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In this study, boron (B-Mo) and carbon (C-Mo) were synthesized via chemical vapor deposition (CVD) on bulk 

molybdenum substrate to investigate the comparative effects of dopant species on material structure and HER 

performance in acidic media. Structural characterization revealed that C-Mo exhibited amorphous carbon layers 

with partially disordered graphitic domains, whereas B-Mo formed uniform boron-rich layers with increased 

surface roughness and porosity. Electrochemical testing in 0.5 M H₂SO₄ showed that B-Mo achieved a lower 

overpotential of 439 mV at 10 mA/cm² compared to 456 mV for C-Mo, indicating superior HER activity for boron 

doping. Tafel slope analysis supported this trend, with B-Mo exhibiting a slope of 296 mV ·dec⁻¹ and 282 

mV·dec⁻¹ for C-Mo, suggesting almost equivalent kinetics. The relationship between dopant type, surface 

morphology, and electrochemical behavior was systematically explored to identify the optimal dopant for HER 

enhancement. This work provides important insights into the rational design of doped molybdenum 

electrocatalysts and advances the development of cost-effective materials for sustainable hydrogen production. 

1. Introduction 

Hydrogen production via water electrolysis is a promising clean energy solution. It involves two half-reactions: 

the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode 

(Soriano et al., 2023). HER entails the reduction of protons (in acidic media) or water molecules (in alkaline 

media) to generate hydrogen gas (H₂) (Wei et al., 2007). The HER proceeds through three main steps, which 

are Volmer step (formation of adsorbed hydrogen (Hads), Heyrovsky step (electrochemical combination of a 

proton with Hads to form H₂), and Tafel step (chemical recombination of two Hads species to release H₂ gas) 

(Ramji et al., 2025). Introducing metalloids like boron into the lattice or surface of molybdenum offers a viable 

pathway to modulate the electronic configuration and local chemical environment of active sites (Saini et al., 

2023). Boron doping into Mo has been shown to effectively alter the binding energies of key intermediates, 

thereby improving reactivity, selectivity, and long-term durability in electrochemical reactions such as the 

hydrogen evolution reaction (HER) (Wang et al., 2017). On the other hand, carbon doping contributes 

significantly to enhanced conductivity and defect generation, which facilitates charge transfer and intermediate 

adsorption (Kou et al., 2020).  Combining both dopants or systematically comparing their effects may offer 

synergistic advantages, where boron's electron-deficient nature and carbon's electron-donating properties 

jointly influence the local electron density and hydrogen adsorption energy (Shiva Kumar and Himabindu, 2020). 

These modifications enable fine control over the Volmer, Heyrovsky, and Tafel steps of HER(Shinagawa et al., 

2015). SEM-EDX-Mapping, along with electrochemical characterization, has provided insights into how the 

individual doping of boron and carbon tunes surface reactivity at the microstructure. 

Recent studies show that dopant engineering improves molybdenum-based catalysts for water splitting (Hua et 

al., 2020). However, direct comparisons of boron and carbon doping effects on molybdenum under identical 

conditions are still limited. This study compares the impact of boron and carbon doping on the HER activity of 
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molybdenum sheet. Doping was done separately via CVD, and the samples were characterized for surface 

morphology, elemental distribution, and electrochemical behavior. This work aims to determine the optimal 

dopant (boron or carbon) for enhancing HER activity and to evaluate how each dopant influences the charge 

transfer characteristics and hydrogen adsorption behavior. The insights gained from this study are expected to 

contribute to the rational design of next-generation, non-noble metal-based electrocatalysts for sustainable 

hydrogen production. 

2. Methodology 

2.1 Materials Preparation 

Molybdenum (Mo) sheet (99.9 % purity; dimensions: 150 mm × 300 mm × 50 mm) was used as the substrate. 

