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A cost-effective nanocubic manganese-based Prussian blue analo-
gue with an open framework and redox activity is proposed as an
epoxy filler for the first time, demonstrating exceptional active-
barrier anticorrosion with an ultralow corrosion rate and durable
anticorrosion performance through synergistic physical barrier and
interfacial passivation.

Metals are essential to modern society, supporting critical sectors
such as infrastructure, transportation, and electronics due to their
superior mechanical strength, durability, and stability. However,
their inherent susceptibility to corrosion presents ongoing eco-
nomic, safety, and environmental challenges.’™ Protective coat-
ings are among the most widely used and effective strategies to
mitigate corrosion.”” Organic coatings, in particular, are favored
for their excellent adhesion, chemical resistance, and cost
efficiency.®” Nevertheless, their long-term performance is often
compromised by environmental degradation or mechanical
damage, which diminishes their active-barrier properties. To
address these limitations, functional fillers have been incorporated
into coating matrices. Conventional additives, such as MXenes,
graphene, and related nanomaterials, often require complex synth-
esis, incur high costs, and exhibit poor dispersibility, leading to
aggregation-induced defects that compromise coating integrity.®**
There remains a pressing need for novel, cost-effective, and
efficient additives capable of simultaneously enhancing the barrier
performance and long-term durability of protective coatings.
Prussian blue analogues (PBAs), crystalline coordination
materials formed via the self-assembly of metal ions and
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cyanide ligands, feature highly tunable three-dimensional
open-framework structures.'”'® PBAs constitute a large family
of cyano-bridged coordination compounds with the general
formula A, M, [M(CN)] Iy
vacancy concentration, and crystal water content can be readily
tuned, leading to diverse framework structures and physicochem-
ical properties.'””® Their architecture affords remarkable chemical
and thermal stability, while enabling precise control over frame-
work configuration, surface functionalities, and electronic proper-
ties through the selection of metal ions (e.g:, Fe, Co, Ni, and Mn)
and synthesis conditions.’®* Among the various PBA composi-
tions, Mn-based PBAs are of particular interest owing to their
multiple accessible oxidation states, environmentally benign nat-
ure, and promising electrochemical performance,>® which have
led to their extensive application in energy storage, environmental
remediation, and biomedicine.””>® Although PBAs have been
widely studied for diverse applications, their potential as func-
tional fillers to enhance protective coatings, especially for corro-
sion inhibition and interfacial strengthening, has yet to be fully
realized.

Herein, we present the first application of nanocubic
manganese-based Prussian blue analogues (Mn-PBA) as anti-
corrosion additives in epoxy (EP) resin. The Mn-PBA nanocubes
were synthesized via a scalable chemical precipitation method
and homogeneously incorporated into the EP matrix to form a
Mn-PBA/EP composite coating. After 70 days of immersion in 3.5
wt% NacCl solution, the coating exhibits an ultralow corrosion
rate of 6.61 x 10°° mm a~ ' and maintains a high low-frequency
impedance modulus of 1.23 x 10° Q cm?. The superior corrosion
resistance arises from a dual passive-active protection mecha-
nism: the well-dispersed Mn-PBA nanocubes extend the diffusion
pathways of corrosive agents, creating a labyrinthine barrier that
enhances physical shielding, while their open framework cap-
tures Fe”" ions and promotes oxidation to Fe*", facilitating the
formation of a stable passivation layer that suppresses electro-
chemical corrosion. This study pioneers the use of PBAs in
organic coatings, signifying a cost-effective and environmentally
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Fig.1 (a) Synthesis and cost analysis. (b) Formation of Mn-PBA nano-
cubes. (c) Carbon footprint across each stage. (d) SEM image and the
corresponding elemental mapping of Mn-PBA nanocubes.

benign filler that simultaneously improves barrier performance
and provides active corrosion inhibition.

