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Figure S1. Optical images for multi-element ceramic powders after thermal curing for crosslinking 

purposes.  

(A) Chromium (III) chloride as the crosslinker.  

(B) Tungstosilicic acid hydrate as the crosslinker.  

(C) Molybdenum trioxide as the crosslinker.  

(D) Vanadium (III) chloride as the crosslinked metal. 
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Figure S2. EDS mapping of preceramic precursor with multiple transition elements as the starting 

precursor. 
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Figure S3. Lower magnification SEM and corresponding individual EDS maps for Zr-PCS preceramic 

powders following crosslinking. 

  



4 
 

 

Figure S4. Magnified SEM and individual EDS maps for Zr-PCS preceramic powders following 

crosslinking. 
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Figure S5. XRD plots for multi-element ceramic powders pyrolysed at elevated temperatures.  

(A) Chromium (Cr) as the crosslinked metal with ZrB2 filler.  

(B) Tungsten (W) as the crosslinked metal with ZrB2 filler.  

(C) Molybdenum (Mo) as the crosslinked metal with ZrB2 filler.  

(D) Vanadium (V) as the crosslinked metal with ZrB2 filler.  

(E) Hafnium (Hf) as crosslinked metal with ZrB2 filler. 
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Figure S6. I-V characteristics of ZrB2 sample prepared using ultra high temperature sintering. 
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Figure S7. SEM and EDS mapping for plots for Hf-PCS preceramic powders pyrolyzed at elevated 

temperatures with ZrB2 filler particles. 
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Figure S8. XRD plots for Zr-PCS preceramic powders pyrolysed at elevated temperatures with different 

fillers.  

(A) With HfB2 as a filler.  

(B) With NbC as a filler.  

(C) With TaC as a filler.  

(D) With TiB2 as a filler. 
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Figure S9. Additional microscopic images. 

(A) TEM observation of Zr-Si-O-C-B particles.  

(B) TEM-EDS mapping depicting element distribution. 
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Figure S10. Low magnification SEM and individual EDS maps for Zr-Si-O-C-B preceramic precursor 

following pyrolysis at elevated temperatures. 
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Figure S11. Magnified view of the SEM and individual EDS maps for Zr-Si-O-C-B preceramic precursor 

following pyrolysis at elevated temperatures. 
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Figure S12. FTIR for pure additional transition metals following crosslinking reaction with PCS facilitated 

by thermal curing. 
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Figure S13. Samples prepared for high throughput analysis for determining the optimal precursor 

powder to solvent ratio.  

(A) Samples with varying ratios of Zr-PCS to ZrB2 powders.  

(B) Batching for different ratios of preceramic powders and solvent ratios.  

(C) Samples prepared via electrical pyrolysis for oxygen-hydrogen torch testing. 
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Table S1. Screening results for varying powder and solvent ratios. 

ZrB2 : Zr-PCS 

Ratio 

ΔR for 1:0.2 ΔR for 1:0.4 ΔR for 1:0.6 ΔR for 1:0.8 ΔR for 1:1 

1:9 -- 19000 27564 37900 61370 

2:8 -- 21380 18390 52765 27308 

3:7 3540 27009 33670 13653 17550 

4:6 -- 308.76 407.5 191 211 

5:5 281.4 191.07 188.6 120.8 106.37 

6:4 72.9 19.31 16.4 3.09 2.293 

2:1 0.9802 0.4449 0.3344 0.427 0.666 

7:3 1.55 1.03 0.285 0.83 0.3846 

8:2 1.1 0.65 0.316 1.082 0.634 

9:1 0.9 0.987 0.53 0.88 0.4736 
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Figure S14. Low and high magnification TEM images for Zr-Si-O-C-B particles for particle size and 

distribution. 
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Figure S15. Additional low and high magnification TEM images for Zr-Si-O-C-B particles for different 

areas. 
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Figure S16. Additional low and high magnification TEM images for Zr-Si-O-C-B particles for different 

areas. 
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Figure S17. EDS analysis Zr-Si-O-C-B precursor for distribution of the individual elements Zr, Si, O, C 

and B (Area 1). 
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Figure S18. EDS analysis Zr-Si-O-C-B precursor for distribution of the individual elements Zr, Si, O, C 

