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Abstract
The presence of weak interlayer interactions and in-plane covalent character in quasicrystals facilitate the synthesis of the two-dimensional (2D) multicomponent alloy by chemical exfoliation. We report here, the first large-scale formation of atomically thin 2D sheets by chemical exfoliation from the multicomponent Al70Co10Fe5Ni10Cu5 decagonal quasicrystalline alloy. The exfoliated ultra-thin two-dimensional multicomponent alloy (2D-QCs) exhibited an excellent OER/HER bifunctional catalytic activity in alkaline electrolyte, i.e., alkaline water splitting. The active surface area of the 2D sheets also provides a large number of active sites for the bifunctional catalysis of the oxygen and hydrogen evolution reactions. These 2D atomically thin sheets exhibit superior catalytic performance to their bulk counterparts. Molecular dynamics and DFT simulations of the 2D alloy support the experimental interpretation in terms of structural stability and catalytic properties. Synthesis of this type of new class 2D material provides a promising approach for the design and exploration of non-precious transition metal-based electrocatalysts towards clean energy production. 
Keywords: 2D-Quasi-crystals; Multi-components; Bifunctional catalysis; Oxygen evolution; Hydrogen evolution; Molecular Dynamics.
1. Introduction

Recently, the word “metallenes” has been coined for 2D metallic materials such as silicene (from silicon), gallenene (from gallium), tellurene (from tellurium), and many others 
 ADDIN EN.CITE 
[1]
. Due to their unique electronic structure, high specific surface area, and excellent properties, these materials have attracted significant attention from the scientific community. Generally, the 2D materials are grown over a specific substrate (by the bottom-up technique) 
 ADDIN EN.CITE 
[2]
. The bulk materials having van der Waals interlayer bonding and in-plane covalent bonding (e.g. graphite, MoS2, etc.) can be used to produce 2D materials by chemical or mechanical exfoliation. However, this approach is not universal. For instance, it is very difficult to produce 2D material of metals because of their isotropic forces. It has been reported that 2D materials can also be produced from the non-van der Waal solids (natural oxides) by chemical exfoliation 
 ADDIN EN.CITE 
[3]

One way to explore such a material is to enhance its chemical complexity. The multi-component alloys have opened a new spectrum of alloy systems due to the availability of the astronomical numbers of different chemical compositions and access to higher dimensional phase space. This unusual state of complex solid solutions is expected to give rise to unique properties that differ from the heterogeneous multiphase alloys. Generally, multi-component systems have been found to crystallize into BCC, FCC, HCP, solid solution phases
 ADDIN EN.CITE 
[4]
. In these structures, the atoms are held together by the covalent bonds. Therefore, it is very hard to synthesize the 2D material (one or a few metallic layers) due to the presence of isotropic/uniform forces. Yadav et al. have synthesized the 2D alloys by the chemical exfoliation of the Al-Pd-Mn quasicrystalline (QC) alloys [5]. The as-prepared 2D QC alloys exhibited excellent catalytic activity for the hydrogen evolution[5]. Although this catalyst shows promising activity, the presence of a toxic and expensive element (Pd) is one of the major shortcomings. Therefore, a new 2D material capable of replacing Pd is yet to be explored. As mentioned before, one of the means to find the novel 2D material is to enhance the chemical complexity, i.e. more elements with compositional variability. Also the multi-component provides synergic effect among individual elements, which results in unique chemical activity. Synthesizing the atomically thin form of the multicomponent alloy can further increase the chemical reactivity/activity. In addition, the challenging fabrication route is also needed to synthesize the multinary QC alloys. Therefore, it is essential to determine the constituent elements based on the availability, phase formation, cost, toxicity, etc. The anisotropic mechanical properties of the QCs, make them easier to produce the 2D material from the bulk by chemical exfoliation and that can further be used in many applications; catalyst, energy generation, etc. due to its unique structure
 ADDIN EN.CITE 
[6]
.
Electrochemical splitting of water is a feasible approaches for the production of clean hydrogen gas with the two half-reactions, i.e.,  hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)  
 ADDIN EN.CITE 
[7]
. A good catalyst is a prerequisite for the above reactions (OER and HER) to take place effectively. Generally, for OER, Ir, and Ru oxides and for the HER, Pt group metals are used as catalysts[8]. However, the main drawbacks of these materials are their low abundant in earth’s crust and high cost that precludes their large-scale application. Therefore, it is highly desirable to develop and discover the potential of non-precious electrocatalysts. Recently, transition metals (Ni, Cu, Co, Mo, W, etc.) based nanomaterials have drawn significant research interest as promising OER and HER catalysts 
 ADDIN EN.CITE 
[7c-e]
. However, it is difficult to meet the bifunctional requirements with a single material. Therefore, the innovation of 2D hetero-structured nanomaterials is highly effective to boost OER/HER bifunctional efficiency in alkaline solutions.

