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Abstract: Pd-based metallenes have attracted great attention recently as newly burgeoning two-15 

dimensional (2D) materials, attributed to their significantly increased active surface areas and 16 

intrinsic electrocatalytic activities. Therefore, they could be used as a potential candidate as the 17 

high performance electrocatalyst for methanol oxidation reactions (MOR) in the direct methanol 18 

fuel cell. Herein, a new strategy is proposed to fabricate NiCoPd inlaid NiCo-bimetallene 19 

(NiCoPd/NiCo-bimetallene) by structure directing effect of 18-crown-6 ether under ultrasonic-20 

pulse interface together with HCHO reduction and atom-diffusion-aging process. NiCoPd ternary-21 

alloy with uniformly dispersed Pd active sites are decorated onto NiCo-bimetallenes, achieving 22 

remarkably enhancing the effective utilization of Pd atoms. What’s more, the intrinsic activity is 23 

enhanced by the ‘bifunctional mechanism’ of NiCo-bimetallene adsorption of intermediate species 24 

and increased Pd active sites. Moreover, the anti-CO poisoning ability is optimized through 25 

‘alloying ligand effect’ of NiCoPd. Therefore, the NiCoPd/NiCo-bimetallene exhibits excellent 26 

mass activity for MOR, which is higher than commercial Pd/C. This work suggests the new way 27 

of Pd-based metallenes catalyst approach to efficiently electrocatalytic MOR. 28 

  29 
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1. Introduction 30 

Since the discovery of graphene in 2004,1,2 it has been a hot research topic to search for graphene 31 

derived and other new types of two-dimensional (2D) materials (or called Xenes).3,4 Among them, 32 

metallenes have recently attracted great attention in the field of direct methanol fuel cell (DMFC) 33 

as one of newly burgeoning 2D materials.5 DMFC has the characteristics of high energy transition 34 

efficiency, convenient handling process, and environmental friendliness,6 is considered as one of 35 

key advanced energy conversion and storage technologies to solve the rising energy demand.7 Its 36 

performance is largely determined by the performance of anodic methanol oxidation reactions 37 

(MOR). Notably, Pd-based metallene catalysts have been proved as one of the best electrocatalysts 38 

for MOR, due to their excellent mass activity, such as Pd3Pb metallene,8 Pt-on-Pd dendritic 39 

metallene,9 and porous Pd metallene.10 However, the high cost and poor durability of these Pd-40 

based metallene catalysts are the key obstacle for their commercial applications. In this regard, 41 

alloying Pd with other cheap transition metals can significantly reduce the cost. More importantly, 42 

Pd-based alloy catalyst, such as PdNi,11 FePtPd,12 CoPtPd,13 CuFePd,14 have further enhanced the 43 

anti-CO poisoning ability toward MOR, which is attributed to the following facts. The adsorption 44 

of hydroxyl intermediate (OHads) on transition metal groups (Ni, Bi, Ni, Cu, Co, and Sn) in Pd-45 

based alloy can not only promote the oxidation of CO and -─CHx species,15-17 also release more 46 

active sites of Pd for electrocatalysis and provide oxygen sources for CO-like poisoning species, 47 

which are adsorbed on Pd to be transformed into CO2.
18 What’s more, the transition metals in the 48 

Pd-based alloy can regulate electron structures of Pd and reduce the adsorption energy between 49 

the toxic species and Pd surface.19-22 However, from the perspective of structure, the smaller 50 

specific surface area of Pd-based alloy catalyst reported above will lead to lower utilization of 51 

active sites,11-14 while the advantages of metallene structure in the following aspects are more 52 

obvious. The atomically thin structures endow them with ultrahigh surface-to-volume ratios, 53 

making it possible to expose great proportions of coordinatively unsaturated metal atoms at surface 54 

and edges which may become active centers to enhance catalyzing reaction.23 The full exposure 55 

of active sites makes them readily functionalized, which is beneficial to enhance their stability, 56 

electronic structures, physicochemical properties, and thus final catalytic performance.5,24 57 

Compared with the non-metal elemental X-enes (e.g., phosphorene, silicone, and borophene), the 58 

large specific surface areas and improved surface energy of metal atoms can greatly promote the 59 

adsorption of reactants.25 The higher connectivity of atoms can significantly reduce the charge 60 
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transfer distances, thus accelerating charge transfer during electrocatalysis process.26 Metallenes 61 

can be formed in a freestanding format without supports, enabling their flexible applications.27 62 