and B (Area 2).  
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Figure S19. EDS analysis Zr-Si-O-C-B precursor for distribution of the individual elements Zr, Si, O, C 

and B (Area 3). 
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Figure S20. EDS analysis Zr-Si-O-C-B precursor for distribution of the individual elements Zr, Si, O, C 

and B (Area 4). 
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Figure S21. EDS analysis Zr-Si-O-C-B precursor for distribution of the individual elements Zr, Si, O, C 

and B (Area 5). 
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Figure S22. HR-TEM images demonstrate that the ZrB2 particle is coated by an amorphous surface layer. 
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Figure S23. Optical image of the preceramic slurry deposited via extrusion-based processing onto a 

copper film prior to pyrolysis. 
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Figure S24. XRD plots for multi-element ceramic coatings after electrical pyrolysis.  

(A) Cr as the crosslinked metal.  

(B) W as the crosslinked metal.  

(C) Mo as the crosslinked metal.  

(D) V as the crosslinked metal.  

(E) Hf as the crosslinked metal. 
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Figure S25. XRD plots for feedstock consisting of Zr-PCS powders with different fillers following 

electrical pyrolysis.  

(A) With HfB2 as a filler.  

(B) With NbC as a filler.  

(C) With TaC as a filler.  

(D) With TiB2 as a filler. 
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Figure S26. Additional SEM images depicting the cross-section of electrically pyrolyzed Zr-Si-O-C-B 

samples. 

  



28 
 

 

Figure S27. EDS mapping of the cross-section of electrically pyrolyzed Zr-Si-O-C-B sample.  
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Figure S28. SEM observations for multi-element ceramic coatings after flash sintering.  

(A) Cr as the crosslinked metal.  

(B) W as the crosslinked metal.  

(C) Mo as the crosslinked metal.  

(D) V as the crosslinked metal.  

(E) Hf as the crosslinked metal. 
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Figure S29. SEM observations for Zr-PCS powders with different fillers following flash sintering.  

(A) With HfB2 as a filler.  

(B) With NbC as a filler.  

(C) With TaC as a filler.  

(D) With TiB2 as a filler. 
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Figure S30. EDS mapping of Zr-Si-O-C-B (1:0.6) sample flash sintered at a power of 30W. The presence 

and uniform distribution of Zr, Si, O, C and B elements can be observed. 
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Figure S31. Adhesion testing of the electrically pyrolyzed Zr-Si-O-C-B sample, performed following ASTM 

D3359 crosshatch tape testing standards. The test reveals a 3B adhesion rating, corresponding to 

removal of 5–15% of the coating area, indicative of moderate adhesion typical for pyrolyzed ceramic 

coatings on metallic substrates without additional surface pretreatment. 
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Figure S32. Copper foam prior to coating it with Zr-Si-O-C-B slurry. 
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Figure S33. Plane and isometric images of coated foam as observed through an optical microscope. 
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Figure S34. Optical image of the pressed preceramic feedstock powder followed by electrical pyrolysis 

to obtain a bulk Zr-Si-O-C-B pellet. 
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Figure S35. SEM observation of the cross-sectional view of a bulk Zr-Si-O-C-B pellet following electrical 

pyrolysis. 
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Figure S36. EDS mapping of the cross-sectional view of a bulk Zr-Si-O-C-B pellet following electrical 

pyrolysis. 
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Figure S37. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles as control.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 

  



39 
 

 

Figure S38. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles and 2 wt.% Nb 

particles.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 
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Figure S39. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles and 4 wt.% Nb 

particles.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 
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Figure S40. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles and 6 wt.% Nb 

particles.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 
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Figure S41. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles and 8 wt.% Nb 

particles.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 
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Figure S42. SEM observation of the plane view of bulk Cr-PCS with ZrB2 filler particles and 10 wt.% Nb 

particles.  

(A) Under a magnification of 50x.  

(B) Under a magnification of 250x.  

(C) Under a magnification of 500x.  

(D) Under a magnification of 1000x. 
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Figure S43. I-V characteristics of bulk Cr-PCS with ZrB2 and Nb filler particles prepared using ultra high 

temperature sintering.  

(A) Sample with 2 wt.% Nb.  

(B) Sample with 4 wt.% Nb.  

(C) Sample with 6 wt.% Nb.  

