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ABSTRACT 

In this work, we report a synthesis approach for catalyst preparation by using shaped-

controlled Al2O3 supports with enriched quantities of coordinatively unsaturated Al3+ 

centers. These centers can then induce ordering in bimetallic catalysts, even with a 

simple impregnation strategy and this is shown to be beneficial for selective 

hydrogenation of acetylene. Interestingly, nanorod Al2O3 induced a highly 

homogeneous and ordered Ni1Cu1 nanoalloy, mainly attributed to the coordination 

effect of unsaturated Al3+ sites that accelerate atomic diffusion and ordering (affirmed 

by molecular simulation). As-obtained Ni-Cu/Al2O3-rod catalyst exhibited both 

satisfactory activity and ethylene selectivity of 86% at mild reaction conditions which 

outperformed most of Ni-based catalysts reported to date. Through the combination of 

in situ DRIFTs studies and computational modeling by density functional theory, a di-
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σ-adsorption mode of acetylene on the ordered Ni1Cu1 nanoalloy feature alternating 

rows of Cu and Ni atoms played a key role in the improvement of selectivity.  

Keywords: Alumina; Support coordination induction; NiCu ordered alloy; Isolated Ni 

sties; Selective hydrogenation. 

  

1. Introduction 

Ethylene is one of the most vital petrochemicals with global demand in 2019 reaching 

170 million tons. Of this, over 50% is then used for polymerization to produce 

polyethylene1,2. Approximately 75% of ethylene is produced by steam cracking of 

naphtha which also generates acetylene impurities that can irreversibly poison 

polymerization catalysts 3 , 4 . As a result of this, the modern polyethylene industry 

requires the content of acetylene in an ethylene feed to be less than 1 ppm5. Achieving 

high ethylene purity by means of chemical separation would account for an enormous 

amount of energy consumption. So instead, the selective hydrogenation of acetylene 

into ethylene is viewed as the most state-of-the-art strategy for purifying ethylene 

streams. This can be achieved commercially over supported Pd-based catalysts but 

these suffer from poor selectivity and high metal cost leading to the need for improved 

catalytic materials6. It is also noteworthy that since alkyne hydrogenation is a well-

studied process, there is a wealth of literature to evaluate catalyst performance against. 

Previous reports have suggested that a vinyl species is the key intermediate of 

acetylene hydrogenation that leads to selective formation to ethylene7,8. Therefore, to 

further improve acetylene hydrogenation catalysts, it is rational to design materials that 

possess a high-density of active sites with suitable adsorption strength for adsorbed 

hydrogen atoms (*H) and the vinyl intermediate. In principle, Ni metal with its 

incomplete d-electron orbital shows the ability to dissociate hydrogen9 so could be 

used for acetylene hydrogenation. However, larger Ni ensembles may hinder ethylene 

formation because carbonic species bind strongly to continuous Ni sites in a multi-

bridge configuration to generate an ethylidene intermediate10, which can then be over-

hydrogenated to obtain ethane or polymerized to generate 1,3-butadiene as the 

precursor of green oil (i.e., C8
+ oligomers)11,12. Alternatively, the reactant acetylene 



and/or the target product ethylene could decompose on the Ni surface to obtain a 

carbene species, which further polymerizes resulting in deposition of a harmful type of 

carbon species13. Consequently, for Ni to be effective for acetylene hydrogenation it 

would be preferably to construct formulations with discontinuous Ni sites (i.e., isolated 

Ni or Ni diluted/dispersed by another metal) that have been shown to facilitate the 

C2H2-to-C2H4 pathway14,15. Alloying with a second metal is feasible, although does not 

always lead to a uniform type of active site16,17. Indeed, a uniform or ordered alloy is 

far more beneficial for deriving structure-performance relationships18. A traditional 

impregnation strategy for catalyst preparation (as is preferred in industry) makes it 

difficult to synthesize ordered bimetallic alloy materials since the atomic ordering must 

overcome the kinetic energy barrier19. Consequently, high temperatures are generally 

required to accelerate atomic diffusion and ordering which promotes agglomeration, 

thus reducing the number of active sites20. This inspired us to explore a simply yet 

alternative method to fabricate ordered alloy catalysts. 

Support materials with different surface coordination site are known to influence 

both the dispersion and electronic state of the active metal in monometallic catalysts21. 

However, the role of the support in the creation of bimetallic catalysts has received little 

attention to date with only a few reports. For instance, Divins et al.22 reported that 

reducible cerium oxide could play an important role in controlling the surface 

rearrangement of bimetallic Rh-Pd nanoparticles. Similarly, Yang et al.23 explored the 

influence of different supports (carbon, silica and titania) on the atomic-scale structure 

and chemical ordering of PdNiCo nanoalloys. Recently, our own experimental work24 

demonstrated that a metal-support interaction could influence the atomic arrangement 

of Ni-Cu nanoparticles. More specifically, when a support dominated by the CeO2 (111) 

crystal plane was used, it could result in uniform and highly stable Ni-Cu nanoalloys 

even if a traditional impregnation method was adopted. The above work suggests that 

the formation of structured bimetallic particles can occur with a reducible oxide support, 

but this concept hasn’t yet been explored deeply for more inert support materials. 

Al2O3 is widely employed as a support in heterogeneous catalysis and this is 

especially true for the petroleum industry since Al2O3 is relatively inert and offers good 



thermal stability. In the bulk of Al2O3, Al atoms exist in either a tetrahedral or 

octahedral coordination environment 25 , whereas on the surface, coordinatively 

unsaturated Al3+ species appear, which can act as anchoring sites for active metals26. In 

this work, the role of these coordinatively unsaturated Al3+ sites were explored in detail 

by preparing a series of nanoshaped alumina which preferentially expose certain crystal 

facets. The supports were then used to prepare Ni-Cu catalysts via simple impregnation 

to explore the structural ordering of the resulting bimetallic catalysts. Detailed 

structural characterization revealed that the obtained Ni-Cu particles featured 

alternating rows of Cu and Ni atoms thus providing a high density of Ni-Cu pairs. This 

well-defined and stable Ni-Cu alloy was evaluated in the selective hydrogenation of 

acetylene and the catalytic mechanism was then explored by a range of techniques that 

suggested the ordering improved catalyst performance. As such, this report provides 

insight into how structured bimetallic catalysts may be produced by simple 

impregnation when fully utilizing the surface characteristics of a traditional catalyst 

support like Al2O3.  

