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Abstract

:

The advancement of renewable energy technologies like water electrolysis and hydrogen fuel cells relies on the fabrication of effective and reliable catalysts for the hydrogen evolution process (HER). In this regard, we report gold nanoparticles embedded in laser-induced graphene electrodes for regulation of overpotential and electrocatalytic performance of hydrogen evolution reaction. Gold nanoparticles were deposited onto the LIG surface using electrode deposition via cyclic voltammetry (CV) at different cycle lengths. The catalyst fabrication technique enables the manipulation of many electrochemical parameters, such as overpotential value, charge transfer resistance, electrochemical active surface area, and tafel slope, through the adjustment of cyclic voltammetry (CV) cycles. The LIG-Au@50 sample demonstrates remarkable electrocatalytic characteristics, as evidenced by its low overpotential of 141 mV at a current density of 10 mA/cm2 and reduced tafel slope of 131 mV/decade in an acidic environment. Furthermore, the presence of an augmented electrochemical active surface area, a mass activity of 8.80 A/g, and a high turnover frequency of 0.0091 s−1 suggest elevated and significant accessibility to plentiful active sites. A significant decrease in charge transfer resistance resulted in an enhanced rate of the water-splitting reaction.
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1. Introduction


The rising overuse of conventional fossil fuels in recent years has severely impacted the environment, which has made using clean energy sources an urgent aspect of future sustainable development [1,2,3]. Hydrogen, due to its potential utilization in electrochemical processes, superior gravimetric energy density compared to conventional fuels, and its capacity to generate substantial amounts of energy, avails itself as a prominent contender among the green energy sources with the most potential in the twenty-first century [4,5,6]. Electrochemical splitting of water into hydrogen and oxygen, (Hydrogen/Oxygen evolution reaction) has been shown to be a renewable, effective, and ecologically benign alternative to commercial H2 generating technologies [7]. In the context of water electrolysis, the evolution of hydrogen and oxygen occurs continuously at the anode and cathode, respectively.


  H E R : 4   H   +     a q   + 4   e   −   → 2   H   2     g     E   o   = 0.0   V   R e d u c t i o n    



