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1 Introduction

A novel high thermal conductivity powder coating
based on synergistic reinforcement of heat
conduction and infrared heat radiation

Di Bao,%° Jungi Ning,#%°¢ Dan Lin,?°° Sicheng Yuan,?*¢ Jianwen Peng,®*°
Yue Sun,?®¢ Huaiyuan Wang, @ *@°¢ Yanji Zhu® and Ruitao Wang®

Addressing the limitations of conventional organic polymer coatings in thermal management, this study
developed an eco-friendly micro-3D expanded graphite powder (MEGP) protection coating that integrates
exceptional heat conduction and heat radiation. In terms of thermal conductive filler selection, expanded
graphite (EG) with a micro 3D structure was selected as the filler framework of the composite coating, and
a self-assembled functional filler (MEG) was obtained after modification with an as-prepared corrosion
inhibitor of a Schiff base-Ce complex (SP), which formed a 3D conductive network in the coating by
electrostatic  self-assembly. The unique architecture endowed MEGP with a remarkable thermal
conductivity of 2.6 W m™* K, 12-fold higher than that of pure epoxy (common resin for anti-corrosion
coatings) and high infrared emissivity (0.95-0.98 at the full spectrum range of 2.5-25 um), synergistically
enhancing heat dissipation through dual conduction and radiation mechanisms. Finite element simulations
confirmed superior thermal management performance. Simultaneously, the MEGP coating exhibited robust
adhesion (10.4 MPa) and impact resistance (100 cm). Moreover, the impedance modulus of the coating at
0.01 Hz remains above 108 Ohm cm? during 90 d immersion in a 3.5 wt% NaCl solution, benefiting from
the Schiff base-Ce complex. The structure-property relationships between the 3D network architecture
and multifunctional performance were elucidated by a systematic study. This novel design provides a new
method for preparing functional integrated coatings with high thermal conductivity.

Keywords: Thermal conductivity; Infrared emissivity; Schiff base; Anti-corrosion; Powder coating.

significant rise in applications, which has caused severe
energy consumption, carbon emissions, and environmental

Advancements in energy engineering, microelectronics, 5G
chips, and advanced battery systems have heightened the
structural conflict between escalating thermal flux density
and constrained dissipation geometries." High thermal
accumulation significantly compromises device longevity/
stability while posing critical safety thresholds.* For heat
dissipation, cooling energy systems have experienced a
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pollution issues.””” The demand for thermal management is
also progressively increasing, which has recently attracted
tremendous attention.*° Hence, the critical issue is to
develop high-performance thermal management materials to
replace energy-intensive cooling methods. Metals are widely
used and are ideal heat dissipation materials due to their
high thermal conductivity (TC), but metals are prone to
corrosion and have low infrared emissivity.'®'" Differential
transformation method (DMT) analysis indicates that higher
values of radiation-conduction parameters are desirable
when cooling metal fins.'> The application of polymer-based

protective coatings on metal surfaces demonstrates
exceptional corrosion inhibition efficacy owing to
their operational simplicity, superior substrate

compatibility, and exceptional cost-benefit ratio in industrial
implementations.”®'* However, conventional polymer-based
protective coatings exhibit inherent limitations in thermal
management due to their low thermal conductivity (<0.6 W
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m™ K')." Therefore, it is extremely urgent to develop
polymer-based protective coatings with high heat dissipation
performance.

Current investigations reveal that systematic studies on
polymer-based thermally conductive protective coatings
remain scarce.'® Moreover, carbon-based materials, especially
2D graphene, are mainly employed in polymer-based
thermally conductive protective coatings owing to their
superior TC, barrier and chemical inertness properties. For
example, Liu's group,'®™® Ding et al.,'® and Zhu et al.*® have
systematically investigated and performed in-depth research
on the thermal conductivity and anti-corrosion properties of
polymer-based thermally conductive protective coatings
enhanced by graphene and revealed its strengthening
mechanism. The coatings exhibit more than a twofold
increase in TC compared with the resin matrix and certain
anti-corrosion  properties, which proves the positive
advantage of graphene in the research on polymer-based
thermally conductive protective coatings. However, unlike
bulk polymer-based thermally conductive composites, the
specificity of the coating preparation process (spraying,
scraping, roller coating, etc.) does not allow for the pre-
construction of a connected filler network structure. The
costly graphene can only rely on a large number of physical
stacks of 2D lamellae to form a heat transport network with
limited TC improvement. In addition, current research
predominantly focuses on oil-based coatings, whereas
powder-based coatings, which offer distinct advantages, such
as virtually zero VOC emissions, high material utilization
rates, and environmental friendliness,?"**  remain
significantly understudied.