As shown in Fig. 1a, the Mn-PBA was successfully synthe-
sized via a simple and scalable chemical precipitation route. In
this process, a solution of K3Fe(CN)s was added dropwise into a
mixed solution of Mn(CH3;COO),-4H,0 and C¢HsNaz0,-2H,0
(Fig. 1b), followed by aging at room temperature without
external heating or continuous energy input. This method
eliminated the need for expensive precursors and avoided
conventional high-temperature, high-pressure, or complex pur-
ification steps, resulting in low production costs and a minimal
carbon footprint (Fig. 1c and Tables S1-S5). These features
underscore the method’s advantages in cost-effectiveness,
environmental sustainability, and suitability for large-scale
applications. Morphological and compositional characteriza-
tion of the as-prepared Mn-PBA was performed using scanning
electron microscopy (SEM) and elemental mapping. As shown
in Fig. 1d, Mn-PBA exhibits well-defined nanocubic structures
with a homogeneous distribution of key elements, reflecting
the controlled nucleation and growth during synthesis. The
crystal structure of Mn-PBA was further analyzed by X-ray
diffraction (XRD, Fig. 2a). The diffraction pattern displays
distinct peaks corresponding to the (020), (220), (222), (040),
(240), (24-2), (242), (440), and (062) planes of K,MnFe(CN)e:
yH,O, consistent with the monoclinic reference (JCPDS No.
51-1896, space group: P21/c(14)). Lattice refinement yields
parameters of @ = 10.108 A, b = 10.104 A, and ¢ = 10.114 A,
with o = y = 90.0° and f = 92.93°. The inset atomic model
illustrates the open-framework architecture, in which Mn and
Fe ions are linked via cyanide bridges (Mn-N=C-Fe).

Fourier-transform infrared (FT-IR) spectroscopy further con-
firms the Mn-PBA structure (Fig. 2b), with characteristic bands
at 592 cm ' (Fe~-C=N stretch) and 2059 cm™ " (C=N stretch),
while additional bands at 1608 and 3345 c¢cm™ ' indicate
adsorbed and lattice water.*® X-ray photoelectron spectroscopy
(XPS) was used to analyse the chemical composition and
oxidation states (Fig. 2c). The N 1s spectrum (Fig. 2d) was
deconvoluted into C-N, C=N, and minor Mn-N contributions.
The K 2p spectrum (Fig. 2e) displayed spin-orbit doublets at
293 €V (2ps/») and 296 €V (2p;/,). In the Fe 2p region (Fig. 2f),
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Fig. 2 (a) XRD pattern, (b) FT-IR spectrum, (c) overall XPS spectrum and
high-resolution (d) N 1s, (e) K 2p, (f) Fe 2p and (g) Mn 2p spectra of the Mn-
PBA.

peaks at 708.88 eV and 721.78 eV correspond to Fe*', while
those at 709.68 eV and 724.28 eV correspond to Fe*". The Mn 2p
spectrum (Fig. 2g) showed peaks at 641.58 eV and 653.48 eV for
Mn?**, and at 643.28 eV and 654.88 eV for Mn**.>! Deconvolution
of the C 1s (Fig. S1) and O 1s (Fig. S2) spectra revealed multiple
bonding environments, including C-C, C-N, C=N, C=0, Mn-
O, and O-H species. Collectively, these results confirm the
successful synthesis and chemical configuration of Mn-PBA.
More importantly, electron paramagnetic resonance (EPR)
spectroscopy (Fig. S3) revealed a distinct signal at g = 2.015,
attributed to unpaired electrons of Mn>* in a defect-influenced
local environment. This observation indicates the presence of
Mn-related defect sites within the Mn-PBA framework.>”> The
thermal stability of Mn-PBA was further assessed (Fig. S4),
demonstrating its suitability as a robust functional filler for
protective coatings.

