
density of 50 mA cm™?, Fesa/Feac@PPy/CC displays a modest
overpotential of 333 mV, indicating its superior OER perfor-
mance (Fig. 3b). The Fegy/Fe,c@PPy/CC exhibits enhanced OER
activity, comparable to that of previously reported atomic
dispersion catalysts (Table S6, ESIf). The XPS analysis pre-
sented in Fig. 2c revealed that Fegs/Fe,c@PPy/CC contains a
high proportion of pyridinic-N. The lone pair electrons in
pyridinic-N can be oxidized, thereby promoting the OER.

Tafel slope is an important indicator of reaction kinetics that
can be analysed using LSV curves. We selected the potential
corresponding to a current density of 10 mA ecm™> as the onset
potential and extended it by 60 mV to establish the endpoint for
the Tafel slope. As shown in Fig. 3c, the Fegy/Fe,c@PPy/CC

This journal is © The Royal Society of Chemistry 2025

exhibited a smaller Tafel slope of 91.9 mV dec™ "' compared to
RuO,/CC of 102.6 mV dec™'. The electrochemistry active sur-
face area (ECSA) was further evaluated by fitting the electrical
double layer capacitance (Cq4;) from CV at different rotational
speeds. As shown in Fig. 3d and Fig. S14 (ESIt), Fesa/Feac@
PPy/CC displayed a higher Cq of 193.4 mF cm™> than that
of RuO,/CC (18.7 mF cm ). It has been demonstrated that
Fesa/Feac@PPy/CC exhibits a significantly larger ECSA. The
unique 3D structure of Fega/Fe,c@PPy/CC facilitates mass
transfer and electron transport, while the coexistence of Fe
single atom sites and Fe clusters provides numerous active
sites. Additionally, the self-supporting electrode can be utilized
directly without binders, thereby maximizing the retention of
active sites. Consequently, Fesa/Fe,c@PPy/CC exhibits a larger
ECSA, indicating enhanced electrocatalytic activity.
Meanwhile, the in situ electrodeposition for constructing
self-supported electrodes was also beneficial to the electron and
mass transfer, thus promoting the electrocatalytic activity.
As indicated by the electrochemical impedance spectra (EIS)
depicted in Fig. S15 (ESIt), Fega/Feac@PPy/CC exhibits the
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smallest semicircle and the lowest charge transfer resistance
(Rey), effectively reducing the energy required to overcome
charge transfer during the process, indicating superior charge
transfer kinetics at the interface.® Stability is a crucial indica-
tor for evaluating the electrocatalytic performance of catalysts.
As shown in Fig. 3e, Fesa/Feac@PPy/CC demonstrates a poten-
tial shift of only 6 mV at a current density of 20 mA cm™> after
5000 CV cycles, indicating excellent stability. Additionally,
constant potential curves were further employed to validate
the OER stability of Fega/Feac@PPy/CC. At a current density
of 20 mA cm™? corresponding to a potential of 1.53 V,
Fesa/Feac@PPy/CC demonstrates stable operation for 100 h,
further confirming its excellent durability. After the stability
test, the 3D worm-like structure of Fegy/Fe,c@PPy/CC remains
intact, with no visible metal nanoparticles detected (Fig. S16a—c,
ESIt). Elemental mapping further confirms the uniform distri-
bution of Fe, N, O and C, as shown in Fig. S16d and e (ESIt).
The HAADF-STEM image reveals the coexistence of atomically
dispersed Fe single atoms and Fe clusters (Fig. S16f, ESIt).
Furthermore, the Fega/Fe,c@PPy/CC after the OER stability test
was characterized using XAFS analysis (Fig. S17 and Table S2,
ESIt). The coordination numbers of the Fe-N and Fe-Fe bonds
remains unchanged, demonstrating the structural stability of
Fega/Feac@PPy/CC. The strong coupling between single atom sites
and clusters, along with the improvement of the symmetric
coordination structure in SACs, is a crucial factor contributing to
the exceptional stability of Fegy/Feac@PPy/CC.