Considering all above issues, the combination of Pd-based transition metal alloys and transition 63 

metal metallenes may be a strategy to solve the problems of high cost and poor durability of Pd-64 

based catalysts for MOR. 65 

Herein, a novel 2D heterostructure of NiCoPd inlaid NiCo-bimetallene (NiCoPd/NiCo-66 

bimetallene) has been designed and synthesized through structure directing effect of 18-crown-6 67 

ether under under ultrasonic-pulse interface together with HCHO reduction and atom-diffusion-68 

aging process. The constructed NiCo-bimetallene can maximize the accessible surface areas, 69 

which facilitates the electrode/electrolyte contact and guarantees a high ion transfer and effective 70 

electron delivery in electrochemical catalytic reaction system. The HCHO reduction and atom-71 

diffusion-aging process in the solvothermal system results in NiCoPd ternary-alloy are embedded 72 

in NiCo-bimetallene. In the case, Pd active sites in the NiCoPd ternary-alloy can be well dispersed 73 

on the surface of NiCo-bimetallene rather than in the interior, thus the availability of Pd sites can 74 

be substantially increased. In virtue of the enhanced intrinsic activity via the ‘bifunctional 75 

mechanism’, i.e. the adsorption of NiCo-bimetallene for intermediate species and the increased Pd 76 

active site. Moreover, the anti-CO poisoning ability can be optimized through ‘alloying ligand 77 

effect’ of NiCoPd ternary-alloy, since the electronic structure of Pd is adjusted to reduce the 78 

affinity of intermediate species. All above advantages enable the designed NiCoPd/NiCo-79 

bimetallene to exhibit excellent catalytic performance for MOR with mass activity of 861 80 

mA/mgPd, which is better than that of commercial Pd/C electrocatalyst. Meanwhile, the catalytic 81 

activity can be maintained after 4500 s. This design strategy and proposed material structure 82 

affords an approach to new efficient catalyst. 83 

2. Experimental Section 84 

2.1 Synthesis of NiCo-bimetallene 85 

The NiCo-bimetallene was synthesized using two-phase solution method. The typical synthesis 86 

process is described as follows. CoCl2·6H2O pentanol solution (75 mL, 5 mM) and NiCl2·6H2O 87 

aqueous solution (25 mL, 5 mM) were mixed to form two-phase interfaces of pentanol and aqueous 88 

solution. Then NaBH4 (10 mL, 3 wt.%) aqueous solution containing 18-crown-6 ether (1 g) was 89 

slowly added into the above two-phase interface under ultrasonic agitation. After 120 min reaction, 90 
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the product of NiCo-bimetallene was collected at two-phase interface. It should be noted that N2 91 

gas has been continuously introduced for protection during the whole synthesis process. 92 

2.2 Synthesis of NiCoPd/NiCo-bimetallene 93 

3 mL of as-obtained NiCo-bimetallene was added into EG (10 mL) solution. Then H2PdCl4 94 

solution (1 mL, 5 mM) and HCHO (40%, 100 μL) were added into the above solution. The mixed 95 

solution was transferred to the autoclave and heated. Finally, powders were recovered, rinsed, and 96 

dried. 97 

2.3 Characterization 98 

Field-emission scanning electron microscope (FE-SEM, S-4800, Japan) was used to investigate 99 

the morphology of the samples, and elemental compositions were analyzed using an energy 100 

dispersive X-ray spectroscope (EDS), which was conducted at 20 keV on a TN5400 EDS 101 

instrument (Oxford). Microstructures of the materials were studied using a high-resolution 102 

transmission electron microscope (HR-TEM, JEM-2100EX, Japan). Spherical aberration 103 

corrected transmission electron microscope (AC-TEM, JEM ARM 200F, Japan) was used to 104 

measure HADDF image of element mapping under an accelerating voltage of 200 kV. Powder X-105 

ray diffraction (XRD) patterns were obtained using a Bruker D8 (German) X-ray diffractometer 106 

with a Cu Kαradiation source (λ = 0.1541 nm) and a scanning angle (2θ) of 30°-80°, operated at 107 

40 kV and 40 mA. Chemical states of elements were analyzed using an X-ray photoelectron 108 

spectroscope (XPS, RBD-upgraded PHI-5000C ESCA system, Perkin Elmer) with a Mg Kα 109 

radiation (hν = 1486.6 eV). Before analyzing the XPS peaks, the binding energies of all the 110 

elements were calibrated using the containment carbon (C1s = 284.6 eV) as the reference. 111 