The present work has reported the formation of ultra-thin 2D multicomponent alloy by the sonication-assisted exfoliation method. This is followed by the electrocatalytic performance of the 2D alloy by oxygen and hydrogen evolution reactions. The exfoliated samples (2D-QC) reveal superior oxygen and hydrogen evolution reactions than their bulk counterpart. The structural stability and catalytic processes of multicomponent 2D QCs results were corroborated with the atomistic molecular dynamics and ab initio (DFT) simulations.
2. Results and Discussions
The Al70Co10Fe5Ni10Cu5 multi-component alloy with five elements is crystallized in the decagonal quasicrystalline phase[9] and retains its quasicrystalline phase after exfoliation into 2D sheets. The exfoliation process scheme is shown in Figure 1(a). X-diffraction pattern confirmed the decagonal quasicrystalline phase after exfoliation. However, reduction in the intensity of the diffraction peaks signifies the formation of nanomaterials on exfoliation (Figure 1(b)). Similarly, the characteristic surface plasmon resonance of the nanomaterial has been recorded and found that the exfoliated QC sheets show a prominent peak at max ~ 268 nm compared to no signal from their bulk counterpart, as shown in Figure 1(c). In addition, the exfoliated QC has been imaged and exfoliated layer thickness was estimated using an atomic force microscope (AFM) in non-contact mode. The representative AFM image of the exfoliated sample is shown in Figure 1(d), and their z-profile (marked line over AFM image) is shown in Figure (e). The QC exfoliated sheets are micron size wide with thickness of ~6.0 nm. This confirmed the exfoliation of the QC. Further, the exfoliation and their atomic planar arrangements have been revealed by Scanning electron microscope (SEM) and transmission electron microscope (TEM). The SEM image of the exfoliated DQC sheet confirms the exfoliation of few layers of QC, as shown in Supplementary Figure S1). The bright-field TEM micrograph in Figure 1(f) shows the 2D sheets, and their high-resolution TEM image shown in Figure 1(g) reveals the quasiperiodic planar atomic arrangements. It two-fold zone axis diffraction pattern shown in Figure 1(g) inset, which is 90o of the decagonal rotational symmetry zone axis. The atomic arrangements are quasi-periodic with quasi-hexagon reasonably matched with the simulated decagonal quasicrystal two-fold symmetry, as shown in Figure 1(h). The simulated diffraction patterns and planar atomic arrangements of sheets are from three zone axes; each zone axis right angle of each other can be seen in the Supplementary Figure S2. The chemical homogeneity has been studied using EDS mapping and the alloy sheets found homogeneous, as shown in Figure 1(i). In addition, the HRTEM micrograph reveals the multi-2D layers and atomic arrangements are quasiperiodic by clear resolution after FFT filtration (Supplementary Figure S3). The Raman spectroscopy has been performed for both bulk and 2D quasicrystals (Supplementary Figure S4). The surface sensitive technique X-ray photoelectron spectroscopy (XPS) has been studied for the surface composition of the QC nanosheet components (Al, Cu, Fe, Ni, Co) from depth of few atomic layers (Supplementary Figure S5). Further, the exfoliated QC sheets were used for catalytic activity diagnosis. It is important to notice that one the advantages of creating 2D quasi-crystal structures from their 3D counterpart ones, it is that the 2D systems having much exposed atoms and in different configurations, naturally creates more and more efficient catalytic sites. 
The bifunctional catalytic activities of exfoliated 2D-QC and bulk-QCs have been analyzed by cyclic voltammetry (CV) at 20 mV s-1 scan rate in alkaline KOH (0.5 M) electrolyte (Supplementary Figure S6). Because the transition metals present in the investigated 2D-QC nanomaterial tend to corrode in an acidic solution, an alkaline environment was utilized for the CV. The observed CV on exfoliated 2D-QCs has shown superior oxygen and hydrogen evolution activities, unlikely to its parent material (bulk counterpart). The predominant OER appears with the current density values of 83.4 mA cm-2 (on 2D-QCs) and 44.3 mA cm-2 (on bulk-QCs) at the first scan (Figure S6(a,b)). Likewise, the HER activities showed 63.1 mA cm-2 (on 2D-QCs) and -45.7 mA cm-2 (on bulk-QCs) current densities at the first scan (Figure S6(c,d)). This confirms the synergetic of the synthesized high entropy noble metals-free multi-component Al70Co10Fe5Ni10Cu5 quasicrystals towards alkaline oxygen and hydrogen evolution reactions, i.e., alkaline water-splitting reaction. The synergetic effects between the redox active cobalt (Co3+/2+), nickel (Ni3+/2+), iron (Fe3+/2+) and copper (Cu2+/1+) metals (from XPS results, Supplementary Figure S5) with aluminum (Al0 or Al-Ox) network could enhance the bifunctional activities of the present multicomponent quasicrystal. Further, to investigate the OER/HER bifunctional catalytic performance, the synthesized catalysts were implied to LSV studies compared to their bulk counterpart (Figure 2(a)). LSV experiments were performed in the optimized potential ranges of 0.0 to 1.0 V (vs. Ag/AgCl) for OER and -0.8 to -1.6 V (vs. Ag/AgCl) at 20 mV s-1 in alkaline 0.5 M KOH electrolyte. 
All the experimental potentials were normalized to RHE. From the comparative LSV responses for OER, 2D-QCs produced current density of 20 mA cm-2 at a relatively low overpotential (η20) of 445 mV having an onset value at 1.56 V (Figure 2(a)); unlikely to its bulk counterpart (η20 = 501 mV). This observation confirms the superior OER activity of the exfoliated 2D-QCs over the bulk high entropy QCs. For further understanding about the OER kinetics and mechanism, the Tafel plot is constructed against the logarithmic of current density (in mA cm-2) and the overpotential (η in V), shown in the inset of Figure 2(a). From the linear plot, the Tafel slope values are calculated using the equation: η = b log | j | + a, where b = Tafel slope, η = overpotential, and j = current density
 ADDIN EN.CITE 
[10]
. Tafel slope is a characteristic property, indicating the rate-limiting step at the electrode-electrolyte interface of the electrochemical reaction. The observed Tafel slopes (b) are 86 mV dec-1 for 2D-QC and 121 mV dec-1 for bulk QC, respectively. The mechanism for the OER process on the active catalytic sites of 2D-HEA-QC (M* = Al, Co, Fe, Ni, and Cu) via adsorption of intermediate species (MOOH*, MOH* and MO*) follows 4e- transfer reaction in alkaline medium. The initial discharge step of OH- ions on the catalytic sites is followed as
 ADDIN EN.CITE 
[10]
: 
M*   +   OH-→   MOH* +  e-   (b= 120mVdec-1)


