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Calculation of Agari model

The formation of a continuous filler network structure is key to achieving high 

TC in composite.1 The Agari model, which is widely used to evaluate the thermal 

conductivity (TC) of polymer-based composites, is adopted to theoretically analyze 

the influence of the constructed 3D EG network on TC. The equation is given by

                  (1)log 𝑘= 𝜑𝐶2log 𝑘𝑓+ (1−𝜑)log (𝐶1𝑘𝑚)

where k, kf and km stand for the TC of the composites, EG filler and neat epoxy, 

respectively, and  is the volume fraction of EG. C1 is a coefficient reflecting the 𝜑

influence of EG on the crystallization behavior of the epoxy matrix. Referring to the 

previous reports, the value of C1 is determined as 1 here. C2 is a parameter 

representing the ability of the fillers to form thermal conduction channels, and 

generally in the range of 0-1. The higher value of C2 corresponds to the greater the 

ability for the EG to form thermally conductive paths.2, 3 The predicted TC values of 

the Agari model are calculated by setting C2 as 1. 

Finite element simulation modeling

Modeling software Spaceclaim was used to establish the three coatings model. 

The scale of the models were all 2 cm × 2 cm × 1 mm and the thickness of each 

coating was set up to 200 μm. After modeling, the models were imported to COMSOL 

simulation software. The grid area was divided using the meshing function of 

COMSOL, and the material properties was set according to the database in simulation 
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software or measured value in experiment. In the configuration, the initial temperature 

of the coating is set to 80 ℃. The total simulation time was 4000 s and the convective 

heat transfer of the model remains consistent. The diameter of the air domain was set 

up to 4 cm. The mesh discretization was physics-controlled without manual 

intervention. The heat transfer simulation assumed a default system temperature of 20 

°C (ambient), with identical convective heat transfer parameters maintained across all 

three models.

Fig. S1. SEM image of (a) EG and (b) MEG.

Fig. S2. XPS of EG, SP and MEG.



Fig. S3. High-resolution spectra of SP: (a) C 1s, (b) N 1s, (c) Ce 3d and (d) O 1s.

Fig. S4. High-resolution spectra of EG: (a1) C 1s, (a2) N 1s, (a3) O 1s and MEG: (b1) 

C 1s, (b2) N 1s, (b3) O 1s.



Component analysis of EG, SP and MEG

For analyzing the surface chemical composition of SP (Figure S3), EG (Figure 

S4a1-a3 and Figure 2d), and MEG (Figure S4b1-b3 and Figure 2h), XPS was 

carried out to detect the three samples. As can be seen in Figure S3a, the C 1s peak at 

284.8, 285.5, 286.1, 287.9, and 290.7 eV can be attributed to C-C, C-N, C=N, C=O, 

and π-π* interaction, respectively.4-6 High-resolution spectra of N 1s in SP (Figure 

S3b) exhibits three peaks at 399.0, 400.1 and 401.4 eV can attribute to C=N-C, N-O, 

and C-N-H, respectively. In Figure S3c, the bands labeled "v" and "u" correspond to 

the 3d5/2 ionization and 3d3/2 ionization, respectively. Ce4+ ions are associated with 

peaks labeled u, v, u", v", u"', v"', while Ce3+ ions are associated with peaks labeled u0, 

v0, u', v'.7, 8 As can be seen, it is clear that the high-resolution spectra of Ce 3d for SP 

only show the peaks (u0, v0, u', v') associated with Ce3+ ions, indicating that all the 

cerium ions in the synthesized SP exist in the trivalent state. As shown in Figure S2, 

the total spectral pattern of MEG exhibits the peak of C, N, O, and Ce. Compared to 

EG (Figure S4a1), high-resolution spectra of C 1s in MEG appear C=N bond at 286.1 

eV (Figure S4b1), which can be attributed to SP-modified EG. Moreover, other peaks 

at 284.1, 284.8, 285.5, 286.8, 288.0 and about 291.0 eV can be attributed to C=C, C-C, 

C-N/C-O-C, C=O, O-C=O, and π-π* interaction, respectively. As can be seen in 

Figure S4a2 and Figure S4b2, there is no apparent and N 1s peak in EG. In addition, 

high-resolution spectra of N 1s in MEG exhibits three peaks at 399.0, 400.1, and 

401.4 eV can attribute to C=N-C, N-O, and C-N-H9, 10, respectively, which is 

consistent with the spectra of SP. The high-resolution spectra of O 1s were shown in 

Figure S4a3 and Figure S4b3. On the whole, EG is successfully modified by SP.