Deconvolution of the XPS spectra was performed after subtracting the background of each peak 112 

using the Shirley function. 113 

2.4 Electrochemical measurements 114 

Electrocatalytic performance of the as-prepared products was evaluated using a CHI 601E 115 

electro-chemistry workstation (Shanghai, China) with a three-electrode cell. Then, 5 μL of the 4 116 

mg·mL−1 catalyst suspension was dropped on the glass carbon electrode. After the electrode was 117 

thoroughly dried, 1 μL of a 0.5 wt.% Nafion solution was cast onto the electrode surface to maintain 118 

the stability of the catalysts. Cyclic voltammetry (CV) measurements were performed in scan 119 
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range from 0 to -1 V vs. Hg/HgO at a sweep rate of 50 mV·s−1 in a nitrogen-saturated solution of 120 

0.5 M KOH and 0.5 M KOH + 0.5 M methanol. The chronoamperometric curves were measured 121 

at constant potential of -0.2 V vs. Hg/HgO for 20000 s. The accelerated cycling tests were 122 

conducted for 500 cycles. For comparison, the commercial Pd/C catalyst (40 wt.%) was used as 123 

the benchmark, and the same procedure as described above was applied to conduct the 124 

electrochemical measurements. 125 

3. Results and Discussion 126 

3.1 Design and fabrication 127 

 128 
Figure 1. Synthesis schematic view of NiCoPd/NiCo-bimetallene. 129 

A schematic view for the synthesis of NiCoPd/NiCo-bimetallene is illustrated in Figure 1. 18-130 

crown-6 ether is selected as the structure directing agent for the construction of 2D NiCo-131 

bimetallene. 18-crown-6 ether can shuttle continuously between pentanol and aqueous solution 132 

under the action of ultrasound agitation because it is a macrocyclic molecule containing 133 

hydrophilic ether groups and hydrophobic alkyl chains,28 which makes the primary 18-crown-6 134 

ether coordination complex of Ni(II)&Co(II) form at the interface of two-phase solution.29,30 Since 135 

there are lone pair electrons in the ether oxygen of 18-crown-6 ether molecule, this primary 136 

complex may show a 2D arrangement at the two-phase interface.31,32 With the subsequent 137 

dropwise addition of reducing agent of NaBH4 aqueous, the primary 18-crown-6 ether 138 

coordination complex of Ni(II)&Co(II) is destroyed, which makes the metal ions released slowly 139 

and continuously. Under the synergistic effect of ultrasonic induced aggregation,33 the reduced 140 
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metal atoms can still be arranged in two-dimensional space and alloyed with the help of high-141 

energy pulse energy. Thus, the formation of 2D bimetallene structure is promoted (Figures S1-2). 142 

In the continuously solvothermal reaction process, Pd ions are slowly reduced by HCHO. 143 

Simultaneously, the lone pair electrons on oxygen in EG can act as a linker, which leads to the 144 

reduced Pd being adsorbed on the surface of NiCo-bimetallene. Further, the reduced Pd undergo 145 

uniformly slow atom-diffusion process and long-time aging treatment to form NiCoPd/NiCo-146 

bimetallene finally.34-36 147 

3.2. Morphologies and structures 148 

 149 

Figure 2. The SEM (a), TEM (b), AFM (c), HRTEM (d) images, SADP pattern (e), HADDF 150 

image (f) with element mapping (g-i) of NiCoPd/NiCo-bimetallene. 151 

Figure 2 shows the morphology and structure of NiCoPd/NiCo-bimetallene. The SEM and TEM 152 

images reveal that the synthesized NiCoPd/NiCo-bimetallene has a 2D ultrathin structure within 153 

the NiCoPd ternary-alloy inlaid NiCo-bimetallene (Figures 2a-b). The thickness can be obtained 154 

from the AFM analysis, which is shown in Figure 2c. Compared with NiCo-bimetallene with 155 

thickness of 0.9 nm (Figures S3a-c), NiCoPd/NiCo-bimetallene has a much larger thicker 156 

thickness of 1.45 nm, mainly due to the diffusion of Pd into NiCo alloy in bimetallene to form 157 

NiCoPd ternary-alloy. In Figure 2d, the HRTEM image shows three different lattice spacings of 158 