            
(1)
MOH*   +   OH-→   MO* +   H2O   +   e-    (b = 60mV dec-1)    


(2)

MO*   +   OH-→   MOOH* +   e-    (b = 40mV dec-1)    



(3)

MOOH*   +   OH-→   M* +   H2O   +   O2   +   e-



            (4)

On this basis, it can be concluded that the rate-determining step for the OER on 2D-QC may be limited by both electrochemical and chemical reactions, whereas, the Tafel slope is close to 120 mV dec-1 for bulk QC denoting the OER reaction rate equivalent to one-electron transfer step. In addition, the lower value of the Tafel slope on 2D-QC indicates faster kinetics for OER and has more advantages in practical utilization. It is further evident with the exchange current density (i0) extrapolated from the Tafel plot. The calculated i0 value is 2.65 mA cm-2 for 2D-QC and 0.96 µA cm-2 for bulk QC. The obtained highest exchange current density for 2D-QC specifies that charge carriers required overcoming smaller energy barriers in the electrode-electrolyte interface. In order to find out the real polarization curve for OER, the LSV experiment was performed at experiments at low sweep speed of 2 mV s-1 using 2D-QC or bulk QC modified GCE and carbon electrode (instead of Pt wire) as counter electrode (Supplementary Figure S7(a)). The obtained Tafel slope values for OER is 92 mV dec-1; which re-confirms the single electron transfer is occurred in rate-determining step will be a step that can be limited by both electrochemical and chemical reactions. Further, chronoamperometry studies have been performed at η = 450 mV for 1000 seconds for both 2D-QC and bulk QC to determine the steady-state current response (inset of Figure 2(b)). The observed current density value of 10 mA cm-2 (at 200 seconds) on 2D-QC is relatively higher than the counter bulk QC (6.8 mA cm-2), which further supports the superior OER activity of the exfoliated 2D-QC. In addition, the stability of 2D-QC for OER has also been examined at 1.6 V (vs. RHE) for 1 hour ((Figure 2(b)) and extended to 5 hours (Supplementary Figure S8(a)) also. Undoubtedly, the result showed a stable response (current density) specifying the high stability of the 2D-QC catalyst for OER activity. 

Likewise, the HER activity of both 2D-QC and bulk QCs was studied at a practically relevant current density of 20 mA cm-2 by LSV (Figure 2(a)). Comparatively, the HER activity is quite impressive with an onset potential of -0.14 V vs. RHE on both catalysts (Figure 2(a)). The observed overpotentials (η20) are 415 mV for 2D-QC and 448 mV for bulk QC, respectively. This observation infers the higher HER activity on exfoliated 2D-QCs over the bulk high entropy QCs. Tafel plot for HER activities is constructed to understand the HER kinetics and mechanism, (I in mA.cm-2 vs. η in V), shown as an inset in Figure 2(a). The observed Tafel slopes are 144 mV dec-1 for 2D-QC and 168 mV dec-1 for bulk QC, respectively. In an alkaline medium, the commonly approached mechanism for HER activity at an electrode surface can be explained by three possible reaction steps 
 ADDIN EN.CITE 
[10a, 10b, 10d, 10e, 11]
. The first step is the discharge step (i.e., Volmer reaction), which is belonged to an electrochemical desorption step (i.e., Heyrovsky reaction) or a chemical recombination step as follows
 ADDIN EN.CITE 
[10a, 10b, 10d, 10e, 11]
: 
M*   +   H2O   +   e-→   M-Hads +   OH-    (b = 120mV dec-1)   


(5)

M-Hads   +   H2O   +   e-→   M*   +   H2   +   OH-    (b = 40mV dec-1)

(6)

M-Hads   +   M-Hads→2M*   +   H2      (b = 30mV dec-1)    

            
(7)

