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Abstract

:

Three mononuclear 2-picolylamine-containing zinc(III) complexes viz [(2-PA)2ZnCl]2(ZnCl4)] (Zn1), [(2-PA)2Zn(H2O)](NO3)2] (Zn2) and [Zn(2-PA)2(OH)]NO3] (Zn3) were synthesized and fully characterized. Spectral and X-ray structural characteristics showed that the Zn1 complex has a square-pyramidal coordination environment around a zinc(II) core. The hydroxide complex Zn3 was non-covalently functionalized with few layers of graphene oxide (GO) sheets, formed by exfoliation of GO in water. The resulting Zn3/GO hybrid material was characterized by FT-IR, TGA-DSC, SEM-EDX and X-ray powder diffraction. The way of interaction of Zn3 with GO has been established through density functional theory (DFT) calculations. Both experimental and theoretical findings indicate that, on the surface of GO, the complex Zn3 forms a complete double-sided adsorption layer. Zn3 and its hybrid form Zn3/GO have been individually investigated as electrocatalysts for the hydrogen evolution reaction. The hybrid heterogenized form Zn3/GO was supported on glassy carbon (GC) with variable loading densities of Zn3 (0.2, 0.4 and 0.8 mg cm−2) to form electrodes. These electrodes have been tested as molecular electrocatalysts for the hydrogen evolution reaction (HER) using linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) in 0.1 M KOH. Results showed that both GC-Zn3 and GC-Zn3/GO catalysts for the HER are highly active, and with increase of the catalyst’s loading density, this catalytic activity enhances. The high catalytic activity of HER with a low onset potential of −140 mV vs. RHE and a high exchange current density of 0.22 mA cm−2 is achieved with the highest loading density of Zn3 (0.8 mg cm−2). To achieve a current density of 10 mA cm−2, an overpotential of 240 mV was needed.
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1. Introduction


Production of hydrogen (H2) gas, a flexible energy carrier with favorable features and a high-energy-density fuel [1,2,3], has become important because of increased global energy demand [4]. The most economical and leading technology for direct production of hydrogen is the steam reformation of natural gas, since natural gas is abundant, non-precious and contains the highest content of H2 among all fossil fuels [5]. This industrial process, however, requires high energy input and emits CO2 gas as a by-product, causing global warming and leading to a rise in the natural acidity of rainwater [6,7,8]. Therefore, an environmentally friendly and efficient approach to generate H2 from sources other than fossil fuels is necessary and highly desirable.



Water electrolysis is an economical and promising technology for sustainable generation of H2 with less influence on the greenhouse effect [1,2,3]. Electrochemical water splitting consists of two half-cell reactions, namely hydrogen evolution reaction (HER) and an oxygen evolution reaction (OER), but the most challenging task of these two half-cell reactions is the development of the catalyst as it controls the performance of energy conversion devices [9]. The platinum (Pt) and Pt group metals are well recognized as the most powerful catalysts capable of catalyzing the HER and force to derive significant currents near to thermodynamic potential. However, these Pt group metals are rare and the cost of these catalysts is high [10]. Researchers of all over the world have been attempting to develop a stable, highly effective, non-precious and earth-abundant catalyst for the half-cell evolution reaction, HER [9,11,12,13,14,15,16,17,18,19,20,21,22,23]. Carbon based materials [24], non-metal [25], and metal-supported metal nanoparticles [26,27,28] have been shown to function as superior, inexpensive alternatives for the HER electrocatalysts.



Transition-metal complexes is another class of molecular electrocatalysts that are extremely stable materials well suited for storing energy in chemical bonds and generating power through hydrogen generation and oxidation [29,30]. Coordination chemists face a significant problem in developing and synthesizing transition metal complexes capable of catalyzing the reduction of protons (H+) to H2 at low overpotentials [31]. In this context, we assessed the first-row transition metal-based complexes as efficient molecular electrocatalysts for HER [32,33,34,35]. To the best of our knowledge, none of these metal-complex electrocatalysts have been evaluated for HER in non-aqueous solutions. On the other hand, concerning aqueous solutions, the literature revealed a limited number of publications on electrochemical hydrogen generation on metal-complex electrocatalysts [36,37,38,39,40,41,42]. Given the importance of this topic, this number of studies is deemed minimal.



The present research is based on the synthesis of a series of zinc(II) complexes derived from ligand 2-picolyamine, namely [(2-PA)2ZnCl]2(ZnCl4)] (Zn1), [(2-PA)2Zn(H2O)](NO3)2] (Zn2) and [Zn(2-PA)2(OH)]NO3] (Zn3). A few-layer graphene oxide (GO) was non-covalently functionalized with Zn3, forming the hybrid heterogenized material Zn3/GO, which can be used to change electrodes with the goal of producing cathodes with high catalytic activity for the HER from water. In order to determine the HER behavior of the studied Zn(II) complex Zn3 and its functionalized hybrid Zn3/GO catalysts, various electrochemical techniques have been used. The best catalyst was also evaluated for stability and long-term durability using cyclic voltammetry (repetitive cycling up to 5000 cycles) and chronoamperometry measurements.




2. Experimental


2.1. General Methods and Instrumentations


Reagents, such as 2-picolylamine (PA), zinc(II) chloride and zinc nitrate hexahydrate, were purchased from Sigma (Darmstadt, Germany) and used directly without further purification. GO was prepared by natural graphite oxidation, following the modified Hammer method [43]. The zinc(II) complexes were synthesized, characterized and immobilized on the surface of GO as fully reported in Section S1 (Supporting Information). In the range of 400–4000 cm−1, the IR spectra from the zinc(II) complexes were acquired using an Alpha-Attenuated FT-IR Spectrophotometer (Perkin-Elmer Series II CHNS/O Analyzer 2400, Perkin-Elmer, Waltham, MA, USA). Thermal analysis measurements were recorded in nitrogen atmosphere with a Shimadzu TGA-DTA 60H analyzer [44]. The XRD diffraction patterns were obtained using a 40 kV and 40 mA powered D8 Advance (Bruker, Billerica, MA, USA) X-Ray diffractometer with Cu Kα (λ = 1.54056 Å). The crystallographic data of the zinc(II) complex Zn1 were obtained using Mo-Ka radiation on a Bruker AXS Smart CCD diffractometer (Supporting Information, S1.4). Lorentz corrections of polarization and absorption were performed by SAINT and SADABS software [45,46]. The structures were solved by direct or Patterson methods using SHELXS-2013 [47] to find the position of heavy atoms.




