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pH stable halide ((PEA)2CoCl4)
perovskite for oxygen reaction electrocatalysis†

Pranjit Barman,a Vijay Kumar,bc Kotaro Takeyasu d and Santosh K. Singh *a
Despite gaining significant importance as an exciting class of

materials, the extremely low stability of metal halide perovskites

(MHPs) in aqueous medium impedes their potential application

beyond photovoltaics and photocatalysis. Herein, the stability of

cobalt-based halide perovskite (PEA)2CoCl4 (PEA = phenyl-

ethylammonium) in an aqueous alkaline pH electrolyte has been

enhanced by employing a hydrophobic organic cation as the A-site

and further wrapping it with electronic conductive N-doped

reduced graphene oxide (NrGO). The increased stability allows the

developed perovskite composite to be applied to electrocatalysis,

such as the oxygen reduction reaction (ORR) and oxygen evolution

reaction (OER). The effective surface passivation of (PEA)2CoCl4
results in controlled exposure of aqueous electrolytes to the active

sites of perovskite during catalysis. (PEA)2CoCl4 coated with NrGO

(NPCo) shows an ORR onset potential of 0.94 V at 0.1 mA cm−2 and

an overpotential of 353 mV at 10 mA cm−2 towards the OER as

compared to the state-of-the-art (Pt/C) (1.00 V) and RuO2 (346 mV)

catalysts. Furthermore, the NPCo catalyst is used in rechargeable

Zn–air batteries and shows a specific capacity of 760 mA h g−1 with

a peak power density of 116 mW cm−2. The developed NPCo

electrode materials are utilized to demonstrate flexible electronics.

Density functional theory (DFT) and ab initio molecular dynamics

(AIMD) simulations clarify the active role of NrGO coating in pre-

venting the perovskite structure from flooding with water mole-

cules and facilitating electrocatalysis.
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Introduction

Metal halide perovskites (MHPs) with the chemical formula
ABX3 or A2BX4 (B: divalent cations such as Pb, Sn, Bi, Co, and
Mn; X: Cl−, Br−, and I−) consist of inorganic or organic
ammonium cations as the A-site.1–4 However, A2BX4 is a 2D
layered structure of ABX3 perovskite where long-chain organic
molecules can occupy the A-site, providing better stability under
moisture conditions.1–3 Over the last decade, MHPs have
received signicant attention for their application in photo-
catalysis and optoelectronic devices, such as solar cells,5,6

LEDs,7 lasers,8 etc., due to their superior optoelectronic prop-
erties,9 quantum connement effect,10 easy preparation,11 and
bandgap tunability.12,13

While MHPs have demonstrated great success in photo-
catalysis, their application in electrocatalysis faces signicant
challenges, mainly due to their rapid decomposition in aqueous
environments.14,15 To address this issue, various strategies have
been explored to improve MHP stability, including composi-
tional modications, ligand engineering, and surface encap-
sulation using dense layers of SiO2,16 Al2O3,17 TiO2,18 polymers
(use of a PMMA layer),19 and two-dimensional hBN,20 and sup-
porting over graphene.21 In addition to water stability, toxicity
(Pb) in MHPs is another critical concern. Pb-based perovskites
have shown superior efficiency as light absorbers in photovol-
taics and photocatalysis,22,23 but their environmental and health
risks limit broader applications.24–26 Therefore, developing Pb-
free MHPs has become an important research direction.27,28

Recent studies have explored transition metal-based perov-
skites, including Mn2+, Fe2+, Co2+, Rh2+, Cu2+, Pd2+, and Pt2+, as
well as post-transition metal-based perovskite-like
compounds,29–36 for applications beyond photovoltaics.

Despite these advances, MHPs still face critical challenges in
electrocatalysis, such as low electrical conductivity, insufficient
stability, and a lack of exposed active sites, limiting their ability
to achieve large current densities and long-term stability.37

While some studies have investigated MHPs as oxygen evolu-
tion reaction (OER) catalysts, the problem of low electrical
J. Mater. Chem. A, 2025, 13, 16437–16449 | 16437
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conductivity remains unresolved. R. Babu et al. reported a lead-
free, stable organic–inorganic perovskite (MA)2CoBr4 for water
oxidation,38 while N. Navarro et al. demonstrated that (CH3-
NH3)2Zn1−xCoxBr4, particularly (MA)2Zn0.3Co0.7Br4, exhibited
the highest activity for the OER.39 Recently, X. Ren et al. devel-
oped a MAPbX3@AlPO-5 host–guest composite to improve
perovskite stability for water oxidation.40 However, these studies
did not fully address the issue of low electrical conductivity.
Furthermore, to our knowledge, the application of halide
perovskites for the oxygen reduction reaction (ORR) remains
largely unexplored.

Herein, we have designed an alkaline pH-stable organic–
inorganic halide hybrid perovskite (PEA)2CoCl4, further stabi-
lized by coating with N-doped reduced graphene oxide (NrGO)
to form the NPCo catalyst. The NrGO coating not only enhances
the conductivity of the NPCo catalyst but also improves the
stability of perovskite by controlling its exposure to the aqueous
electrolyte, thereby increasing surface utilization. The devel-
oped strategy is also useful for the stabilization and electronic
conductivity improvement of other halide perovskites (ABX3,
A2BX4, A4BX6, etc.) as well.41,42 X-ray photoelectron spectroscopy
and electron paramagnetic resonance studies revealed a strong
electronic interaction between N-doped graphene and perov-
skite materials. Furthermore, density functional theory (DFT)
and ab initio molecular dynamics (AIMD) simulations demon-
strated the role of NrGO in inuencing the electronic interac-
tion between explicit water molecules and perovskite stability.
Extensive electrocatalytic activity investigations indicated that
the N-doped rGO-coated NPCo catalyst signicantly outper-
forms conventional catalytic materials in bifunctional ORR and
OER activities. The well-dened Co active sites in NPCo serve as
a model catalyst for electrocatalytic oxygen reactions. The
developed NPCo catalyst exhibited an ORR onset potential of
0.94 V vs. RHE and reduced the OER overpotential from 454 mV
to 353 mV at 10 mA cm−2 in an alkaline electrolyte. The
bifunctional NPCo catalyst outperformed state-of-the-art cata-
lysts in rechargeable and exible zinc–air batteries. This work
elucidates the design principles for highly stable and electro-
catalytically active perovskite-based materials and identies the
key factors governing their ORR and OER mechanisms.

