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A B S T R A C T

Waste siloxane-enriched oil, an unavoidable byproduct of organosilicon industry, poses a significant risk to the 
environment. In this study, we propose a tandem thermochemical process for cascade utilization of waste 
siloxane. Through steam reforming, H2-enriched syngas is produced, and silicon carbide (SiC) is synthesized via 
Flash joule heating (FJH) of the reforming residues. The maximum syngas yield of 42.2 mmol/g, with a H2 
proportion of 42.8 vol%, was achieved at 900◦C under steam-feed ratio (SFR) was 2.0. As increasing SFR and 
temperature facilitated the broken of C–Si and C–H bond, promoting the production of CH4 and H2 with SiO2- 
enriched residues as byproducts. High-quality 3C-SiC was then successfully synthesized by FJH of the reforming 
solid residues, with the superior SiC yield at a SFR exceeding 2.0. The high SiC yield is attributed to low energy 
consumption, minimal volatiles generation, and high reactivity of pyrolytic carbon residue. Furthermore, the 
derived flash SiC demonstrated promising performance as an electrode material for water evaporation-induced 
electricity generation device, demonstrating a stable open-circuit voltage of 502 mV and a short-circuit current of 
9.80 μA. This study provides an effective solution for silicon-containing hazardous waste disposal and introduces 
a novel waste-derived nanomaterial for sensor development.

1. Introduction

Siloxanes are important silicon-containing derivatives that can be 
used as both nucleophilic and arylation reagents in organic synthesis 
[1,2]. They can also be used as raw materials for silicone oil and silica 
gel manufacturing[1,3,4]. Furthermore, modification of lithium-ion 
battery components (electrodes, binders, electrolytes) via siloxanes 
has recently emerged as a strategy to enhance ionic conductivity[5]. 
However, complex waste streams containing siloxanes, cyclosiloxanes, 
and other organic compounds are inevitably generated during synthesis 
and purification processes. These compounds pose significant envrion
mental threats due to their bioaccumulation potential and neurotoxic 

effects [6,7], leading to their classification as hazardous pollutants[8].
Thermal co-processing, while widely adopted for organic liquid 

waste treatment[9–11], suffers from severe operational limitations. The 
approach generates CO2 emission[12] alongside secondary pollutants 
(e.g. dioxins, furans), with silicon-containing ash limited its application. 
For dilute wastewater, it could be treated through physical–chemical 
methods including sedimentation, adsorption, and membrane separa
tion[13,14]. Catalytic reforming presents theoretical viability for high- 
concentration siloxane waste liquid disposal. But the requisite use of 
strong reducing agents further exacerbates process costs and safety 
concerns, and the low conversion efficiency and poor product selectivity 
making it challenging to scale up catalytic reforming for waste siloxane 
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disposal[15,16]. These technical shortcomings highlight the urgent 
need for cost-effective closed-loop valorization strategies for organic 
siloxane disposal.

Steam gasification emerges as a viable thermochemical pathway for 
converting organic hazardous waste (e.g. bio-oil and waste solvent) into 
syngas[17–19], circumventing the polyaromatic hydrocarbon deposi
tion observed in conventional pyrolysis[20]. Steam’s dual role as 
hydrogen donor and oxygen carrier facilitates selective bond cleavage, 
enhancing H2 yields to 65–72 % vol while suppressing secondary tar 
generation[21]. In the treatment of waste printed circuit boards, steam 
gasification achieves nearly 2.3 times the organic matter decomposition 
efficiency of incineration and pyrolysis[22]. Nevertheless, compared 
with hydrocarbons, siloxane decomposition presents unique thermody
namic barriers due to the exceptionally high bond energies of Si–O (593 
kJ/mol), Si–Si (326 kJ/mol) and Si–C (318 kJ/mol) [1], requiring 
external energy input for their decomposition. This process inevitably 
generates fine silicon oxide particles, which may adsorb residual toxic 
organic compounds, posing notable environmental risks.