2.2. Calculations from DFT


The geometry optimizations of zinc(II) complexes Zn1 and Zn3 were carried out using Gaussian G09 [48]. For the calculations, density functional theory (DFT) was applied using B3LYP/6–311++G(d,p) level theory. The formation energy (E + BSSE) was determined by Equation (1) for both Zn1/GO and Zn3/GO composites:


EZn1 or Zn3/GO = EZn1 or Zn3/GO − EZn1 or Zn3 − EGO + ΔEBSSE



(1)




where EGO is the absolute energy of GO and EZn1 or EZn3 is the energy of zinc(II) complexes Zn1 or Zn3. The vibrational frequencies were performed on the optimized structures to ensure the stability of the individual and complex structures.




2.3. Electrochemical Measurements


The electrochemical setup and techniques employed to assess the HER catalytic activity of the newly synthesized Zn3 and Zn3/GO cathodes are fully described in Section S2 (Supplementary Materials).





3. Results and Discussion


3.1. Characterization of Zinc(II) Complexes and Zn3/GO Hybrid Material


The results of the chemical analysis showed that the obtained zinc(II) complexes [(2-PA)2ZnCl]2(ZnCl4) (Zn1) and [(2-PA)2Zn(H2O)](NO3)2 (Zn2) and [(2-PA) Zn(OH)]NO3 (Zn3) were composed of stoichiometries of 1:2 (zinc: ligand) ratios (Scheme 1). These complexes have molar conductance values in the range of 90–110 Ohm−1 cm2 mol−1, confirming their ionic characteristics.



3.1.1. X-ray Crystallographic Determination


The reaction of the ligand 2-PA with ZnCl2 in methanol results in the formation of the ionic complex [(2-PA)2ZnCl]2(ZnCl4) (Zn1). Its structure has been elucidated by IR and 1H NMR measurements. Figure 1A displays the molecular structure with 50% probability thermal ellipsoids. In Table 1, selected bond lengths and bond angles around the centers of zinc(II) are shown. The complex consists of two distinct pseudo-square pyramidal [(2-PA)2ZnCl]+ cations and one tetrahedral [ZnCl4]2− anion in a mixed stereochemistry. There are two pyridyl nitrogen atoms N(2) and N(3) and two primary amine nitrogen atoms N(1) and N(4) in the equatorial positions in the coordination polyhedron of zinc(1) ion in the cation part, as well as chloride anion Cl(1) in the apical position.



For the second zinc(2) atom, a similar coordination behavior was observed. The equatorial lengths of the bonds Zn-NPy {Zn(1)-NPy [N(2), N(3)] and Zn(2)-NPy [N(6), N(8)] are approximately 2.1542 Å and the equatorial lengths of the bonds Zn-NH2 {Zn(1)-NH2 [N(1), N(4)] and Zn(1)-NH2 [N(5) and N(7)] are approximately 2.0860 Å. The distances of the two chloride atoms to both Zn(1) and Zn(2) are 2.2955(4) and 2.3156(4) Å, respectively, taking into account the four nearest donor functions, resulting in a distorted square pyramidal ZnN4Cl with angles of 107.37 and 105.15o for N-Zn(1)-N and N-Zn(2)-N. These are in line with the literature data of compounds of square pyramidal zinc [49,50]. There are four chloride atoms [Cl(3), Cl(4), Cl(5), Cl(6)] in the four coordinate tetrahedral anion of the Zn(3)2+ ion with an average bond duration of 2.275 Å. The Cl-Zn(3)-Cl average bond angle is 109.42°. Hydrogen bonding interactions with chloride atoms are strong in the N-H bonds (Table 2 and Figure 1B). Consequently, in the crystalline state, the zinc(II) complex Zn1 is stabilized by various hydrogen bond patterns.




3.1.2. FT-IR Spectra


The FT-IR spectra of the ligand 2-PA, pristine GO, Zn3 and Zn3/GO are depicted in Figure 2. The observed vibration bands at 3006, 1626 and 690 cm−1 are assigned to v (N-H), v (C=N) and δ (pyridine ring), respectively. Upon complexation to zinc(II) ion, the bands of v (NH) and δ (pyridine ring) of the ligand 2-PA show upward shifts of ≈ 21–63 and ≈ 5–20 cm−1, respectively. In comparison, the bands assignable to v (C=N) and the breathing of the pyridine ring indicate downward changes of 20 and 18–34 cm−1, respectively. The new absorption bands in between 420 and 435 cm−1 further confirmed the development of these zinc(II) complexes. These bands are not seen in the free ligand, due to v (Zn-N) [51].



The Zn3 complex displayed a very intense absorption band at 1378 cm−1, indicating the ionic character of the NO3− anion (Figure 1) [52]. Moreover, a very wide absorption band in the range of 3320 to 3350 cm−1 is noticed due to coordinated water molecules. In the case of the complex Zn3, the coordinated hydroxide is characterized by a broad absorption band stretching from 3537 to 3588 cm−1 [53]. The IR spectra for the pristine GO, Zn3 and the hybrid composite Zn3/GO are shown in Figure 2. The stretching v (O-H) and bending δ (O-H) vibration bands observed at 3450 and 1630 cm−1, respectively are due to the adsorbed water. The band at 1082 cm−1 is assigned to the epoxide groups v (C-O) and hydroxyl groups v (C-OH). The contribution of IR absorption due to zinc complex molecules is barely detectable because of the content of the zinc(II) complex Zn3 in the hybrid, which is not so high. In particular due to v (C = C) vibrations in the aromatic system, the absorption at 1390–1530 cm−1 contributes slightly to the already existing hydroxyl absorption of GO in the same spectral area.