0.183, 0.197, and 0.245 nm, corresponding to NiCo (111), NiCo (200), and NiCoPd (111) planes, 159 

respectively. SADP pattern also confirms the formation heterostructures of NiCoPd inlaid NiCo-160 
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bimetallene, which can be revealed by the polycrystalline diffraction rings of (111) & (200) planes 161 

of NiCo and (111) plane of NiCoPd (Figure 2e). There are two obvious changes which can be 162 

observed compared with NiCo-bimetallene which only shows NiCo (111) plane with a lattice 163 

spacing of 0.183 nm (Figure S3d). The elemental distributions of NiCoPd/NiCo-bimetallene were 164 

revealed by the HAADF-STEM-EDS mappings, where the combined (Figure 2f), Ni (Figure 2g), 165 

Co (Figure 2h), and Pd (Figure 2i) images reveal that Ni and Co elements are mainly uniform 166 

distributed, whereas distribution of Pd element is relatively concentrated due to the formation of 167 

NiCoPd ternary-alloy. Pd doesn’t appear in the pure NiCo-bimetallene (Figure S4). We can 168 

confirm that the NiCoPd/NiCo-bimetallene heterostructure can be well achieved. 169 

Figure 3a shows the XRD pattern of NiCo-bimetallene, which reveal the diffraction peaks at 170 

44.3°, 51.6°, and 76.0°, corresponding to (111), (200), and (220) lattice planes (Ni-PDF#: 65-0380 171 

and Co-PDF#: 15-0806). Obviously, the diffraction peaks of (111), (200), and (220) lattice planes 172 

are shifted to 42.4°, 49.4°, and 72.1° when the NiCoPd ternary-alloy are produced by HCHO 173 

reduction process and atom-diffusion-aging in the solvothermal system. These peaks are located 174 

between those of NiCo alloy and crystal Pd (PDF#: 65-6714), confirming the formation of NiCoPd 175 

ternary-alloy. EDS analysis confirms that Pd exists in the NiCoPd/NiCo-bimetallene but is absent 176 

in NiCo-bimetallene, which is consist with the above XRD results (Figure 3b). XPS results are 177 

used to provide evidence for the reconfiguration of electron structure of NiCoPd/NiCo-178 

bimetallene. The survey spectrum of NiCoPd/NiCo-bimetallene reveals peaks of Ni 2p, Co 2p, 179 

and Pd 3d (Figure 3c). The high-resolution XPS spectrum of Ni 2p is shown in Figure 3d. After 180 

the HCHO reduction and atom-diffusion-aging process, the binding energy shows Ni0 in NiCo-181 

bimetallene is shifted to high binding energy (~1.1 eV) from 852.3 and 870.3 eV to 853.4 and 182 

871.3 eV for Ni 2p3/2 and Ni 2p1/2, respectively.37,38 The similar shifts for Co 2p (~0.9 eV), which 183 

are from 778.40 to 779.30 eV (Co 2p3/2) and from 794.00 to 794.9 eV (Co 2p1/2) (Figure 3e).37,38 184 

However, for the characteristic peaks of Pd 3d in NiCoPd/NiCo-bimetallene shift toward a lower 185 

binding energy side with a value of ~ 0.80 eV, e.g., from 334.90 to 334.1 eV (Pd 3d5/2), and from 186 

340.10 eV to 339.30 eV (Pd 3d3/2)
 (Figure 3f).39,40 The reason for the above phenomenon is that 187 

the different electronegativities of the metals lead to effective electron transfer between metals in 188 

the alloy system, which results in the shift of the binding energy peak position in the XPS spectra. 189 

The characteristic peaks shift to higher binding energy orientations when the metals donate 190 

electrons to the others, whereas they would shift to a lower orientation when receiving electrons.41 191 
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When the atom-diffusion-aging is finally carried out to form NiCoPd ternary-alloy, Pd receives 192 

electrons from Ni and Co, which leads to the left-shift. The observed changing trends of XPS peaks 193 

are consistent with the prediction ones from HRTEM and XRD analysis results. All these prove 194 

the formation of NiCoPd/NiCo-bimetallene. 195 

 196 

Figure 3. XRD patterns (a), EDS spectra (b), Full XPS survey spectra scans (c), and element detail 197 

XPS spectra (d-f) of NiCoPd/NiCo-bimetallene and NiCo-bimetallene, respectively. 198 