Results and discussion
Designing and physical characterization of water-stable
perovskite

The synthesis of (PEA)2CoCl4 perovskite was carried out using
the acid precipitationmethod, generating perovskite crystals. In
brief, during the synthesis process, 2-phenylethylamine (PEA)
gets protonated by dissolving in an aqueous HCl solution.
Another solution was prepared by dissolving CoCl2$6H2O in
aqueous HCl. Finally, both the solutions were mixed at 100 °C
with vigorous stirring and allowed to cool down to room
temperature slowly, resulting in the blue bulk perovskite (PCo)
crystals. The in situ growth of (PEA)2CoCl4 crystals with N-doped
reduced graphene oxide (NrGO) generated the NrGO-coated
perovskite (NPCo) by a facile heating method, as shown in
Fig. 1A. Furthermore, single-crystal X-ray diffraction (SCXRD)
16438 | J. Mater. Chem. A, 2025, 13, 16437–16449
analysis was performed at room temperature, revealing that
(PEA)2CoCl4 crystallizes in a monoclinic lattice with the space
group P21/C. The lattice parameters of the monoclinic crystals
are a = 7.453 Å, b = 24.649 Å, c = 11.187 Å, a= g = 90°, and b =

91.786°. The asymmetric unit of (PEA)2CoCl4 contains two
independent C6H5C2H4NH3

+ (PEA) ions and one tetrachloride
cobaltate(II) [CoCl4]

2− dianion.43 Each of the [CoCl4]
2− inorganic

layers is separated by one layer of organic cations. The overall
crystal structure and detailed crystal data are summarized in
Fig. 1B, S1, and Table S1, ESI.†

Aer the synthesis of pristine perovskite (PCo), it is imper-
ative to assess its stability in an aqueous electrolyte since the
structural decomposition of perovskite is likely to occur over the
long run. To study the stability of the synthesized perovskite
PCo in the catalytic environment, PCo was dispersed in 0.1 M
KOH electrolyte solution and recovered as a powder (Fig. S2,
ESI†). Various characterization techniques conrmed the
structural integrity of the recovered PCo from an alkaline
aqueous solution. The comparative powder X-ray diffraction
(PXRD) spectra of pristine PCo and alkaline solution-treated
PCo showed similarity in the diffraction peaks (Fig. 1C). This
conrms that the perovskite has no structural degradation at
alkaline pH. Fig. 1D shows the UV spectra of PCo, displaying
absorption peaks at 280 nm, 315 nm, and 675 nm, attributed to
p–p* and n–p* transitions and ligand to metal charge transfer
occurring from the organic phenylethylammonium moiety to
the cobalt transition metal, respectively.43–45 The comparative
UV absorption spectra of PCo in the solid state, solution state,
and aer dispersion in 0.1 M KOH solution show no peak shis,
further indicating that the PCo structure remains intact,
resulting in no structural degradation. In addition, comparative
Fourier-transform infrared (FTIR) spectra of KOH solution-
treated PCo, organic moiety PEACl, and pristine PCo are
shown in Fig. 1E. Along with the peaks of the typical aromatic
cation, pristine PCo shows vibrational peaks at 1650 cm−1 and
1130 cm−1, which are attributed to the NH3

+ stretching and
bending, respectively.45,46 The peaks of pristine PCo remain
unaffected in the FTIR spectra of the PCo aer the KOH solution
treatment. However, an intense peak at 3560 cm−1 highlights
the –OH stretch due to the presence of KOH solution. Further-
more, the photoluminescence (PL) spectra shown in Fig. 1F
depict the stability of PCo in aqueous electrolytes. Pristine PCo
shows a broad emission peak ranging from 300 to 650 nm upon
excitation at 290 nm.47,48 The PL spectrum of KOH-treated PCo
perovskite matches well with that of the pristine PCo. The
PXRD, UV, FTIR, and PL analyses of the KOH-treated PCo
conrm the stability of PCo in an aqueous alkaline electrolyte.
The stability of PCo in aqueous electrolyte is mainly due to the
presence of hydrophobic PEA, which has a strong van der Waals
interaction that reduces the water adsorption on the perovskite
surface. The PEA moieties create a close water-repellent envi-
ronment that effectively penetrates water and increases
stability.36,49–52

The composite catalyst (NPCo) was characterized to investi-
gate the phase purity, stability to KOH, and interaction between
NrGO and PCo. The PXRD pattern of the as-synthesized PCo
matches well with the simulated one, conrming the successful
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic presentation of the material synthesis and aqueous medium stability test of the developed perovskite: (A) schematic
presentation of the stepwise synthesis of the NPCo catalyst; (B) single crystal X-ray diffraction (SCXRD) analysis of the perovskite (PCo) crystal
showing the molecular arrangement and the crystallographic details; (C) comparative powder XRD analysis of the as-synthesized and KOH
treated PCo, showing similarity in diffraction peaks; (D) comparative liquid and solid state UV-visible spectra of PCo and KOH treated PCo,
showing p–p*, n–p*, and ligand to metal charge transfer (LMCT) peaks; (E) FTIR spectra of PEACl, PCo, and PCo in KOH, showing the
resemblance in stretching frequencies of materials; (F) photoluminescence spectra of PCo and PCo in KOH, showing the similarity in emission
spectra; (G) deconvoluted N 1s spectra of NPCo, NPCo(phy), and NrGO, where NPCo shows significant contributions from pyridinic-N (398.2
eV), graphitic-N (401.1 eV), and pyrrolic-N (399.8 eV), confirming successful nitrogen doping and its interaction with PCo; (H) Co 2p spectra for
PCo, NPCo(phy), and NPCo showing Co2+ and Co3+ peaks at ∼780 eV and ∼796 eV, respectively, and a shift in NPCo peaks due to interaction
with NrGO, indicating electronic structure modulation; (I) comparative electron paramagnetic resonance (EPR) spectra showing the hyperfine
structure of NrGO, PCo, and NPCo.
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formation of PCo perovskite in the composite NPCo material
(Fig. S3, ESI†). The XRD pattern of NrGO exhibits broad peaks at
2q values of 26° and 43°, indicating the graphitic carbon (002)
and (100) planes of NrGO with interplanar spacings of 0.34 and
0.21 nm, respectively.53 The comparative PXRD spectra of NPCo
reveal the appearance of PCo in the structure with a slight
This journal is © The Royal Society of Chemistry 2025
negative shi compared to the pristine perovskite due to the
interaction between PCo and NrGO. Furthermore, the compar-
ative Raman spectra of NrGO, PCo, and NPCo are shown in
Fig. S4, ESI.† The pristine PCo peaks at 110 and 265 cm−1

indicate that cobalt exists in a tetrahedral environment with the
chloride ion, consistent with the single-crystal XRD
J. Mater. Chem. A, 2025, 13, 16437–16449 | 16439
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structure.39,54 The peaks at 1000 and 1600 cm−1 are attributed to
C–N stretching and –NH3