3.1.3. H NMR Spectra


Zinc(II) complex (Zn1) stoichiometry was calculated using 1H-NMR spectroscopy by monitoring the chemical shifts of the pyridine proton and the methylene proton of the zinc(II) complexes formed in D2O. As a representative example, Figure 3 shows the 1H-NMR spectra of the ligand 2-PA and its zinc(II) complex Zn2. The expansion and downfield shifts of the pyridine and methylene protons of the formed zinc(II) complex Zn2 species at a molar ratio of 1:2 ([Zn2+]:[2-PA]) were observed when stoichiometric amounts of zinc(II) ions were added.




3.1.4. Thermal Analyses


The thermal decomposition of the zinc(II) complex Zn1 displayed several weight loss steps. Figure 4 represents TGA-DTG-DTA thermograms of Zn1. The first two weight losses in the ranges of 220–320 and 225–390 °C were accompanied by two endothermic peaks at 245 and 276 °C, respectively, attributing to the removal of the coordinated chloride ligands. In the temperature range of 485 to 590 °C, the organic component of the complex loses 45% of its weight. A final degradation step with an endothermic peak was observed at 660 °C, assigning to the remaining organic moiety yielding ZnO as the final product.



A rough estimate of the inclusion of zinc(II)-bound hydroxo complex Zn3 in the functionalized GO sample was evidenced from TGA-DSC analysis of Zn3/GO. Figure 5 displays the TGA-DTG-DSC thermograms of GO, Zn3 and Zn3/GO. A well demonstrated non-difference between GO samples before and after functionalization was observed in the range of 100–200 °C. This specifies the non-covalent functionalization of GO with the Zn3, in which the carboxyl groups (COOH) remain deprotonated to form anionic carboxylate species [54]. The additional, most important temperature range at about 200–500 °C corresponds to the combustion of the main carbonaceous fraction, including the attached ligand moieties. The approximate contribution from the weight difference at 350 °C for GO before and after functionalization of the 2-picoly moieties (without Zn, which remains in the ash) is around 4% for the hybrid material collected.




3.1.5. SEM-EDX and X-ray Powder Diffraction


The morphological SEM characterization of GO after functionalization with Zn3 (Figure 6) shows that the hybrid material Zn3/GO exhibits numerous folds and crinkles. A similar effect of functionalization on SEM morphology was also observed with porphyrin tetraazamacrocyclic complexes elsewhere [55].



The structure of the functionalized hybrid material Zn3/GO was also examined using X-ray powder diffraction (XRD) (Figure 7). The immobilization of Zn3 on GO does not affect its phase structure, but the peak strength has decreased slightly. This is due to lower loading of the complex to the GO support structure.





3.2. DFT Studies


DFT calculations were performed using the B3LYP/6–311++G(d,p) level of theory to provide further insight into the electronic structure of the nanocomposite [(2-PA)2Zn(H2O)](NO3)2/GO. First, the molecular structure of Zn3 was optimized and compared to the geometrical structure of Zn1. Figure 8 shows the optimized structures of both Zn3 and GO. The Zn35…N26 and Zn35…N18 in Zn3 were 2.23 and 2.12 Å compared to 2.21 and 2.07 Å in Zn1, respectively. The bond length of Zn35…O36H41 is 1.90 Å, which is shorter than that of Zn1···Cl1 in Zn1, which has been attributed to the higher electron density in the OH group.



A total of 110 carbon atoms and various oxygen surface groups, such as two epoxy groups, two hydroxy groups and four terminal carboxylic groups, were simulated on the GO sheet. The selected GO sheet has been widely used for the adsorption of organic and inorganic surface molecules [56,57]. The optimized GO structure along with the measured MESP map is shown in Figure 8b. The MESP demonstrates the existence of nucleophilic sites that could be potential atoms for binding to the Zn3 complex of zinc(II), while the measured GO HOMO orbitals display the contribution of the epoxy and hydroxyl groups to the surface binding group. The optimized structures of Zn1/GO and Zn3/GO are shown in Figure 9. Data of Zn1/GO show that the complex is stabilized by various hydrogen bonds such as Cl38... H82-O81 (2.30 Å), O87... H41-N26 (2.51 Å), with a bond angle of 175 and 165°, respectively. The formed hydrogen bonds’ lengths in Zn3/GO were shorter than Zn1/GO, for example, O128…H111-O118 (1.83 Å), O128…H81-O88 (1.73 Å) and O85…H36-N15 (2.04 Å), with bond angles of 179, 165 and 171° respectively. The adsorption energies calculated for Zn1/GO and Zn3/GO were −9.2 and −14.3 kcal/mol, respectively, confirming the high stability and exothermic adsorption of Zn3/GO. In addition, the high exothermic adsorption energy of Zn3/GO was confirmed by the calculated ΔH = −6.4 kcal/mol compared to Zn1/GO (ΔH = −1.2 kcal/mol).



We investigated the non-covalent interaction (NCI), which largely depends on surface electron density, to investigate the existence of molecular interactions for Zn1/GO and Zn3/GO structure stabilizations. The 3D isosurface plot visualizes the strength of the noncovalent interactions, where strong NCI such as hydrogen bonding is indicated by the blue region, the green region indicates the weak NCI and the repulsion forces are indicated by the red region (Figure 10). In Zn1/GO, the isosurface plot shows the presence of green surface between Cl atom and the H atom for weak HB. On the other hand, the blue region between the O atom of the OH group on the complex and the surface OH groups on the GO surface is illustrated by the Zn3/GO isosurface, which suggests the development of strong HB interactions. This finding is confirmed by the short lengths of HB bonds in Zn3/GO rather than Zn1/GO.