The ORR tests were evaluated in O,-saturated 0.1 M KOH
electrolyte. To investigate the intrinsic activity of the catalyst,
we adopted a rotating disk electrode (RDE) for the ORR test,
which could ensure adequate contact between the catalyst and
oxygen molecules to enhance the reaction kinetics. Therefore,
we scraped the catalyst from the self-supporting material
to prepare catalyst ink and subsequently spreaded it on
the surface of RDE for the ORR test. As shown in Fig. 3f, the
Fega/Feac@PPy/CC catalyst exhibited an onset potential (Eqpget)
of 0.97 V and half-wave potential (E,/,) of 0.83 V, which could
be comparable to the commercial Pt/C (0.99 V, 0.85 V). Addi-
tionally, Fega/Feac@PPy/CC exhibits a larger limiting current
density (J) of 5.5 mA em >, which demonstrates its outstand-
ing proton transport capacity originated from a higher ECSA.
The Tafel slope was depicted in Fig. 3g, where the potential
range from 10 mV to 70 mV below the E, . is designated as the
strong polarization region for calculation. The small Tafel slope
of 75.0 mV dec™* indicates the rapid ORR reaction kinetics of
Fega/Feac@PPy/CC. The LSV curves at various rotation rates
along with the corresponding approximately linear Koutecky-
Levich (K-L) plots, suggesting first-order reaction kinetics of
Fesa/Feac@PPy/CC towards the ORR (Fig. 3h). As a comparison,
the electrocatalytic performance on the catalyst composed of
solely FeN, single atoms prepared under a constant potential
deposition condition of 0.1 V was also tested. As shown in
Fig. S18 (ESIY), it displays much lower OER and ORR activities
than those of Fega/Feac@PPy/CC. Therefore, the synergy
between single atom sites and clusters could effectively pro-
mote the bifunctional activity.
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To study the impact of iron loading on electrocatalytic
performance, the Fe@PPy/CC-10 and Fe@PPy/CC-30 were also
tested for comparison. As illustrated in Fig. S19a and b (ESIf),
the OER activities of Fe@PPy/CC-10 and Fe@PPy/CC-30
indicates overpotentials of 342 and 330 mV at a current density
of 20 mA cm™?, respectively, and overpotentials of 387 and
374 mV at a higher current density of 50 mA cm™>. The Tafel
slopes for Fe@PPy/CC-10 and Fe@PPy/CC-30 are measured at
127.7 and 115.7 mV dec ™", respectively (Fig. S19c, ESI¥). As for
the ORR catalyst, Fe@PPy/CC-10 showed an E,,se¢ of 0.95 V and
Ey, of 0.79 V, with a relatively low Tafel slope of 86.4 mV dec™ ",
slightly exceeding that of Fe@PPy/CC-30 (0.93 V, 0.77 V,
96.2 mV dec™') (Fig. S20, ESIf). Moreover, the Cg4 values
of Fe@PPy/CC-10 and Fe@PPy/CC-30 are about 122.1 and
146.2 mF cm 2 (Fig. S21, ESI{), highlighting the significant
ECSA of self-supporting electrodes. However, the electrocataly-
tic performances of both catalysts, in terms of OER, ORR and
ECSA, are found to be inferior to that of Fega/Feac@PPy/CC,
indicating that optimal and moderate Fe content is crucial for
achieving superior electrocatalytic performance.

The calculated electron transfer number () is about 4 at
different potentials, indicating that Fega/Feac@PPy/CC primar-
ily conducts a four-electron transfer process, similar to Pt/C
(Fig. S22a and b, ESIt). As illustrated in Fig. 3i, Fega/Feac@PPy/
CC exhibits an Ej;, loss of only 5 mV after 10000 CV cycles,
significantly lower than that of Pt/C of 21 mV (Fig. S22¢, ESIt),
implying the superior ORR stability of Fegs/Fe,c@PPy/CC. The
3D worm-like structure in Fega/Fe,c@PPy/CC facilitates the
exposure of active sites, endowing a large ECSA and accelerat-
ing mass transport processes to enhance the electrochemical
reaction rate for the ORR and OER. The in situ growth strategy
via electrodeposition avoids the use of organic conductive
agents and binders during the test, which prevents the blocking
of active sites and electrolyte poisoning. Furthermore, this
growth method can eliminate stability issues caused by catalyst
detachment and structural degradation for long-term electro-
chemical testing.