+ bending vibration, respectively,
conrming the presence of PEA+ cation in the perovskite
structure.39 In the Raman spectra, the typical defective (D) peak
that appeared at 1350 cm−1 corresponds to the graphitic lattice
vibration mode with A1g symmetry, while the graphitic (G) peak
centered at 1589 cm−1 corresponds to the graphitic lattice
vibration mode with E2g symmetry that appeared in NrGO and
NPCo.55 The higher AD/AG ratio of NrGO (1.94) compared to
NPCo indicates the incorporation of perovskite in NPCo, sug-
gesting that PCo is successfully embedded in NrGO. In addition,
a shi of the D and G peaks to a higher frequency in the case of
NPCo compared to NrGO indicates the electronic interaction
between NrGO and PCo. The thermogravimetric analysis shows
the thermal stability and loading of the perovskite over NrGO,
as displayed in Fig. S5, ESI.† NPCo shows the loading of cobalt
in a meager amount. The pristine (PEA)2CoCl4 and physically
mixed NPCo(phy) show the same cobalt loading. In addition,
the onset of thermal degradation at lower temperatures
observed for NPCo(phy) indicates that in physical mixing, no
electronic interaction occurs between PCo and NrGO as they are
separated. However, the in situ growth of PCo in the NrGO
matrix leads to interaction with each other.

The survey scan X-ray photoelectron spectroscopy (XPS)
analysis shows the presence of elements such as C, N, O, Co,
and Cl in the corresponding catalysts (Fig. S6, ESI†). The
elemental atomic percentage (C: 49.58%, N: 5.95%, Co: 4.66%,
and Cl: 38.87%) conrms the structural composition of the
pristine PCo. In addition, NrGO contains ∼7% of the doped-N
with pyridinic-N (pyri-N), pyrrolic-N (pyrr-N), and graphitic-N
(grap-N) at the binding energies (BE) of 397.22, 399.45, and
401.50 eV, respectively.56 The differences in the deconvoluted N
1s spectra of NrGO, NPCo(phy), and NPCo indicate the extent of
interaction between the NrGO and perovskite materials
(Fig. 1G). An observable shi in the BE of Pyri-N peaks from
397.22 eV to 398.21 eV in the case of pristine NrGO and NPCo
evidences the electronic interaction between doped-N and PCo.
In contrast, no observable changes have been evidenced in the
physically mixed NPCo(phy) catalyst. Similarly, the deconvo-
luted Co 2p spectra of PCo, NPCo(phy), and NPCo, shown in
Fig. 1H, display the characteristic Co 2p3/2 and Co 2p1/2 peaks at
∼780 and∼796 eV, respectively.56 A remarkable shi in the Co2+

peak in the case of NPCo compared to PCo further evidences the
electronic interaction between NrGO and PCo as observed in
the N 1s spectra. The Co 2p spectra of NPCo show the existence
of Co in two forms, where the peak at the low binding energy
corresponds to Co2+, similar to the pristine PCo with a slight
shi. However, the new Co 2p peak at a higher BE is due to the
interaction between the oxy functional groups of NrGO and
PCo. The deconvoluted C 1s, Cl 2p, and O1 spectra of the
catalysts also show an observable shi in the BE (Fig. S7 and S8,
ESI†). The observed Co 2p and N 1s peaks shi to a higher BE
and those of Cl 2p and O 1s shi towards a lower BE in the case
of NPCo, which indicate the mutual electron transfer between
NrGO and PCo. The comprehensive XPS analysis conrmed the
electronic interaction between NrGO and perovskite PCo
materials. The electron paramagnetic resonance (EPR) studies
16440 | J. Mater. Chem. A, 2025, 13, 16437–16449
explain the individual vibronic states of the metal center based
on their environment in the lattice. Fig. 1I shows the EPR
spectra of PCo, displaying a partially resolved peak averaging
out the hyperne splitting of cobalt. The EPR spectra of NrGO
show a characteristic singlet peak due to the localized electrons.
However, the interaction between the electronic spin and
nuclear spin, known as hyperne interaction, alters the energy
levels, resulting in observable splitting patterns in the EPR
spectra. The well-resolved EPR signals in NPCo indicate the
hyperne interaction of cobalt with NrGO, particularly the
coupling with the N atom., which can be correlated with the XPS
data. The splitting of peaks further indicates the dilution of the
CoCl4

− tetrahedron in the lattice due to NrGO sheets from the
bulk structure in PCo. A similar interaction effect between
NrGO and PCo was observed in the FTIR analysis, which is
evidenced by a shi in stretching frequencies (Fig. S9, ESI†).
Density functional theory and ab initio molecular dynamics
calculations

To check the effect of N-doped graphene coverage over the
perovskite layer and its impact on the prevention of water
molecules interacting with the perovskite material, a layer of N-
doped graphene was introduced between the perovskite and
water layers. The structure optimization using density func-
tional theory (DFT) and ab initio molecular dynamics (AIMD)
simulation studies was performed by considering the two layers
of perovskite molecules representing the bulk structure. A water
lm was introduced on the top of the perovskite layer in
a supercell. Furthermore, to simulate the aqueous alkaline
electrolyte, potassium hydroxide (K+OH−) ions were introduced
to the water lm (calculation details in the ESI†). The pristine
PCo supercell structure (with a vacuum of 12 Å) without water
was optimized, and the resultant lattice parameters are a =

18.824 Å, b = 23.043 Å, and c = 11.436 Å. Then, aq. KOH elec-
trolyte was introduced in the vacuum region. The optimized
structure of the perovskite layer with aq. KOH electrolyte (PCo +
aq. KOH) resulted in the lattice parameters a = 19.504 Å, b =

22.439 Å, and c = 11.349 Å. A substantial change in the lattice
parameters aer adding water molecules to the perovskite layer
indicates their strong interaction. When a graphene layer was
introduced between the perovskite and water layers (PCo/rGO +
aq. KOH), the optimized structure shows the lattice parameters
a = 23.727 Å, b = 22.775 Å, and c = 12.257 Å, which show that
the structure of the perovskite layer is closely restored to the
PCo structure without electrolyte. This is because there is no
direct interaction between the perovskite and water layers. Also,
a weak interaction between the perovskite and graphene layers
is possible due to the pi–pi interaction of PEA and graphene
layers. To improve the interaction between the shielding carbon
layer and perovskite, nitrogen-doped reduced graphene (NrGO)
was considered. In this case, the lattice parameters of NPCo +
aq. KOH were a = 23.286 Å, b = 23.628 Å, and c = 12.035 Å,
showing a slight change in the lattice parameters compared to
the graphene-separated system. However, in this case, the water
molecules and perovskites are expected to come closer to the
NrGO due to the electronic interactions. To understand the
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02493e