(D) Sample with 8 wt.% Nb.  

(E) Sample with 10 wt.% Nb. 
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Figure S44. Ashby plot comparing thermal coating thickness vs. operating temperatures for coatings 

formed via PDC route; 1: SiCN (ABSE) + SiN (PHPS),[S1] 2: Polymethoxymethylsiloxane + hydroxy-terminated 

linear polysiloxane,[S2] 3: CrAlN + 2 mol.% YN,[S3] 4: Polyhydromethylsiloxane (or PHMS) + TiSi2 (active filler) 

reinforced SiOC ceramic,[S4] 5: Poly(hydridomethylsiloxane) + TiSi2 (expansion agent),[S5] 6: 

Poly(hydridomethylsiloxane) (PHMS) + Al/HW powders,[S6] 7: SiN,[S7] 8: ZrSi2 as active filler + PHMS polymer as 

the precursor for the matrix,[S8] 9: (PHPS) + YSZ powder (passive filler) + barium powder,[S9] 10: 

Polyhydridomethylsiloxane (PHMS),[S10] 11: PSON (polysiloxane and polysilazane with a mass ratio of 5:2) + 

CeO2 and B4C as passive fillers,[S11] 12: SiOC/Al2O3/YSZ,[S12] 13: Yttrium di-silicate (Y-DS) and zircon coating on 

Si-SiC foams,[S13] and this work. 
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Figure S45. XRD plot depicting oxidation stability of ceramic samples at corresponding temperatures 

sintered in a tube furnace at 1000ºC. 
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Figure S46. Emissivity studies. 

(A) Plot depicting the emissive studies comparing Kapton®-coated and EPMC coated copper wires.  

(B) An instance of the temperature difference between Kapton® - (top) and EPMC-coated (bottom) wires during 

heating with a surface temperature of 487.8 K. 
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Figure S47. Plot depicting resistivity vs. temperature variation for different ratios of preceramic powders 

and solvents after ceramic conversion when subjected to oxygen-hydrogen torch test. 

 

Figure S47 shows the evaluation of ceramic coatings for thermal management at elevated temperatures. The 

copper layer was coated with ceramic monolayer, which safeguards the metallic coating underneath against the 

thermal impact of the oxygen-hydrogen torch and protects against oxidation by restricting the diffusion of oxygen 

molecules inward and keeping the metal coating temperatures lower compared to their surroundings due to the 

high emissivity of the ceramic film. From the plot, all the ratios of ceramic powder to solvent are capable of 

withstanding elevated temperatures (> 1273 K), as the metal surface remains in pristine condition following the 

torch test and exhibits no signs of degradation or oxidation. Under these circumstances, the ceramic with 1:0.6 

ratio displays the least change in resistivity, from 0.92 Ω.cm at 298.6 K to 1.35 Ω.cm at 1328.6 K (Supplementary 

Table S2 for torch test results for additional M-PCS coatings).  
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Table S2. Torch testing results for ceramics with different crosslinked metals. 

Crosslinking element Rinitial Rfinal 

Hf 1.79 Ω (296.1 K) 6.37 kΩ (1258.1 K) 

V 0.81 Ω (296.3 K) 1.55 kΩ (1337.1 K) 

Cr 0.84 Ω (297.4 K) 1.40 Ω (1322.1 K) 

Mo 0.92 Ω (295 K) 3.15 Ω (1313.1 K) 

W 0.73 Ω (295.6 K) 0.77 Ω (1309.1 K) 
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Figure 48. SEM and EDS mapping of the cross-section of bulk Zr-Si-O-C-B pellet following exposure at 

1273 K under oxidative atmospheric conditions for a duration of one minute. 
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Figure S49. SEM and EDS mapping of the cross-section of bulk Zr-Si-O-C-B pellet following exposure at 

1273 K under oxidative atmospheric conditions for a duration of 10 minutes. 
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Figure S50. SEM and EDS mapping of the cross-section of bulk Zr-Si-O-C-B pellet following exposure at 

1273 K under oxidative atmospheric conditions for a duration of 30 minutes. 

  



53 
 

 

Figure S51. SEM and EDS mapping of the cross-section of bulk Zr-Si-O-C-B pellet following exposure at 

1273 K under oxidative atmospheric conditions for a duration of 60 minutes. 
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