Density functional theory (DFT) calculations were further
employed to elucidate the intrinsic electrocatalytic behavior of
oxygen reactions on Fega/Fe,c@PPy/CC. The Fe,~FeN, model
was built based on the results of EXAFS fitting. We explored all
potential adsorption active sites for oxygen-containing inter-
mediates (Fig. 4a and Table S7, ESIT), and the two models of the
FeN, and Fe clusters were also studied for comparison (Fig. S23
and S24, ESIT). As shown in Fig. 4b, the adsorption energies
of O, on Fe,~FeN,, FeN, and Fe clusters are calculated to
be —4.57, —4.29 and —8.57 eV (Table S8, ESIt), respectively,
indicating a spontaneous process for O, adsorption. Notably,
the moderate adsorption energy of Fe,-FeN, suggests that
desorption occurs easily, thereby facilitating the ORR process.
The surface adsorption of oxygen intermediates is predomi-
nantly influenced by the electronic coupling between atomic
orbitals and adsorbates.®® It is widely accepted that metallic
species serve as the primary active sites for the adsorption of
reactive species because they typically occupy advantageous
positions in the volcano plot for the ORR and OER.*®*’

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 DFT calculations. (a) Side and top views of the oxygen-containing intermediates adsorbed on Fe,—FeN4, models at the Fe site of FeNy. (b) O,
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Therefore, we selected the Fe site as the adsorption site for
our calculations. At U = 0 V and pH = 13, the Fe,~-FeN,, FeNy,
and Fe cluster models exhibit a downhill energy barrier for
the spontaneous reactions *O, - *OOH — *O — *OH, while

This journal is © The Royal Society of Chemistry 2025

the *OH — OH™ process showed an uphill energy barrier,
signifying an endothermic reaction (Fig. 4c). Thus, the rate-
determining step (RDS) for the Fe,-FeN,, FeN,, and Fe
cluster models corresponds to the *OH — OH  reaction,
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with energy barriers of 1.96, 1.64, and 4.01 eV, respectively.
Moreover, the RDS for all three models remains consistent at
U =1.23 V (Fig. 4d). In the Fe,~FeN, model, the presence of Fe
single atom sites facilitates the desorption of *OH, effectively
reducing the energy barrier of the RDS. In contrast, the
Fe cluster in the Fe,~FeN, model averages the energy barriers
of the intermediates, thereby enhancing the overall ORR
activity.

In the OER, Fe,~FeN, and FeN, undergo a non-spontaneous
reaction pathway of *OH — *O — *OOH — *O,, as depicted
in Fig. 4e and f. At pH = 14, U = 0 V and 1.23 V, the RDS for
Fe,~FeN,, FeN, and Fe cluster models is consistently the
transition from *OOH to *O,, while the reduced energy barrier
of Fe,~FeN, suggests its superior catalytic performance in redox
reactions. As observed in the ORR process, the incorporation of
FeN, in Fe,-FeN, is beneficial for lowering the energy barrier of
RDS during the OER. To further elucidate the primary active
site, we have supplemented the DFT calculation data about the
free energy diagrams of intermediate species at various Fe sites
on the Fe,~FeN, model (Fig. S25, ESIt). The results indicate
that the energy barriers for both the ORR and OER at the
different Fe, sites are significantly higher than those at the
FeN, site in the Fe,~FeN, model, particularly for the RDS step
(Fig. 4c-f). This finding suggests that the oxygen reactions are
more favorable at the FeN, site. Notably, the energy barrier
values for different oxygen intermediates (*OOH, *O, and *OH)
considerably vary on the FeN, site, whereas the energy barrier
values appear more uniform across the Fe, sites. Upon intro-
ducing the Fe, site to the FeN, model, the Fe,~FeN, model
exhibits reduced energy barriers for the oxygen intermediates,
especially averaging the energy barriers, potentially enhancing
the transition of these intermediates. Additionally, the Fe
cluster demonstrates a higher O, adsorption value (Fig. 4b),
which may hinder subsequent desorption and reactions. Based
on the above analyses, we propose that while the FeN, sites
serve as the primary active sites for the ORR and OER, the Fe,
sites may play a role in averaging the energy barriers of the
intermediates. Thus, the synergy between Fe single atom sites
and clusters enhances the bifunctional oxygen reaction activity
of the Fe,~FeN, model.