The Mo sheet pieces were dissolved in ethanol for 5 min, followed by rinsing in distilled water for 5 min, and 

finally in isopropanol (IPA) for 5 min to remove surface contaminants. The cleaned Mo sheet was placed on a 

porcelain boat and inserted into a horizontal quartz tube (inner diameter: 25.4 mm; length: 40 cm) at room 

temperature. 

2.1.1 Carbon Doping Process (C-Mo) 

The quartz tube was sealed and purged with an Ar/H₂ gas mixture for 30 min at atmospheric pressure to 

eliminate residual air. While maintaining the Ar/H₂ flow, the system was heated to 700 °C at a ramp rate of 

11.25 °C/min. The Mo sheet was annealed at 700 °C for 60 min under the Ar/H₂ environment to enhance surface 

smoothness, reduce native oxides, and promote grain growth. Following the annealing step, a carbon source 

was introduced by heating sucrose powder (Kumar et al., 2018) upstream to thermally decompose it into carbon 

and water vapor according to the Eq(1). 

𝐶12𝐻22𝑂11(𝑠)
∆
→ 12𝐶(𝑔) + 11𝐻2𝑂(𝑙) (1) 

The resulting carbon atoms in the gas phase interacted with the Mo surface, leading to their adsorption and 

incorporation in Eq(2): 

𝐶(𝑔) + 𝑀𝑜(𝑠) → 𝐶 − 𝑀𝑜(𝑠) (2) 

The generated carbon atoms were carried downstream by the Ar/H₂ flow and deposited onto the Mo surface, is 

represented in Eq(2). This in-situ decomposition synergistically enabled a uniform supply of reactive carbon 

species, facilitating carbon incorporation onto the Mo sheet at 700 °C. The carbon growth was maintained at 

700 °C for 60 min with a constant total gas flow rate of 150 sccm. Upon completion of the growth process, the 

heating of the sucrose powder was stopped, effectively ceasing the generation of carbon vapor. The system 

was then allowed to cool to room temperature under continuous Ar/H₂ flow to prevent oxidation and preserve 

the carbon-doped surface. 

2.1.2 Boron Doping Process (B-Mo) 

A separate porcelain crucible containing a solid pellet mixture of sodium borohydride (NaBH₄) and iodine (I₂) in 

a 2:1 molar ratio for the formation of diborane gas (Gigante, 2020) was placed upstream from the sample zone. 

Upon heating, the components reacted according to Eq(3): 

2𝑁𝑎𝐵𝐻4(s) +  𝐼2(𝑠)  
∆
→ 𝐵2𝐻6(g) + 2𝑁𝑎𝐼(𝑠) + 𝐻2(𝑔) (3) 

Followed by thermal decomposition of diborane to supply elemental boron (Mazaheri et al., 2021) in Eq(4): 

𝐵2𝐻6(𝑔) 
∆
→ 2B(s) + 3𝐻2(𝑔) (4) 

The atomic boron produced was carried by the Ar/H₂ stream and deposited onto the Mo surface through 

adsorption and incorporation processes, which represented in Eq(5): 

𝐵(𝑔) + 𝑀𝑜(𝑠) → 𝐵 − 𝑀𝑜 (𝑠) (5) 

The pellet form ensured a gradual and localized release of volatile boron species during the doping process. 

This mixture serves as the boron source and decomposes to release volatile boron-containing species during 

heating. After sealing the quartz tube, it was purged with an Ar/H₂ (95:5) gas mixture at a total flow rate of 

150 sccm for 30 min to expel residual air. Under continuous Ar/H₂ flow, the furnace temperature was increased 

to 700 °C. Once the target temperature was reached, the 2NaBH₄/I₂ mixture was gradually heated by moving 

the upstream crucible into the heating zone or by applying a separate heating mantle to initiate sublimation and 

reaction. The boron doping process was maintained for 60 min at 700 °C at a ramp rate of 11.25 °C/min, during 
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which boron species were carried downstream by the Ar/H₂ flow to react with the Mo substrate. After 60 min of 

reaction, the heating was turned off, and the system was allowed to cool naturally to room temperature under 

continuous Ar/H₂ flow. The resulting boron-doped Mo samples were collected and stored in an inert atmosphere 

until further use or characterization according to Eq(5). The use of systematic doping (boron and carbon) on 

molybdenum foils via identical CVD conditions and subsequent electrochemical testing allows for a controlled 

comparison of their individual effects on HER performance. This approach ensures that any observed 

differences in catalytic activity can be attributed primarily to the dopant type rather than other variables. 