3.3. Catalytic activity of MOR 199 

MOR in an alkaline media is selected as the probe reaction to investigate the catalytic 200 

performance of NiCoPd/NiCo-bimetallene. In contrast to the acid environment, an alkaline media 201 

can provide a less corrosive environment to the catalysts,42 and the abundant OH− in the alkaline 202 

media provide the sources of OHads, thus improving the reaction speed of the oxidation step of 203 

methanol and CO intermediates.43,44 The catalytic performance of MOR is evaluated via assessing 204 

its mass activity, electrochemical active surface area (EASA), anti-CO poisoning ability, and 205 

stability. Considering that the importance of active Pd distribution in formed NiCoPd ternary-alloy 206 

is affected by aging time and temperature, these two parameters are investigated first. In the 207 

solution of 0.5 M KOH + 0.5 M methanol at 25°C, CV curves of NiCoPd/NiCo-bimetallene 208 

obtained in different atom-diffusion-aging times (Figure 4a) and temperatures (Figure 4b) are quite 209 

similar and both display two characteristic anodic (oxidation) current peaks. The oxidation peak 210 

in the forward scan is corresponding to the oxidation of freshly chemisorbed species coming from 211 

methanol adsorption, meanwhile the reverse oxidation peak is primarily associated with the 212 

removal of incompletely oxidized carbonaceous species (e.g., CO, HCOO, etc.) in the forward 213 
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scan.45 For comparisons of electrochemical activity, Table 1 lists the values of the forward and 214 

reverse oxidation current peaks for MOR.  215 

Table 1. Information of electrocatalytic activity by NiCoPd/NiCo-bimetallene toward MOR. 216 

Materials 

Forward sweep Reverse sweep 

If/Ib 

EASA 

(m2/g Pd) If (mA/mgPd) Ib (mA/mgPd) 

Aging time (h) 

24 665 515 1.29 134.1 

48 861 687 1.25 185.2 

72 705 616 1.14 151.8 

Aging 

temperature (℃) 

120 756 636 1.19 165.2 

150 861 687 1.25 185.2 

180 668 512 1.30 149.1 

Mass ratio of 

Ni:Co:Pd 

0:90:10 720 605 1.19 151.6 

27:63:10 861 687 1.25 185.2 

45:45:10 755 659 1.15 172.8 

63:27:10 640 621 1.03 116.1 

0:90:10 547 524 1.04 104.9 

27:63:3 679 525 1.29 126.1 

27:63:10 861 687 1.25 185.2 

27:63:15 810 883 0.91 100.5 

NiCo-bimetallene 224 161 1.39 —— 

Commercial Pd/C 450 611 0.74 58.6 
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 217 

Figure 4. CV curves of the prepared samples obtained in different conditions (sweep rate of 50 218 

mV·s−1 in 0.5 M KOH + 0.5 M methanol solution): atom-diffusion-aging times (a) and 219 

temperatures (b), comparison materials (c). 220 

It is clearly seen that the NiCoPd/NiCo-bimetallene shows a much higher catalytic activity than 221 

that of NiCo-bimetallene (non-aging treatment), indicating the electrocatalytic activity attributed 222 

to NiCoPd nanophase. In addition, the mass activity of NiCoPd/NiCo-bimetallene for MOR 223 

exhibits substantial changes under different atom-diffusion-aging conditions. The mass activity 224 

reaches a maximum value of 861 mA/mgPd under 150℃ for 48 h, which shows its larger value 225 

compared with that of the commercial Pt/C catalyst (i.e., 450 mA/mgPd). This is mainly attributed 226 

to the influence of atom-diffusion-aging treatment on the EASA. To verify this, the EASA of the 227 

electrodes are calculated by the following equation:46 228 

EASA = Q/(405 × [Pd])                                                             (1) 229 

where [Pd] represents the Pd loading (mg/cm2). The determining the coulombic charge (Q) 230 

corresponds to the reduction peak of palladium oxide in CV curves of sample in 0.5 M KOH 231 

solution.47 A charge value of 405 μC/cm2 is assumed for the reduction of PdO monolayer.48 232 