Managing gasification residues is challenging due to their complex 
physical properties, diverse chemical compositions, and high disposal 
costs. Current treatment options, including landfilling, vitrification, and 
co-processing in cement kilns, demand substantial land use and fail to 
recover intrinsic silicon value within these residues. Due to its primarily 
consist of carbon, silicon and oxygen, it is viable to convert siloxane 
residues into silicon carbide (SiC) through carbothermic reduction and 
sintering. SiC is a versatile material known for its hardness, thermal 
stability, corrosion resistance, and wide bandgap semiconductor prop
erties[23–27]. It is used in automotive[28], aerospace[5], and nuclear 
industries[29]. SiC enhance electric vehicles, its thermal stability ben
efits aerospace engines, and its radiation resistance is crucial for nuclear 
reactors. The conventional synthesis of SiC requires prolonged high- 
temperature conditions and utilizes toxic gases. However, constrained 
by inherent process limitations and unfavorable reaction kinetics, this 
approach suffers from slow reaction rates and excessive energy con
sumption. Flash Joule heating (FJH) innovatively circumvents these 
barriers via enabling rapid heating through capacitance discharge. This 
technique reaches peak temperatures of 3000 K at heating rates up to 
105 ◦C/s, creating extreme reaction conditions in seconds. FJH has been 

successfully applied in areas such as 2D carbon material synthesis [30], 
nanoscale catalyst synthesis [31,32], Li-ion battery metal recycling 
[33,34], noble metal recovery [35] and waste glass fiber upcycling [36]. 
Due to its rapid processing and high temperatures, FJH presents a 
feasible approach to upcycle siloxane-derived residues into SiC, and 
sustainable SiC production from siloxane waste offers environmental 
benefits.

To realize near-complete valorization of waste siloxane, a tandem 
thermochemical process is proposed for the staged utilization of waste 
siloxane (Fig. 1). Initially, organic siloxane waste liquid is treated by 
steam gasification to produce H2 − rich syngas and solid residues. The 
effects of temperature and water vapor dosage on syngas composition 
and carbon conversion are investigated. Subsequently, flash Joule 
heating is applied to upgrade the pyrolysis residue to SiC, examining 
how variables such as discharge voltage, material resistance, and gasi
fication degree influences the SiC yield. Finally, the derived SiC serves as 
an electrode material in hydrovoltaic energy conversion. This study 
demonstrates an innovative pathway for upcycling waste siloxane liq
uids into high-value syngas and functional materials, contributing to the 
advancement of circular economy practices.

2. Material and methods

2.1. Materials and chemicals

The organic siloxane waste liquid was sourced from a chemical plant 
in Quzhou, Zhejiang Province, and its composition was analyzed using 
element analysis (CHNS/O mode) and ICP-OES methods, as summarized 
in Table 1. The carbon black was purchased from commercial channels 
and pre-dried at 65◦C for 24 h in an oven to minimize moisture 
interference.

Fig. 1. Schematic of the two-step thermochemical procedures for cascade utilization of waste siloxanes. Step 1: Steam reforming of waste siloxane for syngas 
production in a vertical tube furnace. Step 2: Flash Joule heating of solid residues for SiC synthesis.

Table 1 
Elemental composition of organic siloxane waste.

Element C H O Si N S

Content (wt 
%)

41.91 8.21 15.52 34.36 Not 
detected

Not 
detected

H. Bi et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 510 (2025) 161706

3

2.2. Steam gasification of waste siloxane

Steam gasification experiments of organic siloxane waste liquid were 
performed in a custom-designed continuous down-flow reactor with a 
vertical quartz tube (600 mm (L) × 35 mm (ID)) and a electric furnace 
(±1 ◦C precision).Prior to reaction, the reactor was purged with N2 at 
400 sccm using a mass flow controller for 30 min. The reactor was 
heated at a rate of 10 ◦C/min. The liquid feedstocks, organic siloxane 
waste sample and deionized water, were injected into the reactor using a 
syringe pump at a constant flow rate and were preheated to 160 ◦C for 
vaporization. The vaporized sample and steam were thoroughly mixed 
at the reactor inlet and carried by N2 (400 sccm) for the reaction. After 
the reaction, the gas was filtered by a 100-mesh filter and a quartz wool- 
filled column to collect pyrolysis residue, and syngas was collected by 
using air bags (10 L) for further analysis. During the experiment, reac
tion temperatures were varied from 600 ◦C to 900 ◦C. The flow rate of 
waste siloxane was fixed at 3 mL/h, and the steam-feed ratio (SFR), 
expressed by mass, was set between 0 and 3.