(1)
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To initiate this reaction, a voltage of 1.23 V is theoretically needed between the cathode and anode, which is 0 V (ideal) for the HER process [8,9]. For an electrochemical process to be thermodynamically favorable, an additional potential known as overpotential (η) must be supplied. The need to reduce overpotential and enhance conversion efficiency has triggered a demand for the investigation of electrocatalysts that are both abundant in the Earth’s crust and possess robust hydrogen evolution reaction (HER) capabilities [10,11]. One additional obstacle involves achieving current densities of standard magnitude (10 mA/cm2) or greater while operating at much reduced voltages, in order to scale up to industrial levels [12,13]. Therefore, the optimization of overpotential, while enhancing the reaction kinetics, holds significant implications for the overall efficiency of water splitting. Transition metals are excellent catalysts for the hydrogen evolution reaction due to their electronic structure, tunable reactivity, enriched catalytic sites and increased adsorption energies [14,15,16]. Typical transition metals have partially filled d orbitals, which allow them to readily interact with the electrons involved in the HER [17]. In addition, they can adsorb hydrogen atoms with moderate to high binding energies, making them efficient at both adsorbing and releasing hydrogen [18]. To date, Platinum (Pt) and Pt group catalysts have demonstrated the best catalytic activity for the HER, but their widespread use is constrained by their high cost [19,20]. Therefore, the development of effective HER electrocatalysts made of non-Pt electrode materials is still a critical issue. Gold nanoparticles have emerged as very adaptable and effective catalysts in this particular setting, presenting promising opportunities for the advancement of electrocatalysis and the production of renewable energy [21]. Quio et al. [22] reported the tunable charge transfer channels inside InSe nanosheets via suitable loading of gold nanoparticles for hydrogen evolution reactions. In a similar report, Tran et al. [23] depicted excellent HER activity for gold nanoparticles with a low overpotential value of 200 mV at a higher turnover frequency. In another work, Zhao et al. [24] examined the impact of elevated doping concentrations of gold in the Au-MoS2 composite. The composite material showed a notable enhancement in catalytic activity when compared to the pure MoS2. Nevertheless, it is worth noting that single-phase transition metals have suboptimal catalytic activity and a deficiency in stability, resulting in limited catalytic activity. Thus, the synthesis of a network of hybrid electrocatalysts, as opposed to relying solely on conventional single-phase approaches can open several doors to fabricate high current density catalysts with low overpotential values. This can be achieved by sufficient doping of heteroatoms, surface modification and phase engineering regulation [25]. Carbon materials, including carbon nanotubes (CNTs) and graphene, are frequently employed as support for metal catalysts, such as platinum (Pt), nickel (Ni), gold (Au) and cobalt (Co), in the context of the hydrogen evolution reaction (HER) [26,27]. One such substrate is LIG film, which is an amorphous form of carbon and can be synthesized by directing a CO2 laser on carbon materials [28]. Metal nanoparticles on the LIG catalyst surface experience improved dispersion and stability due to the presence of increased surface area and favorable electrical conductivity [29]. Besides the porous structure, LIG exhibits exceptional electrical conductivity, thereby promoting efficient electron transport during the process of the hydrogen evolution reaction (HER) [30,31]. Therefore, fabricating catalyst which is a hybrid of gold nanoparticles and LIG can access enlarged current densities to minimize the overpotential values. With this in mind, this work aims to examine the catalytic efficiency of heterostructures composed of LIG and gold nanoparticles for hydrogen evolution reaction (HER) in an acidic environment. The process of depositing gold nanoparticles onto the surface of LIG was achieved through electrode deposition employing cyclic voltammetry (CV) with varying cycle durations (20, 50 and 100 cycles). The catalytic efficiency of the electrodes was observed to first increase with the concentration of gold nanoparticles, with maximum at moderate level. Among the samples, the one prepared using 50 CV cycles (LIG-Au@50) demonstrated the lowest overpotential (145 mV at 10 mA/cm2) with a minimum tafel slope value of 131 mV/decade. As-fabricated LIG-Au@50 exhibit the highest double layer capacitance value leading to the highest electrochemical active surface area along with best turnover frequency value of 0.0043 s−1. The distinctive performance exhibited by the LIG-gold heterostructure renders it a highly promising nominee for hydrogen production through electrolysis.




2. Experimental Section


2.1. Materials and Methods


Tetra chloroauric acid (HAuCl4·4H2O), sulphuric acid (H2SO4), carbon black, Polyvinylidene fluoride (PVDF), N-Methyl-2-pyrrolidone (NMP), were purchased from Sigma Aldrich. Kapton film (Film, 5 Mil, no adhesive, 12″*12″) was purchased from Cole Parmer The chemicals were used as purchased. Nickel foam (NF) was purchased from Global Nanotech and used as a substrate. The fabrication of LIG was aided by the MV laser CW 6040 laser engraving machine.



Fabrication of Laser-Induced Graphene Film-Based Gold Nanocomposites


The fabrication of LIG on the Kapton (polyimide (PI)) sheet was achieved by using a CO2 laser cutting and engraving equipment operating at a wavelength of 10.6 μm. Prior to the fabrication process, the PI sheets underwent a comprehensive rinsing procedure with ethanol and water. As synthesized LIG was used as the working electrode in a 3-electrode cell, comprising of an Ag/AgCl reference electrode, and a platinum counter electrode. The electrolyte solution was prepared by dissolving 5 mM HAuCl4 in 1 mM H2SO4. The gold nanoparticles were deposited onto the LIG surface using cyclic voltammetry (CV) for 20, 50, and 100 cycles, in a voltage window of −0.3 V to 0.6 V (Figure S4). The working electrode was then dried and scratched to obtain the Au-LIG nanocomposites. A total of 5 mg of synthesized nanostructures were mixed with 5% carbon black with a dropwise addition of NMP and 5% PVDF to obtain a slurry which was further coated on nickel foam with an active area of 1 cm2. This slurry was pasted onto a nickel foam and dried to obtain the electrocatalysts. The schematic of the whole process is shown in Figure 1. The geometrical area for each electrode was kept as 1 cm × 1 cm.