In the process of aging treatment, the influencing factors of EASA depend on the morphology 233 

of 2D structure of NiCo-bimetallene and alloying degree of NiCoPd. As expected, the calculation 234 

results of EASA based on the Figure S5 show that the maximum EASA value (185.2 m2/g Pd) can 235 

be obtained by the atom-diffusion-aging treatment under 150℃ for 48 h, which is corresponding 236 

to the conditions for the optimal mass activity (Table 1). In theory, the degree of atomic 237 

interdiffusion has been enhanced when the temperature and duration are increased, which is 238 

conducive to the alloying of reduced Pd and NiCo-bimetallene. However, the EASA value does 239 

not increase but it becomes decreased with the increase of atom-diffusion-aging treatment time 240 

and temperature. There are two reasons to this phenomenon. The first one is that the agglomeration 241 
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of 2D bimetallene structure leads to the decrease of EASA and the number of active sites (Figures 242 

S6 and S7). The second one is that the excessive atom-diffusion-aging treatment causes migration 243 

of some platinum atoms into the interior of NiCo-bimetallene rather than staying at the surface. 244 

Therefore, these platinum atoms are no longer the catalytic active centers, thus resulting in the 245 

decrease of ECSA. As a higher EASA value is the key to ensure a higher mass activity, therefore, 246 

the mass activity of optimized NiCoPd/NiCo-bimetallene is much higher than that of the 247 

commercial Pd/C (450 mA/mgPd) due to its larger EASA (Figures 4c and S8, Table1). Compared 248 

to Pd/C, the anti-CO poisoning ability of NiCoPd/NiCo-bimetallene in the process of catalytic 249 

MOR is enhanced by the ‘bifunctional mechanism’. Specifically, the NiCo-bimetallene can 250 

facilitate the oxidation process and the removal of the CO intermediates adsorbed onto the NiCoPd 251 

ternary-alloy active sites by adsorbing hydroxide (OH−) species.49 Consequently, more NiCoPd 252 

ternary-alloy active sites become accessible for the MOR, thereby enhancing catalytic 253 

performance to obtain a higher mass activity.50 In the process of MOR, large numbers of CO 254 

intermediates (COads) have been produced, and then adsorbed on the surfaces of the catalyst. They 255 

occupy the active sites, thus causing the inactivation or partially inactivation of catalyst.51 The 256 

anti-CO poisoning ability of catalyst is an important part of evaluating the catalytic activity and 257 

catalytic efficiency.52 The ratio of the forward oxidation current density (If) to the reverse oxidation 258 

current density (Ib), (If/Ib), can be used to describe the anti-CO poisoning ability of the catalyst.53 259 

A high If/Ib ratio suggests efficient electrooxidation of methanol during the forward scan and less 260 

accumulation of residues on the electrodes, whereas a low ratio indicates incomplete 261 

electrooxidation of methanol and excessive accumulation of carbonaceous residues on the 262 

electrode surface.53-55 According to Table 1, the values of If/Ib for all the NiCoPd/NiCo-bimetallene 263 

are higher than that of commercial Pd/C, which proves their excellent anti-CO poisoning ability. 264 

The electrochemical reactions are listed as follows: 265 

NiCoPd + CH3OH + 4OH− → COads-NiCoPd-COads + 4H2O + 4e−                 (2) 266 

NiCo + OH− → OHads-NiCo-OHads + e−                                 (3) 267 

COads-NiCoPd-COads + OHads-NiCo-OHads → (COOH)ads-NiCoPd-(COOH)ads + NiCo    (4) 268 

(COOH)ads-NiCoPd-(COOH)ads + OH− → NiCoPd + CO2↑ + H2O + e−           (5) 269 

It is clear from the above MOR process that NiCoPd is the main MOR catalytic active site. 270 

Methanol is oxidized to COads after adsorption. Subsequently, the adsorbed OH species by NiCo-271 

bimetallic around the NiCoPd can promote the further oxidation of COads to the final product CO2 272 
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at the NiCoPd active site, as shown in Figure 5a. Theoretically, adsorbed CO intermediates bind 273 

strongly to the Pd sites,34 but for NiCoPd ternary-alloy, the inherent structural coupling between 274 

the NiCo lattice and the Pd lattice generates a compression strain of the Pd lattice, mainly due to 275 

the shorter interatomic distance of the NiCo sites as compared with that of Pd. Therefore, this so-276 

called ‘alloying ligand effect’ increases the d-orbital overlap, contributing to a down-shift in 277 

energy for the weighted center of the d-band.56 In essence, electron density is withdrawn from the 278 