As per the above equations, the obtained Tafel slope on 2D-QC is greater than 120 mV dec-1, signifies the single electron Volmer reaction and adsorption of Hads is highly facilitated on the metal center (M* = Al, Co, Fe, Ni, and Cu) in the rate-limiting step. Exchange current density (i0) was calculated from the extrapolated Tafel plot. The calculated i0 value is 0.944 µA cm-2 for 2D-QC and 0.864 µA cm-2 for bulk QC infers the decent HER activity on 2D-QC. This observation indicates favorable kinetics of 2D-HEA-QC for HER in alkaline electrolytes, unlike bulk-QC. It is further supported by LSV experiment at low sweep speed of 2 mV s-1 using 2D-QC or bulk QC modified GCE and carbon electrode (instead of Pt wire) as counter electrode and obtained a Tafel slope values of 121 mV dec-1 (Supplementary Figure S7(a)). Further, HER chronoamperometric studies have been performed at η = 300 mV for 1000 seconds for both 2D-QC and bulk QC to determine the steady-state current response (inset of (Figure 2(c)). The observed current density value of -3.43 mA cm-2 (at 200 seconds) on 2D-QC is relatively higher than the counter bulk QC (-1.98 mA cm-2). Figure 2(b) and Supplementary Figure S8(b) shows the stability of 2D-QC for HER activity at -0.2 V (vs. RHE) for 1 hour and extended to 5 hours indicating the high stability of the catalyst. The bifunctional electrochemical OER/HER performance of the multicomponent 2D-QC catalyst is comparable with other non-precious metal-based catalysts available in the literature is also provided in Supplementary Table S1. The experimental results were further probed by molecular dynamics (MD) and ab initio DFT simulations studies for a better understanding of the bi-functionality of the 2D-HEA-QC towards multi-metal hydrogen/oxygen adsorption sites.
The stability of the 2D-QC catalyst after water splitting experiment has analyzed by XPS (Supplementary Figure S9). The XPS spectra showed the presence of cobalt (Co3+/2+), nickel (Ni3+/2+), and iron (Fe3+/2+) species present in the aluminum (Al0 or Al-Ox) network. The small composition (~5%) of copper peak got disappeared; this may be due to the dissolution in alkaline condition. From the post-XPS surface analysis, presence of all major elements would confirm the stability of the present catalyst.
 In order to understand the interaction between QC sheets and O/H atoms and molecules and to obtain further insights into these processes, we carried out MD and DFT calculations. The decagonal QC sheets have been modeled and their structural stability was investigated through fully atomistic MD simulations using the well-known embedded-atom method (EAM)[11] as available in the LAMMPS code[10]. Figure 3(a-b), shows the energy minimization of QC sheets at a fixed temperature (300 K). The results showed that this configuration is stable and converges to a 2D structure with similar transition metal domains observed in the experimental measurements. In Figure 3(a), and Figure 3(b) represent the single and double layer, considering the presence of a substrate (infinite van der Waals potential). For the two-layer case, both layers preserve their 2D features and the tendency to form 10-fold symmetric but with the presence of some amorphous regions. The dynamics of these processes can be understood from the videos in the Supporting information (Video SV1). Further, to better understand the interaction between QC and O/H atoms and molecules, electron density analysis has also been performed (Figure 3(c-d)) based on DFT simulations. A contour map of electron density reveals relatively high electron density regions on the transition metal atoms. Note that the regions, where the potential energy is constant are found to be more pronounced around the metals because they are generated by large charge distributions. As a result, the transition metal atoms tend to bond strongly when closer, playing an important role where the 2D layer of Al alloys remains planar when metal atoms are added. In case of the interaction between QC and O/H atom impurities, the tendency is that these atoms stay over the Al-Al bonds and the ones involving the transition metal elements. Interestingly, these atoms prefer to stay on the plane occupying the Al vacancies regions, while H and O prefer to stay above the plane, as can be seen from Figure 3(c-d). For the molecular cases of O2 and H2, the interactions with the QC favor their dissociation and the atoms move apart (video SV2-SV8). This occurs because the H and O atoms strongly interact with both Al and the transition metals as a consequence of the large electron affinities. However, the interaction with the transition metals is stronger in comparison to the Al atoms because of the large charge distribution, therefore the impurities tend to be located on the regions composed of the transition metal atoms. In addition, the adsorption energy has been calculated for the H and O absorbed on the QC structure shown in Figures 3(c-d). The values are -0.32 eV/atom and -0.80 eV/atom for the hydrogen and oxygen atoms, respectively. The negative sign means that some attraction occurs between QC layer and H/O impurities. The values indicate that interaction is larger for the oxygen, as expected, because of its larger electronegativity when compared to hydrogen. Besides, we also considered different adsorption sites (black balls) shown in Figure S7 in the supplementary material for each isolated O/H atom. The adsorption energies for each sites are shown in Table S2 in supplementary material. Similar trend has been observed in which the attractive interaction energy between QC and oxygen is more accentuated in comparison to the hydrogen case. The XPS analysis has been performed after the water splitting experiment (Figure S9). The synergetic effects of the overall redox active cobalt (Co3+/2+), nickel (Ni3+/2+), iron (Fe3+/2+) and copper (Cu2+/1+) species present in the aluminum (Al0 or Al-Ox) network are solely responsible for the enhanced bifunctional activities. After the electrocatalysis, the small composition of copper peak got disappeared; this may be due to the dissolution in alkaline condition. From the post-XPS surface analysis, presence of all major elements would confirm the stability of the present catalyst.

