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Abstract  

Fabricating durable and high-performance electrocatalysts operating at high current densities for 

industrial acidic hydrogen evolution remains a daunting challenge. Tailoring the phase 

composition of electrocatalysts is a promising strategy to harness synergistic effects and improve 

charge transfer, thereby optimizing their performance. This work presents a fast, green method 

based on flash joule heating (FJH) to synthesize phase-engineered tungsten carbide 

electrocatalysts for the acidic hydrogen evolution reaction (HER) at high current densities. 

Tungsten carbide electrodes with varying FJH treatment durations (3, 10, 30, and 60 seconds) are 

fabricated to fine-tune the mixture of tungsten monocarbide (WC) and tungsten semicarbide 

(W2C) phases. Results show that samples with a 30-second treatment (TC-3) exhibit an optimal 

balance between these phases, leading to a low overpotential of 387 mV at a high current density 

of 4 A/cm2. Notably, the TC-3 electrocatalysts remain stable for over 6 days at 4 A/cm2 due to 

their controlled phases and excellent corrosion-resistant properties. This work highlights a new 

method to fabricate cost-effective, high-performance tungsten carbide electrocatalysts with well-

controlled phase compositions. 
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1. Introduction 

The excessive reliance on fossil fuels has led to severe environmental pollution and global 

warming, creating an urgent need for renewable and clean energy sources as alternatives1,2. 

Hydrogen has emerged as a promising energy carrier for meeting clean energy demands due to 

its high energy density and environmentally benign properties3. Electrocatalytic hydrogen 

production offers an economical and efficient approach to achieving a closed carbon cycle4. 

Currently, platinum (Pt) stands as the most efficient electrocatalyst for the hydrogen evolution 

reaction (HER) in acidic media due to its favorable electronic structure, which facilitates 

moderate binding energy with hydrogen ions, a crucial attribute for achieving efficient catalytic 

performance5,6. The Pt catalysts for the HER in acidic media suffer from two major limitations 

including their high cost, which hinders large-scale production7, and performance deterioration at 

high current densities due to catalyst restructuring issues8,9. 

Transition metal (e.g., Mo, W) carbides (TMCs) have been considered as promising alternatives 

to Pt catalysts for HER due to their low cost and Pt-like electronic structures10. Particularly, 

tungsten carbide shows exceptional performance (e.g., low overpotential and long-term stability) 

at high current densities stemming from its corrosion resistance nature and high electronic 

conductivity11. Tungsten carbide possesses multiple phases, such as tungsten monocarbide (WC) 

and tungsten semi-carbide (W2C), exhibiting diverse electrocatalytic properties for HER12. The 

synergetic effects of these phases can lead to improved HER activity by modulating the 

hydrogen adsorption energy due to different interactions and charge transfer mechanisms at the 

phase interfaces13,14. Despite recent studies on molybdenum carbide phase optimization in 

alkaline media15, little work has been reported on optimizing tungsten carbide phases for 
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hydrogen evolution reaction (HER) at high current densities (> 3 A/cm2) in acidic media16. Thus, 

optimizing the composition of different tungsten carbide phases is crucial to improving the HER 

activity of the catalyst.  

In this study, a rapid, cost-effective, and environment-friendly method based on flash Joule 

heating (FJH) has been implemented to fabricate tungsten carbide catalysts with optimized 

phases, as efficient alternatives to Pt, for high-performance acidic hydrogen production at 

industrial-level current densities. A series of tungsten carbide electrodes were synthesized with 

different FJH durations (3, 10, 30, and 60 seconds) to tailor the phase composition of WC and 

W2C. The results revealed that the sample synthesized for 30 seconds (denoted as TC-3) 

exhibited the optimal performance at a high current density of 4 A/cm2, attributed to the 

optimized ratio of WC to W2C phases and resulting synergistic effects. Remarkably, the TC-3 

sample demonstrated exceptional stability, maintaining its performance for over 6 days of 

continuous operation at 4 A/cm2, ascribed to the inherent corrosion-resistant properties of 

tungsten carbide and strong tungsten-carbon bonding. This work paves the way for the scalable 

production of cost-effective and robust tungsten carbide catalysts outperforming Pt, particularly 

for high-current-density industrial hydrogen production applications where high throughput and 

long-term stability are crucial.  