2.3. FJH system and upcycling process

The FJH system consists of a pulse discharge device equipped with a 
90 mF capacitor, a custom-made vacuum chamber, a vacuum pump, an 
infrared temperature detector (400–3600 ◦C), and a control-recording 
system. Pyrolysis residue was first dried in an oven at 65 ◦C for 12 h, 
and then thoroughly milled and mixed with the carbon black with a 
mass ratio of 20:1 to 1:1. A 100 mg portion of the mixture was placed 
into a quartz tube (8 mm (ID)), and it was compacted between two 
graphite plugs for its connection to the FJH reaction system with the 
whole reactor placed inside the vacuum chamber. The system was 
evacuated to a pressure below 1 kPa to remove air. The capacitor was 
charged using a direct current power supply, and then discharged 
through the sample inside quartz tube. The temperature, capacitor 
voltage, and discharge current were recorded at 1 ms interval. After the 
reaction, the samples were rapidly cooled to room temperature, and the 
residues between the graphite plugs were collected as synthetic material 
samples. The heat released during the FJH process was calculated as 
described in Text S1.

2.4. Fabrication of water evaporation-induced electricity generator

For fabrication of the water evaporation-induced electricity gener
ator (WEG), SiC material was synthesized via optimized FJH treatment 
condition with pyrolysis residue produced at a SFR of 2.0, a material 
resistance of 3 Ω, and a flash voltage of 150 V. The resulting materials 
was dispersed in deionized water containing 0.1 wt% sodium dodecyl 
sulfate through 30 min ultrasonication. The stable dispersion (10 mg/ 
mL) was then deposited on a PET non-woven fabric substrate using a 
simple in situ coating and drying method for WEG assembly, and the 
resistance of WEG was adjusted by varying the coating times. For 
comparison, synthetic graphene derived from carbon black under the 
same FJH parameters was similarly applied to a PET substrate to eval
uate power generation performance at the same resistance.

2.5. Characterization

Syngas was analyzed using a Fuli GC9790 Plus gas chromatography 
system equipped with three detectors, allowing for both qualitative and 
quantitative analysis of the gas components after calibration. X-ray 
diffraction (XRD) was performed with a Rigaku Ultima IV system using a 
filtered Cu Kα radiation source. Raman spectroscopy was conducted on a 
HORIBA LabRAM Odyssey system with a 532 nm laser, applying 5 mW 
laser power, and a 50 × objection lens. X-ray photoelectron spectros
copy (XPS) measurements were performed on a Shimazu Kratos AXIS 
Supra + system, and the spectra were calibrated to the adventitious 
carbon C1s peak at 284.8 eV. High-resolution transmission electron 

microscopy (HRTEM) images and energy-dispersive X-ray spectroscopy 
(EDS) were obtained with a ThermoFisher Scientific Talos F200X sys
tem, operating at an accelerating voltage of 200 kV. Thermogravimetric 
analysis was performed using a Mettler TGA/DSC 3 + system from 
100◦C to 1200◦C (10 ◦C /min) under N2 atmosphere. FTIR spectroscopy 
was performed on a Bruker Invenio R Fourier transform infrared spec
trometer. The WEG performances of open circuit voltage and short cir
cuit current were measured with a CHI 660E electrochemical analyzer.

3. Results and Discussion

3.1. Steam gasification of waste siloxane

The gasification efficiency is significantly influenced by the reaction 
temperature and steam-to-feed ratio (SFR). Hereafter, the abbreviation 
LHV will be used to denote the lower heating value of syngas produced 
by per unit mass of waste siloxane liquid which was calculated by Text 
S2. The results (Fig. 2a, 2d, Fig. S1, and Table S3-5) indicated that 
temperature and SFR have a combined affect on the gasification 
efficiency.