 

2. RESULT AND DISCUSSION 

2.1. Characterization of pristine Al2O3 

A series of nanoshaped Al2O3 crystals were fabricated by controlling the growth rate 

of specific crystal planes during the synthesis 27  – alumina nanorods, sheets and 

spindles are denoted as r-Al2O3, sh-Al2O3 and sp-Al2O3, respectively. The XRD patterns 

(see Figure 1A) show that Al2O3 nanocrystals are all composed of a well-crystallized 

gamma alumina phase with characteristic diffraction peaks at 2θ = 37.6, 39.5, 45.8 and 

67.0°, which correspond to (311), (222), (400) and (440) crystal planes, respectively 

(JCPDS 10-0425). Notably, the peaks associated with the (311) and (222) planes are 

relatively weak, suggesting a disorder of the Al3+ species28. Besides the γ-Al2O3 peaks, 

there are no apparent impurities in sh- and r-Al2O3 samples, while an Al-O phase (solid 

aluminum suboxides, ICDD PDF 75-0278) possessing a cubic structure with the lattice 

constant of 5.67 Å inevitably appears in sp-Al2O3 due to the lattice relaxation of the 

(110) facet.29,30 The morphology was explored by HRTEM analysis (Figure 1C-1E) 



with good agreement between the observed nanocrystal shapes and lattice spacing 

relative to literature27. In detail, the sh-Al2O3 sample (Figure 1C1 and S1A) possesses a 

sheet-like structure (ca. 50 x 30 nm) which preferentially exposes the {111} facets as 

the large flat face. Within the image of Figure 1C some sheets appear to be sitting side 

on and have an apparent thickness of approximately 4 nm. The r-Al2O3 sample does 

indeed possess a rod-like structure with an average length of ca.180 nm and an average 

diameter of 10 nm but with a rougher surface (Figure 1E and S1C). Figure 1D presents 

a representative TEM image of the sp-Al2O3. As expected, the sample does possess a 

spindle like morphology – best described as being a rod like structure with convex 

shape along the longest dimension that equates to a gradual curvature of the surface. 

The spindle-shaped structures have an average length of ca. 100 nm and an average 

diameter of 18 nm. The structural model suggests the majority of the surface is best 

described as the {100} facet but the spindle also includes some {110} facets.  

 

Figure 1 Structure of pristine nanoshaped Al2O3. (A) XRD patterns; (B) Pair Distribution 

Function (PDF) and the refinements using Fd-3m for r-Al2O3 and sh-Al2O3 (the experimental data 

are expressed by blue lines, while red ones are the calculated PDF patterns. The green lines are the 



difference between the calculated results and the experimental data); HRTEM images and structure 

models of Al3+ coordination of (C1-2) sh-Al2O3, (D1-2) sp-Al2O3, (E1-2) r-Al2O3 with schematic 

illustration of Al2O3 morphology inset.  

 

High-resolution 27Al solid state NMR spectra were collected at ultrahigh magnetic 

fields for the synthesized Al2O3 materials. As shown in Figure 3A, three distinct Al 

coordination environments are seen at chemical shifts of 7, 46, and 65 parts per million 

(ppm) relative to 1 mol L-1 aqueous Al(NO3)3. The peaks at 7 and 65 ppm are assigned 

to Al3+ species with octahedral and tetrahedral coordination, respectively, which 

correspond to the expected bulk phase Al species for an alumina.26,28 The resonance at 

46 ppm represents unsaturated Al3+ with a pentahedral coordination (see structure 

models of Al3+ coordination in Figure 1C2-E2)
26, which are created on the Al2O3 surface 

by dehydration and dehydroxylation at elevated temperatures ( 500 oC). Based on peak 

fitting (see Table S1), the sh-Al2O3, r-Al2O3 and sp-Al2O3 samples synthesized in this 

work contain ca. 4.3%, 7.5% and 15.8% of these penta-coordinate Al3+ which can be 

crucial for anchoring metal ions. In order to further illustrate the different coordination 

structures of Al3+ species, Pair Distribution Function (PDF) characterization was 

carried out for sh-Al2O3 and r-Al2O3 as representative samples. In Figure 1B, typical 

PDF data are exhibited at distances of 1.3–5.0 Å. Note that the Rw factors fall within 

the acceptable region. Comparing with Al2O3 nanosheets, the peak intensity at 1.9 Å 

related to Al-O and the nearest Al-Al distance over r-Al2O3 decreases, while the second 

and third shell layers at 2.8 Å and 3.3 Å show the same trend, indicating lower 

coordination number of Al3+ species, consistent with the NMR result.  

 

2.2. Structure of Al2O3 supported bimetallic Ni-Cu catalysts 

It is generally accepted that coordinatively unsaturated Al3+ centers facilitate 

anchoring of metal atoms and in turn promote dispersion and thermal stability of metal 

nanoparticles.26 However, detailed insight into the role of unsaturated Al3+ sites in 

bimetallic systems have not yet been reported. As such, this aspect is considered here 

by utilizing the series of nanoshaped alumina as supports for a bimetallic Ni-Cu catalyst 



using a traditional impregnation method (samples use the same coding as the supports 

but contain the prefix ‘Ni-Cu’ to denote metal addition). The metal loadings of all the 

catalysts were determined by elemental analysis (Table S2) are slightly lower than the 

nominal loading, however, all 3 samples have broadly similar metal loadings and a 

Ni/Cu atomic ratio close to 1 as intended. As such, differences in catalytic performance 

(see later) are thought to be related to the distribution of the two metals as opposed 

differences in metal loading. Investigation by STEM (Figure 2A1-C1) suggest the Ni-

Cu particle size follows the sequence: r-Al2O3 (5.6 nm) < sh-Al2O3 (7.5 nm) < sp-Al2O3 

(11.3 nm), with the dispersion having the opposite trend. In general (and as reported 

elsewhere),31 the metal particle size could be linked to the surface area of support 

materials. However, in our case, the surface area alone cannot explain the trend in 

particle size (sh-Al2O3 has smaller particle size but with lower surface area than that of 

sp-Al2O3; Figure S2 and Table S3), suggesting other support properties may play a role.  

 

Figure 2 Dispersion and geometric structure over Ni-Cu/Al2O3 catalysts. STEM images with 

the particle distribution, elemental mappings and line scanning of (A1-3) Ni-Cu/sh-Al2O3; (B1-3) Ni-

Cu/sp-Al2O3; (C1-3) Ni-Cu/r-Al2O3. 

 



Notably, the addition of Ni and Cu results in a decrease in the number of penta-

coordinated Al3+ sites as judged by SS-NMR (Figure 3B and Table S1) and this is 

accompanied by an increase in the 7-ppm feature. This is considered as evidence that 

the penta-coordinated Al3+ centers are important anchoring sites for Ni and Cu atoms. 