Communication Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:0

7:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dynamics of the systems, further calculations were carried out
by performing the ab initio molecular dynamics (AIMD)
simulations.
Stability analysis of N-doped graphene–perovskite composite

Theoretical study was performed to elucidate the role of NrGO
towards the stabilization of the perovskite layers with aqueous
electrolyte for upholding accessible space to the reactant
molecules for the catalytic reaction. A balanced interaction
between NrGO and perovskite allowed NrGO to extend the
Fig. 2 Ab initio molecular dynamics (AIMD) simulation of PCo and it
configuration of the PCo + aq. KOH system; (B) atomic distance variation
N366_O) over a simulation time of 0–5 ps in the PCo + aq. KOH system
variation of selected atoms and the nearest oxygen atoms (1_O, 5_O, 13
KOH; (E) structural configuration of the NPCo + aq. KOH system; (F) atom
(1_O, 5_O, 13_O, and N480_O) over a simulation time of 0–5 ps in the N
in angstrom (Å), indicating the stability and interaction dynamics of wate

This journal is © The Royal Society of Chemistry 2025
movement between the H2O and perovskite layers. AIMD
simulation studies of the perovskite (PCo) and derivative
materials (PCo/rGO and NPCo) were performed using the peri-
odic density functional theory (DFT) program Vienna Ab Initio
Simulation Package (VASP). Fig. 2A shows the simulated nal
structure of perovskite (PCo) with an aqueous electrolyte, indi-
cating the diffusion of H2O molecules and its contact with
perovskite. The atomic distance variation studies of Co (1), Cl (5,
13), and N (366) with the nearest water molecule's oxygen (O)
(1_O, 5_O, 13_O, and N366_O) reveal that there is a strong
interaction between solvent water molecules and the perovskite
s interaction with water clusters on different surfaces: (A) structural
of selected atoms with the nearest oxygen atoms (1_O, 5_O, 13_O, and
; (C) PCo/rGO + aq. KOH structural configuration; (D) atomic distance
_O, and N487_O) over a 0–5 ps simulation time in the PCo/rGO + aq.
ic distance variation of selected atoms with the nearest oxygen atoms
PCo + aq. KOH system. The atomic distance variations are represented
r molecules with the catalyst surface during the simulation period.

J. Mater. Chem. A, 2025, 13, 16437–16449 | 16441
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structure (Fig. 2B). The average atomic distance of ∼3.8 Å was
observed between the nearest water oxygen atom and the
perovskite atoms. However, the separation between the water
molecules and perovskite signicantly increased aer the gra-
phene insertion (PCo/rGO + aq. KOH). The graphene layer
created a barrier between the two layers (Fig. 2C). The average
atomic distances between the atoms (1_O, 5_O, 13_O, and
Fig. 3 Imaging analysis of NrGO, PCo, NPCo(phy), NPCo catalyst solution
showing PCo particles with an irregular surface; (B) SEM image of NPCo, re
and elemental mapping showing the uniform distribution of carbon (gr
successful integration of NrGO and PCo; (I) low-magnification transmiss
intertwined with PCo; (J) high-resolution TEM (HRTEM) image of NPCo,
image showing lattice fringes corresponding to d-spacing values of 0.23 a
selected area electron diffraction (SAED) pattern of NPCo showing distinc
PCo and NrGO; (M) and (N) atomic force microscopy (AFM) image and heig
∼1.1 mm width. (O) and (P) AFM image and height profile of NrGO, showin
absorption spectra of PCo and NPCo catalyst inks, demonstrating enhance
higher absorption intensity in the 400–700 nm range, indicating improve
ences: PCo (55°), NrGO (130°), NPCo(Phy) (64°), and NPCo (118°), NPCo sh
to PCo; (S) four-probe electrical conductivity and sheet resistance of mate
a low sheet resistance of 0.00028 U m−1, demonstrating superior electric

16442 | J. Mater. Chem. A, 2025, 13, 16437–16449
N487_O) are observed to be increased to ∼8.2 Å. Also, a slight
variation in the atomic distances can be realized with the
simulation time, indicating the stable structure of the PCo/rGO
+ aq. KOH system (Fig. 2D). In addition, the perovskite coating
with NrGO stabilized the structure by protecting the perovskite
layer, which is visualized in Fig. 2E. The doping of nitrogen to
the graphene layer introduces defects in the carbon framework
stability, surface wettability, and electrical conductivity: (A) SEM image
vealing uniform NrGO coverage over PCo; (C–H) SEM images of NPCo
een), oxygen (red), nitrogen (blue), and cobalt (cyan), confirming the
ion electron microscopy (TEM) image of NPCo showing NrGO sheets
highlighting well-distributed NrGO layers and PCo particles; (K) HRTEM
nd 0.35 nm for NrGO and PCo, confirming the crystalline structure; (L)
t diffraction rings, corresponding to the crystalline planes of perovskite
ht profile of NPCo, indicating particle dimensions of∼70 nm height and
g a thickness of ∼35 nm and a lateral dimension of ∼1.3 mm; (Q) UV-vis
d dispersion stability for NPCo. The NPCo catalyst ink shows significantly
d stability; (R) contact angle measurements showing wettability differ-
owing the introduction of hydrophobicity with the introduction of NrGO
rials showing that NPCo achieves a high conductivity of 245 S m−1 and
al properties compared to PCo and NrGO.

This journal is © The Royal Society of Chemistry 2025
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responsible for the initialization of its interaction with water
molecules as well as perovskite layers, as observed in XPS
analysis (Fig. 2F) and AIMD simulation (Video VS3, ESI†). The
defect in the coated NrGO sheet causes a breathing movement
of NrGO between the perovskite and H2O layers due to their
dynamic interaction. In comparison to PCo/rGO, the NrGO layer
in the NPCo catalyst will allow the diffusion of reactant O2

molecules and the ions (OH− and H+) towards the active sites
during the catalytic process. The breathing phenomena of
NrGO in the case of NPCo + aq. KOH can be well realized in
Fig. 3F, where the atomic distances (1_O, 5_O, 13_O, and
N480_O) vary in the form of a wave with average atomic
distances of ∼4–10 Å. The comparative simulation videos (VS1,
VS2, and VS3, ESI†) of PCo + aq. KOH, PCo/rGO + aq. KOH, and
NPCo + aq. KOH show the movement and mixing of the
different components with simulation time. The breathing
motion of the NrGO layer can effectively introduce the reactant
molecules towards the active sites.