Fig. 3a illustrates the fabrication process of the Mn-PBA/EP
coating. A uniform dispersion of Mn-PBA (1% by mass) in EP
(Fig. S5) was spin-coated onto a carbon steel substrate to form
the composite coating. Mn-PBA was selected as the functional
filler because it combines a tunable, defect-rich open framework
with facile and scalable synthesis. In addition, its Mn/Fe bime-
tallic cyanide-bridged structure offers enhanced redox tunability
and greater interfacial activity compared to Fe-PBA.** For com-
parison, both pure EP and Mn-PBA/EP coatings were immersed
in 3.5 wt% NaCl solution and evaluated electrochemically under
ambient conditions.** As shown in Fig. 3b, the open circuit
potential (OCP) of the Mn-PBA/EP coating (—0.15 V) was signifi-
cantly more positive than that of the pure EP coating (—0.39 V),
indicating improved thermodynamic stability. Ten-week immer-
sion tests (Fig. 3c) further confirm that the OCP of the pure EP
coating decreased over time, reflecting progressive corrosion
activation, whereas the Mn-PBA/EP coating maintained a stable,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) A diagram of the fabrication of Mn-PBA/EP coating onto Q235
steel through spin coating. (b) OCP curves for pure EP and Mn-PBA/EP
coatings. (c) The corresponding OCP evolution over different immersion
durations. (d) Polarization curves and (e) the calculated /.o, and Vo, Values
for pure EP and Mn-PBA/EP coatings.

relatively positive OCP, demonstrating durable anti-corrosion
performance.**” Tafel polarization curves (Fig. 3d and €) were
analyzed to derive corrosion potential (E..) and corrosion
current density (I.orr). A more positive E.,, reflects enhanced
electrochemical stability,®*° while lower I . indicates slower
corrosion kinetics.*>*" The Mn-PBA/EP coating exhibited a
higher E .y of —0.38 V and an exceptionally low I of 5.66 X
10 *° A em 2, orders of magnitude lower than that of pure EP.
Correspondingly, the corrosion rate (Vo) was only 6.61 x 10 °
mm a ', reflecting the outstanding ability of the coating to
impede corrosion propagation. These results validate the super-
ior and long-lasting anti-corrosion performance of the Mn-PBA/
EP coating.

Electrochemical impedance spectroscopy (EIS) was per-
formed, and Nyquist and Bode plots were analysed using the
equivalent circuit in Fig. $6.*** For the Mn-PBA/EP coating after
70 days of immersion (Fig. 4d-f), the Nyquist semicircle and Bode
magnitude plots indicated a high coating resistance (R. = 7.12 x
10° Q ecm?) and impedance modulus at 0.01 Hz (|Z|¢.0111z = 6.11 X
10° Q cm?), far exceeding the values of pure EP. Even after
prolonged exposure, the Mn-PBA/EP coating maintains R. =
6.38 x 107 Q ecm” and |Z|. 011, = 1.23 x 10° Q ecm?, confirming
sustained barrier integrity. Breakpoint frequency (f;,), representing
the onset of coating delamination,**> was consistently low for
Mn-PBA/EP (0.032 Hz initially and 6.82 Hz after 70 days), com-
pared with 12.1 Hz for pure EP, highlighting its long-term resis-
tance to failure (Fig. 4¢ and h).**™*° A comparison of the properties
of Mn-PBA/EP coatings with varying Mn-PBA loadings (0.5%, 1%,
and 2%) is presented in Fig. S7. The enhanced corrosion resistance
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Fig. 4 Nyquist and Bode plots, accompanied by the corresponding phase
angle curves of (a)-(c) pure EP and (d)-(f) Mn-PBA/EP coatings after 70
days of immersion in 3.5 wt% NaCl solution. (g) A comparative analysis of
the evolution of |Z|g o1, and f,, values for pure EP and Mn-PBA/EP coatings
from day 1 to day 70 of immersion. (h) Comparative analysis of |Z]o.01pz
values between the Mn-PBA/EP coating and previously reported advanced
anti-corrosion coatings.