The effect is most pronounced for the Ni-Cu/r-Al2O3 sample which also appears 

consistent with our interpretation. However, for sp-Al2O3 with more pentacoordinate 

Al3+ sites and a larger specific surface area than that of sh-Al2O3, the particle size of 

Ni-Cu/sp-Al2O3 is larger than Ni-Cu/sh-Al2O3 catalysts, which is likely related to the 

presence of some pores with smaller pore diameter in sp-Al2O3 (Figure S2), which leads 

to a degree of pore entrance blocking32,33, thus decreasing the metal dispersion. 

Through detailed STEM/EDX analysis it is also possible to gain insight into how the 

two metals mix/alloy. For all three samples, there is a correlation between where the 

two metals are present on the support (see Figure 2A2-3-C2-3). More interestingly, it is 

found that the r-Al2O3 supported bimetallic catalyst displays a highly ordered alloy. 

STEM mapping suggests a homogeneous distribution of Cu and Ni at the nanoscale 

(Figure 2C) with a Ni/Cu ratio of 51:49 and this is in agreement with XRD results 

(Figure S3) that confirm the presence of a Ni1Cu1 phase. The Ni-Cu/sp-Al2O3 sample 

also appears to show alloyed Ni and Cu, although the distribution may be more complex. 

XRD suggests a Ni-Cu alloy phase may exist, but STEM elemental mapping suggests 

alloying with Cu enrichment on the surface (Figure 2B). For the Ni-Cu/sh-Al2O3 

catalyst, there is evidence that both monometallic Cu and Ni-rich bimetallic 

nanoparticles co-exist and this will have an impact on catalytic properties (Figure 2A). 

This data appears to match with TPR analysis as well (Figure S4), where a reduction 

peak emerges at 230 °C for Ni-Cu/r-Al2O3, which is lower than other samples owing to 

the existence of the uniform NiCu nanoalloy34. CO-FTIR was further employed to 

characterize the samples. Initially, the spectra of the samples were collected prior to 

purging of gas phase CO as shown in Figure S5. The peak at ca. 2130 cm−1 is assigned 

to CO binding to Cu surface atoms35, while the additional peaks at 2170, 2110 and 2057 

cm−1 are related to the gas phase CO and Ni carbonyls36. Notably, Ni-Cu/r-Al2O3 

exhibits a relatively weak band associated with adsorption of CO on Cu, with this 



characteristic band being more apparent for Ni-Cu/sh-Al2O3 and Ni-Cu/sp-Al2O3 

samples. This is consistent with either Cu surface enrichment or some monometallic 

Cu particles which generally correlates with STEM analysis (see earlier). Samples were 

then subjected to Ar purging of increasing durations such that the gas phase CO was 

removed (Figure S5). This also tends to result in loss of CO adsorbed on Cu. The spectra 

after Ar purging are shown in Figure 3C. The sample prepared on the sheet alumina 

shows an absorption band in the Ni bridge bound region of 2000-1800 cm–1. The 

spectrum of Ni-Cu/sp-Al2O3 shows that two relatively weak bands are observed at 1963 

and 1826 cm–1 which correspond to CO bridge-bound on Ni ensembles with a small 

amount of linear bound CO at 2016 cm-1 on Ni0 37,38. This implies that whilst alloying 

with Cu could reduce Ni-Ni nearest neighboring, some larger Ni ensembles still exist 

in Ni-Cu/sp-Al2O3 although both XRD and STEM elemental mapping results suggest 

the formation of a Ni-Cu alloy phase. The phenomena may be ascribed to the random 

arrangement of Ni and Cu atoms, leading to incomplete isolation of Ni atoms or some 

regions of continuous Ni sites – in other words the sample is characterized as a 

disordered alloy. As expected, CO molecules only appear linearly absorbed on Ni atoms 

in the Ni-Cu/r-Al2O3 sample without any bridge bound absorption peaks. Whilst this 

level of analysis does indicate that the catalyst materials are complex it does show that 

control of the support morphology can influence bimetallic particle formation, even 

with a simple impregnation strategy. 

The coordination environment was further analyzed using Ni K-edge EXAFS as 

shown in Figure 3D. The first nearest neighbor distance in Ni–Cu nanoparticle increases 

to high R value compared with that in Ni foil: Ni < Ni-Cu/sh-Al2O3 < Ni-Cu/sp-Al2O3 

< Ni-Cu/r-Al2O3, which indicates a strong Ni–Cu interaction through chemical 

bonding.39 The curve fitting results of these samples are listed in Figure S6 and Table 

S4. A peak at ca. 2.48 Å corresponds to Ni-Ni interaction of the reference Ni foil.40 

Noticeably, the neighboring distance increases to a higher R value of 2.51 Å for Ni-

Cu/sp-Al2O3 sample, suggesting the presence of the aforementioned Ni-Cu alloy. This 

effect is most apparent for Ni-Cu/r-Al2O3 sample (2.54 Å) which is consistent with 

STEM analysis. Moreover, the decreased coordination number of Ni–Cu catalysts 



relative to that of Ni foil (12) indicates the interspersion of Ni and Cu elements, in 

which Ni-Cu/r-Al2O3 exhibits the smallest coordination number of Ni-Ni as the unique 

structural feature of the uniform alloy.41  

 

Figure 3 Fine structure of Ni-Cu/Al2O3 catalysts. 27Al NMR spectra of (A) Al2O3 (B) Ni-Cu 

catalysts; (C) CO-FTIR spectra; (D) Fourier transform k2-weighted Ni K-edge EXAFS spectra; (E) 

Normalized XANES spectra with NiO and Ni foil as the references; (F) In situ XPS spectra of Ni 

2p for Ni-Cu/sh-Al2O3, Ni-Cu/sp-Al2O3 and Ni-Cu/r-Al2O3 

 

The spectra of Ni-Cu/sp-Al2O3 samples looks largely similar with that of Ni-Cu/r-

Al2O3 but with higher coordination number, showing that this catalyst possesses a 



similar alloy structure but the interspersion degree of Ni and Cu elements is lower; that 

is to say, Ni ensembles may still exist in Ni-Cu/sp-Al2O3 which would be consistent 

with STEM data. However, the largest difference is for Ni-Cu/sh-Al2O3 sample, which 

shows a far broader peak in this region perhaps suggesting a more mixed first 

coordination sphere around Ni atoms – possibly associated with a metal oxide. This 

could be ascribed to a structure with both monometallic Cu and Ni-rich bimetallic 

nanoparticles co-existing in Ni-Cu/sh-Al2O3, leading to the weak interaction between 