2.2. Characterization Details


XRD of as-synthesized samples was investigated in coupled θ-2θ diffraction (Bruker D8 discover, Karlsruhe, Germany) using Cu-Kα radiation. Surface morphology was studied using FESEM JEOL JSM 7600 PLUS ,Tokyo, Japan). The water contact angle was measured using a contact-angle-measuring system (APEX, Delhi, India).




2.3. Electrochemical Measurement Details


All electrochemical results were analyzed using an Autolab potentiostat/galvanostat 302N instrument (Metrohm B.V. Utrecht, The Netherlands) controlled by Nova (version 1.10) software. The catalysis activity of the nanostructures was investigated in three-electrode set-ups with Ag/AgCl as the reference electrode, platinum (Pt) as the counter electrode and hybrid nanostructures catalyst as the working electrode. All measurements were taken in acidic media of 0.5 M H2SO4 solution. Linear sweep voltammetry (LSV) tests were conducted in the range of 0 to −0.4 V at a scan rate of 5 mV/s. EIS results were performed in a frequency range of 0.01 Hz to 10KHz. Potential vs. Ag/AgCl were converted using the formula E(RHE) = E(Ag/AgCl) + 0.059 × pH + 0.197. Here RHE represents a reversible hydrogen electrode. All overpotentials reported in the current study are concerning the RHE. Cyclic Voltammetry tests were performed from −0.1 V to 0.05 V to calculate the double-layer capacitance.





3. Results


3.1. XRD Analysis


X-ray diffraction technique is used to examine the crystal phase and plane orientation of as-synthesized LIG and nanostructure films. Figure S1 represents the XRD pattern of pristine LIG, which shows the characteristic peaks at a 2θ value of 26.5°. The observed peak can be attributed to the (002) crystallographic planes of graphitic carbon [32]. Figure 2a shows the XRD spectra of LIG-Au nanocomposites, which confirms the presence of gold nanoparticles inside the graphene matrix. The dominant peaks of gold nanoparticles are indicative of the face-cantered cubic (FCC) crystal structure of gold. In the case of FCC gold, prominent peaks may be observed at 38.2°, 44.4°, 64.6°, and 77.6°, as indicated by the 2θ values. The aforementioned crystallographic planes are denoted as (111), (200), (220), and (311), respectively [33,34]. No peak other than gold and graphene was depicted, which further confirms the successful synthesis of LIG-Au nanocomposites.




3.2. Contact Angle Measurements


The assessment of wettability between a liquid and a solid surface is commonly conducted by contact angle measurements, which serve as a beneficial approach in this regard. This measurement offers valuable insights into the interplay between a liquid and a solid, a factor of utmost importance in electrochemistry which explains and support certain cause [35]. Figure 2b–e represents contact angle measurements of pristine LIG, LIG-Au@20, 50, and 100, respectively. Pristine LIG is prone to hydrophobic behavior (123°) due to the presence of a non-polar carbon-carbon (C-C) bond chain. However, gold being a metal, is more liable towards hydrophilicity, which can be a real asset in regulating the electrocatalytic properties. It is evident that LIG-Au@20 and 100 exhibit lower contact angles of 105° and 99°, respectively, as compared to LIG due to a certain amount of Au loading. LIG-Au@50, which has a moderate level of gold concentration, shows the lowest contact angle of 76°, being responsible for excellent electrochemical performances. As the loading amount of gold increases after 50 cycles, there is a possible agglomeration of gold nanoparticles covering the LIG surface which can be observed from FESEM. Radiom et al. [36] demonstrated that the contact angle increases when nanoparticles agglomerate or when their concentration exceeds a particular threshold over time. This phenomenon can be explained through two mechanisms: a decrease in the wetting transition as a result of a reduced particle count on the outermost edge of the film due to agglomeration, or the strong adsorption of nanoparticles onto the film’s surface. Due to the significant agglomerations observed in LIG-Au@100, the contact angle will probably be greater when compared to LIG-Au@50. In another aspect, Mamdouh et al. [37] controlled the wetting behaviour of electrodeposited gold films. As the surface coverage increases, there is a possible enhancement in gold thickness and the wetting transition from hydrophilic to hydrophobic takes place after certain threshold values.