The axons and dendrites of micro-3D neurons are
interconnected via synapses to form a 3D network that
enables rapid integration, transmission and response to
external sensory information.”*** Expanded graphite (EG) is
a kind of loose and porous worm-like material with a unique
micro-3D structure obtained from graphite by intercalation
as well as high temperature expansion, and internally
connected by graphite/graphene flakes through van der
Waals forces.>®*® EG, as a promising filler, has attracted
intensive research interest in thermal management
applications owing to its intrinsic high TC, cost-effectiveness,
low bulk density, and notable infrared emissivity
properties.>”>° More importantly, a small number of EGs can
lap on each other like neurons to form an interpenetrating
network structure to enhance heat transfer due to the spatial
hindrance effects. Also, the graphite/graphene flakes inside
the EG provide a physical barrier effect, while its complex
micro-3D connectivity structure can increase the length of
the penetration path of corrosive media, resulting in a
“labyrinth effect”. However, the high electrical conductivity of
EG may promote metal corrosion.** The excellent electrical
conductivity of EG makes it difficult to balance thermal
conductivity with corrosion resistance.

Schiff bases (SBs) are compounds added in trace
quantities to corrosive environments to suppress the
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interactions between metals and corrosive media.*’ Their
corrosion inhibition efficacy stems from structural features:
the -C=N- group enhances the stability of diverse metal
systems (steel, aluminum, copper, etc.),>*** while polar atoms
(N, S, etc.), unsaturated bonds, and aromatic rings enable
electron donation/acceptance. These functional groups
facilitate adsorption onto metal surfaces via multiple
mechanisms, including lone pair electron sharing, n-electron
interactions, and electrostatic attraction.**® Additionally,
SBs exhibit strong ligand properties, forming stable
coordination bonds with various metal ions through their
electron-rich active sites.** It is well-known that cerium ions
have excellent activity inhibition effects, which can enhance
the anti-corrosion performance of coatings and reduce metal
corrosion.>”*® However, few studies have focused on the
mechanistic role of the Schiff base-Ce complex (SP) in
coatings for improving metal corrosion resistance.

In this work, a micro-3D EG modified by the as-prepared
Schiff base-Ce complex (MEG) was employed as a functional
filler primitive. To maintain its micro-3D structure, epoxy
(EP) resin powder was embedded into the MEG micropores
via capillary forces. Subsequently, the MEGs were
interconnected under electrostatic forces during the
electrostatic spraying process, forming an interpenetrating
network. After curing, the MEGP coating exhibited a wide
range of exceptional properties, including a high thermal
conductivity (TC) of 2.6 W m™ K, excellent infrared
emissivity (above 0.95), strong adhesion (over 10 MPa),
remarkable impact resistance (no significant cracking or
peeling under 100 cm impact) and good anti-corrosion
performance (with low-frequency impedance values exceeding
10® Ohm cm?® over 90 d in a 3.5 wt% NaCl solution). Finite
element analysis and thermal responsiveness tests further
confirmed the superior heat transfer capability of the coating.
This study establishes a theoretical foundation for developing
thermally conductive protective powder coatings.

2 Results and discussion
2.1 Filler modification of EG

The as-prepared SP was utilized to modify the EG fillers. The
micromorphology of EG and MEG fillers was observed using
SEM. As shown in Fig. 2a, e and S1, both EG and MEG fillers
exhibited a vermicular and porous morphology, which had
an apparent micro 3D structure. The EG and MEG fillers
exhibited a continuous network structure, which is conducive
to constructing 3D networks in coatings in the enlarged view
of SEM. The size of MEG was slightly smaller than that of EG
fillers, which can be attributed to the mechanical stirring in
solution, which induces a slight contraction of pores in EG.
In contrast to EG, the TEM image showed the MEG surface
had some nanosheets (Fig. 2b and f), and the thickness of
MEG increased compared to EG. The surface roughness and
microstructure of EG and MEG were tested. The graphite
layer surface roughness (Ra) of EG and MEG were 1.21 nm
and 1.61 nm, respectively (Fig. 2c and g). The EDS image of
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MEG (Fig. 21) demonstrated the elements C, N, and Ce
uniformly distributed at the MEG surface. The XPS test is
exhibited in Fig. S2-S4 to further analyze the components of
EG, SP and MEG. Remarkably, high-resolution spectra of N
1s (Fig. S4) and Ce 3d (Fig. 2d and h) for MEG show apparent

]
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Fig. 2 The SEM, TEM, AFM and XPS images of EG (a-d) and MEG (e-h). TGA (i) and FTIR (j) of SP, EG and MEG. Predicted structures of SP (k). EDS
of MEG (l).

