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1. FT-IR Spectrum 
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Figure 1 FT-IR spectrum of Copper and SiO2 Composite

2. Optimization of electrocatalyst composite 

	S.No
	Graphite
	CuO/SiO2
	PVDF
	Label  

	1
	0 %
	4.8 %
	0.2%
	pure

	2
	2.9 %
	1.9 %
	0.2 %
	R3

	3
	0.9 %
	3.9 %
	0.2%
	R2

	4
	1.9 %
	2.9 %
	0.2%
	R1


Table 1 Optimization table of electrocatalyst

3. Mathematical derivation 

 Developed a mathematical model based on the Tafel equation and Langmuir-Hinshelwood model to describe the HER reaction kinetics. The Tafel equation relates the HER current density to the electrochemical potential, which is given by:

where j is the HER current density, j0 is the exchange current density, α is the Tafel slope, F is the Faraday constant, η is the overpotential, R is the gas constant, and T is the temperature. The Langmuir-Hinshelwood model describes the adsorption and reaction of hydrogen molecules on the catalyst surface, which is given by:
r
where r is the HER reaction rate, k is the reaction rate constant, θH2 is the hydrogen coverage, and K is the adsorption equilibrium constant.
The Tafel equation is a commonly used empirical model that relates the rate of an electrochemical reaction to the applied potential. It has the form:
ղ
where η is the overpotential, b is the Tafel slope, j is the current density, and j0 is the exchange current density. To derive the Tafel equation, we start by considering the reaction kinetics of an electrochemical reaction that follows the Butler-Volmer equation:
j
where j is the current density, j0 is the exchange current density, αa and αc are the anodic and cathodic transfer coefficients, respectively, R is the gas constant, T is the temperature, and η is the overpotential. The Tafel slope is defined as the derivative of the overpotential with respect to the logarithm of the current density:
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We can rearrange the Butler-Volmer equation as follows:


Taking the natural logarithm of both sides:
log

We can then differentiate this equation with respect to the overpotential to obtain the Tafel slope:




Substituting for the Tafel slope:

Taking the natural logarithm of both sides and rearranging:
	η=
		
		In practice, the Tafel equation is often used to estimate the Tafel slope and exchange current density from experimental data. By plotting the overpotential as a function of the logarithm of the current density, the slope of the resulting line gives the Tafel slope, and the intercept gives the exchange current density. However, it is important to note that the Tafel equation is an empirical model that may not accurately describe the underlying reaction mechanism, and should be used with caution.
		The Langmuir-Hinshelwood model is a common kinetic model used to describe reactions occurring on surfaces. It assumes that the reaction takes place through the adsorption of one or more reactants on the surface, followed by a reaction between the adsorbed species. The Langmuir-Hinshelwood model can be described mathematically using the following rate equation:
r = k× θA× θB
where r is the reaction rate, k is the rate constant, and θA and θB are the fractional surface coverages of the adsorbed species A and B, respectively. The fractional surface coverage is related to the surface concentration of the adsorbed species by the Langmuir isotherm:

where  is the concentration of species A in the bulk solution, and is the Langmuir adsorption constant, which represents the strength of the adsorption interaction between species A and the surface. Similarly, the fractional surface coverage of species B is given by:

where  is the concentration of species B in the bulk solution, and is the Langmuir adsorption constant for species B. Combining these equations with the rate equation gives:


Simplifying this expression:


		This is the Langmuir-Hinshelwood rate equation. It describes the rate of reaction in terms of the concentration of the reactants in the bulk solution, as well as the adsorption constants that determine the strength of the adsorption interactions between the reactants and the surface.  the case of the above electrocatalyst for hydrogen evolution reaction, the Langmuir-Hinshelwood model could be used to describe the reaction kinetics of hydrogen evolution on the surface of the electrode. The Langmuir adsorption constants would describe the strength of the adsorption interactions between the hydrogen and oxygen molecules and the surface of the electrode. The rate constant, k, would describe the rate at which the adsorbed species react to form hydrogen molecules. The Langmuir-Hinshelwood model can be used to fit experimental data to determine the values of the adsorption constants and rate constant, and can be a useful tool for understanding the reaction mechanism of electrochemical processes on surfaces.