Ni and Cu, and thus easier oxidation. Similarly, as shown in Figure S7, Fourier-

transformed Cu k-edge EXAFS spectra show that show that only a small contribution 

of Cu−O bond to the spectra of Ni-Cu/r-Al2O3 is suggested with more metallic state in 

comparison with those of Ni-Cu/sp-Al2O3 and Ni-Cu/sh-Al2O3 samples. However, no 

feature of a Cu-Cu shell from CuO is observed, indicating that the CuO species are 

insignificant. The Cu k-edge EXAFS curve-fitting parameters are summarized in Table 

S5. The metal-metal bond length for Cu in Ni-Cu/r-Al2O3 is close to the intermediate 

value (2.51 Å) between Ni foil (2.48 Å) and Cu foil (2.54 Å) which is consistent with 

the information obtained from the Ni k-edge XAS results – so again this infers the 

formation of a uniform Ni1Cu1 alloy42. No apparent difference in the coordination 

numbers is observed for Cu−Cu/Ni and Ni−Ni/Cu shells (5.7 and 5.9, respectively), 

supporting homogeneous alloying in this sample. Notably, Ni-Cu/sp-Al2O3 and Ni-

Cu/sh-Al2O3 catalysts possess an atomic distance of 2.53-2.54 Å, which is close to Cu 

foil, suggesting that the existence of either Cu surface enrichment or some 

monometallic Cu particles is likely, in agreement with STEM analysis. Meanwhile, the 

coordination numbers of Cu−O shell in these two catalysts are 2.2 and 2.8, indicating 

the existence of a large amount of Cu oxide species due to the weak interaction between 

Ni and Cu atoms without the formation of homogeneous alloy structure. The apparent 

variation of the structure in Ni-Cu nanoparticles over different Al2O3 support when 

employing the same impregnation route indicates the nature of support, specifically 

coordination structure could play an important role in the atomic arrangement of metal 

components.  



Figure 3E shows X-ray Absorption Near-Edge Structure (XANES) spectra of Ni-

Cu/Al2O3 samples including Ni foil and NiO as reference. The near-edge line in Ni-Cu 

materials is similar to Ni foil, while the intensity of white line increases slightly,43 

indicating the Ni species is mainly retained in the metallic during this ex-situ testing. 

Similar phenomena are also observed in Cu k-edges XANES spectra (Figure S8). XPS 

analysis was employed to explore the electronic state of Ni and Cu on nanoshaped 

alumina. Prior to analysis, samples were in-situ reduced to ensure that the analysis was 

of the metals in a reduced state (i.e., analogous to catalytic tests – see later). In the Ni 

2p region (shown in Figure 3F), two peaks are generally observed – 2p3/2 at approx. 

852-853 eV and the 2p1/2 at 869-970 eV. For the Ni-Cu/sh-Al2O3 sample, these peaks 

appear at 852.7 and 869.9 eV with the binding energy (BE) typical of a Ni0 species.44 

The equivalent peaks for the spindle and rod samples shift to lower BE suggesting a 

degree of electron transfer from Cu to Ni.45 Furthermore, the extent of this shift seems 

to correlate with alloying degree (i.e., Ni-Cu/r-Al2O3 has the lowest BE (852.2 eV) but 

is the most ordered alloy). Note that this is consistent with Cu 2p results (Figure S9), 

where the Cu 2p3/2 peak shifts to higher energy suggesting a Cu species that is electron 

deficient in Ni-Cu/r-Al2O3. 

It is clear that the nanorod Al2O3 supported Ni-Cu catalyst possesses a more uniform 

alloy structure than the nanosheet or nanospindle support – the key question therefore 

becomes why? To explore this, molecular simulations were carried out to gain insight 

into the nature of the interactions between the unsaturated Al3+ centers and active metals 

during synthesis. Using the material studio, an initial structure model of gamma 

alumina with the (100) facet was established (Figure S10), which shows that a penta-

coordinated Al3+ species exists on the surface of Al2O3, while tetra- and hexa-

coordination environment exist within the cell structure. In contrast, a conventional 

Al2O3 with only a small amount AlV
3+ sites were chosen for comparison (Figure S11). 

By tracing the trajectories of two Ni and two Cu atoms as they approach the surface the 

initial surface anchoring of the metal atoms could be followed (Figure S12-S13). It is 

interesting to note that Ni and Cu atoms appear to simultaneously nucleate/bind to the 

same unsaturated AlV
3+ sites which forms the foundation of the well-arranged Ni-Cu 



alloys (Figure S12). However, on a surface with a lower concentration of AlV
3+ species, 

Ni and Cu atoms are trapped by different Al3+ species leading to a less ordered alloy or 

even monometallic clusters (Figure S13). The results described above confirm that the 

structure of Ni-Cu nanoparticles is strongly influenced by interaction with penta-

coordinated Al3+ centers. A higher surface concentration of such sites leads to the 

formation of a more ordered alloy. It therefore seems feasible to make use of this 

phenomenon in catalyst design. To demonstrate that this concept could be extended 

beyond transition groups metals, Ni-Sn samples were also briefly explored (Figure S14) 

with evidence of a uniform Ni-Sn alloy observed for the r-Al2O3 sample (note: in this 

system Sn can bond with Al2O3 support to form a tin-aluminate or migrate to the surface 

of Ni-Sn ensembles to reduce surface free energy meaning this system should be more 

fully investigated in future).46  

 

2.3. Catalytic behavior for selective acetylene hydrogenation 

Selective acetylene hydrogenation was used as a test reaction to explore the 

performance of the series of Ni-Cu/Al2O3 catalysts. Figure 4A shows the acetylene 

conversion as a function of temperature for all nanoshaped catalysts along with a 

sample prepared on commercial Al2O3 as reference (denoted as Ni-Cu/c-Al2O3). In the 

absence of any metal, the nanoshaped alumina show no catalytic activity (Figure S15). 

In contrast, nanoshaped Al2O3 supported bimetallic samples all exhibit catalytic activity 

with a relatively mild operating temperature window beginning around room 

temperature. The required temperature to achieve full conversion followed the 

sequence: Ni-Cu/sh-Al2O3 (70oC) < Ni-Cu/sp-Al2O3 (80oC) < Ni-Cu/c-Al2O3 (110oC) 

< Ni-Cu/r-Al2O3 (130oC). The acetylene hydrogenation reaction is a structure-sensitive 

reaction, with smaller metal particle size known to improve the catalytic activity47. As 

well known, the selective acetylene hydrogenation is a structure-sensitive reaction, with 

smaller metal particle size facilitating to improve the catalytic activity. Indeed, in our 

system, the order of catalytic activity is Ni-Cu/sh-Al2O3 > Ni-Cu/sp-Al2O3 with the 

opposed order in average particle size. That is to say, smaller particle size promotes the 

enhancement of activity. However, Ni-Cu/r-Al2O3 exhibits lower catalytic activity but 



with the smallest particle size, which is abnormal phenomenon relative to the size effect. 