The surface morphology and coverage of NrGO over PCo
were evaluated using eld emission scanning electron micros-
copy (FESEM), transmission electron microscopy (TEM), and
atomic force microscopy (AFM) analyses. Fig. 3A shows the bulk
morphology of the pristine perovskite (PCo) with a rough
surface, with a size range of 2–3 mm. Aer in situ growth of the
PCo crystals with NrGO, the particles' overall size decreased
(1.5–2.5 mm) compared to pristine PCo, reecting the effect of
nucleation sites available in NrGO. During the in situ growth
process of PCo, the doped-N in NrGO acts as nucleation sites.
Due to the electronegativity difference between Co2+ and doped-
N, there will be strong interaction between growing PCo and
doped-N of NrGO, causing the wrapping of NrGO over the PCo,
resulting in the generation of NrGO-wrapped PCo materials.
Fig. 3B displays the FESEM image of NrGO-coated PCo (NPCo)
where NrGO is exposed outside, where PCo is coated and not
exposed directly. Fig. 3C–H show the elemental mapping of the
NPCo observed in Fig. 3G, displaying the overlay elements and
distribution of C, N, O, and Co. EDX-SEM mapping of elements
shows the uniform distribution of C, N, Co, and O in NPCo. In
contrast, Co and Cl are missing, indicating the coverage of
NrGO over the surface PCo. In contrast, the FESEM analysis of
the pristine PCo and physically mixed NrGO + PCo catalyst
(NPCo(phy)) displayed a non-uniform distribution of NrGO and
other elements with exposed Co metal ion (Fig. S10 and S11,
ESI†). High-resolution transmission electron microscopy (HR-
TEM) analysis of NPCo reveals the coating of thin and exed
sheets of NrGO over the micro-structured perovskite (PCo),
which leads to the controlled exposure of perovskite to the
electrolyte (Fig. 3I–J and S12, ESI†). Fig. 3K shows the 2.22 and
3.5 Å lattice fringes, which are attributed to the (002) and (100)
facets of NrGO and PCo, respectively.55 The incorporation of
PCo enhances the d-spacings of NrGO by lattice distortion. The
selected area electron diffraction (SAED) pattern shown in
Fig. 3L indicates the presence of polycrystalline planes of
perovskite and NrGO. Fig. 3M–P show the AFM images and
height proles of NrGO and NPCo. The topographic images of
NrGO show the NrGO sheets with rough surfaces having some
porosity; however, NPCo displays a microstructure with
This journal is © The Royal Society of Chemistry 2025
agglomerated NrGO sheets. The height prole of NrGO repre-
sents a layer structure with few thin and ex sheets resulting in
the height of nm size, which contains 100 layers. However, 3D
NPCo with a micrometer height represents the incorporation of
perovskite.

To conrm that the perovskite is not leaching out fromNrGO
in the NPCo catalyst ink, the UV absorption spectra were
recorded (Fig. 3Q). The PCo shows all the absorption peaks;
however, the NPCo catalyst ink shows no absorption peaks,
indicating that PCo is not entirely exposed to the electrolyte and
remains stable in the organic–inorganic solvent. Furthermore,
the contact angle (CA) measurement shown in Fig. 3R indicates
that NrGO (q= 130°) increases the surface hydrophobicity of the
composite NPCo catalyst. The PCo shows a macroscopic
hydrophilic surface (CA = 55°). However, aer coating with
hydrophobic NrGO (CA = 130°), the composite material,
displays hydrophobicity (CA = 118°). On the other hand,
NPCo(phy) (CA = 65°), where NrGO has no electronic interac-
tion with PCo and is separated from each other, is still hydro-
philic in nature. Typically, the effective electronic interaction
between PCo and NrGO should also be reected in the elec-
tronic conductivity. Fig. 3S† shows that the coating of PCo with
highly conductive NrGO eradicates the conductivity issue of
perovskite in NPCo, consistent with the conductivity measure-
ment data of the materials using four-probe conductivity
measurements. The observed trend of electronic conductivity/
resistance, evidencing the in situ growth of PCo particles with
NrGO, establishes that the electronic interaction between the
two is responsible for the improved conductivity. However, the
physically mixed sample (NPCo(phy)) with the least interaction
shows less conductivity than NPCo. The in situ inclusion of
highly conductive NrGO in the NPCo catalyst increases the
overall stability, conductivity, and active site electronic property
modulation, which improves the activity of PCo towards ORR/
OER electrocatalysis. Such improvements result from the elec-
tronic effect induced by the interaction between PCo and NrGO.
The composite NPCo effectively transfers electrons to the
organic, inorganic perovskite, and NrGO interfaces. The specic
surface area of PCo and NPCo was determined by using N2

adsorption/desorption studies (Fig. S13, ESI†). The specic
surface area of the pristine (PEA)2CoCl4 (PCo) was observed as
9.67 m2 g−1, which increased to 165 m2 g−1 aer the introduc-
tion of NrGO to PCo (NPCo). Similarly, the BJH pore size
distribution revealed the presence of mesopores in PCo. The
calculated pore volume for PCo at P/P0 = 0.99 is 0.008 cm3 g−1.
However, NPCo contains hierarchical mesopores with a pore
diameter of 3.8 nm, and the calculated pore volume for NPCo at
P/P0 = 0.99 is 0.316.57 The increased specic surface area and
porosity of NPCo are an indication of improved accessibility of
reactant molecules.
Electrocatalytic activity analysis

The electrocatalytic activity of the materials towards oxygen
reactions, i.e., the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER), was studied using a conventional 3-
electrode setup. The electrochemical setup contains a glassy
J. Mater. Chem. A, 2025, 13, 16437–16449 | 16443
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carbon rotating disc (Pt-ring) electrode (RDE/RRDE) coated with
the catalytic material (working electrode), Hg/HgO (reference
electrode), and a graphite rod (counter electrode) using N2/O2