characteristic peaks compared with EG (the detailed analysis
is shown in the SI). To ensure the thermal stability and
content of SP in MEG, the thermal gravimetric analyzer (TGA)
was utilized to test the mass change of EG, SP, and MEG
from 35 °C to 800 °C. As can be seen in Fig. 2i, the SP started

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Ind. Chem. Mater.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00115c

Open Access Article. Published on 01 September 2025. Downloaded on 11/26/2025 4:30:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

largely decomposing at about 460 °C and the residual mass
of SP was 46.4% at 800 °C. Compared to EG, the mass almost
remained unchanged; however, the MEG exhibited an
apparent mass change of over 400 °C, which can be
attributed to the decomposition of SP. The residual mass of
MEG was 97.0%. FTIR was utilized to detect the functional
groups of EG, SP, and MEG (Fig. 2j). The characteristic peak
at 1611 cm " in SP can be attributed to the generation of the
-C=N- bond.***® The characteristic peak at 1636 cm " is
slightly enhanced in MEG (compared to EG), which may be
attributed to the -C=N- bond in SP. The possible structure
of the Schiff base-Ce complex is schematically shown in
Fig. 2k. The -NH, in p-phenylenediamine (PPD) and -CHO in
p-phthaldialdehyde (PPA) underwent a condensation reaction,
which formed the (-C=N-) functional group. The strong
ligand properties of the Schiff base could form stable
coordination bonds with the cerium ion through its electron-
rich active sites.*>**> In conclusion, the above results
confirmed the presence of SP on the EG surface.

2.2 Morphology of EGP and MEGP coatings

To retain the 3D structure in subsequent operations, the EG
and MEG were pre-filled with molten state EP by capillary
forces. The morphologies of EG and MEG pre-filled EP are
shown in Fig. S5a and d. As can be seen, both EG and MEG
maintained the inherent 3D microstructure and the porous
structure already filled by EP. To obtain the morphology of
EGP and MEGP coatings with different filler contents, the
SEM was utilized to observe the section of the coatings. As
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shown in Fig. 3a and b, S5b and c, the filler networks in the EGP
coatings gradually became compact due to the increase in
filler content. However, when the filler content reached 9
wt%, the EGP-9 had poor film-forming properties, and the
large defects and holes (>200 pm) could be easily observed
in the section of the EGP-9 coating (Fig. 3c). For the MEGP
coatings (Fig. 3d-i, S5e and f), the filler networks also
gradually became compact with the increasing filler content.
It is worth noting that MEGP-9 exhibited good film-forming
properties, and no apparent defects/holes were observed in
the section SEM image. The improved film-forming property
of the coatings can be explained by the filler modification
that enhanced the interfacial compatibility between the EG
filler and the epoxy resin. For the purpose of quantifying the
densification degree of the coating, the porosity tests were
carried out by mercury injection to test the porosity of EGP
and MEGP coatings (Fig. S6). Notably, the porosity of the
EGP-9 coating was much higher than that of the MEGP-9
coating, consistent with the surface SEM image of the above
coatings, indicating that the MEGP-9 coatings exhibit a more
compact surface than the EGP-9 coating.

The high magnification SEM image was utilized to observe
the microstructure of the coatings. As shown in Fig. S7a and
b, the EDS image exhibits a uniform distribution of C, N, O,
and Ce, demonstrating that the MEG was dispersed evenly in
the coating. To contrast the formation of the internal thermal
conductivity network in coatings, SEM section images of
MEGP, GrP (graphene as filler), and CNTP (CNT as filler)
coatings are shown in Fig. S8. As can be observed, the EG
filler penetrating the resin matrix formed a continuous 3D

Fig. 3 Morphology of coatings: SEM section images of EGP (a-c) and MEGP (d-i) with different filler contents.
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network structure in the MEGP coating, which constructs a
continuous phonon transmission path. However, there is no
apparent network structure in GrP and CNTP coatings,
demonstrating that the 3D carbon filler of EG is more
conducive to constructing thermal conduction pathways in
the composite coatings at low filler contents.

2.3 Thermal conductivity and infrared emissivity of the
coatings

The thermal performance of the coatings is one of the most
significant parts of this research. A laser thermal instrument
was utilized to test the through-plane TC of coatings. The TC
of EGP and MEGP (SP-100) coatings with different filler
contents (1, 3, 5, 7, and 9 wt%) are shown in Fig. 4a. The TC
of EGP coatings with 1, 3, 5, and 7 wt% filler content were
0.5, 0.7, 1.1, and 1.4 W m™* K, respectively. As
demonstrated by SEM (Fig. 3c), the EGP-9 coating was unable
to form a uniform film and its TC properties could hardly be
tested further. The TC of MEGP coatings with 1, 3, 5, 7, and 9
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wt% filler contents were 0.4, 0.6, 0.9, 1.3 and 2.6 Wm * K,
respectively. The TC of MEGP coating with SP-100 is slightly
lower than the EGP coatings at the same filler content (1-7
wt%), which might be due to the volume reduction after EG
modification. However, the MEGP-9 coating exhibits excellent
TC, which is far superior to EGP-9, which is unable to form a
film. It is worth emphasizing that the loss of heat transfer
coefficient of coated heat exchangers has been reported to be
reduced significantly from 9.5% to 1.4% when the TC value
of the coating is increased from 0.2 W m™ K™* (pure epoxy
coating) to 1.6 W m™' K', according to theoretical
calculations.” Therefore, MEGP-9 coatings with high TC has
potential applications in the heat exchanger field.

