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Interface-Engineered Ru/WS2/g-C3N4 Mott–Schottky Heterostructure for Efficient OER and Rechargeable Zn–Air Batteries
1. Materials and Methods

1.1 Materials
Nickel foam (NF), Pt sheet, and Hg/HgO electrodes were procured from Huayan Technology Co., Ltd. NH2C(=NH)NHCN, (NH4)2WS4, RuCl3, and KOH were supplied by Jiayou Co., Ltd. Zinc acetate was purchased from Daejung Chemicals, Republic of Korea. All aqueous solutions were prepared using double-distilled water, and all reagents were used as received without further purification.
1.2 Preparation of Electrocatalysts

i) Synthesis of g-C3N4
The g-C₃N₄ was synthesized via thermal polycondensation of dicyandiamide. Briefly, 3 g of dicyandiamide was placed in a covered crucible and heated in a muffle furnace at 550 °C for 3 h with a heating rate of 3 °C min-1. After reaction completion, the resulting yellow-colored product was collected and finely ground using an agate mortar to obtain a uniform powder.

ii) Preparation of Ru/WS2
WS2 was synthesized via a solvothermal method using (NH4)2WS4 as the precursor. Briefly, 2.4 g of (NH4)2WS4 was dissolved in 80 mL of ethanol under continuous stirring for 30 min to obtain a homogeneous solution. After that, the mixture was put into a stainless-steel autoclave lined with Teflon and heated to 160 °C for ten hours. The resulting WS2 product was collected and repeatedly cleaned with ethanol to get rid of any remaining contaminants after ambient cooling to room temperature. For the preparation of Ru-decorated WS2 (Ru/WS2), 1.98 g of the as-synthesized WS2 was dispersed in 50 mL of deionized (DI) water and stirred for 1 h to form a uniform suspension. Separately, 0.198 g of RuCl3 was dissolved in 39.6 mL of DI water and sonicated for 30 min to ensure complete dissolution. The Ru precursor solution was then added dropwise to the WS2 suspension at a rate of 1 mL min-1 under continuous stirring, followed by further stirring for 1 h to deposit Ru species onto the WS₂ surface. To obtain the Ru/WS2 catalyst, the product was finally recovered by centrifugation, completely cleaned with ethanol and DI water, and dried.
iii) Preparation of g-C3N4-impregnated Ru/WS2
The g-C3N4/Ru/WS2 composite was prepared through a dispersion-assisted thermal treatment. Briefly, 2.47 g of g-C3N4 was dispersed in 50 mL of DI water, followed by the addition of 0.13 g of Ru/WS2. The mixture was sonicated for 1 h to obtain a homogeneous suspension and ensure uniform distribution of Ru/WS2 within the g-C3N4 matrix. The resulting suspension was then dried at 60 °C to remove the solvent. The dry powder was then thermally annealed at a rate of 3 °C min-1 for two hours at 700 °C in a N2 environment. The resulting g-C3N4/Ru/WS2 composite was collected and used for additional characterisation and catalytic research after ambient cooling to room temperature.
1.3 Material Characterization

Field-emission scanning electron microscopy (FE-SEM; Carl Zeiss SIGMA 300, Germany) was used to analyze the morphological characteristics of the electrocatalysts. The elemental distribution and composition were further verified through energy-dispersive X-ray spectroscopy (EDX; FEI Sirion) operated at 20 kV. The crystalline structure of the materials was analyzed using X-ray diffraction (XRD; Bruker D8 Advance, USA) with a Cu Kα radiation source (λ = 1.5406 Å), operated at 45 kV and 45 mA. High-resolution transmission electron microscopy (HRTEM; Carl Zeiss Libra 200 MC) was employed to investigate the internal structure, lattice fringes, and corresponding interplanar d-spacing values of the synthesized electrocatalysts. The surface area and porosity of the as-prepared samples were determined using a Brunauer–Emmett–Teller (BET) surface area analyzer (Micromeritics 3Flex, Version 4.02). Additionally, X-ray photoelectron spectroscopy (XPS; ThermoFisher Scientific K-Alpha+ with Al Kα source) was used to probe the chemical states and electronic environments of the active elements on the catalyst surface.

1.4 Electrochemical Characterization

A CHI6279E electrochemical workstation was used to conduct electrochemical measurements of each catalyst sample, including linear sweep voltammetry (LSV), Tafel analysis, chronopotentiometry, electrochemical impedance spectroscopy (EIS), and calculation of the electrochemically active surface area (ECSA). A typical three-electrode setup for OER was used for the measurements. The synthesized catalyst (Ru/WS2 or Ru/WS2/g-C3N4) was coated onto pretreatment nickel foam (NF; 1 × 1 cm2) to create the working electrodes. After 20 minutes of ultrasonication in acetone and 3 M HCl, the NF was carefully cleaned with DI water and ethanol before being dried. 10 mg of catalyst and 20 μL of 5% Nafion were mixed in an ethanol/water mixture to create an ink, which was then drop-cast onto the NF and allowed to dry at room temperature. The cell configuration was finished with a Hg/HgO reference electrode and a Pt counter electrode (10 cm2), which offered a large surface area to circumvent current constraints. Every electrochemical experiment was carried out in an aqueous solution containing 1 M KOH.
i) LSV and Tafel analysis