Fig. S5. SEM image of (a) pre-filled EG, (b) EGP-5 coating, (c) EGP-7 coating, (d) 

pre-filled MEG, (e) MEGP-5 coating and (f) MEGP-7 coating.

Fig. S6. Surface SEM image and porosity of (a) EGP-7, (b) MEGP-7, (c) EGP-9 and 

(d) MEGP-9 coatings.



Fig. S7. SEM (a) and EDS (b) image of the MEGP-7 coatings section.

Fig. S8. Microstructure SEM image of (a) MEGP-7, (b) GrP-7 and (c) CNTP-7.

Fig. S9. The infrared emissivity of the MEGP-9, commercial anti-corrosion coating 

and commercial heat exchanger coating.



Fig. S10. Heat transfer performance of the coatings: the cooling/heating test image 

and temperature change curve of EP, carbon steel and MEGP-9 coatings.

Fig. S11. Boiling water cooling experiment and infrared thermography images of EP, 

carbon steel and MEGP-9 coatings.



Fig. S12. Temperature change curve of water and container wall.

Fig. S13. Finite element simulation of cooling test with EP, carbon steel and MEGP-9 

coatings.



Fig. S14. Surface temperature of EP, carbon steel and MEGP-9 coatings in finite 

element simulation.

Fig. S15. Air domain heat transfer of EP, carbon steel and MEGP-9 coatings.



Fig. S16. The equivalent circuit models used to fit the EIS data (a-b), where Rs, Rp 

and Rct refer to the solution resistance, the coating resistance and the charge transfer 

resistance, respectively. CPEc and CPEdl represent the coating constant phase element 

and the electrical double layer constant phase element. EIS curves of MEGP coatings 

with different contents of Schiff base-Ce complex immersion in 3.5% NaCl aqueous 

solution (c-f).



Fig. S17. The salt spray test of MEGP-9 and EGP-9 coatings. The digital image of 

EGP coating (a1) and MEGP coating (b1). The SEM image and EDS of EGP coating 

(a2) and MEGP coating (b2).

Salt spray test

To examine the corrosion resistance performance of scratched coatings, the 

coatings with artificial defects were exposed to a salt spray environment for 175 h. 

The test results for MEGP-9 coating and EGP-9 coating showed significant 

differences. After just 24 hours, yellow corrosion products were already visible at the 

scratch sites of the EGP-9 coating (Fig. S17a1), while there were no noticeable 

changes at the scratch sites of the MEGP-9 coating (Fig. S17b1). At the same time, as 

the salt spray test time is extended, the differences become increasingly apparent. To 

further observe the microscopic changes in the scratched area of the coating, we 

captured SEM images of the scratches. Test results showed that after 175 hours of salt 



spray testing, scratches on the MEGP-9 coating are still clearly visible in SEM and 

EDS images, and there are no obvious iron corrosion products inside the scratches 

(Fig. S17b2). In contrast, the scratches on the EGP-9 coating were completely 

covered by corrosion products, and EDS analysis detected a significant amount of 

iron corrosion products on the coating surface, indicating complete corrosion of the 

coating (Fig. S17a2). 

Table S1
Comparison of carbon-based high TC protective coatings with previous reports.

Coating name
TC, W 
m-1 K-1

Infrared 
emissivity

|Z|0.01Hz, 
Ohm cm²

Impact 
resistan
ce, cm

Adhesion 
strength, 

MPa
Years

epoxy/MrGO-6 0.7 - 108-109(11 d) - - 202211

I-PDA-G-EP 0.8// 

0.2⊥
- 3.0 × 109 (30 d) - - 202212

tGNPs/tCNTs/
TSiPD

2.9 - ~ 103 (2 d) >50 
cm·kg

0 grade 202013

rGO-
BTA@HMS/e

poxy

1.2 - 3.4 × 106 (35 d) - - 202414

Gr/PFA 0.3 - 1011 (30 d) - - 202215

EP-8 1.5 - 9.4 × 1010 

(|Z|0.8Hz, 30 d)
- 1 grade 202516

SiO@GR/EPR 0.67 - 1.1 × 1011 (7 d) -3.5 3.5 202517

MEGP 2.6⊥ 0.95-0.98 6.5×108 (90 d) 100 10.4 This work
Notes: ‘-‘ indicates that the relevant property was not studied in the article.
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