The DFT results reveal the HER and OER values considering the five different active sites, shown in Figure S10 for H and O, respectively. We assumed the same approximation proposed in reference Cepitis et al.[12], where we obtain the energy of H+ + e- considering the quantity ½ H2. Figure 4(a) shows the HER activity for 2D layer and bulk (the bulk is described for four pilled 2D QC layers) for the different active sites shown in Supplementary Figure S10. We see one tendency in which, except for site 1, the free energy variation is smaller for 2D cases showing a better activity in relation to the bulk. We also see that catalytic effects depend on the different active adsorption sites. For OER shown in Figure 4(b), we noticed that the catalytic activity is practically independent of different sites, both for 2D and bulk cases. This can occur because of the large adsorption energy of oxygen in comparison with hydrogen ones. The barrier energy for O2 production is 1.3 and 2.5 eV for 2D and bulk, respectively. These results are consistent with the experimental analysis in which bi-functional activity is better for the 2D case in comparison with the bulk. The bifunctional electrochemical OER/HER performance of the multicomponent 2D-QC catalyst is comparable to other non-precious metal-based catalysts available in the literature. These values are provided in Supplementary Table S2. From the overall investigations, the present ultra-thin 2D multicomponent alloy has shown excellent oxygen and hydrogen evolution reactions in alkaline electrolytes with an additional value-added point towards large-scale device fabrication
3. Conclusions
We report here the first large-scale formation of atomically thin 2D sheets by liquid exfoliation from the multicomponent Al70Co10Fe5Ni10Cu5 decagonal quasicrystalline alloy. The exfoliated ultra-thin two-dimensional multicomponent alloy exhibited an excellent OER/HER bifunctional catalytic activity in alkaline electrolytes, i.e., alkaline water-splitting (Video SV9). Synthesis of this type of new class 2D material provides a promising approach for the design and exploration of non-precious metal-based electrocatalysts towards clean energy gas production. Molecular dynamics and DFT simulations confirm the structural stability of 2D QC alloy and its electrocatalysis behavior. The synthesis of environmentally stable atomically thin 2D QC alloy provides a new perspective for the synthesis of 2D multi-component alloy with bi-functional catalytic properties.
4. Experimental Section 

Sample preparation

The high-purity elements Al (purity 99.95%, Alfa Aesar), Co (purity 99.90%, Alfa Aesar), Fe (purity 99.99%, Alfa Aesar), Ni (purity 99.5%, Alfa Aesar), and Cu (purity 99.5%, Sigma Aldrich) were used to synthesize the polycrystalline alloys in vacuum arc melting furnace. According to the nominal compositions, the constituents were taken and melted five times to ensure homogeneity. Prior to the alloy melting, the chamber was back filled with Ar gas and purified by melting Ti button, because of its oxygen-absorbing property. The resulting ingot was further sealed in a quartz tube, maintaining the inert Ar atmosphere, and annealed for48 h at 1000 ºC. The ingot could be easily crushed to a fine powder due to its brittle nature. To achieve the atomically thin alloy, the bulk annealed samples were sonicated by a pressurized ultrasound reactor in the isopropyl alcohol (IPA) solution. For the solvent-assisted exfoliation, a small amount (40 mg) of hand-crushed DQC powder was suspended in 500 ml of IPA for 4h. The liquid phase exfoliation was induced by the high-amplitude sonication waves exerting on the surface of the bulk material.

Structural characterization

The phase identification of pre and post-exfoliation was performed by X-ray diffraction (XRD, PANalytical Empyrean diffractometer using Cu target,  = 1.54056 Å). The thickness of the exfoliated alloy was analyzed by the atomic force microscope (AFM, Asylum research). The microstructural examination was done utilizing FEI Titan FEG high-resolution transmission electron microscope (HRTEM) operating at 300 kV. The UV-vis absorption spectra of the annealed and exfoliated samples were recorded using a dual-beam spectrophotometer (Thermo Scientific, Evolution 201). The surface composition has been estimated using X-ray photoelectron spectroscopy (PHI 5000 Versa Probe II, FEI Inc). Raman spectra has been studied by….
Bi-functional Electrocatalysis Examination
We have employed a typical three-electrode system (CHI 660E electrochemical workstation) to measure the electrochemical properties of exfoliated sample. Thin slurry has prepared from the exfoliated Al70Co10Fe5Ni10Cu5 2D-QCs and bulk-QCs material (or catalyst), briefly, 100 mg of the sample was mixed with 200 μL of 5%wt. of Nafion polymer solution and 300 μL of IPA. Cyclic voltammetry and linear sweep voltammetry were employed, where we have used three electrodes i.e. glassy carbon electrode (GCE; Area= 0.071 cm2) coated with exfoliated QC, Ag/AgCl (in saturated KCl) and Pt wire or GCE as working electrode, reference electrode, and counter electrode, respectively. The following equation, η = E(RHE) – 1.23 V, where E(RHE) = E(Ag/AgCl) + (0.196 + 0.059 pH) was used to calculate the η for OER. The concentration of electrolyte (0.5 M KOH with pH = 13.6) for all the measurements was constant at scan rate of 20 mV s-1 (for CV and LSV) under room temperature. The scan rate (2 mV s-1 for LSV) and counter electrode (Pt wire and carbon electrode) are not influencing the catalytic activities by the electric double-layer capacitance (Supplementary Figure S7).
Molecular Dynamics Simulations