3.3. SEM Analysis


Scanning electron microscopy (SEM) can be employed to investigate the morphology of LIG and LIG-Au nanocomposites, facilitating the comprehension of their microstructural characteristics and surface attributes. Figure S2a represents the FESEM image of pristine LIG film, revealing a multitude of minute pores and voids dispersed over the material. The presence of these pores significantly contributes to the electrochemical active surface area of LIG, rendering it well-suited for electrocatalytic performance. Figure 3a–c shows the surface morphology of LIG-Au@20, 50 and 100 samples. The LIG-Au nanocomposites demonstrate a significant distribution of gold nanoparticles across the porous LIG surface, even when the size and loading quantity of the gold nanoparticles increase during cyclic voltammetry (CV) cycles. The LIG-Au@20 (Figure 3a) and LIG-Au@50 (Figure 3b) samples exhibit the presence of gold nanoparticles distributed across the surface of the LIG material, with a slight variation in the size of the nanoparticle clusters. In contrast, LIG-Au@100 (Figure 3c) displays significant agglomeration throughout the whole surface, which can result in an inferior electrocatalytic performance compared to the other two samples. The inset of Figure 3a–c shows the EDS spectrum to further confirm the composition of samples which indicates a qualitative consistency in the gold content with the CV cycles. Figure 3d shows the size distribution histogram of lig-Au@50 calculated from FESEM. Figure 3e–h represents the qualitative elemental mapping analysis to identify the phase distribution among the composite structure.




3.4. Electrochemical Performance


The electrocatalytic performance was assessed through the implementation of linear sweep voltammetry experiments in a conventional three-electrode setup. The reference electrode employed was Ag/AgCl, while platinum was utilized as the counter electrode. The experiments were conducted in a 0.5 M H2SO4 solution. The investigation of the hydrogen evolution reaction occurring at the surface of the samples can be conducted by considering several parameters, including the tafel slope, overpotential, electrochemical active surface area, mass activity, and turnover frequency.



The Tafel slope can be calculated by the following equation.


  η = b .   log  ⁡      j     j   0                        



(4)




where, η, j, j0 and b are the overpotential, current density, exchange current density and tafel slope [38,39].



Overpotential η can be obtained by following the equation:


  η = E   E   v s   R H E   + 0.197 + 0.059 × p H  



(5)







The turnover frequency (TOF) values for the fabricated catalyst can be obtained by following the equation [38,39]


  T O F = j ×   S   2 × F × n    



(6)




where j is the current density measured at the 200 mV overpotential, S is the electrode’s surface area (1 cm2), F is the Faraday efficiency (96,485 C mol−1), and n is the number of moles of catalyst.



The mass activity of the hybrid catalyst can be estimated by the following equation:


  M a s s   A c t i v i t y =   I   m    



(7)




where m is the entire mass loading on the electrode, and I is the current equivalent to −0.4 V versus RHE [38,39].