saturated 0.1 M KOH as an electrolyte. The recorded potentials
w.r.t. Hg/HgO were converted to a reversible hydrogen electrode
(RHE) (details in the Experimental section, Fig. S14, ESI†).
Fig. 4A shows the comparative cyclic voltammogram (CV)
recorded for the PCo, NrGO, NPCo(phy), and NPCo catalysts in
N2/O2 saturated 0.1 M KOH electrolyte. The higher reduction
current obtained in O2-saturated electrolyte is due to the ORR
process attained effectively by an NPCo catalyst at a lower
reduction potential. The differences in ORR characteristic peaks
in terms of the ORR onset potential and current density are
attributed to the variation in catalytic active sites, accessibility
of the reactant, and conductivity of the catalysts. The linear
sweep voltammogram (LSV) recorded at 1600 rpm in O2-satu-
rated electrolyte displays a distinguishable onset potential
(Eonset). The comparative LSV curve shown in Fig. 4B displays
the Eonset at 0.1 mA cm−2 in the order of Pt/C (1.00 V), NPCo
(0.94 V), NrGO (0.84 V), NPCo(phy) (0.83 V), and PCo (0.60 V) vs.
RHE. A closer Eonset of NPCo to the state-of-the-art (Pt/C) catalyst
indicates the activity enhancement effect of the modulated
active sites towards the catalytic process. In addition, the
difference in ORR activity between NPCo and NPCo(phy) reveals
the impact of electronic interaction between NrGO and PCo.
The observed signicant difference in the catalytic ORR activity
of NPCo compared to PCo, NPCo(phy), and NrGO suggests that
it is due to the changes in the electronic and physical properties
of the catalyst and active sites. A signicant difference in the
Tafel slope of the catalysts suggests that the catalysts follow
different ORR pathways (Fig. 4C). The state-of-the-art (Pt/C) and
NPCo catalysts showed Tafel slopes of 54 and 60 mV dec−1,
respectively. In contrast, the PCo catalyst prepared without
NrGO exhibited the highest Tafel slope of 132 mV dec−1,
revealing the effective electron and ion transport in the case of
the NPCo catalyst. Fig. 4D shows the electrocatalytic surface
area (ECSA) estimated from the electrical double-layer capaci-
tance. The electrical double-layer capacitance CV proles of the
respective catalysts are shown in Fig. S15–S17, ESI.† NrGO and
NPCo catalysts exhibited comparable ECSAs of 4.4 and 3.7 mF
cm−2, respectively, due to the capacitive nature of NrGO.
However, the lower ECSA observed for PCo and NPCo(phy)
indicates the importance of effective interaction between NrGO
and PCo.

A rotating ring disc electrode (RRDE) analysis was carried out
to estimate the generated H2O2% and the number of electron
transfers (Experimental details in the ESI and Fig. S18†). Fig. 4E
shows the H2O2% and n-value, suggesting that the NPCo cata-
lyst followed a direct 4e− (∼3.8) electron pathway similar to the
Pt/C catalyst at 0.85 V, estimated at 0.1 mA cm−2 current
density. Consequently, these catalysts generate a lower H2O2%
of ∼8–10% during the ORR process. In contrast, PCo and
NPCo(phy) display the 2e− process at a lower potential, followed
by∼4e− transport at a higher reduction potential. Fig. 4F shows
the chronoamperometric ORR durability of Pt/C and NPCo
under N2/O2 switching conditions for 3 continuous cycles,
showing current retention of 79% and 88%, respectively. The
16444 | J. Mater. Chem. A, 2025, 13, 16437–16449
higher durability NPCo achieved is due to the integrated, stable
structure of NrGO and PCo, as observed in the XPS studies. The
observed stability of NPCo under operating conditions conrms
that the strong interaction between NrGO and controlled elec-
trolyte accessibility retains the structural integrity of the NPCo
catalyst.

Fig. 4G shows the comparative cyclic voltammograms (CV) of
PCo, NrGO, NPCo(phy), and NPCo catalysts recorded in N2-
saturated 0.1 M KOH. An observable redox peak with a higher
current density observed for the NPCo catalyst indicates the
improved intrinsic conductivity of NPCo due to the effective
interaction between NrGO and PCo. In contrast, PCo and
NPCo(phy) have shown lower redox peak current densities
corresponding to the semiconducting nature of pristine PCo
and the least interaction between NrGO and PCo, respectively.
The linear sweep voltammetry (LSV) analysis of the catalysts
recorded at a scan rate of 5 mV s−1 shows the characteristic
oxygen evolution peak at a higher current density (Fig. 4H). The
prepared catalysts, NrGO, PCo, NPCo(phy), and NPCo, showed
overpotentials of 560, 454, 410, and 353 mV, respectively, at 10
mA cm−2. The obtained overpotential for NPCo is signicantly
closer to the state-of-the-art (RuO2) catalyst, which has an
overpotential of 346 mV@10 mA cm−2. However, the NPCo
catalyst has outperformed the RuO2 catalyst at a higher current
density with the overpotential of 517 mV@100 mA cm−2,
whereas RuO2 could not achieve a higher current density. The
lowest overpotential and higher OER current density were
demonstrated by the NPCo catalyst, indicating the active role of
the catalytic active sites and the effectively modied electronic
structure of the NPCo catalyst due to the interaction between
NrGO and pristine PCo.

Furthermore, the Tafel slope analysis of the obtained LSV
curves showed the OER kinetics of the catalysts (Fig. 4I). The
NPCo catalyst has displayed the lowest Tafel slope of ∼85 mV
dec−1 as compared to the counterpart catalysts such as NrGO
(∼187 mV dec−1), PCo (∼99mV dec−1), and NPCo(phy) (∼91 mV
dec−1). The observed Tafel slope for NPCo is distinctly lower
than the other catalysts, suggesting the higher OER kinetics
exhibited by the NPCo catalyst. Also, the NPCo catalyst has OER
kinetics exhibited by the state-of-the-art (RuO2) catalyst,
demonstrating effective electron transfer during the catalytic
process. In addition, the faradaic efficiency (FE) of the NPCo
catalyst was estimated (Fig. 4J) using an RRDE electrode (glassy
carbon: disc; Pt: ring) rotating at 1600 rpm. The NPCo catalyst-
coated disc electrode was subjected to a series of current steps
(0–10 mA cm−2), and simultaneously a constant potential of
0.5 V vs. RHE was applied to the ring electrode. The obtained
ring current is mainly ascribed to the reduction of disc
electrode-generated O2 at the ring electrode. NPCo showed an
FE of ∼95% at a lower applied current, which decreases to
∼63% at 10 mA cm−2 current density. The decreased FE at
higher current density is ascribed to the escaped O2 molecules
due to the increased concentration generated at a higher
current density. The observed FE estimated by considering the
ring electrode reaction current density due to the applied ORR
potential suggests that the product generated at the disc elec-
trode is O2 molecules because of the OER process. The
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Electrocatalytic oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) performance analyses of PCo, NrGO, NPCo(phy),
NPCo, and state-of-the-art catalysts: (A) comparative cyclic voltammogram (CV) of the catalysts recorded in N2/O2 saturated 0.1 M KOH electrolyte
at a scan rate of 10 mV s−1; (B) linear sweep voltammograms of PCo, NrGO, NPCo(phy), NPCo and Pt/C catalysts recorded at a scan rate of 10 mV
s−1 in O2 saturated electrolyte with the disc electrode rotation at 1600 rpm; (C) Tafel slope plot of the catalysts displaying the ORR kinetics; (D)
double-layer capacitance (Cdl) as a function of scan rate, indicating the electrochemical surface area (ECSA) of NPCo, NPCo(phy), NrGO, and PCo;
(E) rotating ring-disc electrode (RRDE) analysis showing the generated H2O2% and n-value during the ORR process observed at 0.1 mA cm−2