Consequently, this difference in the average size of Ni-Cu particles cannot be 

considered as the only reason for the disparity in the catalytic performance observed in 

this situation. As such, the relationship between structure and catalytic behavior will be 

further explore, which could be linked to the different atomic arrangement of Ni and 

Cu induced by Al2O3 support (see later). Furthermore, the apparent activation energies 

(Ea) were obtained from a plot of ln (TOF) versus 1/T (Figure 4C) – where TOF was 

assessed at low conversion (<15%) to rule out the effects of mass or heat transfer. When 

compared with the commercial Al2O3
 sample, the Ea values of nanoshaped catalysts are 

all lower than the commercial alumina sample but otherwise similar to each other. 
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Figure 4 Catalytic behavior in the selective acetylene hydrogenation. (A) Acetylene conversion 

as a function of temperature; (B) ethylene selectivity as a function of acetylene conversion (reaction 

conditions: 0.3 g of catalyst, 10:1 of H2/C2H2 ratio, total flow = 163 mL min−1, SV = 9780 h−1, the 

temperature in the range of 30-130 oC); (C) Arrhenius plots of Ni-Cu catalysts (D) Long-term 

stability for Ni-Cu/r-Al2O3 at 115 °C for 12 h.  

 

In terms of selectivity, several points can be extracted from Figure 4B, S16 and S17. 

Firstly, Ni-Cu/r-Al2O3 sample exhibits the supreme ethylene selectivity with relatively 



little ethane and oligomer formation, and this remains true at high acetylene conversion. 

Even at complete acetylene conversion (where over-hydrogenation will most readily 

occur) ethylene selectivity remains above 86.0% with 12.2% of ethane and 1.8% of 

oligomer as by-products, which is better than the monometallic Ni and Cu supported 

on r-Al2O3 (Figure S17) as well as that reported for most non-noble metal catalysts in 

literature (see Table S6). Secondly, both Ni-Cu/sh-Al2O3 and Ni-Cu/c-Al2O3 catalysts 

show a sharp drop in selectivity to negative values after complete conversion of 

acetylene, which doesn’t occur for Ni-Cu/r-Al2O3 samples (note: a negative selectivity 

implies that a portion of ethylene presented in the feed undergoes hydrogenation to 

generate ethane and oligomers). This behavior is typical for a monometallic Ni catalyst 

or one with contiguous Ni ensembles (Figure S17). In terms of selectivity at full 

conversion, there appears to be a correlation with the uniformity of alloying or isolation 

degree of Ni atoms (i.e., Ni-Cu/c-Al2O3 < Ni-Cu/sh-Al2O3 < Ni-Cu/sp-Al2O3 < Ni-Cu/r-

Al2O3). This suggests that the ordered NiCu alloys that preferentially form on the 

nanoshaped supports can facilitate the selective conversion of acetylene into ethylene. 

The stability of the best performing material, namely Ni-Cu/r-Al2O3, was further 

evaluated at 115 oC for a 12 h period (Figure 4D). Over this time period the conversion 

appears to decrease marginally but with no apparent shift in ethylene selectivity (≈ 90% 

throughout). Analysis of this catalyst after use shows no evidence of metal particle 

agglomeration (Figure S18) but a small amount of weight loss is observed by TGA 

consistent with some carbon retention (see Figure S19), responsible for the 

inconspicuous decrease of activity. However, for both Ni-Cu/sp-Al2O3 and Ni-Cu/sh-

Al2O3 samples (Figure S20), it is found that there is an apparent decrease in selectivity 

for Ni-Cu/sp-Al2O3 (from 83.0% to 53.3%) after 7 h on stream and Ni-Cu/sh-Al2O3 

(from 59.2% to negative) after only 4 h on stream. This is attributed to the presence of 

Ni or Cu ensembles (either within the alloy particles or as monometallic particles) 

which are known to favor oligomer formation leading to carbon build up. The 

detrimental carbonaceous species result in the coverage of active metal atoms and 

possibly pore blockage, which limits not only the access of hydrogen and acetylene to 



the active sites but also the escape of ethylene into the gas stream and hence more 

deactivation is observed2,10,48. 

 

2.4. Insight into effects of Ni-Cu structure on catalytic behavior 

It is generally accepted that the charge density and isolation degree of active species 

can significantly affect the binding strength of adsorbates or intermediates, which often 

accounts for the efficient and selective catalysis.49 As discussed above, the orderly 

arrangement of Ni and Cu causes an increase of Ni electron density, which theoretically 

promotes ethylene desorption. To further probe this, in-situ DRIFTS experiments were 

performed with propyne as probe molecule at different reaction temperatures since 

acetylene does not give rise to particularly strong IR bands due to its symmetry. Taking 

the Ni-Cu/r-Al2O3 catalyst as an example (Figure 5A), the characteristic peaks in the 

ranges of 3200-3380, 2900-3000 and 2110-2160 cm-1 can be observed after propyne 

adsorption and correspond to unsaturated C-H, C-C vibrations in H-C≡C, and saturated 

C-H vibrations in -CH3, respectively.50  After addition of H2 flow, two new peaks 

emerge at 1642 and 1121 cm-1 that are associated with C=C vibrations in H-C=C51 

which is consistent with conversion of alkyne into alkene. Similarly, for Ni-Cu/sh-

Al2O3 (Figure 5B) and Ni-Cu/sp-Al2O3 (Figure 5C), a relatively weak peak at 1642 

cm−1 is observed. However, as reaction temperature increased and/or reaction time was 

prolonged, the intensity of this peak decreases before disappearing entirely. Instead, a 

new shoulder appears at 1350 cm−1 for Ni-Cu/sh-Al2O3 (Figure 5B) which is ascribed 

to a C-H bending vibration implying conversion of alkyne into alkane.52 Notably, the 

spectra of a propyne and H2 mixture (Figure S21) is basically in agreement with that of 

pure propyne without the characteristic bands originating from the reaction 

intermediates and products since the reaction is not obviously driven at the room 

temperature. Moreover, to mimic real reaction conditions, DRIFT experiment with a 

flow of C2H2 and H2 mixture was performed. Figure S22 presents the spectra collected 

during the hydrogenation of acetylene over Ni-Cu catalysts in the temperature range of 