2.2 Instrumentations for structural and compositional characterization 

The structural and compositional properties of the materials were analyzed using several techniques. Optical 

microscopy (Meiji Techno MT4000) was employed for surface morphology observation, while scanning electron 

microscopy (SEM, Hitachi S-3400N) with energy-dispersive X-ray spectroscopy (EDX, Bruker XFlash, 

Germany) was used to obtain high-resolution images and elemental composition of the samples.  

2.3 Electrochemical study 

A three-electrode system was employed to evaluate the electrochemical performance of the electrocatalysts. 

The reference electrode was an Ag/AgCl electrode, and a platinum wire served as the counter electrode. Bare 

molybdenum (Mo), carbon-doped Mo (C–Mo), and boron-doped Mo (B–Mo) samples synthesized at 700 °C 

were used as working electrodes. Linear Sweep Voltammetry (LSV) measurements were performed using a 

ZIVE Smart Manager potentiostat/ galvanostat system. The experiments were conducted in 0.5 M H₂SO₄ 

electrolyte at room temperature. All measurements were carried out within a potential window suitable for 

observing the hydrogen evolution reaction (HER), using a scan rate of 10 mV/s. 

3. Results and Discussion 

3.1 Morphology and Structural of Mo, C-Mo, and B-Mo 

The optical microscopy images in Figure 1a-c, provide a macroscopic view of the samples, revealing distinct 

visual differences among bare Mo, B-Mo, and C-Mo, all treated at 700 °C. The bare Mo (Figure 1a) surface 

appears smooth and reflective with minimal surface features. Upon doping, the B–Mo (Figure 1c) sample shows 

a moderately darkened appearance with visible textural changes, while the C–Mo (Figure 1b) sample exhibits 

the darkest surface among the three, suggesting a thicker or denser carbon deposition. The progressive 

darkening trend (bare Mo < B–Mo < C–Mo) generally reflects increased surface modification, but the B–Mo 

structure appears to balance surface roughness. These initial observations were further supported by SEM 

analysis, which revealed enhanced surface porosity in the B–Mo sample, contributing to its catalytic 

performance. 

Figure 1: Optical microscope Images of (a) Bare Mo Foil, (b) C-Mo, (c) B-Mo 

SEM analysis (Figure 2) provides detailed insights into the microstructural variations among the samples, further 

validating the textural differences observed in optical microscopy. As shown in Figure 2a, the surface of bare 

Mo is relatively smooth with minimal porosity, indicative of a pristine metallic substrate. In contrast, C–Mo sample 

(Figure 2b) exhibits a bulky and dense surface morphology, suggesting the formation of thick carbonaceous 

layers with limited porosity. This dense coverage may hinder the accessibility of active sites and restrict reactant 

diffusion, potentially reducing electrocatalytic efficiency. Interestingly, B–Mo sample (Figure 2c) displays a 

markedly more porous microstructure, with fine, interconnected features distributed across the surface. This 

porosity is favorable for HER activity, as it increases the electrochemically active surface area and facilitates 

better interaction between the catalyst and electrolyte. These findings clearly demonstrate that the nature of the 

dopant significantly influences the surface architecture of Mo-based catalysts. While C–Mo shows extensive 

surface modification, its bulky structure may not be ideal for catalysis. Conversely, B–Mo achieves a desirable 

balance of porosity and surface roughness, which correlates with its superior HER performance. 
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Figure 2: SEM images of a (a) Bare Mo, (b) C-Mo, and (c) B-Mo 