Table 3 displays the calculated HOMO and LUMO orbital energies of GO, Zn1/GO and Zn3/GO as well as the corresponding energy gap. The determined HOMO and LUMO energies show that both HOMO and LUMO orbitals are stabilized by the immobilization of Zn(II) complexes on the GO surface and the GO energy gap is reduced. Important charge transfer from the Zn(II) complex to the GO surface occurs during its immobilization on the GO surface.




3.3. HER Electrocatalytic Studies


Figure 11a shows the cathodic polarization curves constructed for unsupported (Zn3) and GO-supported Zn3 (Zn3/GO) electrodes with various loading densities (ca. 0.2–0.8 mg cm−2).



Measurements were conducted at room temperature in deaerated the aqueous solution of KOH (0.1M). The potential of the working electrode is cathodically polarized, starting from the respective corrosion potential up to a cathodic potential value of −1.0 V vs. RHE at a potential scan rate of 5.0 mV s−1. The accompanying Tafel plots were created to acquire additional insight into the electrocatalytic behavior of the investigated catalysts, Figure 11b. The electrochemical kinetic parameters of the HER derived from the Tafel plots are depicted in Table 4.



These parameters include the HER’s onset potential (EHER), cathodic Tafel slope (βc), exchange current density (jo) and the overpotential required to create a current density of 10 mA cm−2, η10. For proper evaluation and comparison of catalyst electrocatalytic activity, the latter parameter, namely η10, is normative [58]. The electrochemical active surface area (EASA) of each tested catalyst is determined from the impedance measurements, and is used to calculate all catalytic currents, as reported elsewhere [59].



The HER electrocatalytic activity of the investigated catalysts is first evaluated and compared using their EHER value, the potential at which proton reduction is initiated to generate H2 and beyond which H2 is profusely evolved corresponding to increased cathodic current. This potential is therefore considered as a crucial electrochemical kinetic characteristic that evaluates the catalyst’s HER catalytic performance because any change in its location on the polarization curve causes a considerable change in the numerical value of jo, which impacts HER catalytic activity. In the literature, an electrocatalyst with a low EHER value is described as an efficient HER electrocatalyst because it generates large volumes of H2 with higher jo values at low overpotentials [59,60,61,62,63,64].



When compared to a bare GC electrode (Figure 11a, curve 1), the GC-Zn3 electrodes showed significant current improvements at lower EHER values, which continued to decrease, corresponding to improved HER kinetics, after supporting Zn3 on GO. These findings show that the supportive material (GO) has a catalytic effect in boosting the HER. With increasing loading density of Zn3, the EHER value drifts towards the anodic (active) direction. These findings suggest that as the loading density of the investigated complex increases, hydrogen generation is favored at low overpotential values, especially when immobilized on GO.



The electrochemical kinetic parameter symbolized as η10, the overpotential value acquired by an electrocatalyst to deliver a current density value of 10 mA cm–2, is important to compare and assess the catalytic efficacy of electrocatalysts [50]. From Table 4, it is clear that, like EHER, the value of η10 drops as the catalyst’s loading density increases, regardless of whether the supporting material GO is present or not. In the presence of GO, the η10 value for any investigated loading density decreases much further. These findings affirm the efficient production of hydrogen at lower overpotentials when the electrocatalyst loading density is increased, especially when the electrocatalyst is supported on GO.



Increased Zn3’s loading density and its immobilization on GO resulted in a significant rise in the exchange current density (jo) value, signifying higher catalytic activity. This is obvious from the values of jo depicted in Table 4, where, for instance, the value of jo rose from 0.1 mA cm−2 for a loading density of 0.2 mg cm−2 to 0.19 and 0.26 mA cm−2 for loading density values of 0.4 and 0.8 mg cm−2, respectively. The value of jo increased further to 0.28, 0.45 and 0.77 mA cm−2 for the same loading density values, namely 0.2, 0.4 and 0.8 mg cm−2, when Zn3 catalyst was supported on the GO.



Table S1 (Supporting Information) revealed that, based on its calculated HER electrochemical kinetic parameters (EHER, jo, βc, and η10), the HER catalytic performance of the best catalyst reported here, namely GC-Zn3 (0.8 mg cm−2)/GO, outperformed the most active HER molecular electrocatalysts reported in the literature.



3.3.1. Impedance Measurements


EIS measurements were also conducted for all tested catalysts at an overpotential value of 500 mV, as shown in Figure 12.



The goal is to further elucidate the investigated catalyst’s HER performance and obtain a better understanding of the HER kinetics and surface phenomena [65,66]. For all of the examined catalysts, except for the bare GC and Pt/C electrodes which exhibit a single capacitive loop (Figure S1, Supporting Information), whatever the loading density value and irrespective of the presence or absence of the supporting material (GO), the impedance plots are characterized by two semicircles: A very small semicircle at high frequencies and a great semicircle at low frequency values. The small semicircle was hidden beneath the large semicircle in the complex-plane impedance plots shown in Figure 12, but can be clearly seen in the inset of Figure 12.



The semicircle’s diameter shrinks as the charge transfer process speeds up. The size of the large semicircle fluctuates depending on how much Zn3 is loaded onto the GC. The large semicircle’s size is also found to be affected by the presence of the supporting material (GO). The high frequency semicircle, on the other hand, represents the contact between the GC and the electrocatalyst layer and is not affected by the Zn3 complex’s loading density values (as seen in the inset of Figure 12) [67].



In the Supplementary Information, Figure S2, the equivalent circuits used to mimic the HER kinetics on the examined cathodes are presented and discussed. Table 5 depicts the various impedance parameters obtained from fitting the experimental impedance data.