Pd d-band towards that of the dopant metals. In terms of practical consequences for catalysis, both 279 

the lower weighted center of the d-band and the reduced electron density collectively contribute 280 

to a lowered CO affinity as a result of a concomitant weakening of the overlap between the Pd d-281 

orbitals and the CO π*-orbitals.57 Hence, CO coverage is effectively reduced, which 282 

correspondingly increases the number of exposed Pd active sites available for the MOR. In terms 283 

of the influence of Ni:Co mass ratio (Figure 5b), the reported DFT calculations58 had been certified 284 

that the adsorption energies (Eads) of methanol on the Ni sites is higher than that of on the Co sites, 285 

which shows the preferential adsorption of methanol molecules on the Ni sites. The higher values 286 

of Eads imply a higher degree of methanol poisoning. On the other hand, the adsorption energy of 287 

CO on Ni sites is also higher than that on the Co sites, which results in a higher CO poisoning on 288 

that on the Ni sites. For the influence of Pd mass ratio (Figure 5c), the mass activity of MOR is 289 

gradually increased with the increase of the mass ratio of Pd. It is worth noting that this ratio is 290 

unable to increase indefinitely. When the ratio is increased to 15%, the value of If/Ib is decreased 291 

rapidly to 0.91, indicating the decline of the anti-CO poisoning ability of the catalyst. Therefore, 292 

the maximum EASA value and optimal mass activity are obtained when the mass ratio of Ni:Co:Pd 293 

in NiCoPd/NiCo-bimetallene is 27:63:10 (Figure S9). 294 

The catalytic stability is a crucial index for a comprehensive evaluation of the electrocatalyst 295 

for a fuel cell. In this work, the following two aspects are discussed about its the stability, i.e., the 296 

retention current after chronoamperometry test, and the structural stability after 500 CV cycles. 297 

Results indicate that the as-prepared NiCoPd/NiCo-bimetallene show a better desirable stability in 298 

each of the above two aspects. Figure 5d illustrates the chronoamperometric curves at a constant 299 

potential of -0.2 V vs. Hg/HgO for 20000 s. During this period, the optimized NiCoPd/NiCo-300 

bimetallene retains a maximum of 454.6 mA/mgPd until the stability is reached. This result is 301 

superior to the known metallenes (Table S1). This value is much higher than those of NiCo-302 

bimetallene and commercial Pd/C. Figure 5e compares the mass activities of optimized 303 
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NiCoPd/NiCo-bimetallene before and after 500 CV cycles, which shows that the mass activity of 304 

the one after 500 CV cycles decreases by about 50%, the If/Ib value is close to 1, and the 305 

morphology of 2D bimetallene is also changed significantly. This may be due to the irreversible 306 

phase transformation of the alloy phase caused by the adsorption of intermediate species in the 307 

MOR process (Figure S10). This results in the weakened bonding energy of NiCoPd/NiCo-308 

bimetallene, therefore, it is difficult to maintain the metallene structure.59,60 309 

 310 

Figure 5. Schematic diagram of MOR electrocatalytic mechanism NiCoPd/NiCo-bimetallene 311 

catalyzed (a), CV curves of Ni:Co:Pd mass ratio (b-c) at sweep rate of 50 mV·s−1 in 0.5 M KOH 312 

+ 0.5 M methanol solution, stability tested using chronopotentiometry (d), mass activity (e, TEM 313 

images illustration) of before and after CV cyclic. 314 

4. Conclusion 315 

In summary, based on the structure directing effect of 18-crown-6 ether under ultrasonic-pulse 316 

interface together with the HCHO reduction and atom-diffusion-aging process in solvothermal 317 

system, a novel 2D heterostructure of NiCoPd/NiCo-bimetallene has been successfully 318 

synthesized. The MOR is selected to verify the electrocatalytic activities of NiCoPd/NiCo-319 
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bimetallene. The intrinsic activity and anti-CO poisoning ability can be remarkably enhanced via 320 

the ‘bifunctional mechanism’ and ‘alloying ligand effect’ between inlaid NiCoPd tenary-alloy 321 

nanophase and NiCo-bimetallene. By virtue of the maximize utilization of Pd active sites on NiCo-322 

bimetallene, the optimized NiCoPd/NiCo-bimetallene with Ni:Co:Pd ratio of 27:63:10 exhibits 323 

excellent catalytic performance, which is better than commercial Pd/C electrocatalyst. This work 324 

explores the new way approach to the ternary-alloy included metallene for high efficiency catalysis 325 

system toward MOR in DMFC and others. 326 
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