To investigate the effect of steam on syngas compositions, experi
ments were conducted at different SFRs at 900 ◦C across varying SFRs 
(0.0–3.0, Fig. 2a-c). The introduction of steam demonstrated significant 
enhancement in gasification efficiency by promoting the formation of 
CO and CO2, and it also influenced the LHV. At an SFR of 0.0, the syngas 
yield was low (4.69 mmol/g) with a carbon conversion rate of 11.86 % 
and an LHV of 2.73 kJ/gwaste, indicating inefficient siloxane decompo
sition. As the SFR increased to 2.0, the syngas yield and carbon con
version rate rose to 42.2 mmol/gwaste and 73.0 %, with methane 
reaching 12.10 mmol/gwaste, ethylene 3.56 mmol/gwaste and LHV 21.01 
kJ/gwaste. CO and CO2 also peaked at 6.98 mmol/gwaste and 1.41 mmol/ 
gwaste, contributing 16.5 % and 3.3 % of the total syngas production, 
respectively. Beyond an SFR of 2, gasification efficiency declined. As 
SFR increased to 3, syngas yield dropped to 40.91 mmol/gwaste and 
carbon conversion to 65.3 %. However, H2 yield continued to increase, 
riching 19.31 mmol/gwaste, while the LHV slightly decreased to 19.52 
kJ/gwaste, indicating the decrease in the fuel properties of the siloxane 
pyrolysis syngas. The H2-to-CO molar ratio of the syngas increased from 
2.29 to 3.04 with the increase of SFR (Table S4), indicating its potential 
for Fischer-Tropsch synthesis.

In the case of diethoxydimethylsilane (DOMS), shown in Text S3, 
steam addition facilitated the hydrolysis of siloxanes, leading to the 
cleavage of Si–O–C bonds[37,38] and the formation of silanols and al
cohols. The primary siloxane component of the waste liquid sample, 
hydrolysis reactions generated free ethanol[39,40], which enhanced 
ethylene production[41,42]. Furthermore, water vapor demonstrated 
inhibitory effects on carbon deposition[43,44], promoting the break
down of multi-carbon components and the generation of non- 
condensable gases, thereby increasing the H2 content. The presence of 
water vapor introduces the hydrolysis mechanisms for the pyrolysis of 
siloxanes. Therefore, the pyrolysis and gasification pathways of siloxane 
were shown in Table 2.

However, excessive amount of steam (SFR > 2) increased the 
oxidative atmosphere[45], leading to the formation of CO and inhibiting 
hydrocarbon production[46], consequently reducing syngas LHV. 
Therefore, an optimal SFR of 2.0 is recommended to enhance siloxane 
gasification efficiency, which maximizing syngas yield and carbon 
conversion rate.

The influence of temperature on gasification efficiency was evalu
ated at a fixed SFR of 2.0 (Fig. 2d-f). Syngas yield increased with tem
perature, rising from 20.82 mmol/gwaste at 600 ◦C to 42.23 mmol/gwaste 
at 900 ◦C. LHV underwent a gradual stabilization trend with its highest 
value of 21.61 kJ/gwaste at 800 ◦C, and declined by 2.31 % at 900 ◦C. H2 
yield exhibited the most significant increase with temperature, from 
6.07 mmol/gwaste (600 ◦C, 29.1 % of the syngas) to 18.08 mmol/gwaste 
(900 ◦C, 42.8 %), which contributing to higher LHV, and the H2-to-CO 
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ratio also increased from 1.30 (600 ◦C) to 2.59 (900 ◦C). Hydrocarbon 
production reached its peak at 800 ◦C with methane and ethylene yields 
being 13.10 mmol/gwaste and 4.79 mmol/gwaste, while the carbon con
version also peaked at 75.9 %. The H2-to-CO molar ratio also reached at 
2.05 with a total yield of 17.05 mmol/gwaste (Table S5), which achieved 
the optimal ratio (2.0) for methanol synthesis and Fischer-Tropsch 
synthesis. At 900 ◦C, although the H2 and CO flow rate peaked at 
25.06 mmol/gwaste and showed good quality in hydrogen production, 
methane and ethylene yields decreased by 1.01 mmol/gwaste and 1.24 
mmol/gwaste, while the yields of CO and CO2 increased to 6.97 mmol/ 
gwaste and 1.41 mmol/gwaste, leading to a slight decrease in LHV and 
carbon conversion. Similar trends were observed across other SFRs and 
temperatures, as shown in Fig. S1-S3. Thus, increasing temperature 
enhanced hydrogen production and syngas quality up to a point, after 
which excessive temperatures led to deeper oxidation, higher yields of 
carbon oxides, and reduced fuel quality.

3.2. Pyrolysis residue upcycling by FJH for SiC synthesis

After the pyrolysis of waste siloxane, silicon-enriched residues were 
generated, which necessitated additional treatment for comprehensive 
utilization. The gasification residues retrieved from the quartz tube were 
processed using flash Joule heat (FJH) method to synthesize silicon 
carbide.