current density; (F) comparative durability analysis of the Pt/C and NPCo catalysts by conducting chronoamperometric analysis at the applied E1/2
potential in a N2–O2 saturated electrolyte solution; (G) CV curves of NPCo, NPCo(phy), NrGO, and PCo in 1 M KOH, highlighting their redox
behaviour; (H) LSV curves of RuO2, NPCo, NPCo(phy), NrGO, and PCo, showing their OER activity (LSV data is 85% iR-compensated); (I) Tafel plots
derived from LSV curves, comparing theOER kinetics of the catalysts; (J) faradaic efficiency and current density as a function of applied potential for
NPCo; (K) chronopotentiometry stability tests of RuO2, NPCo, and PCo, indicating their current retention and oxygen accumulation over 10 hours;
(L) the electrochemical potential required to carry out the bi-functional oxygen reactions (ORR and OER) by the Pt/C + RuO2 and NPCo catalysts.
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comparative chronoamperometric stability analysis of RuO2,
PCo, and NPCo (Fig. 4K and S19, ESI†) showed a better dura-
bility exhibited by the NPCo catalyst with the retention of ∼97%
This journal is © The Royal Society of Chemistry 2025
current density aer 10 h. The pristine PCo catalyst displayed
almost similar activity up to 4 h with a sudden decrease in
activity to ∼19% current retention. The observed variation in
J. Mater. Chem. A, 2025, 13, 16437–16449 | 16445
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current retention for the PCo catalyst is ascribed to the struc-
tural integrity possessed by PCo up to a certain period, owing to
its structural designing advantages. However, the RuO2 catalyst
has the lower durability compared to NPCo, with a current
retention of ∼85% aer 10 h. Fig. 4L shows the electrochemical
potential required to drive the bifunctional catalytic activity
(ORR and OER) of Pt/C + RuO2 and NPCo. The NPCo catalyst
showed a 0.09 V potential difference needed for the overall
oxygen reaction compared to the state-of-the-art catalyst, indi-
cating the efficiency of the designed NPCo catalyst. The
Fig. 5 Primary and rechargeable zinc–air battery performance fabricate
illustration of the zinc–air battery system with Pt/C + RuO2 and NPCo as
zinc–air batteries, showing maximum power densities of 116 mW cm−2 fo
from electrochemical impedance spectroscopy (EIS) measurements, wit
(D) discharge-specific capacity curves at a current density of 10 mA cm−2

736 mA h g−1 for Pt/C + RuO2. Inset: the photographic image of the
technique; (E) charge–discharge polarization curves of the batteries, hig
range of 0–250mA cm−2; (F) voltage profiles during stepwise charge–dis
showing a stable operation and higher voltage efficiency; (G) durability te
over 62 hours for NPCo and 35 hours for Pt/C + RuO2; insets: zoomed-
summarizing performance metrics: NPCo shows superior specific capac
mA cm−2), durability (63 h), and voltage efficiency compared to Pt/C +

16446 | J. Mater. Chem. A, 2025, 13, 16437–16449
catalysts' comprehensive ORR and OER performances are
summarized in Fig. S21, S22, ESI.†

Post-durability characterization of the NPCo catalyst was done
using XRD, Raman, EPR, and SEM analyses (Fig. S23–S27, ESI†).
XRD analysis showed new diffraction peaks at 19.8, 32.1, and
39.8, respectively, corresponding to the Co oxide. Similarly,
Raman analysis also evidenced that the Co–O peaks arise aer
the long-term applied potential during the catalytic process. The
comparative EPR analysis of the pristine NPCo and aer the ORR
and OER durability showed a signicant reduction in the signal
d by using Pt/C + RuO2 and NPCo catalyst electrodes: (A) schematic
the air electrode catalyst; (B) polarization and power density curves of
r NPCo and 105 mW cm−2 for Pt/C + RuO2 catalysts; (C) Nyquist plots

h NPCo showing a lower charge-transfer resistance than Pt/C + RuO2;
, with NPCo achieving a specific capacity of 760mA h g−1 compared to
zinc–air battery setup under test fabricated by using the 3D printing
hlighting a smaller overpotential for NPCo across the current density
charge cycling at varying current densities (5–30mA cm−2), with NPCo
st at a constant current density of 5 mA cm−2, showing voltage stability
in voltage profiles highlighting stable cycling behaviour; (H) radar chart
ity (760 mA h g−1), power density (116 mW cm−2), current density (233
RuO2.

This journal is © The Royal Society of Chemistry 2025
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peak intensity. The peak intensity reduction signies the
destruction of NrGO and PCo interaction, which might be due to
the exposure of the catalyst to the aq. KOH electrolyte under
applied potential. In addition, the SEM and EDAX analyses of the
NPCo catalyst showed the destruction of the wrapped structure
and exposure of Co metal ions. So, the observed decrease in the
current retention during the catalytic process is due to the Co
oxide formation and the destruction of NrGO–perovskite inter-
actions, as evidenced in the post-analysis of the NPCo catalyst.
Fig. 6 Demonstration of the fabricated solid-state ZAB by illuminating
LEDs and flexible zinc–air battery performance at various bending
angles: (A) demonstration of illumination of 54 LED lights by using two
solid-state ZABs assembled by using NPCo as an air cathode and
batteries connected in series; (B) schematic diagram of the fabrication
strategy used for the flexible ZAB using the NPCo catalyst as the air
electrode; (C) charge–discharge analysis of the fabricated flexible ZAB
at 3 mA cm−2 current density; (D) and (E) charge–discharge profiles of
the flexible ZAB at 90° and 180° bending angles of the device for >100
cycles.
Zinc–air battery performance of the catalyst electrodes