2. Experimental section 

2.1. Preparation of the tungsten carbide electrode 

Carbon papers (MGL 190, Fuel Cell Earth Co.) were cleaned in a sonication process using 

acetone (Sigma Aldrich), followed by 2-propanol (Fisher Scientific Co.), and then deionized (DI) 

water. Subsequently, the surface of carbon papers was treated by air plasma (Harrick Plasma) at a 

medium intensity of 10.5 W for 1 minute to become hydrophilic. A 0.5 M sodium tungstate 
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(Na2WO4, STREM Co.) solution was prepared by dissolving 1649.3 mg of the salt precursor in 

10-mL DI water with the assistance of sonication for 15 minutes (Fig. 1a). Carbon paper 

substrates (8mm×20mm) were immersed in the prepared solution for 20 minutes and then dried 

for 30 minutes at 60 ºC in an oven. To synthesize tungsten carbides, the prepared samples were 

sandwiched between two pieces of graphite felts, and the temperature was ramped up to 900 ºC 

by FJH within one second (Fig. 1b and c). Tungsten carbides were synthesized for durations of 3, 

10, 30, and 60 seconds, corresponding to samples denoted as TC-1, TC-2, TC-3, and TC-4, 

respectively. Following the fabrication of tungsten carbide on carbon paper substrates, the 

samples were washed multiple times with ethanol and DI water to remove any salt residues.    

 

Figure 1- (a) Schematic of the fabrication process of tungsten carbide electrocatalyst using a carbon paper substrate, 

(b) schematic of the FJH experimental setup to fabricate tungsten carbide electrocatalyst, (c) Temperature-time 

curves during the FJH process. 
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2.2. Characterization 

The phase composition of the samples was analyzed by X-ray diffraction within the range from 

30º to 70º (XRD, Bruker D8 P-XRD) using Cu Kα radiation (λ = 1.5418 Å). The morphology of 

as-prepared tungsten carbides was studied by scanning electron microscopy (SEM, Zeiss Supra 

40). The chemical analysis of the samples was conducted by high-resolution X-ray photoelectron 

spectroscopy (XPS, Versa probe Ⅱ). The pass energy and energy step size for XPS were chosen 

to be 50 eV and 0.1 eV, respectively. Raman spectra were collected using Horiba Raman 

microscope with an excitation laser of 532 nm at a magnification of 50X.  

2.3. Electrochemical measurements 

A three-electrode configuration was used for the electrochemical measurement in 0.5 M H2SO4 

aqueous electrolyte solution (pH ≈ 0.3). In the electrochemical tests, voltage and current were 

controlled and measured by a potentiostat (Gamry interface 1010E). A graphite rod and an 

Ag/AgCl electrode were employed as counter and reference electrodes, respectively. The 

activation of tungsten carbide electrodes was implemented by performing cyclic voltammetry 

(CV) for 50 cycles. Linear scan voltammetry (LSV) was carried out with a scan rate of 2 mV/s. 

The stability tests were conducted by using chronopotentiometry techniques. All of the potential 

values are reported after iR compensation and versus reversible hydrogen electrode (RHE), 

which were calculated using the following equation17: ERHE = EAg/AgCl + E°Ag/AgCl + (0.059 × pH). 

In the above equation, ERHE represents the calculated potential versus the RHE, EAg/AgCl denotes 

the measured potential relative to the Ag/AgCl reference electrode, and  E°Ag/AgCl is the standard 

electrode potential (E° = 0.197 V at 25 ºC) for the Ag/AgCl electrode. 