Due to the low conductivity and agglomerated state of the ash, car
bon black was incorporated into the residue and thoroughly milled to 
form a homogeneous powder mixture, aiming to reduce its resistance. 
During the FJH process, the mixture was packed into a quartz tube and 
compacted at both ends using two graphite plugs. The assembly was 
then integrated into an electrical circuit with a capacitor for flash 
heating (Fig. 3a and 3b). Carbon black functioned as both a conductive 

medium and an additional carbon source in the reaction. Upon trig
gering the flash, the capacitor discharged at 150 V, delivering a current 
of ~ 210A through the sample (Fig. 3c), heating the sample to a peak 
temperature of ~ 3200 ◦C within milliseconds, followed by rapid cool
ing (~103 ◦C/s) to room temperature (Fig. 3d). This process was 
accompanied by a bright light emission (Fig. 3b).

After treatment, a grayish black powdery sample was obtained. The 
XRD patterns (Fig. 3e) of the sample before flash heating revealed the 
existence of a small amount of SiO2 in the gasification ash. However, 
following the FJH process, the SiO2 peak completely disappeared, and 
distinct characteristic peaks of 3C-SiC were observed at 2θ values of 
35.58◦, 41.38◦, 59.96◦, 71.76◦ and 75.48◦, exhibiting strong intensity
[47,48]. Similarly, in the Raman spectrum of the raw material, weak 
carbonization peaks were observed at wavenumbers of 1340 cm− 1 and 
1590 cm− 1. After flash heating process, the characteristic transverse 
optical (TO, ~790 cm− 1) and longitudinal optical (LO, ~970 cm− 1) 
vibration peaks of 3C-SiC appeared (Fig. 3f)[36]. The Si2p core-level 
analysis from XPS results (Fig. 3g) provided additional evidence of the 
transformation of the Si element during the flash treatment. It was 
observed that Si–O (~104.1 eV) disappeared after the flash process, 
while a strong and distinct Si–C peak (~100.7 eV) emerged[49,50], 
which indicated the cleavage of Si–O bonds and the formation of Si–C 
bonds.

The synthesized materials were characterized using high-resolution 
transmission electron microscopy (HRTEM) with an energy dispersive 
spectrometer (EDS). HRTEM images revealed that the sample exhibited 
a granular morphology (Fig. 3h). Element mapping via EDS (Fig. 3i) 
indicated that the particles were predominantly composed of Si and C, 
with minimal detectable oxygen content. Higher magnification of the 
sample revealed well-defined lattice fringes (Fig. 3j) with an interplanar 
spacing of 0.252 nm, corresponding to the (111) plane of 3C-SiC 
(Fig. 3k). Additionally, a fast Fourier transform (FFT) of the HRTEM 
image produced a reciprocal space diffraction pattern (Fig. 3l), which 
correlated with the characteristic peaks observed in the XRD analysis 
(Fig. 3e). These results further confirmed the presence of 3C-SiC in the 
sample after flash heating. Overall, the characterization results 
demonstrated the successful synthesis of SiC from gasification ash 
through FJH treatment. Therefore, the pathway of SiC from the pyrolysis 

Fig. 2. Syngas generation efficiency of waste siloxane pyrolysis. a, The effect of steam-feed ratio changes from 0.0 to 3.0 on syngas production rate, LHV and 
carbon conversion, b, Syngas production by component, and c, composition at fixed pyrolysis temperature of 900 900 ◦C. d, The effect of pyrolysis temperature 
changes from 600 ◦C to 900 ◦C on syngas production rate, LHV and carbon conversion, e, Syngas production by component, and f, composition at a fixed steam-feed 
ratio of 2.0.

Table 2 
Siloxane pyrolysis and gasification pathways.