Owing to the higher structural stability in aqueous KOH elec-
trolyte and the catalytic ORR/OER activity of the NPCo catalyst,
a rechargeable zinc–air battery (ZAB) was fabricated using it as
a cathode electrode. Fig. 5A shows the schematic illustration of
a zinc–air battery where KOH + Zn(CH3COO)2 and zinc foil were
employed as an electrolyte and anode, respectively. The ZABs
with NPCo electrodes have shown an open-circuit voltage of
1.42 V (Fig. S28, ESI†). The comparative steady-state polarization
of ZABs with NPCo and state-of-the-art ORR and OER catalyst (Pt/
C + RuO2) cathode electrodes (Fig. 5B) showed peak power
densities of 116 and 105 mW cm−2, respectively. The superior
ZAB performance by NPCo, compared to the Pt/C + RuO2 elec-
trode, correlates with the efficient O2 diffusion of the catalytic
active sites. As the KOH concentration increased to 6 M KOH in
ZAB, the O2 diffusion to the active sites was hindered due to the
increased viscosity, leading to slower ORR rates despite improved
reaction kinetics. Also, at higher KOH concentrations, due to
increased ion–ion interactions, there may be a decrease in the
ionic conductivity, causing the lowering of ORR kinetics. The ion
conductivity and reactant mass transport are evidenced in the
electrochemical impedance spectroscopy (EIS) analysis of the
ZABs (Fig. 5C). The closer equivalent series resistance (∼1.7 U) of
the NPCo and Pt/C + RuO2 based ZAB demonstrates similar
conditions maintained for assembling the ZABs. However, there
is a signicant difference in the charge transfer resistance (RCT)
of 0.1 and 2.1 U for NPCo and Pt/C + RuO2 ZABs, which veries
the higher ionic resistance exhibited by Pt/C + RuO2 compared to
NPCo. In addition, the Warburg region of the comparative EIS
spectra shows that the Pt/C + RuO2 electrode has experienced
restricted O2 mass transport during the battery operation. These
results demonstrate the active role of porosity and accessibility of
the reactant molecules to the active sites. Fig. 5D shows the
galvanostatic discharge curve of the Pt/C + RuO2 and NPCo
electrode batteries at the discharge rate of 10 mA cm−2, dis-
playing specic capacities of 736 and 760 mA hZn

−1, respectively.
The fabricated batteries showed a discharge time of ∼20 h at
a constant discharge rate of 10 mA cm−2. A similar steady at
discharge prole has been obtained at higher discharge current
densities (Fig. S29, ESI†). A smaller potential drop was observed
during the discharge of ZABs, displaying that the fabricated
batteries offer the least contact resistance from the electrodes.

A rechargeable zinc–air battery (rZABs) analysis was carried
out owing to the bifunctional (ORR/OER) catalytic activity of the
NPCo catalyst; Fig. 5E shows the charge–discharge prole of the
rZABs recorded at the current density of 10mA cm−2. The NPCo-
This journal is © The Royal Society of Chemistry 2025
based rZABs have achieved a higher discharge current density
with a lower charging current than the Pt/C + RuO2 battery. The
reversibility analysis of the batteries measured at variable
charge–discharge current densities (5–30 mA cm−2 and
reversing back at 10 mA cm−2) (Fig. 5F and S30, ESI†) shows
a highly reversible nature, reecting in its tendency of attending
back to the initial voltage at 10 mA cm−2 in the reverse cycle.
The obtained reversible battery performance at various current
densities demonstrates the effective catalytic OER activity of the
developed NPCo, as observed in the half-cell studies (Fig. 4). For
the durability test of the catalyst electrode under rZABs’ oper-
ating conditions, the rZABs fabricated using Pt/C + RuO2 and
NPCo were cycled at 5mA cm−2 for∼62 h. The poor durability of
the Pt/C + RuO2 catalyst electrode as compared to NPCo is re-
ected in Fig. 5G, where the Pt/C + RuO2 battery showed an
increased charge–discharge potential difference aer 32 h and
later stopped working. Fig. 5G (inset) shows the comparative
cycling durability test of the batteries, displaying a nominal
change in the battery voltage composed of NPCo. In contrast,
the Pt/C + RuO2 battery has displayed a remarkable change in
the charge–discharge voltage, reecting its lower stability.
Fig. 5H shows the comparative analysis of the overall perfor-
mance of the Pt/C + RuO2 and NPCo electrodes in ZABs.

Fig. 6 demonstrates the fabricated solid-state and exible
zinc–air battery devices. Two solid-state ZABs connected in
series, giving a maximum voltage of 2.84 V, illuminated the 54
LEDs connected in parallel (Fig. 6A). The LED light illumination
demonstration video is provided in video VS4, ESI.† It reveals
the high performance of the developed NPCo catalyst in solid-
state devices. Furthermore, the NPCo catalyst-coated gas diffu-
sion layer was used as the cathode, employing the KOH-soaked
PVA polymer and zinc foil as the membrane electrolyte and
J. Mater. Chem. A, 2025, 13, 16437–16449 | 16447
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anode, respectively, to fabricate the exible zinc–air batteries
(fZABs) (Fig. 6B). Fig. 6C shows the charge–discharge cycle of
fZABs at 3 mA cm−2, which resembles the solid-state ZAB
activity, demonstrating the fabrication technique's effective-
ness. The fZAB presents stable galvanostatic discharge–charge
curves at various bending angles for >100 cycles. This conrms
the good mechanical stability of the constructed fZAB, vali-
dating the robustness of the NPCo catalyst and fabricated fZAB
(Fig. 6D and E).

Conclusions

This study presents a signicant advancement in developing
aqueous alkaline pH-stable inorganic–organic hybrid perovskite
materials for energy storage and conversion applications.
Incorporation of N-doped reduced graphene oxide (NrGO) into
the (PEA)2CoCl4 perovskite structure enhances its stability under
aqueous alkaline conditions and improves its electronic
conductivity and catalytic activity. Extensive characterization and
ab initio MD simulations reveal that the NrGO coating provides
a hydrophobic protective layer, effectively preventing water-
induced degradation while maintaining accessibility to cata-
lytic active sites. The resulting composite material, NPCo,
exhibits excellent bifunctional catalytic performance for oxygen
evolution and reduction reactions (OER/ORR), with signicantly
lower overpotentials, higher current densities, and superior Tafel
slopes compared to conventional catalysts like Pt/C and RuO2.
The superior stability and catalytic performance of NPCo enable
its successful application in rechargeable zinc–air batteries
(ZABs) and exible ZABs. The NPCo-based ZABs demonstrate
outstanding specic capacity, peak power density, and prolonged
durability, outperforming state-of-the-art catalysts. This study
highlights the importance of material design strategies, such as
surface passivation and electronic interaction modulation, and
sets a new benchmark for perovskite-based materials in energy
storage technologies. By addressing critical challenges related to
water stability and conductivity, this work paves the way for the
broader utilization of halide perovskites in sustainable and
exible energy systems, offering a promising pathway for future
advancements in renewable energy technologies.
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