EDX with elemental mapping (Figure 3) confirms that all samples are primarily composed of Mo as the dominant 

element. In the C–Mo, a significant carbon signal is detected, confirming successful carbon incorporation during 

the doping process. In contrast, B–Mo exhibits traces of iodine (I), sulfur (S), and oxygen (O). distributed across 

the surface, along with a minor iodine signal, which likely originates from the use of iodine as a facilitating agent 

during the boron doping reaction. This suggests effective interaction or substitution of boron within or on the Mo 

surface, even at trace levels. Additionally, B–Mo samples show minor levels of sulfur (S) and oxygen (O). These 

elements are likely due to environmental exposure, surface oxidation, or residual impurities, and are not part of 

the intended material composition. Oxygen is especially associated with the rapid formation of a native oxide 

layer on Mo upon exposure to air, while sulfur may originate from contamination during processing or storage. 

The elemental mapping at 700 °C demonstrates a relatively uniform distribution of the dopants across the Mo 

surface in both C–Mo (Figure 3a) and B–Mo (Figure 3b) samples. In C–Mo, carbon is seen coating the surface 

densely, while in B–Mo, the elemental maps confirm the presence of dispersed boron and iodine, despite their 

low concentration.  

 

Figure 3: EDX-mapping of a (a) C-Mo and (b) B-Mo 

3.2 Electrochemical Performance of Mo, C-Mo, and B-Mo 

Figure 4a shows the polarization curves of bare Mo, C–Mo, and B–Mo synthesized at 700 °C in 0.5 M H₂SO₄. 

Linear sweep voltammetry (LSV) was used to evaluate their HER activity. B–Mo exhibits the lowest overpotential 

(η₁₀ ≈ 439 mV), followed by C–Mo (η₁₀ ≈ 456 mV) and bare Mo (η₁₀ ≈ 466 mV), indicating the beneficial effect 

of boron doping. While C–Mo delivers higher currents at potentials beyond −0.7 V, B–Mo shows superior kinetics 

at practical current densities. The enhancement in B–Mo is attributed to the synergistic effect of boron 

incorporation, which modulates the Mo surface electronic structure, introduces active sites, and facilitates 

hydrogen adsorption and desorption steps more efficiently than carbon (Guo et al., 2020). Interestingly, the C–

Mo, despite exhibiting darker features in structural imaging (suggesting denser or more graphitic carbon), does 

not surpass the HER performance of B–Mo. This indicates that while carbon may contribute to conductivity and 

surface roughness, boron doping has more significant impact on intrinsic catalytic activity (Shiva Kumar and 

Himabindu, 2020). Full comparison with other Mo-based HER catalysts is summarized in Table 1. Notably, this 

work focuses on self-supporting bulk electrodes, unlike many prior studies which used drop-cast catalysts on 

glassy carbon electrodes (GCEs), such as MoC, and MoO. This distinction eliminates the influence of external 

binders or substrates, allowing for a more intrinsic assessment of catalytic activity. This distinction eliminates 
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the influence of external binders or substrates, allowing for a more intrinsic assessment of catalytic activity. 

Carbon and boron doping significantly reduced the overpotential to pristine Mo, highlighting enhanced HER 

activity. Based on Figure 4b, at low current density region (0–10 mA), Mo (Bulk) exhibits the highest Tafel slope 

of 303 mV·dec⁻¹, indicating sluggish HER kinetics likely governed by the Volmer step (proton adsorption) as the 

rate-determining step (Ramji et al., 2024). Upon carbon and boron doping, the Tafel slopes decrease to 282 

mV·dec⁻¹ for C-Mo (Bulk) and 296 mV·dec⁻¹ for B-Mo (Bulk). This suggests improved proton transfer and 

surface conductivity. C-Mo shows a greater Tafel slope reduction than bare Mo, indicating a stronger effect of 