To determine the electrochemical surface area (ECSA) the following equation can be used:


  E C S A =     S × C   d l       C   s        



(8)




where Cdl and Cs represent the double-layer capacitance obtained from CV scans and capacitance of the electrode, respectively, and S is the geometrical surface area of the fabricated electrode [38,39].



The fabricated electrocatalysts demonstrate remarkable electrocatalytic activity for the hydrogen evolution reaction (HER). Notably, LIG-Au@50 demonstrates superior performance as a host for active sites and excellent catalysis activity. LIG exhibits exceptional electrical conductivity, rendering it a very proficient conductor and its amalgamation with gold nanoparticles enhances the total catalytic conductivity [40]. The significance of these nanostructures lies in the indispensability of effective electron transport for the process of hydrogen evolution reaction (HER). The interplay between gold and graphene has the potential to provide synergistic outcomes that augment the catalytic efficacy of both substances [41]. HER process can proceed via either the Volmer–Heyrovsky step or the Volmer–Tafel step [42]:


H+ + M* + e− → HM*         Volmer step










M* + H+ + e− + HM* → H2 + M*      Heyrovsky step










2HM* → H2 + 2M*      Tafel step








where M* represents the active site on the surface of LIG-Au nanostructures.



Figure 4a represents the LSV curve of pristine LIG and LIG-Au nanocomposite materials at a scan rate of 5 mV/s. The hybrid nanostructures of catalysts exhibited lower overpotential values compared to the bare LIG and LIG-Au nanocomposites. Among these hybrid structures, LIG-Au@50 demonstrated the lowest overpotential of 141 mV (vs. RHE) at a current density of 10 mA/cm2 which is promising for potential future applications. Figure 4b presents a bar diagram that demonstrates a comparative study of overpotential values. The Tafel slope is a parameter that offers insights into the kinetics of the hydrogen evolution reaction. The steeper the tafel slope, the faster the reaction kinetics [43].



Figure 4c represents tafel slope variations for LIG-Au nanostructures. The LIG-Au@50 sample showed a tafel slope of 131 mV/decade which is lowest in comparison to LIG-Au@20 and LIG-Au@100 indicating better and faster catalysis activity. In addition, the phenomenon of double-layer capacitance offers valuable insights into the number of active sites and is employed in the determination of the electrochemically active surface area. Figure S3 shows the different cyclic voltammetry scans from −0.1 V to 0.05 V to calculate the double layer capacitance (Cdl) of all hybrids in 0.5 M H2SO4 solution. Electrochemical active surface area was calculated to understand the mechanism of catalytic activity for all materials and found in the order of LIG-Au@50 > LIG-Au@100 > LIG-Au@20 with values of 1.28 cm2 > 0.76 cm2 > 0.30 cm2.



A qualitative comparison of CV scans in 0.5 M H2SO4 of all samples is shown in Figure 4d. The excellent value of ECSA for LIG-Au@50 (1.28 cm2) depicts a large number of available exposed locations for catalytic activity. Turnover frequency (TOF) pertains to the assessment of the number of hydrogen molecules generated per active catalytic site within a given time interval [44]. A greater TOF value signifies a more effective catalyst, a crucial factor for the use of the catalyst in real scenarios. It is observed that the LIG-Au@50 catalyst had a TOF value of 0.009 s−1 which is higher than the other materials (Table S1). Furthermore, the mass activities of the catalysts were determined using Equation (7). The obtained values indicate that the LIG-Au@50 exhibits superior performance, which is consistent with the findings of prior studies. Table 1 displays the performance metrics of all HER catalysts. Electrochemical impedance spectroscopy (EIS) has the capability to offer significant insights into the kinetics of the hydrogen evolution reaction (HER), specifically pertaining to the charge transfer resistance occurring at the interface between the electrode and electrolyte [45,46]. The lower the charge transfer, the faster will be the kinetic process. Figure 4e shows EIS spectra of fabricated catalysts in a frequency range of 0.01 Hz to 10 KHz. The inset of the graph represents the equivalent fitted circuit evaluating the values of charge transfer and solution resistance values. R2 represents the charge transfer resistance offered at the electrode electrolyte interface whereas R1 shows the solution resistance value. LIG-Au@50 offered the least Rct value as compared to 20 and 100 cycles. In the case of LIG-Au@50, the gold nanoparticles uniformly cover the LIG surface with no possibility of agglomeration leading to easy access to ionic movement. However, LIG-Au@100 consists of larger gold chunks which are further agglomerated causing difficulty for the movements of ions throughout. This phenomenon leads to the increase in the charge transfer resistance of LIG-Au@100 in comparison to 20 and 50 cycles and is also responsible for poorer catalytic activity.