The DOS value at the Fermi level can qualitatively indicate
the electronic conductivity of a catalyst.*® The peak values at the
Fermi level for Fe,~FeN,, FeN,, and Fe cluster models are 25.52,
11.60, and 18.95, respectively. This suggests that Fe,-FeN,
exhibits a higher charge transfer rate. In predicting the adsorp-
tion strength of metals with reaction intermediates, the d-band
centers (Eq) of Fe,~FeN,, FeN, and Fe cluster models relative to
the Fermi level are calculated to be —2.77, —3.82 and —3.07 eV,
respectively. The proximity of the d-band center to the Fermi
level in the Fe,~FeN, model suggests that the interaction
between Fe single atom sites and clusters significantly enhance
the electronic occupancy of the Fe atoms. This facilitates
electron migration in the outer metal d-orbitals, thereby enhan-
cing the catalytic capabilities and improving ORR/OER activity.*
As the differential charge density displayed in Fig. 4h-j, the charge
transfer quantities for Fe in Fe,—FeN,, FeN, and Fe cluster models
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are 0.21 e, 0.08 e and 0.18 e, respectively. Due to a higher
proportion of Fe atoms, there is a propensity to transfer charge
to surrounding electrons in Fe,~FeN,, resulting in a significant
charge transfer. As orbital splitting occurs only in the presence of a
ligand field, we primarily consider the influence of Fe clusters on
the d orbitals charge distribution of Fe in the Fe,~FeN, model. The
electron filling is related to the oxidation state of the metal with
the d orbital electron configuration of Fe being 3d°4s’, which
includes a total of eight electrons. According to the aforemen-
tioned XAFS analysis, the Fe in Fega/Feac@PPy/CC is primarily in
the +2 oxidation state, and the arrangement of the remaining six
electrons in the d orbitals should be considered. The differential
charge density, shown in Fig. 4h and i, indicates that the introduc-
tion of Fe clusters leads to the central metal in FeN, losing partial
electrons, thereby reducing the electron density at the Fe sites and
further enhancing the ligand N attraction to the surrounding
metal electrons, resulting in the delocalization of charge on the
Fe atoms and ultimately affecting the d band center. Fig. S26a
(ESIt) shows that in the Fe,~FeN, model, the d band center of
FeN, shifts to a lower energy compared to pure FeN,, effectively
modulating the adsorption strength of oxygen-containing inter-
mediates and enhancing the OER activity. Furthermore, the
characteristic of the d band center being distant from the Fermi
level leads to a change in the distribution of d orbital electrons,
allowing electrons to transition to higher energy levels, which
in turn causes the rearrangement of 3d orbital electrons in Fe
(Fig. S26b, ESI).*>*° This electron redistribution significantly
enhances the interaction with oxygen orbitals, improving the
electrocatalytic activity for oxygen reactions.

Inspired by the excellent bifunctional ORR/OER activity, the
Fega/Feac@PPy/CC was utilized as a self-supporting air-cathode
to assemble an aqueous ZAB (Fig. 5a). The battery used the
mixture of Pt/C and RuO, as the air-cathode was also tested.
Generally, the performance of the ORR is related to the dis-
charging voltage of ZAB, while the OER performance correlates
with the charging voltage. Consequently, strong ORR activity
is associated with a high discharging voltage, whereas robust
OER activity corresponds to a low charging voltage. As shown in
Fig. 5b, the Fega/Fe,c@PPy/CC-based ZAB demonstrates a high
open-circuit voltage of approximately 1.46 V, surpassing that
of the Pt/C + RuO,-based ZAB (1.41 V). The power density was
calculated based on discharge voltages at varying discharge
currents ranging from 0 to 400 mA cm 2. The Fega/Fe,c@PPy/
CC-based ZAB achieved a peak power density of 205.1 mW c¢cm ™2,
which was about 1.53 times that of the Pt/C + RuO,-based ZAB
(Fig. 5¢). Additionally, it was observed that the Fega/Feac@PPy/CC-
based ZAB still maintained a discharge voltage of 0.4 V even under
a high discharge current of 400 mA cm ™2, while it approached 0 V
for Pt/C + RuO,-based ZAB. This implied the exceptional high-
current tolerance of the Fega/Feac@PPy/CC. Furthermore,
the Fega/Feac@PPy/CC-based ZAB exhibited higher discharge
voltage plateaus across all tested current densities of 2, 5, 10,
and 20 mA cm > compared to the Pt/C + RuO,-based ZAB
(Fig. 5d). When the measurement returns from a current
density of 20 mA ¢cm™? back to 2 mA cm 2, the Fegy/Fexc®@
PPy/CC-based ZAB essentially maintained its initial discharge

This journal is © The Royal Society of Chemistry 2025
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voltage, demonstrating its good stability. Specific capacity tests
calculated by the consumption of zinc mass for the Fega/
Fexc@PPy/CC-based ZAB was 758 mAh gz, ' at 10 mA cm 2,
approximately 92.4% of the theoretical capacity, surpassing
that of the Pt/C + RuO,-based ZAB (707 mAh g, ") (Fig. 5e).
As illustrated in Fig. 5f, three Fega/Fe,c@PPy/CC-based ZABs
connect in series could power a 4 V LED display, proving its
potential for practical application.