Moreover, the TC of MEGP-7 coatings with different Schiff
base contents was obtained as well. As shown in Fig. 4b, the
TC of MEGP-7 coatings increased and then decreased with
the addition of SP, and SP-100 was determined as the optimal
amount to be used, which indicates that the introduction of
SP has a specific role in promoting the improvement of TC.
This may be due to the fact that the appropriate amount of
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Fig. 4 Thermal conductivity of the coatings: (a) TC of EGP and MEGP coatings with different filler contents. (b) TC of MEGP-7 coatings with
different SP contents. (c) TC of the coatings with the fillers of CNTs, Gr and EG at the same filler content. (d) TC of EGP and MEGP coatings at
different temperatures. (e) Thermal shock testing of EGP and MEGP coatings. (f) Agari model of MEGP coatings with different filler contents. (g)
Infrared emissivity of EP, carbon steel and MEGP-9 coatings. (h) Infrared emissivity of MEGP coatings with different filler contents.
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SP strengthened the interfacial compatibility between EG and
the epoxy resin. For comparison, different carbon fillers (Gr,
CNT, and EG) were utilized to prepare the coatings at 7 wt%
filler content. As shown in Fig. 4c, the EGP coatings exhibited
the highest TC of 1.4 W m™" K, which is much higher than
the GrP (0.7 W m™* K') and CNTP (0.4 W m™" K') coatings
at the same filler content. Compared to pure epoxy (0.2 W
m? K"l), the enhancement of TC was 600%, 250%, and
100%, respectively. Furthermore, compared to pure EP, the
enhancement for MEGP-9 reached 1200%. The result showed
the apparent advantage of EG in constructing a 3D network
structure in coatings to improve TC.

Thermal conduction reliability and stability are two
essential performance indicators for actual applications. To
test the variation of TC as the temperature increases, a laser
thermal instrument was utilized to conduct an in situ
temperature rising test. As shown in Fig. 4d, it is apparent
that the TC of both MEGP-7 and MEGP-9 coatings slightly
decreased with the increase in temperature, which is
consistent with the literature.*>** The TC of MEGP-7 and
MEGP-9 coatings at 25-100 °C were 1.3-1.1 W m " K ' and
2.6-2.3 W m™" K, respectively. The thermal shock testing
during the 30 heating and cooling cycles is shown in Fig. 4e.
As can be seen, the TC of MEGP-7 (SP-100) and MEGP-9
coatings (SP-100) remained stable and had less than 5%
decrease at 25 °C after the thermal shock test. This result
demonstrates that MEGP-7 and MEGP-9 coatings have
excellent thermal stability and heat shock resistance. In
addition, to determine the internal influencing factors of TC
in coatings, the Agari model (Fig. 4f) was used to calculate
the theoretical TC (detailed calculation in SI). The result
showed that the TC of our MEGP coating was far higher than
the theoretical TC value, which demonstrates the formation
of 3D network structures in MEGP coatings.

In the heat dissipation process, heat is transferred from
the metal to the coating by thermal conduction and then
needs to be transferred to the outside air environment by
thermal convection and thermal radiation. It is well known
that metallic materials, such as carbon steel, are usually low
infrared emissivity materials, although they have outstanding
TC, which is not conducive to heat dissipation."* Therefore,
thermal radiation is another essential factor in heat
dissipation. The infrared emissivity test was carried out by
diffuse reflectance infrared spectroscopy (DRIFTS) from 2.5
pm to 25 um. As shown in Fig. 4g, the infrared emissivity of
the MEGP-9 (SP-100) coating (0.95-0.98) was much higher
than that of the pure EP coating (0.2-0.75) and carbon steel
(<0.3) with high TC, which had more than 0.95 emissivity at
the full spectrum range of 2.5-25 um. As exhibited in Fig. 4h,
the infrared emissivity increased with the increasing filler
content. Moreover, we compared the infrared emissivity of
commercial heat exchanger coatings and commercial anti-
corrosion coatings. The result showed that the infrared
emissivity of the MEGP-9 coating is significantly superior to
that of the two commercial coatings mentioned above (Fig.
S9). Within this system, the primary reason for the high
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infrared emissivity of MEGP-9 coating is our use of the high-
emissivity filler, expanded graphite, and the optimization of
the optimal filler loading. On the whole, the MEGP-9 coating
combines high TC and high infrared emissivity, which is
more efficient than single heat conduction for heat
dissipation.