of Mn-PBA/EP arises from two synergistic mechanisms (Fig. 5a).
First, the well-defined cubic lattice of Mn-PBA acts as a robust
physical barrier. Its nanocubes fill micropores and defects within
the EP matrix (Fig. 5b and c), creating a “labyrinth effect” that
extends the diffusion pathways for water, oxygen, and chloride
ions, thereby delaying corrosion initiation. Second, the open
framework of Mn-PBA actively inhibits corrosion by capturing
Fe** ions at defect sites, which are subsequently oxidized to
Fe** via the redox-active [Fe(CN)c]>~ moiety. This facilitates the
formation of a stable passivation layer, suppressing both the
initiation and propagation of corrosion at the interface. Unlike a
simple physical mixture comprising an inert nanoparticle and a
soluble redox-active salt, the Mn-PBA employed herein func-
tions as an integrated active-barrier filler, in which the

Qa- (L Fe (yno  @Fer
Do, L [FeCN) > (OH™  @Fe

§ 1.0 0) (7]

Fe —> Fe?* + 2¢

FeX*—— Fe3*+ e
[Fe(CN) >
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.| pure EP

Mn-PBA/EP

Fig. 5 (a) A schematic illustration of the corrosion protection mechanism
of the Mn-PBA/EP coating serving as an anti-corrosion additive. SEM
images of (b) pure EP and (c) Mn-PBA/EP coatings.
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nanocubic morphology, open-framework structure, and redox-
active cyanide-bridged network are unified within a single
material. Such an integrated architecture facilitates more uni-
form dispersion within the EP matrix and preserves the spatial
coupling between barrier protection and interfacial activity. In
contrast, a physical mixture of SiO, and K;Fe(CN)y consists of
two independent components with distinct dispersion beha-
viors and interfacial compatibilities. Moreover, unconfined
K;Fe(CN)s species are more prone to local inhomogeneity,
phase separation, and potential leaching within the coating
3051 Consequently, the preconstructed Mn-PBA
framework offers a clear advantage in achieving a stable and
durable synergistic anticorrosion effect. The practical applic-
ability of the coating was evaluated under simulated marine
conditions using Bohai seawater. Digital images show that, after
1 day, both coatings remained intact, whereas after 24 days, the
pure EP coating exhibited visible rust and degradation. In
contrast, the Mn-PBA/EP-coated steel remained free of detect-
able corrosion, even at intentionally scratched sites. The Mn-
PBA/EP coating also displays enhanced hydrophobicity (contact
angle = 98.9°) compared with pure EP (71.1°, Fig. S8), reducing
surface wettability and the adhesion of corrosive species.
Corresponding water absorption measurements further support
the superior barrier performance of the coating (Fig. S9). As
shown in Fig. S10, incorporating Mn-PBA significantly enhances
both the adhesion strength and pencil hardness of the EP
coating, indicating improved interfacial bonding and mechan-
ical durability.

In summary, we developed a scalable chemical precipitation
method to synthesize Mn-PBA nanocubes and demonstrated
their effectiveness as functional fillers in enhancing the corro-
sion protection of epoxy coatings. The nanocubic Mn-PBA not
only reinforces the physical barrier of the coating but also,
through its open framework and redox-active [Fe(CN)g]>~
moiety, actively captures aggressive species and promotes the
formation of a stable passivation film, suppressing both the
initiation and propagation of corrosion at the coating-sub-
strate interface. Electrochemical tests after prolonged immer-
sion revealed that the Mn-PBA/EP coating exhibited an ultralow
corrosion rate of 6.61 x 10°® mm a~' and maintained a high
low-frequency impedance modulus (|Z]o.011z) of 1.23 x 10° Q
cm?” after 70 days of immersion in 3.5 wt% NaCl solution,
confirming its robust active-barrier performance. Scratch tests
further validated the coating’s durability, with no detectable
corrosion propagation. This work establishes PBAs as promis-
ing active additives and opens a pathway for designing high-
performance and long-lasting organic coatings.
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