3. Results and discussion 
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The XRD patterns of the samples prepared by different FJH durations (i.e., TC-1, TC-2, TC-3, 

and TC-4) are shown in Fig. 2a and coincide with those reported in prior work18, confirming the 

successful synthesis of tungsten carbides in all these samples. Moreover, varying the FJH 

duration effectively influences the phase compositions such as tungsten (W), WC, and W2C 

phases in the products and their relative quantities. As shown in Fig. 2a, TC-1 exhibits 

characteristic peaks located at 34.6º, 38.1º, and 39.5º corresponding to the hexagonal W2C 

phase19, while TC-2, TC-3, and TC-4 display characteristic peaks for both hexagonal WC and 

W2C phases. This phenomenon suggests that the ratio of WC to W2C peaks increases with the 

FJH treatment duration, and the characteristic peaks associated with the elemental W disappear 

when the fabrication duration is longer than 3 s. We believe that the carbon source for the 

synthesis of tungsten carbides originate from the carbon fiber substrate itself, a similar 

phenomenon observed in the prior work20. 

Raman spectroscopy provides additional information about the structures of FJH-synthesized 

samples. For TC-1, a characteristic peak is observed at around 686 cm-1, corresponding to the W-

C stretching mode. However, this peak becomes broader and weaker for TC-2, TC-3, and TC-4, 

as the phase-pure WC emerges21. The peak located at approximately 250 cm-1 is ascribed to 

oxygen bonding (i.e., WC-O), which is due to the oxidation of the sample surface in air. The W-

C bonding is further confirmed by XPS data (Fig. S1-S4), with no detectable oxygen bonding to 

tungsten or carbon, ruling out the formation of tungsten oxides. Furthermore, three main 

characteristic peaks are observed in all the samples at approximately 1340, 1594, and 2700 cm-1, 

attributed to the D-band (diamond-like carbon), G-band (graphitic carbon), and 2D-band (layered 

structure of graphite or graphene), respectively (Fig. S5)22. The relative intensity ratio of the G-

band to D-band, indicative of the graphitic degree of the carbon content, exhibits a direct 
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relationship with the FJH synthesis duration of tungsten carbides, suggesting a more well-

defined crystalline structure with increasing FJH durations23,24.  

 

Figure 2- (a) XRD patterns and (b) Raman spectra of tungsten carbide electrocatalysts with different FJH durations. 

 

The microstructural morphology of the synthesized tungsten carbide samples by FJH was 

investigated by SEM. Specifically, TC-1 exhibits the uniform formation of densely connected 

nanoparticles with sizes ranging from 30 to 50 nm (Fig. 3a and b). For TC-2, connected 

nanoparticles ranging from 50 to 260 nm in size cover the entire carbon fiber surface forming a 

porous-like structure (Fig. 3c and d). Moreover, a porous structure comprised of uniform 

nanoparticles with an average size of approximately 70 nm forms on the surface of the TC-3 

catalyst (Fig. 3e and f), resulting in a higher surface area and more active sites for the HER 

compared to the other catalysts. In addition, the element distribution of tungsten is uniform 

throughout the catalysts, suggesting well-dispersed active sites for effective HER (Fig. S6). As 

https://doi.org/10.26434/chemrxiv-2024-tl9wv ORCID: https://orcid.org/0000-0002-9434-3957 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-tl9wv
https://orcid.org/0000-0002-9434-3957
https://creativecommons.org/licenses/by/4.0/


8 

 

shown in Figs. 3g and h, a dense layer is formed on the surface of carbon fiber, indicating the 

tungsten carbide particles are sintered to be interconnected, which can hinder effective HER.  

 

Figure 3- SEM images of tungsten carbide electrocatalysts with different FJH durations: (a, b) TC-1 (3 s), (c, d) TC-

2 (10 s), (e, f) TC-3 (30 s), (g, h) TC-4 (60 s). 

 

The HER performance of the synthesized tungsten carbide samples with different FJH durations 

was evaluated in an acidic environment using LSV. Fig. 4a depicts the polarization curves 

obtained in 0.5 M H2SO4 for all fabricated tungsten carbide samples and a commercial Pt/C 

catalyst. The overpotential of TC-4 at a current density of 10 mA/cm2 was determined to be 

180.97 mV, which is the lowest among the tungsten carbide samples but higher than that (44.19 

mV) of Pt/C. The overpotentials of TC-1, TC-2, and TC-3 catalysts were 239.02 mV, 194.98 mV, 

and 187.57 mV, respectively, indicating a decrease in overpotential with increasing FJH synthesis 

durations. This trend may be attributed to the co-existence of three active components (W, WC, 

and W2C) and their potential synergistic effects, resulting in modulated hydrogen binding energy 

and enhanced charge transfer kinetics25. At a high current density of 4 A/cm2, TC-3 exhibited the 

best performance (η = 387 mV) among the fabricated tungsten carbide samples, significantly 

outperforming TC-1 (469.73 mV) and TC-4 (418.39 mV). Remarkably, TC-3 also outperformed 