2.4 Heat transfer performance and finite element simulation
of the coatings

Aiming to confirm the good thermal transport performance
of MEGP coatings, an infrared thermal imaging camera was
used to test the surface temperature of the sample when
heating or cooling. As shown in Fig. S10, EP, MEGP-9
coatings and pure carbon steel plate (70 mm x 70 mm) were
used to contrast the heat transfer performance. As can be
seen, the MEGP-9 coating exhibits more rapid heating and
cooling speeds than the pure EP coating, which is consistent
with TC and infrared emissivity. The surface temperature of
the comparison sample, a pure carbon steel plate, cannot be
detected by an infrared thermal imaging camera; thus, the
thermocouple was utilized to assist in measuring
temperature. The EP, MEGP-9 coating, and pure carbon steel
plate were all heated to 80 °C and then quickly placed on a
table. The coatings were cooled under natural convection
conditions, and the thermocouples were used to detect the
surface temperature simultaneously. When the temperature
detected by the thermocouple begins to drop, the
temperature displayed is considered to be the temperature at
0 seconds. As can be seen (Fig. 5a1-a3), the MEGP-9 coating
exhibited the most rapid cooling speed compared to the
other two samples, which was consistent with the TC and
infrared emissivity values.

Aiming to simulate the heat exchanger with water, the
carbon steel with/without the coating was made into a
container (70 mm x 70 mm x 2 mm) with an open top, and
the boiling water (200 g) was poured into the container to test
the capacity of heat dissipation (Fig. 5¢, S11 and S12). At 7 s,
the temperature of water in MEGP-9, EP, and pure carbon
steel containers was 87.0, 87.9, and 88.3 °C, respectively.
Meanwhile, the container wall temperature of MEGP-9 and
EP was 92.4 and 90.0 °C, respectively. This means that
MEGP-9 can transfer the heat from the water to the outer
walls of the container in a short period of time and at the
same time dissipate it through thermal radiation. In short,
the container with the MEGP-9-coated carbon steel exhibited
the best heat exchange capability, indicating its potential
application in heat exchangers.

Finite element simulations of MEGP-9, pure EP, and carbon
steel were performed to simulate the heat dissipation of
coatings. In the modeling process, the size of the substrate was
set to 20 mm x 20 mm X 1 mm, and the thickness of each
coating was set to 200 pm. To control the variables, the
convective heat transfer and initial temperature of each model
were set to be the same. As shown in Fig. 5b1 and S13, all the
three models gradually cooled down from 80 °C. The MEGP-9
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Schematic of the thermal conduction mechanism of the MEGP coating (d).

model exhibited the most rapid rate of heat removal. The
surface temperatures of EP, carbon steel and MEGP-9 coatings
in finite element simulation are shown in Fig. 5b3 and S14. At
900 s, the surface temperatures of MEGP-9, EP, and pure
carbon steel models were about 21.2, 22.7, and 24.0 °C,
respectively. Actually, the TC of the carbon steel plate is higher
than the MEGP-9 coating, which has a faster heat conduction
rate. However, our MEGP-9 coating not only has high TC but
also has outstanding infrared radiation performance, which
can radiate heat into the air. In Fig. 5b2 and S15, the finite
element simulations exhibited the air domain (spherical
region) temperature variations for the three models. As can be
seen, the carbon steel plate with a coating can radiate more
heat into the air than a carbon steel plate without a coating.
Under the same energy input, our MEGP-9 coating has a more
efficient heat dissipation rate, suggesting that coatings with
high infrared emissivity are more conducive to dissipating heat
into the air. The simulation results further confirmed the
excellent thermal conduction and infrared radiation capability
of the MEGP-9 coating, which is expected to be applied in more
potential applications in thermal management.

Based on the analysis of the above numerical simulation
results, structural characterization, and performance testing,
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the excellent thermal transport properties of MEGP are
mainly attributed to the high TC and infrared emissivity of
the coating. As shown in Fig. 5d, for pure carbon steel
(high TC + low infrared emissivity), its low infrared
emissivity limits radiative heat dissipation into the air, even
though heat can be rapidly conducted within it. Also, it is
prone to corrosion. For the pure EP coating (low TC +
improved infrared emissivity), despite the improved infrared
emissivity and anti-corrosion performances, its low intrinsic
TC limits the internal heat transfer. With the introduction
of the EG with high infrared emissivity heat transfer
network into EP, the TC and infrared emissivity of the
coating were further enhanced, realizing the enhancement
of dual heat dissipation by heat conduction and heat
radiation. Meanwhile, the Schiff base-Ce complex inhibits
metal corrosion and ultimately obtains a functionally

integrated MEGP coating (high TC + high infrared
emissivity).