		The Butler-Volmer equation is an empirical equation that describes the kinetics of electrochemical reactions. It relates the current density (j) to the overpotential (η) through the following equation:
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		where j0 is the exchange current density, α_a and α_c are the anodic and cathodic transfer coefficients, respectively, R is the gas constant, and T is the temperature. The Butler-Volmer equation assumes that the reaction proceeds via two steps: electron transfer at the electrode surface and mass transport of reactants and products to and from the electrode surface. The exchange current density (j0) is the current density at zero overpotential and is proportional to the rate of electron transfer at the electrode surface. The transfer coefficients (α_a and α_c) represent the fraction of the overall reaction that occurs at the anodic and cathodic electrodes, respectively. The derivation of the Butler-Volmer equation is based on the assumption that the overall reaction proceeds via two half-reactions, anodic and cathodic, that occur at the electrode surface. The anodic reaction involves the oxidation of the reactant (R) to form an oxidized species (O) and the transfer of electrons to the electrode surface:

The cathodic reaction involves the reduction of a second reactant (S) and the acceptance of electrons from the electrode surface:


The overall reaction can be written as:


		The reaction rate is proportional to the rate of electron transfer at the electrode surface and the rate of mass transport of reactants and products to and from the electrode surface. The rate of electron transfer can be described by the exchange current density (j0), which is proportional to the rate of electron transfer at the electrode surface. The rate of mass transport can be described by Fick's law of diffusion, which relates the mass flux (J) to the concentration gradient (dc/dx) and the diffusion coefficient (D):

The concentration gradient can be related to the current density through the Nernst equation:


where n is the number of electrons involved in the reaction, F is Faraday's constant, and A is the electrode surface area. Substituting this expression into Fick's law and integrating over the thickness of the diffusion layer gives the mass transport limited current density (jMT):
jMT = nFA D (Cinf - Csurf)
where Cinf is the bulk concentration of the reactant, Csurf is the concentration of the reactant at the electrode surface, and D is the diffusion coefficient of the reactant.
The total current density (j) can be expressed as the sum of the exchange current density (j0) and the mass transport limited current density (jMT):
j = j0 + jMT
Substituting the expression for jMT and simplifying gives:
j

		This is the Butler-Volmer equation, which relates the current density to the overpotential for an electrochemical reaction. The transfer coefficients (αa and αc) are related to the symmetry of the half-reactions and the rate of electron transfer at the electrode surface. The exchange current density (j0) is proportional to the rate of electron transfer at the electrode surface and depends on the nature of the electrode and the reactants.
	The mass transport number of a species can be mathematically derived from the Nernst-Planck equation, which relates the flux of a species to its concentration gradient, electric field, and diffusion coefficient.
The Nernst-Planck equation for a binary electrolyte can be written as:


where Ji is the flux of the species, Di is its diffusion coefficient, Ci is its concentration, zi is its charge number, F is the Faraday constant, ϕ is the electric potential, and x is the spatial coordinate.
The total flux Jtot of all species in the system can be written as:
Jtot = ∑(Ji)
where the summation is taken over all species i.
	The mass transport number τi for a given species i is defined as the ratio of its flux due to a particular transport mechanism to the total flux:


		To determine the mass transport number for the reactant (water) and product (hydrogen gas) in the hydrogen evolution reaction, we need to calculate their respective fluxes due to diffusion and convection and then divide by the total flux.
The diffusion flux Jdiffi for a species i can be calculated using Fick's law:

where is the concentration gradient of species i.
The convective flux Jconvi for a species i can be calculated using the convective diffusion equation:


where v is the fluid velocity.
The total flux Jtot of all species can be written as:
Jtot = JdiffH2O + JconvH2O + JdiffH2 + JconvH2
where JdiffH2O and JconvH2O are the diffusion and convective fluxes of water, respectively, and JdiffH2 and JconvH2 are the diffusion and convective fluxes of hydrogen gas, respectively.
Therefore, the mass transport number for the reactant (water) is:


and the mass transport number for the product (hydrogen gas) is:


		The total flux of all species can be written as the sum of the diffusion and convective fluxes for each species. Using these equations, we can calculate the mass transport number for water and hydrogen gas separately by dividing their total flux due to diffusion and convection by the total flux of all species in the system.

		The electrochemical potential for a reaction at an electrode can be determined using the Nernst equation, which relates the electrode potential to the standard electrode potential and the activities of the reactants and products. The Nernst equation can be written as:


where E is the electrode potential, E° is the standard electrode potential, R is the gas constant, T is the temperature, n is the number of electrons transferred in the reaction, F is the Faraday constant, and Q is the reaction quotient
For the hydrogen evolution reaction, the reaction can be written as:


	The standard electrode potential for this reaction can be found in standard reference tables and is equal to 0 V. Assuming that the reaction is at standard conditions, the reaction quotient Q can be written as:

where [H2] is the activity of hydrogen gas, and P is the standard pressure (1 atm).
The activity of hydrogen gas can be related to its concentration using the ideal gas law:

where P(H2) is the partial pressure of hydrogen gas, and R and T have their usual meanings.
Substituting this expression for [H2] into the Nernst equation yields:


		In the case of the hydrogen evolution reaction, the electrochemical potential of the reactants (protons) is assumed to be zero. Therefore, the electrochemical potential of the hydrogen gas product is equal to the electrode potential.

Nernst equation is an important tool for determining the electrochemical potential of a reaction at an electrode, and it helps to understand the driving force for the reaction and its thermodynamic feasibility.
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