The least Rct and Rs values of LIG-Au@50 support better catalytic activity over other samples. Table 2 represents a qualitative comparison of EIS performance parameters for all three nanostructures. To check the practical applicability of the fabricated catalysts, LSV measurements were further carried out with a symmetric configuration setup (Figure 5a) in which the LIG-Au@50 acts as both anode and cathode. The symmetric device setup displayed an overpotential value of 382 mV at 10 mA/cm2. A stability test was conducted to check the robustness of the as-fabricated LIG-Au@50 electrode through 1000 CV scans and recording the overpotential values before and after measurements (Figure 5b). The difference in the overpotential values was found to be 13 mV which is notably much less indicating the decent stability of the electrode. Figure 5c shows the chronopotentiometry test at 50 mA/cm2 for 50 h to check the overpotential fluctuations. Table 3 Comparison of performance parameters of LIG-Au@50 catalyst with similar materials previously reported in the literature.





4. Discussion


In addition to the aforementioned findings, the exceptional electrocatalytic performance of LIG-Au@50 can be substantiated based on the following features:




	(1)

	
The utilization of nickel foam as a substrate results in the establishment of robust interfacial contact with the active materials. The objective is to decrease the interfacial resistance and enhance the kinetics of charge transfer [50].




	(2)

	
The measurement of the contact angle can yield valuable insights into the availability and accessibility of the active sites present on the surface of the electrode. A surface exhibiting a reduced contact angle is inclined to possess a larger proportion of its surface area that is accessible to the electrolyte [51]. An enlarged electrochemically active surface area (ECSA) often leads to enhanced catalytic activity in the hydrogen evolution reaction (HER). The least water contact angle of LIG-Au@50 among others supports its better catalytic activity.




	(3)

	
The interplay between gold nanoparticles and laser-induced graphene has the potential to provide synergistic outcomes that augment the catalytic efficacy of both substances at moderate level of gold concentration (50 cycles). An increased quantity of gold on the (LIG) surface, specifically after 100 cycles, induces significant agglomeration, hence diminishing the catalytic activity. Conversely, a lower quantity of gold on the LIG surface, particularly after 20 cycles, exhibits an inadequate number of active sites for catalytic reactions.