Long-term stability was further conducted, which involved
cycles of charging for 30 min and discharging for 30 min. The
voltage efficiency was calculated based on the ratio of dis-
charging to charging voltages, and the round-trip efficiency
was determined by comparing the integral areas of discharging
and charging curves. Initial tests conducted at a current density
of 5 mA cm™? demonstrates that the Fegs/Fe,c@PPy/CC-based
ZAB could cycle stably for 400 h with an initial charging-
discharging voltage difference of 0.72 V, outperforming
the Pt/C + RuO,-based ZAB (0.78 V, 215 h) (Fig. 27, ESIY).
The Fega/Feac@PPy/CC-based ZAB exhibits charging-discharging

This journal is © The Royal Society of Chemistry 2025

voltage differences of 0.69 V, 0.69 V, 0.71V, and 0.73 V at 100, 200,
300, and 400 h, respectively, demonstrating its superior cycling
performance. At a higher current density of 10 mA cm ™2, the initial
charging voltage of the Fega/Feac@PPy/CC-based ZAB is 1.98 V and
the discharging voltage is 1.21 V (Fig. 5g), resulting in a voltage
difference of 0.77 V, much lower than the Pt/C + RuO, of 0.87 V.
Even after 100 h, 200 h, 300 h and 400 h tests, the Fegy/Feac@PPy/
CC-based ZAB is able to maintain charging-discharging voltage
differences of 0.79'V, 0.81 V, 0.83 and 0.86 V, respectively (Fig. 528,
ESIt). After 400 h of cycling, the Fegs/Fe,c@PPy/CC-based ZAB
exhibited only a 3.0% decrease in voltage efficiency and a 3.4%
reduction in round-trip efficiency (Fig. 5h). It is noteworthy that
the ZAB featuring Fesa/Feac@PPy/CC achieved the longest stable
operation time of 437 h.

The performance of the Feg,/Fe,c@PPy/CC-based ZAB in terms
of high current density was further evaluated. As depicted in
Fig. S29 (ESIf), the Fega/Feyc@PPy/CC-based ZAB exhibits a
high and stable discharge voltage platform at the current range
from 30 mA cm > to 80 mA cm 2, sustaining a discharge
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voltage of 0.88 V even at the upper limit of 80 mA cm™>.
The charging-discharging cycling performance of the aqueous
ZABs under high current density is illustrated in Fig. S30 (ESIT).
The Fega/Feac@PPy/CC-based ZAB demonstrates excellent
cycling capabilities, enduring 392 h at 20 mA cm ™2, 364 h at
40 mA cm % and 290 h at 60 mA cm >, with respective
charging-discharging voltage gaps of 0.92 V, 1.06 V, and
1.26 V. This further underscores the superior performance of
aqueous ZABs under high current density. Therefore, the high
power density and remarkable durability ensure that the
Fesa/Feac@PPy/CC-based ZAB exhibits significant potential
for commercial applications. Furthermore, the Fegy/Fexc®
PPy/CC-based ZAB demonstrates performances comparable to
those of other reported atomic dispersion catalysts (Table S6,
ESIY).

The Fesa/Feac@PPy/CC was further used to construct a
sandwich-type FZAB (Fig. 6a). The significant challenge faced
by the FZAB is the rapid dehydration of the GPEs at room
temperature and gradual freezing at low temperatures.”
Hence, enhancing the water retention and low-temperature
resistance of the GPEs is crucial for the commercialization
of FZABs. For the synthesis of GPEs, ethylene glycol (EG) was
introduced to polyacrylamide (PAM) to develop a novel GPE
as PAM/EG. Based on the relationship between the volume
fraction of EG in aqueous solution and the freezing point, we
incorporated an EG aqueous solution with a volume fraction
of 55% into the PAM/EG system (Fig. S31, ESIT). As shown in
Fig. S32a (ESIt), the addition of EG significantly enhances the
ionic conductivity and accelerates proton transfer. DFT calcula-
tions indicate that PAM/EG exhibits the highest adsorption
energy for H,O molecules, suggesting that the incorporation
of EG considerably strengthens the interaction between PAM
and H,0 molecules, resulting in a more robust intermolecular
hydrogen bonding network (Fig. S32b and S33, ESIf). Conse-
quently, the energy required to overcome intermolecular forces