2.5 Corrosion resistance of the coatings

The electrochemical impedance spectroscopy  (EIS)

measurements were performed to characterize the corrosion
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Fig. 6 Bode and Nyquist plots of EGP (al and a2) and MEGP (cl and c2) coatings with different filler contents, and the coatings of EGP-9 (bl and b2) and
MEGP-9 (d1 and d2) with different immersion times. (e) The impedance modulus variation in the coatings with 9 wt% filler loading at 0.01 Hz. Schematic of

the anti-corrosion mechanism of the MEGP coating (f).

resistance of the coatings on the carbon steel surface
immersed in a 3.5 wt% NaCl solution. In this study, the
MEGP coatings with varying filler loadings, Schiff base-Ce
complex contents and immersion times were systematically
evaluated. Meanwhile, EGP coatings were used for
comparison. The results of Bode and Nyquist plots (the
equivalent circuit models are illustrated in Fig. S16a and b)
are correspondingly illustrated in Fig. 6 and S16. Generally,
the low-frequency impedance |Z|p0in, in Bode plots
characterizes the corrosion protection performance of
coatings, with higher values demonstrating a positive
correlation with enhanced protective efficacy.">*® As the filler
addition increased from 1 wt% to 9 wt%, the |Z|. 011, value
of the EGP coating decreased from 2.7 x 10'" Ohm cm? to 2.4
x 10* Ohm c¢m? (Fig. 6a1). Correspondingly, the Nyquist plot
demonstrated a reduced capacitive arc radius (Fig. 6a2). The
data reveal that the increasing EG content improves TC, but
concurrently diminishes corrosion protection. In order to
improve thermal conductivity, it is necessary to introduce as
much EG/MEG filler as possible to construct a denser heat
transfer network. However, as is well known, as the content
of the conductive filler increases, a 3D conductive network
will form in the coating, which increases the contact between
the conductive filler and the metal at the coating defect and
enlarges the cathode area in the filler-metal micro-galvanic
couple. Therefore, corrosion resistance decreases with
increasing EG/MEG content.>>*”*® 1t is worth emphasizing
that both the |Z|o.01p, value (4.1 x 10™ to 6.5 x 10® Ohm cm?)

Ind. Chem. Mater.

and capacitive arc radius of MEGP coatings after the Schiff
base-Ce complex modification were significantly higher
than that of the unmodified coatings at the same filler
addition amount, indicating that the introduction of the
modifier effectively improved the corrosion resistance of
the coating (Fig. 6¢1 and c2). According to reports, cerium-
based materials can protect metal surfaces from corrosion
by forming a cerium-rich passivation layer between the
corrosive media and metal substrates.*”” The -C=N-
group in Schiff bases can enhance the stability of carbon
steel with various metal systems and slow down corrosion.
Additionally, their polar atoms, unsaturated bonds, and
aromatic  ring enable electron donation/
acceptance. These functional groups promote adsorption
through multiple mechanisms, including lone pair electron
sharing, n-electron interactions, and electrostatic
attraction.**® Based on this, as shown in Fig. 6f, the polar
groups, unsaturated bonds, and aromatic ring structures in
SP enhance the interface compatibility between EG and EP,
reduce interface defects in the coating, and slow down the
penetration of corrosive media. At the same time, the
strong bonding between SP and the metal substrate
inhibits the corrosion of iron. As a result, the corrosion
resistance of the coating is effectively enhanced through SP.
We optimized the modifier dosage based on the anti-
corrosion properties (Fig. S16d-f), and it can be seen that
the optimal dosage is consistent with the TC results
(Fig. 4b).