30-120 °C. Although the intensity of absorption bands is relatively weak, some 

information can still be extracted. The generation of ethylene on Ni-Cu/r-Al2O3 



catalysts is affirmed by the appearance of the CH2 scission and C=C stretching vibration 

at 1626 and 1709 cm−1, respectively53. Notably, the characteristic bands assigned to -

CH3 asymmetric stretching of alkanes (2980 cm−1) and -CH2 asymmetric stretching of 

long-chain hydrocarbons (2925 cm−1) are very weak suggesting little ethane or 

oligomer formation over Ni-Cu/r-Al2O3 catalyst. Furthermore, the band intensity 

corresponding to ethylene decreases with increasing temperature, indicating weak 

ethylene adsorption on Ni-Cu/r-Al2O3 surface. However, for Ni-Cu/sp-Al2O3 and Ni-

Cu/sh-Al2O3 samples, although the ethylene is also formed, the intensity attenuates 

more gradually with increasing temperature. Meanwhile, the peaks at 2925 and 2980 

cm−1 ascribed to longer chain hydrocarbons and ethane emerge. These observations 

would appear to correlate well with catalyst tests where continuous Ni sites in Ni-Cu/sp-

Al2O3 and Ni-Cu/sh-Al2O3 hinder catalytic performance. 
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Figure 5 Study of structure-performance relationship. (A-C) In situ DRIFT spectra of propyne 

and a propyne/hydrogen mixture heated to different temperatures on (A) Ni-Cu/r-Al2O3, (B) Ni-

Cu/sh-Al2O3; (C) Ni-Cu/sp-Al2O3; (D) C2H4-TPD profiles of Ni-Cu catalysts. 

 

To explore how the ethylene desorption behavior changes between samples, we 

performed C2H4-TPD experiments. From the profiles in Figure 5D, two key regions 



could be detected at 100-300 oC and 300-600 oC. The low temperature peak is the main 

desorption peak and originates from weak adsorption of ethylene in a di-σ 

configuration.54 As this species is only weakly bound to the metal surface it should 

desorb fairly easily without over-hydrogenation or dissociation. The peak in the 300-

600oC region is assigned to a multiply coordinated ethylene species55 which can react 

more easily with dissociated H to produce ethane since it is adsorbed more strongly. 

With regard to Ni-Cu/sh-Al2O3 and Ni-Cu/sp-Al2O3 samples, the peak area associated 

with multiply coordinated ethylene is far greater than for Ni-Cu/r-Al2O3 catalyst. 

Furthermore, the peak position for multiply coordinated ethylene species shifts to 

higher temperature for the less selective catalysts. These phenomena collectively show 

that ethylene species can more easily desorb from the nanorod supported catalyst which 

correlates with lesser ethane formation.  

 

Figure 6. DFT calculation of optimized reaction path in acetylene hydrogenation for an 

ordered Ni1Cu1 alloy catalyst. The arrows mean the direction of the reaction, in which the blue 

and orange lines are the main and side reactions (grey: C atom; white: H atom; yellow: Ni atom; 

purple: Cu atom; pink: O atom; blue: Al atom). 

 



DFT calculations were further conducted to probe the reaction mechanism on the 

well-ordered Ni-Cu alloy. A structural model related to the Ni-Cu/r-Al2O3 catalyst was 

constructed according to the experimental results (Figure S23), while the calculated 

potential energies, the adsorption configuration and free energies for acetylene 

hydrogenation are shown in Figures 6, S24 and S25. The acetylene molecule is seen to 

adsorb on Ni and the adjacent Cu atoms in di-σ-complex manner with adsorption energy 

of −0.96 eV. The reaction then proceeds through two-step successive hydrogenation 

steps (TS1 & TS2) to produce ethylene via a C2H3* intermediate.56 The desorption 

energy of the adsorbed ethylene species is 0.46 eV, whereas the barrier for over-

hydrogenation of form ethane is 0.77 eV (TS3). Given the relative size of these two 

barriers, it is more energetically favorable for ethylene to desorb and thus the Ni-Cu 

surface with isolated Ni atoms (i.e., no Ni-Ni nearest neighbors) leads to selective 

hydrogenation.57
 For comparison, on a Ni catalyst acetylene tends to adsorb on Ni 

ensembles in the three-fold bridge coordination9 which leads to an adsorbed 

configuration with higher desorption energy resulting in lower ethylene selectivity.  

 

3. Conclusion 

In summary, we developed an effective strategy to construct highly homogeneous 

and ordered alloys induced by the support coordination structure. Specifically, a series 

of shaped Al2O3 supports with different contents of penta-coordinated Al3+ sites were 

fabricated as substrates to support non-noble metal Ni-Cu nanoparticles by 

conventional impregnation. Confirmed by the combination of EXAFS and STEM, the 

support surface was shown to influence the arrangement of metals within bimetallic 

particles. Nanospindle Al2O3 predominantly showed alloyed Ni and Cu particles but 

with Cu enrichment on the surface, while nanosheet Al2O3 triggered the formation of 

monometallic Cu and Ni-rich bimetallic nanoparticles. Interestingly, a well-dispersed 

and ordered Ni1Cu1 nanoalloy was observed on nanorod Al2O3 and molecular 

simulations showed that coordinatively unsaturated Al3+ centers provided a crucial role 

in the formation of metal nanoparticles where the Ni atoms were uniformly spaced by 

Cu atoms. By evaluating performance in the selective hydrogenation of acetylene, this 

http://www.baidu.com/link?url=SoeIlrRhW5RAAKYzAli6Xv6DwSJoqYdh1bbbzBIgXG9sjJLRw5r0PRhJbVvMeuJsk3lQPsN6PUSeUld-kO_rS_&wd=&eqid=aaaafa6800013368000000035b378f12


same uniformly structured Ni-Cu alloy with isolated Ni sites exhibited 86% ethylene 

selectivity at a conversion of 100% at a relatively mild reaction temperature of 130 °C 

with performance far exceeding that of catalysts with contiguous Ni ensembles. More 

importantly, excellent long-term stability was obtained with no evidence of deactivation 

via Ni atom aggregation with only minor coking during a 12 h time on stream. The 

excellent performance was attributed to the uniform metal particle structure which 

effectively isolated Ni sites whilst creating an electronic environment that favored 

ethylene desorption, thus improving ethylene selectivity. The underlying Ni1Cu1 

structure is thought to be a direct consequence of the Al3+ centers on the surface of the 

Al2O3 support. 
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1. EXPERIMENTAL DETAIL 

1.1 Materials. Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, NaAlO2, NH4HCO3, AlCl3·6H2O, 

Al(NO3)3·9H2O and NaOH were purchased in AR grade. The pseudo boehmite was 

obtained by from the Liming Research Institute of Chemical Industry. A conventional 

γ-alumina was purchased from Macklin. 