Sandwich-type flexible Zn-air battery

2 3 4 5
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for H,O loss and freezing is increased, leading to the anticipa-
tion that PAM/EG will possess excellent water retention and
antifreeze capabilities. Relatively, the needle-like structures of
PAM/EG could produce a certain level of porosity between the
molecules (Fig. S34, ESIt), resulting in its excellent absorption
capacities of 154.3 g ¢~ ' and 13.7 g ¢~ in deionized water and
alkaline electrolyte (Fig. S32c¢, ESIT), respectively. As depicted in
Fig. 6b, PAM/EG exhibits superior water retention capabilities
(75.4 wt% retention after seven days), further indicating the
long-term stability.

Due to the inability to test electrocatalytic performances
at temperatures below 0 °C, we assessed the low-temperature
performance by adjusting the electrolyte temperature to 15 °C,
0 °C, and 5 °C (Fig. S35, ESIY). As illustrated in Fig. S36 (ESIf),
the potential difference (AE) values between the OER potential
at 20 mA cm~ > and the ORR potential at Ey, for Fega/Fe,c@PPy/
CC are approximately 0.73 V, 0.77 V and 0.81 V at 15 °C, 10 °C
and 5 °C, respectively. The results indicate the favorable low-
temperature oxygen reaction activity of Fega/Fe,c@PPy/CC.
Subsequently, the sandwich-type FZAB was assembled by using
Fesa/Feac@PPy/CC as the air-cathode, and zinc plate as the
anode. At shown in Fig. 6¢, the charging-discharging curves of
Fega/Feac@PPy/CC-based FZABs show no significant fluctuations
at any bending and folding due to the superior mechanical
performance of PAM/EG GPE (Fig. S37, ESIY).

To evaluate the mechanical properties of PAM/EG, PAM, and
PVA GPEs, the tensile stress-strain curves were further tested.
As shown in Fig. S38a (ESIT), PAM/EG exhibits a tensile strength
of 2.2 MPa and a maximum elongation at break of 877.8%,
significantly higher than those of PAM (1.3 MPa, 531.9%) and
PVA (0.6 MPa, 239.3%). Additionally, compressive strength tests
revealed that PAM/EG can withstand a maximum pressure of
1.5 MPa with a maximum compression strain of 64.9%, out-
performing PAM (1.1 MPa, 50.1%) and PVA (0.5 MPa, 39.1%)
(Fig. S38b, ESIt). These results indicate that PAM has superior
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mechanical strength compared to PVA due to its chemically
cross-linked molecular network formed through polymerization,
which is more robust than the physically cross-linked structure of
PVA. The exceptional mechanical properties of PAM/EG can be
attributed to the introduction of EG, which forms a hydrogen
bond network that enhances molecular density and intermole-
cular forces, thereby increasing the material rigidity and load-
bearing capacity. At 25 °C, the Fega/Feac@PPy/CC-based FZABs
exhibit an open circuit voltage of 1.49 V, a power density of
98.8 mW cm %, and a specific capacity of 722.7 mAh g "
(Fig. S39a-c, ESIt). As shown in Fig. 6d, the FZABs assembled
with PAM/EG demonstrates an extended lifetime of 210 h,
markedly surpassing that of FZABs assembled with PAM (60 h)
and PVA (29 h).

Under low-temperature conditions of —40 °C, they shows an
open circuit voltage of 1.41 V, a power density of 30.2 mW cm 2,
and a specific capacity of 570.2 mAh g~ ' (Fig. S39a-c, ESIY).
Furthermore, they displays outstanding rate performances across
current densities ranging from 1 to 5 mA cm ™2 at both room and
low temperatures, indicating excellent stability (Fig. S39d, ESIT).
Long-term cycle tests were also performed for FZABs at a low
temperature of —40 °C. As displayed in Fig. 6e, the FZAB
assembled with PAM/EG exhibits a discharging voltage of
1.14 V and a charging voltage of 1.82 V at 2 mA cm ? and
could stably operate for 167 h, attributed to its exceptional
to low temperature resistance capabilities (Fig. S40, S41 and
S42, ESI}).