Siloxane + H2O → H2O + SiO2 + Gas1 + Char1 + Tar1 (1)
Tar1 + H2O → SiO2 + Gas2 + Char2 (2)

Char1 + Char2 + H2O → Gas3 (3)
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residues through the FJH method can be expressed as follows[36]: 

SiO2 +2C→SiC+CO2 (4) 

SiO2 +3C→SiC+2CO (5) 

Moreover, the XRD patterns exhibited graphene and weak Si charac
teristic peaks at 2θ of ~ 26.2◦ and ~ 28.4◦(Fig. 3e), respectively. The 
Raman spectrum further exhibited typical features of graphene (Fig. 3f), 
including the D peak (~1350 cm− 1), G peak (~1585 cm− 1), and 2D peak 
(~2700 cm− 1)[51]. Furthermore, the XPS spectrum identified the 
characteristic Si–Si peak at 99.3 eV (Fig. 3g). These results confirm the 
presence of graphene with low defects and trace amounts of crystalline 
silicon within the sample. Under the ultra-high temperature conditions 
of the FJH treatment, silicon-containing components (SiO2) in the ash 
were carbonized and reduced to SiC facilitated by the fixed carbon in the 
ash and the supplemented carbon black. Excess carbon element was 
converted into graphene and some of the SiO2 was converted to silicon. 
At high temperatures, the conversion reaction between silicon and sili
con carbide can occur due to the presence of carbon and silicon dioxide. 
Therefore, the byproducts of the FJH process can be expressed as: 

SiO2 +C→Si+CO2 (6) 

SiO2 +2C→Si+CO (7) 

SiO2 + SiC→2Si+CO2 (8) 

SiO2 +2SiC→3Si+2CO(g) (9) 

Si+C→SiC (10) 

C (amorphous)→C (graphene) (11) 

3.3. Factors affecting SiC synthesis

To further improve the efficiency of synthesizing SiC materials from 
gasification ash, we investigated factors influencing the flash process, 
including the resistance of material, the applied flash voltage, and the 
source of gasification ash. XRD patterns of the samples were used to 
evaluated the crystalline phase and purity product purity of the SiC, and 
the intensity of the SiC characteristic peaks in the XRD patterns were 

Fig. 3. Synthesis and characterization of SiC derived from siloxane derived gasification residue. a schematic of FJH reactor with samples filled into a quartz 
tube, b Picture of the sample in quartz tube during the FJH reaction. c. Real time current curve and d, temperature curve at discharge voltage of 150 V. e, XRD 
spectra, f, Raman spectra, and g, Si 2p core-level XPS spectra of the samples before (bottom) and after (top) FJH reaction with an input voltage of 150 V. h, TEM 
image and i, C (red), O (green) and Si (yellow) element mapping of synthesized SiC sample. j, HRTEM image of synthesized SiC sample with its k, zoom-in image and 
l, Fast Fourier Transform image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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used to evaluate the variations in SiC content.
By adjusting the resistance of the material through varying amounts 

of carbon black (Table S6), the samples were treated with flash heating 
at a capacitance voltage of 150 V. As shown in Fig. 4a, when the initial 
resistance exceeded ~ 10 Ω, the characteristic peak of 3C-SiC was weak, 
and a SiO2 peak at 2θ ~ 21.9◦ remain observable. However, when the 
initial resistance dropped below ~ 3 Ω, the characteristic peak of 3C-SiC 
increased significantly. To further quantify the SiC content, the peak 
area at 2θ ~ 35.6◦ was analyzed in conjunction with the flash heat 
release and the peak temperature variation with resistance at a fixed 
voltage (Fig. 4b). Results indicated that at the resistance of ~ 3 Ω, the 
highest flash temperature and heat release were achieved, leading to 
maximum SiC formation. Reducing the resistance to ~ 1 Ω by incor
porating additional carbon only increased the SiC content by 2.7 %, 
while the flash temperature and heat release decrease. Using the ther
modynamic data provided in Table S7, the Gibbs free energy changes 
for the SiC formation reactions (4) and (5) (Fig. S4a) were calculated, 
with their corresponding reaction temperatures determined to be 
approximately 2260 ◦C and 1480 ◦C, respectively. Under conditions of 
high electrical resistance, the instantaneous temperature can only reach 
a maximum of 2000 ◦C, rendering reaction (4) unlikely to occur. 
Moreover, the low carbon content associated with this reaction hinders 
the complete reduction of SiO2. Conversely, lower electrical resistance 
not only produces a favorable thermal effect, increasing the reaction 
temperature to above 2400 ◦C, but also ensures an adequate carbon 
supply to sustain the reaction. As shown in Fig. 4a, the characteristic 
peak at ~ 26.2◦ increased with more carbon black, indicating enhanced 

graphene formation. Therefore, maintaining a resistance of 3 Ω is 
optimal for to maximizing SiC generation.