1.2 Preparation of nanoshaped Al2O3 samples. A series of nanoshaped aluminas 

were synthesized as described below 1 . Firstly, alumina nanorods were prepared.  

Pseudo-boehmite was calcined in a muffle furnace at 600 ℃ for 4 h to form 10 g of 

alumina powder which was then mixed with 15 g of NH4HCO3 in 400 mL of deionized 

water. After stirring for 20 min, the mixture was transferred into a teflon-lined stainless 

steel autoclave, followed by heating to 140 ℃ for 6 h. After cooling to room 
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temperature, the white solid precipitate was collected by use of a centrifuge, washed 

until neutrality and then dried at 120 ℃. Lastly, the obtained powder was calcined at 

600 ℃ with a heating rate of 10 ℃·min−1 for 4 h to obtain the alumina nanorods 

(denoted as r-Al2O3 throughout).  

Alumina with a sheet or platelet type morphology was prepared as follows2. NaAlO2 

and Al(NO3)3 solutions with a concentration of 2 mol L-1 were prepared. The former 

was added dropwise into 200 mL of Al(NO3)3 solution under magnetic stirring until pH 

of the solution reached to ∼9.5. After stirring for 1 h at 140 ℃, the mixture was 

transferred into a Teflon-lined stainless autoclave, followed by heating to 200℃ for 24 

h. After cooling to room temperature, the precipitate was collected, washed, dried and 

calcined as described for the r-Al2O3 sample. In this case the final product is denoted 

as sh-Al2O3. 

Alumina with a spindle like morphology (i.e., a rod that is not perfectly cylindrical in 

shape but has a convex shape along the longest dimension that equates to a gradual 

curvature of the surface) was prepared as follows3. AlCl3·6H2O and NaOH solutions 

with a concentration of 2 mol/L were prepared. NaOH solution was added dropwise to 

the AlCl3 solution under magnetic stirring until the OH-/Al3+ molar ratio reached 3. The 

solution was then stirred for 15 min to allow aluminum hydroxide to form. The 

precipitate was collected and transferred into a Teflon-lined stainless autoclave to be 

heated to 200℃ for 24 h. After this thermal treatment the sample is denoted as sp-Al2O3. 

1.3 Preparation of Ni-Cu/Al2O3 catalysts. The nanoshaped Al2O3 samples were then 

used as support to prepare a series of bimetallic Ni-Cu catalysts by using a wetness 

impregnation method. Typically, 0.1900 g Cu(NO3)2·3H2O and 0.2900 g 

Ni(NO3)2·6H2O was dissolved in 10 mL of deionized water (these amounts equate to 5 

wt. % loading of Ni and Cu, respectively). Then, 1.0000 g of a particular nanoshaped 

Al2O3 was added into the above solution. After stirring vigorously for 4 h, the resulting 

paste was dried at 60 °C overnight before being calcined at 500 °C for 4 h and 

subsequently reduced in 10% H2/N2 at 500 °C for 4 h (heating rate of 10 °C min-1). The 

as-prepared catalysts were denoted as Ni-Cu/r-Al2O3, Ni-Cu/sh-Al2O3 and Ni-Cu/sp-

Al2O3. For comparison, a commercial Al2O3 supported Ni-Cu catalyst was prepared 



using the same impregnation procedure described above and this sample is denoted as 

Ni-Cu/c-Al2O3. 

1.4 Catalyst characterization. A Shimadzu XRD-6000 diffractometer with Cu Kα 

radiation (λ = 0.154 nm) was used to collect X-ray Diffraction (XRD) patterns in the 

2θ range 10-90° with a scan speed of 10° min−1. A Shimadzu ICPS-7500 Inductively 

Coupled Plasma Atomic Emission Spectrometer (ICP-AES) was used to quantify the 

metal loadings of catalyst samples. The specific surface areas were calculated from N2 

adsorption data and the relative pressure range 0.05-0.3 using the Brunauer-Emmett-

Teller (BET) method. Cs-corrected STEM images were measured on a JEOL 

ARM200F microscope equipped with a spherical aberration corrector and a High-

Angle Annular Dark-Field detector (HAADF), which allows for Z contrast imaging. A 

Thermo ESCALAB 250Xi X-ray Photoelectron Spectrometer (XPS) with 

monochromatic Al Ka (hv =1486.6 eV) was used to analyze the surface/near surface 

composition and electronic structure. The sample was placed in the pool and in situ 

reduced in 10% H2/Ar at 500oC for 30 min to avoid re-oxidation in air. Cu 2p and Ni 

2p regions were analyzed using CasaXPS software with the C 1s peak at 284.8 eV used 

for calibration. Solid State NMR spectra were recorded on Bruker 400WB AVANCE 

Ⅲ instrument. 27Al NMR experiments were carried out using a 4 mm triple-resonance 

broadband solid-state probe with a spinning rate of 8 kHz. The spectra were 

accumulated for 120 scans with 2 s recycle delay. The chemical shifts were referenced 

to a 1% Al(NO3)3 aqueous solution. Thermo Gravimetric Analysis (TGA) profiles were 

recorded using a HITACHI STA7300 instrument. The samples were heated in the 

temperature range 30-800 ℃ with a rate of 10 ℃ min-1 under a flow of air. The evolved 

gases from TGA experiments were analyzed by mass spectrometry (m/z = 44 used to 

follow CO2 loss from the sample). Temperature programmed experiments were 

performed using a Micrometrics ChemiSorb 2750 instrument with a Thermal 

Conductivity Detector (TCD). Approximately 0.1 g of sample was placed in a quartz 

tube and pretreated to 200 ℃ for 0.5 h in Ar to remove surface impurities. For 

Temperature Programmed Reduction (TPR), samples were then heated from room 

temperature to 600 ℃ at a ramp rate of 10 ℃ min-1 in a flow of 10% H2/Ar. For C2H4-



TPD experiments, the catalysts were first pre-reduced at 300 ℃ for 2 h in a 10 % H2/Ar 

flow. After cooling to room temperature, the samples were exposed to a C2H4 flow for 

1 h and then purged in He to remove any physically adsorbed species. For desorption, 

samples were then heated from 50-800 ℃ at a rate of 10 ℃/min. Fourier Transform 

Infrared spectra of adsorbed CO were obtained using a Bruker Tensor 27 instrument 

with a highly sensitive Mercury Cadmium Telluride (MCT) detector, a quartz reaction 

cell with BaF2 windows using the diffuse reflectance mode. Sample powders were pre-

reduced for 2 h in H2/Ar at 300 ℃, followed by Ar purging for 0.5 h. After cooling the 

sample to 50 ℃ in Ar flow, a background spectrum was recorded (resolution of 4 cm−1). 