We used the VMD software[13] to build the structural model (atomic scale) of the quasicrystalline structures. All the molecular dynamics (MD) simulations were performed using the well-known reactive force field embedded-atom method (EAM), available in the LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)[14] code. LAMMPS is an open-source code that has been extensively used to simulate different classes of materials. As EAM is a reactive potential it can be used to simulate chemical processes, such as the breaking and formation of the chemical bonds of the metallic structures
 ADDIN EN.CITE 
[15]
 investigated here. For simplicity, we had chosen an initial rectangular structural model, using the available experimental information. This is consistent with the fact that a rectangular layer can be exfoliated from the lateral bulk, as shown in Figure 1(a). 

Ab initio Simulations 

We also carried out first-principles simulations using density functional theory (DFT) methods. We used the SIESTA code


[16] ADDIN EN.CITE  and the calculations within the LDA (local-density approximation)[17] for the exchange-correlation part. SIESTA uses a linear combination of numerical atomic orbitals. In our case, we used a double-ζ basis set, including polarized functions (DZP). The interactions between electrons and core ions were modeled with the norm-conserving Troullier Martins pseudopotential[18] assuming the Kleinman-Bylander factorized form[19]. A value of 250 Ry was used for energy mesh cutoff, which allows an accurate description of the charge density in real space. Since the system investigated is finite, we treated it as a “molecule” and consider that calculations were performed only at the gamma point for the special k-point grid.  We used a self-consistent (SCF) convergence criteria based on the maximum difference between each element of the input and output of the density matrix, being smaller than 10−6 eV. For the ionic optimization process, we consider that convergence is achieved when the force on each atom was less than 0.05 eV/Å3. We adopted a rectangular supercell and consider as the initial configuration the atoms and molecules randomly distributed over all the QC layer extension. 
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Figure 1: Materials characterizations of Al70Co10Fe5Ni10Cu5 alloy, (a) Exfoliation scheme of QC, (b) X-ray diffraction pattern before and after exfoliation (c) UV absorption spectrum (d) AFM micrograph of the 2D sheet, (e) z-profile at the marked line in the image (d), (f) bright-field TEM micrograph of the exfoliated sheet, (g) high-resolution TEM micrograph and the inset shows their diffraction pattern (h) simulated atomic arrangements and their diffraction in inset as per zone axis of image (g), (i) elemental mapping using TEM associated EDS.
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Figure 2. Electrochemical properties of QCs. Comparative bifunctional OER and HER activities of exfoliated Al70Co10Fe5Ni10Cu5 2D-QCs and bulk-QCs analyzed by LSV at 20 mV s-1 in KOH (0.5 M) alkaline electrolyte with corresponding Tafel plots (a). Chronoamperometric bifunctional OER at 1.6 VRHE (b) and HER at -0.2 VRHE (c) stability test on 2D-QC with the inset OER at 450 mV and HER at 300 mV over-potentials on both 2D and bulk-QCs. 
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Figure 3: Results from EAM molecular-dynamics (MD) simulations. MD on the structural stability of a suspended ten-fold symmetry QC structure (a) single layer (b) bilayer. DFT contour maps of the electron density distributions of the QC structure, (c) Hydrogen adsorption, and (d) Oxygen adsorption.
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Figure 4: (a) HER calculations for different sites shown in Figure S6 for the hydrogen case, (b) OER results for different sites shown in Figure S6 for the oxygen case.

Supplementary information for

Two-dimensional Multi-Component Quasicrystal as Bi-functional Electrocatalysts for Alkaline Oxygen and Hydrogen Evolution Reactions
Shashank Shekhar Mishra†, Partha Kumbhakar†, Subramanian Nellaiappan†, Nirmal Kumar Katiyar, Raphael M. Tromer†, Cristiano F. Woellner, Douglas S. Galvao*, Chandra S Tiwary*, Chanchal Ghosh, Arup Dasgupta, Krishanu Biswas*
Dr. Shashank Shekhar Mishra, Prof. Krishanu Biswas
Department of Materials Science and Engineering, Indian Institute of Technology Kanpur, Kanpur-208016 INDIA

Email: kbiswas@iitk.ac.in
Dr. Partha Kumbhakar, Prof. Chandra S Tiwary,

Metallurgical and Materials Engineering, Indian Institute of Technology Kharagpur, Kharagpur-382355, INDIA