The high-temperature resistance of the GPEs at 40 °C is
illustrated in Fig. S43 (ESIt). After one day, the water retention
rates of PAM/EG, PAM, and PVA are 93.4, 65.1, and 47.4 wt%,
respectively. Moreover, PAM/EG still maintains 68.1 wt% water
retention rates after five days, demonstrating its superior high-
temperature water retention capability. This enhanced perfor-
mance is attributed to the introduction of EG, which signifi-
cantly strengthens the interaction between H,O molecules
through hydrogen bonding, effectively reducing water evapora-
tion. Additionally, FZABs assembled with Fega/Fe,c@PPy/CC as
the air cathode were evaluated using the three electrolytes at
40 °C. As depicted in Fig. S44 (ESIt), the FZAB featuring the
PAM/EG electrolyte exhibits an initial discharging voltage of
1.28 V and a charging voltage of 1.71 V at a current density of
2 mA cm > It is consistently cycled for 126 h, significantly
surpassing the performance of batteries with PAM (25 h) and
PVA (12 h) electrolytes. The results demonstrate the enhanced
performance and stability of the PAM/EG electrolyte under
high-temperature conditions.

As illustrated in Fig. S45 (ESIt), the Fegss/Feac@PPy/
CC-based FZABs display stable performance across a range of
operating temperatures from —40 to 40 °C, further highlighting
their exceptional charge-discharge recovery capabilities. The
performance of the Pt/C + RuO,-based FZAB at room and low
temperatures was further evaluated. As shown in Fig. S46
(ESIY), it could stably operate for 160 hours and 104 hours at
25 °C and —40 °C, respectively, which are significantly lower
than the operation times of the Fega/Feac@PPy/CC-based FZAB.
It also exhibits a much higher potential gap than that of

This journal is © The Royal Society of Chemistry 2025
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the Fega/Feac@PPy/CC-based FZAB. The performance of the
Fesa/Feac@PPy/CC-based FZAB also surpasses most of the
reported FZABs (Table S9 and S10, ESIt). Subsequently, we
investigated the zinc corrosion potential and hydrogen evolu-
tion reaction (HER) suppression effect of PAM/EG GPE. As
shown in Fig. S47a (ESIY), the FZAB assembled with the PAM/
EG electrolyte exhibits a corrosion potential of —1.10 V, which
is more positive than the —1.22 V value observed in PAM. This
indicates that the zinc anode demonstrates higher corrosion
resistance in the PAM/EG electrolyte. Furthermore, the HER
potential for the PAM/EG electrolyte is —0.19 V at 5 mA cm ™2,
whereas that for the PAM electrolyte was —0.06 V (Fig. S47b,
ESIT). It indicates that the addition of EG significantly sup-
presses an undesirable HER activity, thereby preventing the
formation of zinc dendrites and enhancing the stability of the
zinc/electrolyte interface. Consequently, the FZABs assembled
with the PAM/EG electrolyte show exceptional cycling stability
under wide-temperature conditions. Due to the Fega/Fe,c@PPy/
CC-based FZAB having exceptional low-temperature resistance
and excellent water retention capabilities, PAM/EG effectively
ensures the efficiency of the catalyst for assembling FZABs,
demonstrating its prospects for widespread future applications.

Conclusion

We have successfully designed a bifunctional oxygen reaction
electrocatalyst of Fesa/Feac@PPy/CC characterized by the coex-
istence of Fe single atom sites and clusters. It exhibits good
bifunctional electrocatalytic activity with a potential of 1.524 V
at 20 mA cm 2 for the OER and an Ey, of 0.83 V for the ORR,
as well as high-performance aqueous ZABs. The enhanced
activity is attributed to the Fe single atom sites reducing the
energy barrier of the RDS, and the Fe clusters could balance the
energy barriers of intermediates, thus optimizing the overall
reaction process. Then, a novel PAM/EG GPE was constructed
for assembling FZABs by using Fega/Feac@PPy/CC as the air-
cathode. The FZAB shows exceptionally long lifespans of 210 h
at room temperature and 167 h at a low temperature of —40 °C,
which is ascribed to the introduction of EG significantly
promoting the interaction with H,O molecules, thereby signifi-
cantly improving the water retention and low-temperature
resistance of GPEs. Our work provides new insight for con-
structing highly-efficient and long cycling-time FZABs.
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