structures
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As evidently illustrated in Fig. 6b1, the |Z|o.o11, value of
the EGP-9 coating declined dramatically from around 10’
Ohm cm?® to 10* Ohm cm? after being immersed in NaCl
solution for 90 days. Also, the Nyquist plot (Fig. 6b2) showed
a reduced capacitive arc radius with increasingly pronounced
dual time constants, signifying electrolyte penetration to
substrate/coating interfaces and compromised barrier
efficiency. Prolonged immersion facilitates direct steel-
electrolyte contact, triggering interfacial charge transfer
processes. In contrast, the MEGP-9 coating maintained a
high |Z|oo1z value (>10° Ohm cm?®) even after 90 d of
saltwater soaking process (Fig. 6d1 and d2). For example, the
MEGP-9 coating (6.5 x 10° Ohm cm?®) are four orders of
magnitude higher than that of EGP-9 coating (3.1 x 10* Ohm
ecm®) on 90 d immersion. In addition, the incomplete
capacitive arc radii are larger than those of the EGP-9 coating
throughout the entire immersion period for the Nyquist
plots, demonstrating good corrosion resistance performance.
The impedance modulus variation of EGP and MEGP
coatings with 9 wt% filler loading at 0.01 Hz is shown in
Fig. 6e. The enhanced corrosion protection capability of the
MEGP coating originated from the corrosion inhibition film
formed by the Schiff base-Ce complex at the coating-
substrate interface and the improved filler-matrix interfacial
compatibility (Fig. 6f). In addition, a salt spray test was
conducted on MEGP-9 and EGP-9 coatings (Fig. S17).
Compared with MEGP-9 coating, EGP-9 coating showed
severe corrosion, further proving that the introduction of SP
is beneficial to strengthening corrosion resistance.
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2.6 Mechanical properties of the coatings

Excellent mechanical properties of coatings are essential for
practical applications.”>** Adhesion is one of the important
properties that indicates the bonding strength between the
coating and the carbon steel plate. To evaluate the adhesion
strength of the coating, all samples were investigated by a
pull-off adhesion tester (Defelsko AT-M) based on the
standard of ASTM D4541. Three dollies were glued to the test
surface with an adhesive and then cured at room
temperature for 72 hours for testing (Fig. 7a). As shown in
Fig. 7b, the results showed that the adhesion strength of
MEGP coatings was improved compared to EGP coatings. At
the same time, almost all MEGP coatings have an adhesion
strength of more than 10 MPa and remained at 10.4 MPa
for the MEGP-9 coating (only 4.9 MPa for the EGP-9
coating). The reason for the improvement of adhesion
strength can be presumed to be the strong ligand properties
of the Schiff base-Ce complex. The functional groups of
polar N atom, -C—=N- unsaturated bond and aromatic ring
facilitate adsorption onto carbon steel surfaces by multiple
mechanisms, including lone pair electron sharing,
n-electron interactions, hydrogen bonding, etc. (Fig. 6f). As
shown in Fig. 7c¢, the MEGP coating exhibits good flexibility,
which makes it have good plasticity and deformability.
Regarding the impact resistance (based on the standard of
GB/T 1732-2020), the EGP and MEGP coatings can withstand
an impact test of 100 cm (Fig. 7c), which can be attributed
to the robust chemical bonds and forces between the resin

After impact
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Fig. 7 Mechanical properties and literature comparison of the coatings (a and b) pull-off adhesion and (c) impact resistance test of the coatings.
Comparisons of our MEGP-9 coating with some reported carbon-based high TC protective coatings in terms of TC, infrared emissivity, adhesion
strength, impact resistance and |Z|o 011, performances, where 0 indicates that the corresponding performance was not evaluated in the study (d).
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and the substrate, and the addition of modified fillers
having good compatibility with the resin. In commercial
terms, it is generally considered that the coating has
excellent impact resistance, if there are no cracks, wrinkles,
or peeling on the coating surface, when the impact height
reaches 50 cm.”*™>®

Fig. 7d compared the TC, infrared emissivity, adhesion
strength, impact resistance and |Z|oo1n, performances
between our MEGP-9 coating and carbon-based high TC
protective coatings in previous reports'®'”'92%%¢ (more
details are presented in Table S1). Comparison shows that
MEGP-9 coating had an excellent combination of properties.
Most of the studies had only explored TC and corrosion
protection properties. Our coatings have a TC close to the
highest value reported for carbon-based high TC protective
coatings, along with good corrosion resistance. In addition,
significant adhesion, impact resistance and infrared
emissivity were also achieved. This functionally integrated
high thermal conductivity coating has potential applications
in the field of metal heat dissipation.

3 Conclusions

In this work, an eco-friendly micro-3D expanded graphite
powder (MEGP) coating was successfully fabricated, which
improves the inherent trade-off between thermal conductivity
and corrosion resistance in conventional polymer-based
protective coatings. By constructing a 3D network through
self-assembled Schiff base-Ce-modified expanded graphite,
the MEGP coating achieves dual-functional synergy,
exhibiting exceptional thermal conductivity (2.6 W m™ K™)
coupled with high infrared emissivity (0.95-0.98) for efficient
heat dissipation, robust adhesion (10.2 MPa), and impact
resistance. Finite element simulations further validate its
superior thermal management performance. Concurrently,
the introduction of the Schiff base-Ce complex ensures
corrosion resistance performance, retaining a |Z|o01n, value
of higher than 10° Ohm cm? after 90 days of immersion in
saline environments. This novel strategy not only mitigates
the thermal-conduction limitations of traditional anti-
corrosion coatings but also lays a theoretical foundation for
scalable applications in energy-efficient material design,
demonstrating potential significance in industrial thermal
management and marine corrosion protection.