Table 5 does not contain the impedance parameters for the first semicircle (the small one at the high frequency vales), as it is independent of the catalyst’s loading density. This suggests that this semicircle has a minor impact on the overall HER kinetics. According to Table 5, when the GC was loaded with the catalyst, the charge-transfer resistance (Rct, the diameter of the large semicircle) decreased dramatically, and this drop in Rct increased as the loading catalyst’s density increased. In the presence of GO, Rct values are always smaller. A low Rct value indicates high catalytic performance towards the HER, because it allows for rapid electron transport during the course of the HER.



In comparison to the bare GC electrode (Table 5), the GC-Zn3 cathodes’ extraordinarily large capacitance values, which enhanced with increase in the catalyst’s loading density and further increased upon immobilization Zn3 on GO, can be attributed to a huge electrochemical active surface area (EASA), which is directly related to the kinetics of the HER over different electrocatalysts [68,69]. For EASA measurements, there are a variety of methodologies reported in the literature. Calculating the roughness factor (Rf) from EIS data, using Equation (2), or more accurately from estimated double layer capacitance values, is one method of estimation [68,69]. For the calculation of Rf, the values of Q (designated here as Qmeasured) rather than C were employed, because the former offers more information regarding surface inhomogeneity and roughness, Equation (2) [70,71,72,73]:


Qmeasured = Rct−1(C × Rct)n



(2)







In addition, the parameter n (n = 1 and C = 20 μF cm−2 for a typical flat surface [68,69]), which is also related to surface roughness, is included in Equation (2). This gives Qcalculated a value of 20 Sn (ω−1 cm−2). The values of Rf were then calculated through Equation (3) [68,69]:


Rf = Qmeasured/Qcalculated



(3)







Table 6 shows, for any investigated catalyst at any loading density, that as the applied voltage is made more cathodic, Rf increases since H2 evolves profusely and can incorporate in the crystal lattice of the tested cathode. As a result, voids and defects may form, resulting in increased surface roughness [74,75,76,77]. The values of Rf dramatically rose when these complexes were supported on GO. Because electrocatalysts with higher Cdl values have a slew of more attackable active surface sites, these results validate the catalytic influence of increasing Zn3 loading density as well as supporting it on GO. As a result, charge transfer is more efficient, and catalytic efficiency is improved. Similarly, the value of EASA rises as the loading density of the catalyst rises in all circumstances. In the presence of GO, the EASA value is always higher at any tested loading density.



Tafel slope is a well-known property for comparing and evaluating the performance of electrocatalysts. It can also be utilized to determine the rate-determining step and forecast the HER reaction pathway. In alkaline solutions, either the Volmer–Heyrovsky or Volmer–Tafel mechanisms are used to control the HER [78,79].



Volmer step:


H2O + e− + S* ↔ Hads + OH−



(4)






Hads + H2O + e− ↔ H2 + OH− + S*



(5)







Tafel step:


2Hads ↔ H2 + S* + S*



(6)




where S* denotes an active hydrogen-adsorption site. The Tafel slope, in practice, shows the overpotential increment required to generate a tenfold increase in current density. As a result, a small Tafel slope value indicates a rapid increase in electrocatalytic current density at lower overpotential values, implying increased catalytic activity [78].



The Tafel lines of the three studied GC-loaded Zn3 catalysts, namely GC-Zn3 (0.2 mg cm−2), GC-Zn3 (0.4 mg cm−2) and GC-Zn3 (0.8 mg cm−2), are virtually parallel (see Figure 10b), with Tafel slopes ranging from 154 to 156 mV dec−1. These findings suggest the Tafel slope value is unaffected by the catalyst’s loading density. According to these results, the catalyst layer produces an underappreciated internal resistance. The high Tafel slopes imply that the Volmer–Heyrovsky reaction, with the Volmer step as the rate determining step, governs the HER kinetics [78,79].



The three GO-supported Zn3 catalysts exhibited parallel Tafel lines as well, but with lower βc values (117–119 mV dec−1). These βc values approached those recorded here for the commercial Pt/C (113 mV dec−1), implying that the HER on the surfaces of such GO-supported Zn3 is controlled by a Volmer mechanism [79]. This apparent drop in the values of βc, caused by increasing the catalyst’s loading on the GO, indicates that the HER is accelerated, as decreasing Tafel slope values normally imply profusion in the HER catalytic active sites [78]. The catalytic impact of GO as a support on the HER kinetics is supported by these findings.




3.3.2. Faradaic Efficiency Measurements


Another crucial measure to consider when evaluating catalytic activity is the HER’s faradaic efficiency (FE). As indicated in the Supplementary Information, Section 3, the volume of H2 measured by gas chromatography after 1 h of controlled potential electrolysis is divided by its theoretical (estimated) volume to provide FE values (Table 6).



It follows from Table 6 that the investigated catalysts’ FE values increase with increase in loading density. At any loading density value, the FE value is found to enhance upon supporting the catalyst on GO. The highest FE value (98.9%) is recorded for the GC-Zn3 (0.8 mg cm−2)/GO catalyst, which is very close to that measured for the commercial Pt/C (99.5%). The remaining charge could be dissipated (wasted) in side reactions such as dissolved oxygen reduction. Despite the deaeration of the solution and the sealing of the cell, dissolved oxygen is likely to stay in the solution. Because a rod of graphite was utilized as a counter electrode instead of Pt, metal cation reduction and metal deposition were ruled out.




3.3.3. Origin of Catalytic Activity


The results show that the supporting material GO has a substantial catalytic effect on the HER kinetics. One of the key reasons for the Zn3/GO having such high HER catalytic activity is the strong interactions between the GO and the loaded metal complex, as indicated by DFT simulations (revisit Section 3.2). Such strong interaction enables a more efficient charge transfer from GO to Zn3, thus the HER kinetics is improved. Another key factor contributing to the examined Zn3 cathodes’ excellent HER catalytic activity is their high EASA values, which are especially high when Zn3 is supported on GO (revisit Table 5). The supporting metal complex should diffuse evenly throughout the large surface area of GO, exposing more catalytically active sites for water molecule reduction and efficient generation of H2.