Email: chandra.tiwary@metal.iitkgp.ac.in,
Dr. Subramanian Nellaiappan
Centre for Nanotechnology& Advanced Biomaterials (CeNTAB), School of Chemical and Biotechnology, SASTRA Deemed University, Thanjavur – 613 401, India
Dr. Nirmal Kumar Katiyar,
School of Engineering, London South Bank University, 103, borough Road, London, SE10AA, UK
Prof. Cristiano F. Woellner,

Physics Department, Federal University of Paraná, Curitiba, PR, 81531-980, Brazil

Dr. Raphael M. Tromer, Prof. Douglas S. Galvao,
Applied Physics Department, State University of Campinas, Campinas, SP,13083-959, Brazil

Center for Computational Engineering and Sciences, State University of Campinas, Campinas, SP, 13083-970, Brazil

Email: galvao@ifi.unicamp.br
Dr. Chanchal Ghosh, Dr. Arup Dasgupta
Metallurgy and Materials Group, India Gandhi Center for Atomic Energy, Kalpakkam- 603102, India

†Equal Contribution
QC exfoliation process

The ultrasonication process revolves around 2D layered materials for their exfoliation in the solution. However, in the case of quasicrystalline materials, the bulk DQC (decagonal quasicrystalline) grain experiences plastic deformations (induced by the sonication process) at the edges. This plastic deformation creates a high-density network of dislocations, which in turn increases the plastic strain. In the second stage, the bulk grain fractures into the thin flakes because of the accumulation of the dislocations in the material, and this was created by the continuous impact of ultrasonic waves. In QC materials the motion of the plastic deformation was governed by the temperature, i.e. ceases at low temperature whereas temperature favors the motion [1]. The liquid exfoliation of the bulk QCs was also supported by its intrinsic mechanical properties. The QCs possess highly anisotropic mechanical properties, which help in fracturing in one particular direction due to their low critical stress [2]. Another factor that helps in the generation of thin sheets is the phason defect, generated due to the impact of the ultrasonic waves [3]. Therefore, there are three factors; namely, plastic strain, anisotropic mechanical property, and phason defects, which are supposed to be responsible for the chemical exfoliation of the DQC alloys. 

The scanning electron microscopy is used to study the exfoliated DQC sheet, as shown in Figure S1(a) and their colored image has been shown to enhance the contrast of layered structure in Figure S1(b).
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Figure S1: SEM image; (a) morphology of exfoliated QC film, (b) colored to give more contrast 

In addition, the exfoliated DQC has been studied through a transmission electron microscope (TEM). Therefore, the electron diffraction patterns of DQC crystal are simulated to corroborate with TEM-generated electron diffraction patterns. The three simulated electron diffraction patterns in three different zone axes and their atomic arrangements are shown in Figure S2. Three diffraction patterns, each zone axis is right angle each other. The simulated structure is just a single crystal atomic arrangement, and it is a perfect crystal.
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Figure S2: Simulated diffraction pattern and their corresponding planar surface atomic arrangement[4]
In contrast, the HRTEM micrograph of exfoliated quasicrystal is shown in Figure S3(a) and their whole micrograph FFT shown in Figure S3(b), which reveals the nanocrystalline quasicrystal decagonal. The sample is decagonal quasicrystal has been proven through X-ray diffraction pattern, shown in Figure 1(b) in the manuscript. It is to be noted that the HRTEM micrograph consists of multi-2D layers and their localized FFT have been generated in the HRTEM micrograph and found that the 2D sheets FFT pattern matched with the ten equivalents two-fold zone axis, which also generated through simulation, as shown in Figure S2. This data sufficiently proves the 2D sheets and their planar arrangement belong to decagonal quasicrystal (zone axis-ten equivalent two-fold). The FFT filtered HRTEM has shown in Figure S3(c) generated from the marked region in Figure S3(a).  It is showing the atomic arrangements are quasiperiodic and red circles enlarged image showing the area only clearly resolute after FFT filtration. The inset clearly reveals the quasi-hexagon, which planar arrangement along ten equivalents two-fold axis.
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Figure S3: (a) HRTEM image of the exfoliated quasicrystal. (b) FFT of an image from a marked area in image (a). (c) FFT filtered image, the inset shows the quasi-hexagon atomic arrangement. (d) FFT from a marked area in Figure (a). (e)  FFT from a marked area in Figure (a). (f) simulated diffraction pattern.

Surface active species or composition

The catalytic materials are highly dependent on their surface due to active sites presents over the surface, which provide a platform for reactants to meet and convert into product. Therefore, the surface sensitive technique X-ray photoelectron spectroscopy has been utilized to study the surface composition. The all-elemental peaks charge correction has been done using adventitious carbon peak 284.8 eV. It is to be noted that the X-ray photoelectron provides composition from depth of few atomic layers and the QC nanosheet components (Al, Cu, Fe, Ni, Co) are highly prone to oxidation. Thus, all elements over the surface found oxidized along with their pure metallic component, which is just underneath of oxidized elements, as shown in Figure S4. The oxidation might be occurred during the exfoliation and drying the exfoliated powder. The synergetic effects of the overall redox active cobalt (Co3+/2+), nickel (Ni3+/2+), iron (Fe3+/2+) and copper (Cu2+/1+) species present in the aluminum (Al0 or Al-Ox) network are solely responsible for the enhanced bifunctional activities.
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Figure S4. X-ray photoelectron spectrum of exfoliated decagonal QC (Al70Co10Fe5Ni10Cu5) (a) Al 2p, (b) Ni 2p (c) Fe 2p, (d) Cu 2p, (e) Co 2p.