Fig. 4c-d illustrated the material properties and temperature char
acteristics under a fixed material resistance of 3 Ω when subjected to 
different flash voltages. At lower voltages (100 V and 110 V), the specific 
heating energy applied to the material was only 11.7 J/mg and 13.1 J/ 
mg, respectively. Based on the thermodynamic data in Table S7, the 
Gibbs free energy changes for reactions (6)-(10) were calculated 
(Fig. S4b-c). The calculated results indicate that the threshold temper
atures for forward reactions (6)-(9) are 2560 ◦C, 1640 ◦C, 2070 ◦C, and 
2830 ◦C, respectively, while reaction (10) is thermodynamically favor
able below 8000 ◦C. This indicated that elemental silicon can be pre
dominantly produced at relatively lower reaction temperatures under 
sufficient carbon supply. As the applied voltage increased, the heating 
energy supplied to the material also rose steadily. When the voltage 
exceeded 150 V, the maximum flash temperatures surpassed 2500 ◦C, 
and the specific heating energy exceeded 20J/mg. At these elevated 
temperatures, conditions became favorable for SiC formation and 
elemental Si transition[36]. With a gradual increase in flash voltage, the 
intensity of the SiC characteristic peak correspondingly increased, 
consistent with the rise in specific heating energy and maximum flash 
temperature. This trend suggests that the higher flash voltages enhance 
material heating, facilitating scalable synthesis of SiC, while simulta
neously suppressing the formation of the byproduct Si.

The effect of SFR on the flash process was examined, given that SFR 
variations during gasification influence the carbon conversion rate and, 
consequently, the carbon content in the gasification ash. As the SFR 

Fig. 4. Optimization of operation conditions during SiC synthesis. a-b, Effect of initial resistance and c-d, discharge voltage on the XRD spectra, corresponding 
SiC content intensity, heat released by capacitors discharge, and peak temperature. (SiC content intensity is represented by intensity of its characteristic peak at 2θ =
35.6◦ in the XRD spectra.).
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increased from 0 to 3, the color of ash (Fig. 5a) transitioned from black 
(SFR = 0.0) through brown (SFR = 1.0) to grayish-white (SFR = 2.0 or 
3.0), consistent with the carbon conversion trends in Fig. 2a. In this 
study, materials were prepared using gasification ashes collected under 
900 ◦C pyrolysis condition with fixed FJH parameters (resistance: 3 Ω, 
flash voltage: 150 V). Notably, as the SFR increases, the required amount 
of carbon to achieve the target resistance decreased, indicating 
enhanced conductivity of gasification ash at higher SFR (Table S8). XRD 
patterns of the obtained materials (Fig. 5b) confirmed the successful 
synthesis of SiC. Further analysis of the exothermic properties and SiC 
content during the flash process (Fig. 5c) demonstrated that, at an SFR of 
2.0, the material could be heated to over 3600 ◦C with a maximum 
heating energy of 30.6 J/mg. This condition achieved the highest SiC 
production efficiency. However, further increasing the SFR during the 
pyrolysis process slightly suppressed the SiC yield.

To investigate the differences in silicon carbide yield from the resi
dues under varying SFRs during FJH process, multiple characterization 
techniques were employed to elucidate the underlying mechanisms. TG 
and DTG analyses under nitrogen atmosphere (Fig. 5d and Fig. S5) 
revealed three distinct stages: The initial weight loss (200–600 ◦C) was 
attributed to the volatilization of incompletely pyrolyzed siloxanes, 
followed by a stable stage (600–850 ◦C), with the third stage 
(850–1200 ◦C) corresponding to further carbon condensation and sili
con oxide formation. At an SFR of 2.0, the ash exhibited negligible 
weight loss (9.3 %) at 850 ◦C compared to 26.1 % for SFR = 0.0. This 
trend continued at 1200 ◦C with 34.4 % versus 44.5 %. The DSC results 
(Fig. 5e) demonstrated that as the SFR increased from 0.0 to 3.0, the 
maximum heat flow during ash heating from room temperature to 
1200 ◦C decreased from 29.1 mW/mg to 10.1 mW/mg, indicating 
reduced energy consumption required to reach the same targeted 
temperature.