LSV measurements were conducted at a scan rate of 10 mV s-1, with the potential window selected to capture the OER activity region for each system. The potentials were calibrated to the reversible hydrogen electrode (RHE) scale following Equation S1, without iR compensation:

E (vs. RHE) = E (vs. Hg/HgO) + EHg/HgO (ref) + 0.0591 V × pH ------------- (S1)

Tafel slopes were extracted by fitting the overpotential (η) to the logarithm of current density (j) using Equation S2:

η = a + b log |j|----------------------- (S2)

where b represents the Tafel slope.

ii) EIS 

EIS spectra were captured at open-circuit voltage with a 5 mV amplitude spanning a frequency range of 105 to 0.1 Hz. Charge-transfer and other resistive elements pertinent to OER kinetics were extracted by fitting the resulting Nyquist plots to suitable equivalent circuit models.
iii) Chronopotentiometry

Chronopotentiometric measurements were used to assess long-term stability and operational durability during a 100-hour period at a constant current density of 10 mA cm-2. Catalyst durability in an alkaline electrolyte was evaluated using the potential-time profile.
iv) ECSA determination

By measuring the double-layer capacitance (Cdl), ECSA was calculated using cyclic voltammetry (CV) in the nonfaradaic area over scan rates of 10 to 100 mV s-1. The average charging current density was plotted against scan rate, and the slope yielded Cdl (Equation S3):

jdl = ν Cdl.                  
(S3)

ECSA was subsequently calculated using Equation S4:

ECSA = Cdl / Cs     

(S4)

where Cs represents the specific capacitance in the same electrolyte.

This methodology enabled a reliable quantitative comparison of the textural properties, reaction kinetics, and stability of each OER catalyst variant, thereby clarifying the role of g-C3N4 integration in the composite.

1.5 Fabrication of Aqueous Zn–Air Batteries

Zn–air batteries were assembled in a CR2032 coin-cell configuration. Zn foil served as the anode, while the air cathode consisted of Ru/WS2/g-C3N4 coated onto carbon cloth equipped with a gas-diffusion layer (W1S1010, CeTech, Taiwan). The catalyst powder was dissolved in a mixture of ethanol and nafion to create the catalyst ink, which was then drop-cast onto carbon fabric and allowed to cure naturally. The final catalyst loading was kept at about 2.0 mg cm-2. The electrolyte was aqueous 6 M KOH containing 0.2 M Zn (CH3COO)2, and the separator was a glass fiber. A battery testing device (BCS-805, BioLogic) was used to record the charge-discharge characteristics of the built Zn-air batteries.
1.6 Computational Details

Quantum ESPRESSO code (v6.4.1) on the Materials Square (MatSQ) cloud computing platform was used to calculate spin-polarized density functional theory (DFT). The Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation was employed for the exchange-correlation functional. The Grimme DFT-D3 dispersion correction was applied to accurately describe the van der Waals interactions in the heterostructure system. The kinetic energy cutoffs for the wavefunctions and charge density were set to 50 and 400 Ry, respectively. Gaussian smearing with a broadening parameter of 0.02 Ry was used to carry out Brillouin zone integration. 1.0 × 10-6 Ry was chosen as the electronic self-consistent field convergence criterion.
For catalytic simulations, a 3 × 3 supercell of monolayer 2H-WS2 with a single Ru atom adsorbed on the basal plane was constructed. To remove spurious periodic contacts, a vacuum layer of around 25 Å was added along the z-direction. Dipole and sawtooth-type electric field corrections were applied to compensate for the asymmetric slab geometry. The Brillouin zone was sampled using a 3 × 3 × 1 Monkhorst–Pack k-point mesh, while isolated molecules were calculated using a Γ-point grid. All atomic positions were relaxed until the Hellmann–Feynman forces were below 3.8 × 10-4 Ry bohr-1.

Ultrasoft pseudopotentials from the SSSP library (v1.2) were used for W and S, whereas an optimized norm-conserving Vanderbilt (ONCV) pseudopotential was adopted for Ru. For molecular calculations, spin polarization, van der Waals corrections, and electric field corrections were disabled to ensure accurate reference energies.
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Fig. S1 Schematic illustration of the synthesis and bifunctional application of the heterostructure.
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Fig. S2 XPS survey spectrum of pristine g-C3N4 and Ru/WS2/g-C3N4. 
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Fig. S3 High-resolution XPS spectra of (a) C 1s and (b) N 1s. BET analysis of (c) g-C3N4 and (d) Ru/WS2/g-C3N4.
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Fig. S4 Equivalent circuit used for EIS analysis.