It is remarkable that for the 2D Al70Co10Fe5Ni10Cu5 quasicrystals, even running the OER/HER at the high sweep speed of 20 mV/s, no significant influence of a possible electric double layer capacitance was observed, not the influence of charging current at 40 mv/s on 2D vs. bulk (see Figure S5).
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Figure S5. CV responses of exfoliated Al70Co10Fe5Ni10Cu5 (2D-QCs) and bulk quasicrystals towards oxygen evolution reactions (a, b) and hydrogen evolution reactions (c, d) at a scan rate of 20 mV s-1 in 0.5 M KOH alkaline electrolytes.

Both OER and HER experiments at low sweep speed of 2 mV/s have studied to identify the real polarization mechanism (Figure S6). From the Tafel slope values (OER: 92 mV/dec and HER: 121 mV/dec) on 2D-QC at low scan rate (2 mV/s) we can conclude that the rate-determining step will be single electron transfer facilitated on the metal center (M* = Al, Co, Fe, Ni, and Cu) and can be limited by both, the electrochemical and chemical reactions. 
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Figure S6. Comparative LSV responses for the bifunctional OER and HER activities of the exfoliated Al70Co10Fe5Ni10Cu5 2D-QCs and bulk-QCs analyzed at 2 mV s-1 in KOH (0.5 M) alkaline electrolyte using a carbon electrode (instead of Pt wire) as a counter electrode (a & c) along with their respective Tafel plots for 2D-QC material (b & d). The inset images are the experimental photograph taken during the OER and HER on 2D-QC at a low sweep 2 mV s-1 scan rate: where 2D-QC or bulk QC modified GCE as the working electrode (WE), Ag/AgCl electrode as the reference electrode (RE) and GCE as a counter electrode (CE). 

The catalytic stability of 2D-QC for OER has also been examined at 1.6 V (vs. RHE) for 5 hours (see Figure S6(a)) and the HER activity at -0.2 V (vs. RHE) for 5 hours (see Figure S6(b)) shows the high stability of the 2D-QC catalyst.
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Figure S7. Chronoamperometric bifunctional OER at 1.6 VRHE (a) and HER at -0.2 VRHE (b) stability test of exfoliated Al70Co10Fe5Ni10Cu5 2D-QCs.
Absorption energy determination

We calculated the adsorption energy to investigate the interaction between QC and H/O atoms. The adsorption energy Ead is defined by the relation:
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where Etotal is the total energy due to the interaction, EQC is the energy of an isolated QC layer, Eimp is the energy of an isolated H/O atom, Nimp is the number of H/O atoms and Natom is the total number of atoms in the system. 
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Figure S8. The black balls indicate the equilibrium position of H/O impurities at adsorption sites.

Table S1. Comparison of the OER and HER activities on exfoliated 2D-QCs with several other non-noble electrocatalysts in alkaline electrolytes

	S.No
	Catalysts
	Activity
	Electrolyte
	Overpotential (η in mV) at current density (mA cm-2)
	Tafel slope

(mV dec-1)
	Ref

	1
	LiNi0.8Al0.2O2
	OER
	0.1 M KOH
	η10 = 410
	44
	[5]

	2
	Ir0.46Co0.54Oy
	OER
	1 M NaOH
	η10 = 310
	59
	[6]

	3
	Ir80Nb20Ox
	OER
	1 M KOH
	η10 = 361
	45
	[7]

	4
	Ni0.75V0.25-LDH
	OER
	1 M KOH
	η10 = 350
	50
	[8]

	5
	CoMnP nanoparticles
	OER
	1 M KOH
	η10 = 330
	95
	[9]

	6
	Ag@CoxP
	OER
	1 M KOH
	η10 = 310
	76
	[10]

	7
	CuCoO2 nanoplates
	OER
	1 M KOH
	η10 = 390
	70
	[11]

	8
	NiCoP/C nanoboxes
	OER
	1 M KOH
	η10 = 330
	96
	[12]

	9
	NiPS3@NiOOH
	OER
	1 M KOH
	η10 = 350
	80
	[13]

	10
	Ru-CoNi@NC-2
	HER
	1 M KOH
	η10 = ~268
	63
	[14]

	11
	Fe-Ni3C-2% nanosheets
	HER
	1 M KOH
	η10 = ~292
	43
	[15]

	12
	Al70Co10Fe5Ni10Cu5 (2D-QCs)
	OER
	0.5 M KOH
	η20 = 445
	86
	This work

	
	
	HER
	0.5 M KOH
	η20 = 415
	144
	This work


Table S2. Adsorption energy values for each adsorption site shown in Figure S7. 

	Adsorption Sites
	Ead - H (eV/atom) 
	Ead - O (eV/atom) 

	1
	-0.084
	-0.163

	2
	-0.074
	-0.189

	3
	-0.067
	-0.169

	4
	-0.064
	-0.159

	5
	-0.056
	-0.184
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