The C1s core-level XPS spectra of the pyrolysis residue (Fig. S6) 
reveal that an increase in SFR alters the carbon element properties in the 
pyrolysis residue[52]. Specifically, the relative content of sp2/sp3 car
bon increased from 8.42 % (SFR = 0.0) to 43.84 % (SFR = 2.0) (Fig. 5f), 
followed by a notable increase to 97.15 % at SFR of 3.0. Moreover, the 
FTIR spectra (Fig. S7) demonstrate that the concentration of silicon 

oxide increased with the SFR increasing, which suggested a corre
sponding decreased in the carbon content of the ashes.

These results collectively demonstrate that higher SFR not only en
hances the yield and quality of syngas, but also modifies the physico
chemical properties of the resulting residues, ultimately influencing the 
SiC formation during FJH process. As the SFR increased from 0 to 3, the 
reduced volatile content in the ashes led to a significant decrease in the 
energy consumption required to reheat the ash to the same temperature. 
This observation further confirmed that peak temperatures during FJH 
reached were achieved at an SFR of 2.0 (Fig. 5c). Furthermore, the re
sidual carbon in the ash exhibited various forms, with aromatic carbon 
contents increasing as the SFR rose, which promotes SiC formation at 
elevated temperatures.

3.4. WEG performance of the SiC based materials

Joule heating-generated silicon carbide not only exhibits high 
hardness and heat resistance, but also exhibits excellent electrical 
properties due to its content of graphene. The incorporation of graphene 
layers introduces capillary channels for water molecules (Fig. S8), 
facilitating their diffusion through capillary action[53]. Furthermore, 
the inherent negative electrical properties of SiC[54], combined with 
the graphene surface, enable the formation of cation channels, thereby 
enhancing charge transport[55]. Consequently, the hybrid composition 
of SiC and graphene offers emerges as an ideal conductive material for 
water evaporation-induced electricity generators (WEGs)[56]. To 
fabricate this composite, SiC and graphene materials were synthesized 
by using a simple in situ dip coating and drying method[57] on PET non- 
woven fabric substrate (Fig. 6a).

Fig. 6b and 6c illustrate the open circuit voltage (VOC) and short 
circuit current (ISC) characteristics of synthetic graphene-based WEGs 
(G-WEGs, dotted line) and SiC-graphene composite-based WEGs (SC- 
WEGs, solid line) under varying loaded material with different re
sistances. As the resistance decreases, both the VOC decrease and the ISC 
increase for both WEG types, with SC-WEGs exhibited better electrical 
response. The SC-WEG achieved a maximum VOC of of 502 mV at ~ 16 
kΩ, and a maxium ISC of 9.80 μA at ~ 8 kΩ, representing a 21–39 % 

Fig. 5. Effect of steam-feed ratio on SiC synthesis. a, Optical photographs of the pyrolysis residues, b, Effect of SFR on the XRD spectra and c, corresponding SiC 
content intensity, heat released by capacitors discharge, and peak temperature. d, TG curves and e, DSC curves ranging from 100 ◦C to 1200 ◦C in nitrogen at
mosphere. f, C–C sp3 and sp2 peak area and sp2 to sp3 relative area proportion of pyrolysis residues in C 1 s core-level XPS spectra.
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improvement over G-WEGs. Compared to other similar WEGs (Fig. S9), 
the SiC-graphene composite material synthesized via FJH from pyrolysis 
residue provides an enhanced electrical signal output capability, high
lighting its potential for sensor applications.

4. Conclusion

In summary, a two-step thermochemical process combining steam 
gasification and flash Joule heating (FJH) was developed to upcycle 
organic siloxane waste into H2-enriched syngas and silicon carbide 
(SiC). By optimizing the steam-to-feed ratio (SFR) and reaction tem
perature, a carbon conversion rate of 75.9 % was achieved at 800 ◦C 
(SFR = 2), with a maximum syngas yield of 42.23 mmol/g observed at 
900 ◦C. The pyrolysis residue was effectively transformed into a SiC- 
graphene composite using FJH method. The enhanced SiC formation 
efficiency at SFR = 2 indicates that effective siloxane gasification 
significantly facilitates the subsequent FJH process, likely due to the 
reduction in volatiles and increased aromatic carbon content in the 
pyrolysis residue. The resulting SiC based material demonstrated supe
rior electricity generation during water evaporation compared to the 
flash graphene. This process achieves complete recycling of carbon and 
silicon from siloxane waste without generating by-products, offering a 
sustainable and scalable approach for siloxane waste management and 
upcycling, supporting circular economy initiatives.
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