The unique structure of the zinc(II) complex Zn3 with its low oxidation state and ionic hydroxide ligand in the axial position played a major role in its high catalytic activity and promoting the electrocatalysis for H2 production [80]. Based on the obtained results and the validation from pH increase after electrolysis, a catalytic cycle presented in Scheme 2 is suggested for the production of H2 by Zn3. First, there is production of the species [Zn(2-PA)2] by two electron reduction of [Zn(2-PA)2]2+, followed by the formation of the high reactive intermediate [Zn(2-PA)2(H)]+ via the addition of a proton. Second, further reduction of the species [Zn(2-PA)2(H)]+ gives H2, forming the species [Zn(2-PA)2]2+ again for another catalytic cycle [81].




3.3.4. Catalyst Stability and Durability


A continuous potential cycling (7000 cycles) was applied to the best catalyst GC-Zn3 (0.8 mg cm−2)/KOH interface to assess its stability and long-term durability, Figure 13.



The catalyst displayed the outstanding stability in these solutions, as evidenced by the apparent low loss of current. Moreover, the Tafel slope remained almost constant (121 mV dec−1) after the last loop, indicating that the HER mechanism is unaffected by the catalyst’s cycling. More evidence for catalyst stability can be seen in the chronoamperometry measurements (inset of Figure 13) where the current remains constant throughout the operation.






4. Conclusions


A series of zinc(II) complexes, namely [PA)2ZnCl]2(ZnCl4)] (Zn1), [(PA)2Zn(H2O)](NO3)2] (Zn2) and [Zn(PA)2(OH)]NO3] (Zn3), have been synthesized and fully characterized. Grafting of Zn3 on the surface of GO via non-covalent interaction afforded the stable Zn3/GO as a heterogeneous electrocatalyst for efficient H2 generation. Zn3 and Zn3/GO-modified glassy carbon (GC) surfaces with different loading densities (0.2, 0.4 and 0.8 mg cm−2) were examined as electrocatalysts for the efficient generation of H2 in an alkaline electrolyte (0.1 M KOH). Several electrochemical methods were employed to investigate the electrocatalytic activity of these materials towards the hydrogen evolution reaction (HER) in this solution. The HER electrocatalytic activity of the GC-Zn3 catalysts was high, and it increased as the loading density of the catalyst was increased. When Zn3 was supported on GO at any tested loading density, the HER activity of the GC-Zn3 catalyst was demonstrated to increase. For instance, the electrocatalyst with the highest loading density, namely GC-Zn3 (0.8 mg cm−2), displayed a considerable HER catalytic activity with a low onset potential (EHER) of −102 mV vs. RHE, a high exchange current density (jo) of 0.26 mA cm−2 and a Tafel slope (βc) of −155 mV dec−1. In addition, this electrocatalyst generated a current density of 10 mA cm−2 at a 205 mV overpotential (η10). Upon immobilizing such catalyst on GO, GC-Zn3 (0.8 mg cm−2), the HER catalytic activity significantly increased, recording HER electrochemical kinetic parameters of EHER = −25 mV vs. RHE, jo = 0.77 mA cm−2, βc = −118 mV dec−1 and η10 = 122 mV, approaching those measured for the commercial Pt/C under the same operating conditions (−10 mV vs. RHE, 0.88 mA cm−2, 113 mV dec−1 and 110 mV to yield a current density of 10 mA cm−2). Simulations using density functional theory (DFT) demonstrated a substantial contact between Zn3 and the supporting material (GO) via non-covalent interactions, validating the catalytic role of GO in catalyzing Zn3’s HER. The best electrocatalyst’s long-term durability was assessed using electrochemical techniques, which revealed its promising electrocatalytic stability.
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Scheme 1. The structure of the ligand 2-picolylamine (2-PA) and its zinc(II) complexes. 
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Figure 1. (A) Solid presentation of single crystal X-ray structure of [(2-PA)2ZnCl]2(ZnCl4) Zn1, showing the labeling scheme of non-hydrogen atom; (B) Projection along c axis, describing the geometry in the ribbons which are formed from Zn1. Inter and intra hydrogen bonding displayed. 
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Figure 2. FT–IR spectra of the ligand 2–PA, GO, Zn3 and Zn3/GO. 
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Figure 3. 1H NMR spectra of the ligand 2-PA and its zinc(II) complex Zn2. 
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Figure 4. TGA-DTG–DTA curves of [(PA)2ZnCl]2(ZnCl4) (Zn1). 
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Figure 5. TGA– DTG– DSC thermograms of GO, Zn3, and Zn3/GO. 
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Figure 6. SEM images with EDX for (Left) pristine GO, in comparison with (Right) Zn3/GO. 
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Figure 7. XRD patterns of GO, Zn3 and Zn3/GO. 
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Figure 8. (a) optimized structure of Zn3, (b) optimized structure of GO, (c) the MESP map and (d) the HOMO orbitals of GO nanosheet calculated at B3LYP/6– 311++G(d,p) level of theory. 
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Figure 9. The optimized structure of (a) Zn1/GO and (b) Zn3/GO structures in the gas phase. 
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Figure 10. Three-dimensional isosurface plot of (a) Zn1/GO and (b) Zn3/GO, the reduced density. 
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Figure 11. Cathodic polarization curves (a) and their corresponding Tafel plots (b) recorded for the investigated Zn3 of various loading densities (unsupported and supported on GO) in a comparison with the supporting material (GO). Measurements were conducted in 0.1 M KOH aqueous solution at a scan rate of 5 mV s−1 at room temperature. (1) Bare GC electrode; (2) GC− GO; (3) GC− Zn3 (0.2 mg cm−2); (4) GC− Zn3 (0.4 mg cm−2); (5) GC− Zn3 (0.8 mg cm−2); (6) GC− Zn3 (0.2 mg cm−2)/GO; (7) GC− Zn3 (0.4 mg cm−2)/GO; (8) GC− Zn3 (0.8 mg cm−2)/GO; (9) Pt/C. 
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Figure 12. Complex-plane impedance plots recorded for the investigated Zn3 of various loading densities (unsupported and supported on GO) in a comparison with the supporting material (GO). Measurements were conducted in 0.1 M KOH aqueous solution at an overpotential value of 500 mV at room temperature. (1) Bare GC electrode; (2) GC− GO; (3) GC− Zn3 (0.2 mg cm−2); (4) GC− Zn3 (0.4 mg cm−2); (5) GC− Zn3 (0.8 mg cm−2); (6) GC− Zn3 (0.2 mg cm−2)/GO; (7) GC− Zn3 (0.4 mg cm−2)/GO; (8) GC− Zn3 (0.8 mg cm−2)/GO; (9) Pt/C. Inset—the high frequency region to clarify the presence of the small semicircle. 
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Scheme 2. A proposed catalytic mechanism for proton reduction by Zn3. 
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Figure 13. Long-term stability test recorded for the best performing electrocatalyst, namely GC− MnC (0.8 mg cm−2) in 0.1 M KOH solution at room temperature for the HER. LSV measurements were conducted at a scan rate of 50 mV s−1. Inset—chronoamperometry measurements performed on the catalyst at a constant applied potential of −0.4 V vs. RHE. 
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Table 1. Selected bond lengths (Å), angles (o) and hydrogen bond geometry of Zn1.
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Bond Lengths [Å] and Bond Angles [o]:






	
Zn1-N1

	
2.0716 (12)

	
N4-Zn1-N1

	
119.87 (6)

	
N4-Zn1-N2

	
102.83 (4)




	
Zn1-N2

	
2.1644 (11)

	
N1-Zn1-N2

	
79.04 (4)

	
N4-Zn1-N3

	
79.17 (4)




	
Zn1-N3

	
2.2059 (11)

	
N1-Zn1-N3

	
92.31 (4)

	
N2-Zn1-N3

	
170.98 (4)




	
Zn1-N4

	
2.0699 (12)

	
N4-Zn1-Cl1

	
111.28 (4)

	
N1-Zn1-Cl1

	
128.64 (4)




	
Zn2-N5

	
2.0828 (12)

	
N2-Zn1-Cl1

	
94.55 (3)

	
N3-Zn1-Cl1

	
92.86 (3)




	
Zn2-N6

	
2.1133 (11)

	
N5-Zn2-N6

	
80.79 (4)

	
N5-Zn2-N7

	
111.59 (5)




	
Zn2-N7

	
2.1198 (13)

	
N6-Zn2-N7

	
91.29 (5)

	
N5-Zn2-N8

	
99.69 (4)




	
Zn2-N8

	
2.1332 (11)

	
N6-Zn2-N8

	
169.14 (4)

	
N7-Zn2-N8

	
78.41 (5)




	
Zn1-Cl1

	
2.2955 (4)

	
N5-Zn2-Cl2

	
117.96 (4)

	
N6-Zn2-Cl2

	
97.35 (3)




	
Zn2-Cl2

	
2.3156 (4)

	
N7-Zn2-Cl2

	
130.44 (4)

	
N8-Zn2-Cl2

	
92.01 (3)




	
Zn3-Cl3

	
2.2869 (4)

	
Cl4-Zn3-Cl5

	
110.631 (15)

	
Cl4-Zn3-Cl6

	
109.127 (16)




	
Zn3-Cl4

	
2.2595 (4)

	
Cl5-Zn3-Cl6

	
109.362 (17)

	
Cl4-Zn3-Cl3

	
109.759 (19)




	
Zn3-Cl5

	
2.0828 (12)

	
N4-Zn1-N1

	
119.87 (6)

	
N4-Zn1-N2

	
102.83 (4)




	
Zn3-Cl6

	
2.2782 (4)

	
N1-Zn1-N2

	
79.04 (4)

	
N4-Zn1-N3

	
79.17 (4)




	

	

	
Cl5-Zn3-Cl3

	
113.850 (17)

	
Cl6-Zn3-Cl3

	
103.832 (16)
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Table 2. Hydrogen bond distances (Å) and angles (°) of Zn1.
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	Donor-H
	Acceptor-H
	Donor-Acceptor
	Angle





	N1-H1C...Cl2
	0.88 (2)
	2.42 (2)
	3.2834 (15)
	169.2 (19)



	N1-H1D...Cl1
	0.83 (2)
	2.80 (2)
	3.3904 (13)
	129.6 (19)



	N4-H4A...Cl3
	0.95 (2)
	2.94 (2)
	3.8286 (15)
	156.9 (17)



	N4-H4B...Cl4
	0.80 (2)
	2.61 (2)
	3.2479 (13)
	137.6 (19)



	N5-H5A...Cl5
	0.85 (2)
	2.57 (2)
	3.3925 (13)
	160.8 (19)



	N5-H5B...Cl6
	0.85 (2)
	2.53 (2)
	3.2911 (14)
	150.7 (18)



	N7-H7D...Cl5
	0.95 (2)
	2.63 (3)
	3.4963 (15)
	152.0 (19)



	N7-H7E...Cl1
	0.81 (2)
	2.89 (2)
	3.3917 (15)
	122.7 (18)
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Table 3. Calculated HOMO energy (eV), LUMO energy (eV), energy gap energy (eV) and charges on GO calculated by Hirshfeld and Mullikan methods.
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EHOMO

(eV)

	
ELUMO

(eV)

	
Eg

(eV)