carbon doping on the initial adsorption process. At higher current densities (10–100 mA) in Figure 4c, the Tafel 

slopes of Mo and C-Mo remain close, at 251 mV·dec⁻¹ and 252 mV·dec⁻¹, respectively, showing that carbon 

doping maintains comparable HER kinetics even under more demanding conditions. In contrast, B-Mo exhibits 

a higher slope of 297 mV·dec⁻¹, suggesting some limitation in H₂ recombination or mass transport resistance, 

possibly due to surface restructuring or partial saturation effects. However, the performance is still within a 

comparable range to bare Mo, indicating that boron doping does not severely hinder HER activity at higher 

currents. 

Overall, both dopants, carbon and boron, contribute to modest improvements in HER kinetics relative to 

undoped Mo. The lower overpotential suggests that B-Mo requires less energy to drive the same current, 

pointing to enhanced HER kinetics likely due to favorable surface modifications induced by boron doping. 

Additionally, the Tafel slope also showed consistent improvement. The improvements observed here 

demonstrate the effectiveness of a simpler and more scalable thermal doping process using CVD. These results 

confirm that heteroatom doping can tune the electronic structure of Mo and enhance HER performance. This 

study provides valuable insight into the role of dopants in modulating HER activity and highlights a promising 

direction for future research, optimizing dopant type, concentration, and processing temperature to close the 

performance gap with more complex systems. Boron doping improves the HER activity of bulk Mo, particularly 

at lower overpotentials, by enhancing active site density and modifying the surface electronic structure. 

Meanwhile, carbon doping provides moderate improvements, balancing between conductivity and catalytic 

performance. The synergistic effects of boron and carbon species demonstrate their role in tuning the Mo 

surface and accelerating HER kinetics.  

 

Figure 4: (a) LSV curve of Mo Foil, Tafel Plot of Mo Foil (b) 0~10 mA and (c) 10~100 mA 

Table 1: Mo-based HER catalysts 

d Electrolyte  Overpotential 
 mV   

Tafel slope 
mV.dec-1 

Reference  

Mo (Bulk) 0.5 H2SO4 466 251@10~100 mA 
303@0~10mA 

This work 

C-Mo (Bulk) 0.5 H2SO4 456 252@10~100 mA 
282@0~10mA 

This work 

B-Mo (Bulk) 0.5 H2SO4 439 297@10~100 
296@0~10mA 

This work  

MoC (GCE) 0.5 H2SO4 450 165 Lin et al., 2020 
MoB (GCE) 0.5 H2SO4 350 80 Ramji et al. 2023 
MoO (GCE) 0.5 H2SO4 277 81.34 Sun et al. 2020 

4. Conclusions 

In conclusion, C-Mo and B-Mo sheet were successfully synthesized via CVD to improve HER performance. This 

study showed that B-Mo achieved a lower overpotential (439 mV) compared to C-Mo (456 mV) and bare Mo 

(466 mV), indicating better HER activity. Both boron and carbon doping enhanced the HER activity of 

molybdenum, with B-Mo showing the best performance. This confirms that boron is an effective dopant under 
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acidic conditions, likely due to its electron-deficient nature, which improves H* adsorption. In contrast, carbon 

tends to act more effectively as a support or co-dopant in metal-containing systems. Boron doping also 

enhanced charge transfer and surface porosity more than carbon, as reflected by its lower overpotential. 

However, the Tafel slopes for both B-Mo (296 mV·dec⁻¹) and C-Mo (282 mV·dec⁻¹) suggest room for kinetic 

improvement. All electrochemical tests were performed in 0.5 M H₂SO₄, limiting the understanding of 

performance across different pH conditions. To improve future work, dopant levels should be varied and 

precisely measured to establish structure-activity relationships. Electrochemical stability testing and evaluations 

in multiple electrolytes are recommended to assess real-world applicability. Ultimately, DFT modelling and co-

doping strategies may offer further insight and improve HER kinetics. 
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