5. Conclusions


In summary, this study reported the fabrication of gold nanoparticles embedded in a laser-induced graphene electrode for hydrogen evolution reaction using the electrodeposition method resulting in uniform coverage of gold over the LIG surface at a moderate CV cycling rate which further facilitates mass transport and charge transfer properties. The fabricated catalysts exhibited remarkable electrocatalytic performance, characterized by a low overpotential value of 141 mV at a current density of 10 mA/cm2, as well as a significantly high electrochemical active surface area of 1.28 cm2 suggesting the catalysts hold great potential in comparison to other materials of similar nature. The interaction between gold nanoparticles and laser-induced graphene possesses the capacity to yield synergistic effects that enhance catalytic efficiency. Such electrode material offers new insights into the advancement of catalysts that are highly active, stable, and cost-effective, thereby addressing the requirements of commercial electrolysis technology.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/c9040118/s1, XRD, Raman and SEM of LIG, CV curves at different scan rates, CV cycles of electrodeposition, (LSV at 2 mV/s (Figures S1–S6)). Figure S1 shows the XRD pattern of bare LIG. Figure S2 (a) represents FESEM of bare LIG (b) Raman spectra depicting D, G and 2D peaks of LIG. Figure S3 (a) shows the CV scan in the non-faradic region to calculate the double layer capacitance in 0.5M H2SO4 solution. (b–d) represents the individual CV scans in the same regions for all LIG-Au nanostructures. Figure S4 represents the CV scans of bare LIG in HauCl4 and H2SO4 solution during the electrodeposition process at different cycles. Figure S5 Cyclic Voltammetry studies of LIG-Au nanostructures in the presence of 5mM Ferro/Ferricyanide + 0.1M KCl. Figure S6 LSV scans at 2 mV/s. Table S1 shows the TOF values for comparison of LIG-Au@50 with other similar catalysis [52,53].
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Figure 1. Schematic representation of the synthesis of LIG followed by fabrication of LIG-Au nanostructures on nickel foam. 
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Figure 2. (a) shows the XRD pattern of fabricated LIG-Au nanostructures (b–e) water contact angle variation of LIG, LIG-Au@20, LIG-Au@50 and LIG-Au@100, respectively. 
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Figure 3. (a–c) Surface morphology analysis through FESEM of LIG-Au@20, LIG-Au@50, and LIG-Au@100 with inset shows qualitative EDS spectrum (d) size distribution histogram for LIG-Au@50 (e–h) elemental mapping of LIG-Au@50. 
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Figure 4. Electrochemical performance of hybrid catalysts. (a) LSV scans from 0 V to −0.4 V (vs. RHE) at a scan rate of 5 mV/s (b) bar diagram representing the overpotential values of different materials (c) different tafel plots of the catalyst evaluate the kinetic process (d) Cdl values calculated at 1.5V vs. RHE using CV scans for calculation of electrochemically active surface area (e) corresponding EIS spectra of all samples. 
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Figure 5. (a) LSV scan of a symmetric device fabricated using LIG-Au@50 electrode (b) CV scan was used to check the stability of the LIG-Au@50 catalysis over 1000 cycles of continuous operation (c) chronopotentiometry test at 50 mA/cm2 for 50 h. 
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Table 1. Electrochemical performance parameters of LIG-Au nanocomposites.
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	S.No.
	Sample Name
	Overpotential      (   η   10   )    (mV)
	Tafel Slope

(mVdec−1)
	ECSA

(cm2)
	Mass Activity

(A g−1)
	TOF

(s−1)





	1
	LIG-Au@20
	219
	187
	0.30
	2.09
	0.00027



	2
	LIG-Au@50
	141
	131
	1.28
	8.80
	0.0091



	3
	LIG-Au@100
	183
	154
	0.76
	4.29
	0.0045










 





Table 2. EIS performance parameters of as-fabricated catalysts.
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	Sample
	Charge Transfer Resistance (ohm)
	Solution Resistance (ohm)





	LIG-Au@20
	848.5
	88.67



	LIG-Au@50
	211.9
	22.19



	LIG-Au@100
	440.8
	46.16










 





Table 3. Comparison of performance parameters of LIG-Au@50 catalyst with similar materials previously reported in the literature.
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	S.No.
	Catalyst
	Electrolyte
	Overpotential at 10 mA/cm2 (mV)
	Reference





	1
	Gold nanoparticles
	0 pH H2SO4
	200
	[23]



	2
	InSe Au
	0.5 M H2SO4
	392
	[22]



	3
	LIG-CuO
	1M KOH
	149
	[47]



	4
	LIG-Mos2
	0.5 M H2SO4
	216
	[48]



	5
	Pt 3D LIG
	1 M KOH
	455
	[49]



	6
	LIG-Au@50
	0.5 M H2SO4
	141
	Present work
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