Pt/C at current densities exceeding 630 mA/cm2, demonstrating its exceptional kinetics at high 
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current densities. The superior hydrogen evolution performance of TC-3 suggests the importance 

of the synergetic effect between the two phases (i.e., W2C and WC) and especially their 

improved interface charge transfer.  

The Tafel plot analysis (Fig. 4b) provides further insights into the kinetics of the HER for the 

synthesized tungsten carbide samples. The Tafel slopes of TC-1 to TC-4 fall within a similar 

range of 53.7, 51.8, 53.7, and 60.5 mV/dec, respectively. These values are significantly larger 

than the Tafel slope of 29.53 mV/dec observed for the Pt/C, suggesting more sluggish kinetics at 

low current densities compared to Pt/C. Based on the Tafel plot data, the rate-determining step 

for the tungsten carbide samples is likely the Heyrovsky reaction (electrochemical desorption of 

H2) at low current densities15. Furthermore, as shown in Fig. 4c, the Tafel slopes of the tungsten 

carbide samples remain below 120 mV/dec across different current density ranges, indicating 

rapid kinetic processes even at high current densities. Notably, TC-3 exhibits higher rapid 

kinetics compared to TC-1, TC-2, and TC-4, which can be attributed to a lower reaction 

resistance of TC-3 compared to the other samples. Such a lower reaction resistance of TC-3 can 

be linked to the optimized compositions of WC and W2C phases. It should be noted that the HER 

kinetics for all the tungsten carbide samples appear faster than that of Pt/C at current densities 

larger than 100 mA/cm2, indicating the superior HER performance of FJH-fabricated tungsten 

carbide catalysts operating at high current densities.  

Long-term stability is a crucial performance indicator for HER catalysts, particularly in acidic 

environments. The durability of the optimized TC-3 catalyst was evaluated by conducting 

stability tests at a high current density of 4 A/cm2. Remarkably, the TC-3 catalyst demonstrates 

exceptional stability, maintaining a constant potential over an extended period of continuous 

electrolysis exceeding 150 hours (> 6 days), as evident from Fig. 4d. The exceptional 
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performance of TC-3 (e.g., long-term stability and low overpotential) at an ultrahigh current 

density of 4 A/cm2 stands among the best electrocatalysts reported in prior work for acidic HER 

(Table S1)26–29. The outstanding stability of the TC-3 catalyst can be attributed to the inherent 

corrosion resistance of tungsten carbides and the strong bonding between tungsten carbide and 

the substrate formed during the synthesis process.  

 

Figure 4 - Comparative performance of Pt/C electrocatalyst and tungsten carbide electrocatalysts with different FJH 

durations: (a) polarization curves, (b) Tafel curves, (c) ratios of Δη/Δlog|j|, (d) long-term stability test for TC-3 

electrocatalyst at 4 A/cm2 with iR compensation. 

 

 

4. Conclusion  

A facile and rapid FJH method has been successfully employed to synthesize tungsten carbide 

electrocatalysts with well-controlled phase compositions, demonstrating exceptional acidic HER 
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catalytic activity, particularly at high current densities. The tungsten carbide electrocatalysts were 

synthesized with varying FJH durations to tailor the phase composition, enabling the coexistence 

of WC and W2C phases and capitalizing on their potential synergistic effects. Notably, the TC-3 

catalyst outperformed other tungsten carbide catalysts, with a low overpotential (387 mV) 

achieved at a high current density of 4 A/cm2. Moreover, the TC-3 catalyst showcases its 

exceptional stability by maintaining a constant potential during continuous electrolysis for over 

150 hours (>6 days), which sets it among the best acidic HER electrocatalysts. This outstanding 

combination of high efficiency and exceptional stability renders the TC-3 catalyst a promising 

candidate for industrial-scale hydrogen production applications. 
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