4 Experimental section
4.1 Materials

All  chemicals for the experiment were purchased
commercially and used as received. EG (80 meshes, volume
expansion ratio: 200-300) was purchased from Qing Dao
Teng Sheng Da Tan Su Ji Xie Co., Ltd. Cerium nitrate
hexahydrate and p-phenylenediamine (PPD) were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Ethanol absolute was purchased from Tianjin Yuanli
Chemical Co., Ltd. (China). Graphene (Gr) and CNT were
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obtained from Shanghai Titan Scientific Co., Ltd. Sodium
chloride and p-phthaldialdehyde (PPA) were purchased from
Meryer Chemical Technology Co., Ltd. The epoxy resin
powder, curing agent, and leveling agent were obtained from
Jining Huakai Resin Co., Ltd.

4.2 Filler modification of EG

A specified quality of EG and PPD was dissolved in 300
ml of ethanol and then stirred for about 15 min. The
PPA and cerium nitrate hexahydrate were dissolved in 25
ml of ethanol, respectively. The PPA solution and the
cerium nitrate solution were added to the EG-PPD mixed
solution dropwise. After reacting for 3 h, the SP-modified
EG (MEG) was obtained through filtration and drying.
PPD:PPA:cerium nitrate = 1:1:1 (mol: mol:mol). 1 g EG
to 25, 50, 75, 100, 125, and 250 x 10° mol of PPD were
named SP-25, SP-50, SP-75, SP-100, SP-125, and SP-250,
respectively.

4.3 Pre-filled MEG and preparation of MEGP coating

The molten adsorption method was utilized to pre-fill MEG.
Epoxy resin powder was mixed with MEG (the filler content
was 30 wt%), and then, molten adsorption was carried out at
140 °C in an oven for 3 h. After that, the epoxy resin, curing
agent, pre-filled MEG and leveling agent (0.75 wt%) were
mixed in an internal mixer at 90 °C for 2 min. The MEGP-X
coating was finally obtained by electrostatically spraying and
curing (180 °C, 2 h) of the pulverized mixture, where X
represents the mass fraction of the filler in the coating. The
ratio of the resin to curing agent is 15:2. For comparison,
EGP-X, GrP (Gr as filler) and CNTP (CNT as filler) coatings
were prepared using the same method. The thickness of the
coatings was 150 + 15 um. The flowchart of the composite
coating preparation process is shown in Fig. 1.

4.4 Characterization

The microstructure, morphology and elemental composition
of coatings and fillers were acquired by scanning electron
microscopy (SEM, Apreo S LoVac, USA) equipped with an
energy dispersive spectrometer (EDS) detector at an
acceleration voltage of 5.0 kV. A transmission electron
microscope (TEM, JEM-2100F, Japan) at an acceleration
voltage of 100 kv was utilized to observe the nanostructure
images of EG and MEG fillers. Fourier transform infrared
spectroscopy (ATR-FTIR) was performed using an FTIR
spectrometer (FT-IR, Perkin-Elmer Spectrum One, USA) with
a working range between 4000 and 500 cm™' to investigate
EG, SP and MEG. The thermal diffusion performance of
composites was evaluated using laser flash analysis (LFA467,
Netzsch, Germany). The specific heat capacity of the coatings
was obtained by differential scanning calorimetry (DSC
200F3, Netzsch, Germany). The thermal decomposition
performance and the content of SP were tested by a thermal
gravimetric analyzer (TGA, PerkinElmer TGA 8000, Germany)
at a heating rate of 10 °C min™ from 25 to 800 °C under a
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nitrogen atmosphere. The surface temperature of the coating
with time was tested by an infrared thermograph (Ti480 Pro,
Fluke, USA) in the heating and cooling processes. The
roughness (Ra) of the filler surface was tested by a portable
roughness tester (Mitutoyo, SJ-210). The chemical
compositions of EG, SP and MEG were obtained using X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha).
To evaluate the anti-corrosion property of the coatings,
electrochemical impedance spectroscopy (EIS) was conducted
using an electrochemical workstation (Metrohm Autolab
PGSTAT302N) with a conventional three-electrode system in a
3.5 wt% NaCl solution. The infrared emissivity of all coatings
was tested by diffuse reflectance infrared spectroscopy
(DRIFTS) and the instrument model was Nicolet IS50 with 8
em " resolution. All the samples (3 cm x 3 ¢m) were scanned
128 times in the 2.5-25 um range to obtain the infrared
emissivity.
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