	
Charge on GO




	
Hirshfeld

	
Mullikan






	
GO

	
−5.51

	
−3.77

	
1.74

	
0

	
0




	
Zn1/GO

	
−7.12

	
−5.49

	
1.63

	
−0.97

	
−0.87




	
Zn3/GO

	
−7.10

	
−5.50

	
1.60

	
−1.2

	
−1.6
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Table 4. Mean value (standard deviation) of the HER electrochemical kinetic parameters estimated for the investigated catalysts.
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	Tested Cathode
	EHER/mV (RHE)
	−βc/mV dec−1
	jo/mA cm−2
	η10/mV





	bare GC electrode
	----
	254 (6)
	6.3 (0.15) × 10−4
	----



	GC-GO
	595 (10)
	185 (4.2)
	1.1 (0.03) × 10−3
	730 (9)



	GC-Zn3 (0.2 mg cm−2)
	139 (2.2)
	156 (2.8)
	10.2 (0.25) × 10−2
	265 (4.8)



	GC-Zn3 (0.4 mg cm−2)
	112 (1.6)
	154 (2.7)
	18.8 (0.3) × 10−2
	216 (3.4)



	GC-Zn3 (0.8 mg cm−2)
	102 (1.4)
	155 (2.5)
	25.7 (0.4) × 10−2
	205 (3.2)



	GC-Zn3 (0.2 mg cm−2)/GO
	85 (1.3)
	119 (1.8)
	28 (0.5) × 10−2
	180 (2.5)



	GC-Zn3 (0.4 mg cm−2)/GO
	44 (0.7)
	117 (2.1)
	45 (0.7) × 10−2
	136 (2.3)



	GC-Zn3 (0.8 mg cm−2)/GO
	25 (0.4)
	118 (2.2)
	77 (1.3) × 10−2
	122 (1.9)



	Pt/C
	10 (0.2)
	113 (1.2)
	88 (1.2) × 10−2
	110 (1.4)
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Table 5. Mean value (standard deviation) of the impedance parameters recorded for the investigated GC-loaded Zn3 catalysts (unsupported and supported on GO) in a comparison with bare GC electrode. Measurements were conducted in an aqueous deaerated KOH solution (0.1 M).
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	Catalyst
	Q2

Sn (ω−1 cm−2)
	R2 or Rct

Ω cm2
	n2
	C2

µF cm−2
	Rf *
	EASA **

(cm2)





	bare GC electrode
	122.68 (1.5)
	2792 (20)
	0.88
	106 (1.9)
	6.13 (0.1)
	0.43 (0.01)



	GC-Zn3 (0.2 mg cm−2)
	3554 (39)
	88 (1.2)
	0.89
	3078 (35)
	177.7 (2.8)
	12.4 (0.17)



	GC-Zn3 (0.4 mg cm−2)
	4155 (40)
	65 (0.11)
	0.88
	3476 (35)
	207.8 (2.8)
	14.5 (0.18)



	GC-Zn3 (0.8 mg cm−2)
	4686 (39)
	47 (0.8)
	0.87
	3738 (38)
	234.3 (2.8)
	16.4 (0.22)



	GC-Zn3 (0.2 mg cm−2)/GO
	6567 (48)
	32 (0.6)
	0.86
	5094 (49)
	328.3 (3.5)
	23.0 (0.28)



	GC-Zn3 (0.4 mg cm−2)/GO
	8130 (65)
	22 (0.5)
	0.86
	6143 (49)
	406.5 (4.2)
	28.5 (0.33)



	GC-Zn3 (0.8 mg cm−2)/GO
	10,622 (55)
	12 (0.2)
	0.85
	7385 (62)
	531.1 (5.9)
	37.2 (0.45)







* Rf = Qmeasured/Qcalculated, where Qcalculated = 20 Sn (ω−1 cm−2). ** EASA (cm2) = Rf × A, A is the geometric surface area = π r2 = (3.14) (0.15)2 ~ 0.07 cm2, where 0.15 is the radius of the GCE in cm. Rf = 1.0 for the smooth, as-polished GC electrode; hence, its EASA value equals 0.07 cm2.
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Table 6. Mean value (standard deviation) of VH2 (measured and calculated) obtained after 1 h of a controlled galvanostatic electrolysis (CGE) *, together with the Faradaic Efficiency values, FE (%), for the studied catalysts.
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Tested Catalayst

	
H2 Measured by GC

(H2/μmol h−1)

	
Calculated H2 Based on the Charge Passed during Electrolysis

	
FE (%)






	

	

	
Charge passed/C

	
H2/μmol h−1

	




	
GC-Zn3 (0.2 mg cm−2)

	
12.1 (0.15)

	
2.98 (0.05)

	
15.4 (0.2)

	
78.6 (1.2)




	
GC-Zn3 (0.4 mg cm−2)

	
17.0 (0.2)

	
3.8 (0.06)

	
19.7 (0.22)

	
86.2 (1.1)




	
GC-Zn3 (0.8 mg cm−2)

	
21.4 (0.24)

	
4.5 (0.08)

	
23.3 (0.25)

	
91.8 (1.3)




	
GC-Zn3 (0.2 mg cm−2)/GO

	
22.3 (0.28)

	
4.8 (0.06)

	
24.9 (0.3)

	
89.7 (1.2)




	
GC-Zn3 (0.4 mg cm−2)/GO

	
26.9 (0.35)

	
5.4 (0.08)

	
28.0 (0.3)

	
96.2 (1.4)




	
GC-Zn3 (0.8 mg cm−2) /GO

	
31.3 (0.41)

	
6.1 (0.1)

	
31.6 (0.4)

	
98.9 (1.5)




	
Pt/C

	
32.7 (0.35)

	
6.38 (0.1)

	
33.1 (0.36)

	
99.5 (1.4)








* CGE: The catalyst is held at a current density of −10 mA cm−2 for 1 h in 1.0 M KOH solution at 25 °C.
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