Pure CO flow was introduced into the reactor for 0.5 h. Spectra of adsorbed CO then 

recorded after further purging with Ar for 1 h to remove any gas phase CO (it is 

expected that this treatment results in the loss of CO from Cu meaning the spectra 

predominantly represent CO adsorbed on Ni after Ar purging). In situ FTIR of alkyne 

hydrogenation using C3H4 as a representative reactant molecule were performed after 

the same pre-treatment and background spectrum process described above. For the 

reaction study, pure C3H4 was introduced for 0.5 h at room temperature, followed by 

Ar purging for 10 min to observe the characteristic peaks of adsorbed propyne. Then, 

H2 was added with a flowing rate of 10 mL/min and the sample chamber heated 

stepwise to different temperatures (50, 70, 90 and 120 ℃) to observe reaction 

intermediates. X-ray Absorption find structure spectra (Ni K-edge and Cu K-edge) was 

conducted at the 1W1B beamline of the National Synchrotron Light Source II at the 

Beijing Synchrotron Radiation Facility. The sample was protected under N2 atmosphere 

to prevent re-oxidation in air, followed by measurement in the transmission mode. The 

typical energy of the storage ring was 2.5 GeV with a maximum current of 250 mA. 

Using Si(111) double-crystal monochromator, the data collection were carried out in 

transmission/fluorescence mode using ionization chamber. The high energy X-ray 

scattering data was collected on the 3W1 beamline at Beijing Synchrotron Radiation 

Facility (BSRF) with the X-ray wavelength of 0.206468 Å. The Pair Distribution 

Function (PDF) analysis was obtained from high energy X-ray scattering data by direct 



Fourier transform of reduced structure function by xPDF suite software and small box 

fitting was carried out based on PDF guide. 

1.5 Computational method. Using the material studio software package, an initial 

structural model of gamma alumina was established with a slab size of 4.9 nm × 5.0 nm 

× 4.2 nm. Periodic boundary conditions were adopted in the X-Y direction and 5 nm 

vacuum layers were established on the upper and lower surfaces of alumina in the Z 

direction, corresponding to Al2O3 (100) and (111) facets, respectively. This was a 

convenient arrangement to observe the behavior of Ni and Cu atoms on the Al2O3 

surface. Cvff force field was used to describe the interaction between Al, O, Cu and Ni 

atoms. The time step of the simulation process was set to 0.1 fs. After the structure was 

optimized using the conjugate gradient method, the external ambient temperature was 

set to 300 K, with NVT ensemble relaxation of 10 ps and the relaxation time for 

temperature control was 10 fs to make the substrate temperature reach the set 

temperature. Then, two Ni and Cu atoms were introduced on the surface of Al2O3 to 

observe the adsorption behavior of Ni and Cu atoms. 

To explore the catalytic mechanism, first-principle spin-polarized calculation were 

conducted using Vienna ab initio Simulation Program (VASP) 4 , 5 . The generalized 

gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form and a 

cutoff energy of 500 eV for planewave basis set were employed 6 . A 3   3   1 

Monkhorst-Pack k grid was adopted for sampling Brillouin zones at structure 

calculation7. The Projector Augmented Wave (PAW) method was used to describe ion-

electron interactions8. The 1   3 Al2O3 (100) slab (a =14.277 Å, b = 12.991 Å) was 

modeled with a vacuum space exceeding 20 Å to avoid interaction between two 

periodic units. The convergence criteria for structure optimization were selected as the 

maximum force on each atom being less than 0.02 eV/Å with an energy change of less 

than 1   10-5 eV. The van der Waals interactions in these systems was described by 

Grimme’s DFT-D3 scheme of dispersion correction9. To calculate the kinetic energy 

barrier of chemical reactions, the Climbing Image Nudged Elastic Band (CI-NEB) 

method was employed to search for the transition states10,11.  

The Gibbs free energy change (ΔG) for each elemental step is defined as12,13: 



pHGGSTZPEEG U ++−+=  

where ΔE and ΔZPE are the adsorption energy based on density functional theory 

calculations and the zero-point energy correction, respectively. T and ΔS represent the 

temperature and the entropy change, respectively. 

1.6 Catalytic testing. Catalytic behavior was evaluated in a fixed-bed microreactor 

operating at a pressure of 0.1 MPa and temperature in the range 30-130℃. For tests, 

0.3 g of catalyst was diluted with quartz sand (Aldrich, 40-70 mesh) and placed in the 

reactor. The inlet gas feed consisted of a 0.31% C2H2/30.4% C2H4/1.0 % C3H8/3.1% H2 

mixture diluted by nitrogen with flow rate that equated to a Gas Hourly Space Velocity 

(GHSV) of 9680 h-1. The reactant and product concentrations were analyzed by online 

Gas Chromatography (GC) with a flame ionization detector using a PLOT capillary 

column (50 m × 0.53 mm). Propane was used as an internal standard. Multiple data 

points were collected at different temperatures to ensure reproducibility. Acetylene 

conversion is defined as the ratio of the reactant consumed to the reactant feed. The 

selectivity to ethylene was calculated as the amount produced divided by the amount of 

acetylene consumed. By this metric a negative ethylene selectivity is possible and 

implies a portion of the ethylene presented in the feed gas was also hydrogenated. The 

selectivity to oligomers was calculated based on carbon balance (100 ± 0.5%). The 

specific activity was calculated according to the total Ni content. TOF (s-1) was 

calculated according to the amount of exposed surface Ni atoms. The equations used 

were as follows: 

Acetylene conversion (%) =
C2H2(inlet)－C2H2(outlet)   

C2H2(inlet)
   

Ethylene selectivity (%) =
C2H4(outlet)－C2H4(inlet)  

C2H2(inlet)－C2H2(outlet)
        

TOF =
C × L × M × 10−3

Vm × m × w × D × 60
      

 

where C2H2 (inlet), C2H4 (inlet), C2H2 (outlet) and C2H4 (outlet) represent 

reactant/product concentrations, C is conversion of acetylene (%); L is the flow rate of 



acetylene (mL min-1); Vm is molar volume of gas (L mol
-1); M stands for atomic mass 

of Ni; m is quality of catalyst (g); w is the metal loading (wt. %); D is metal dispersion 

(%). The apparent activation energies were determined but using a reaction temperature 

where acetylene conversion was below 15%. To test for catalyst stability, additional 

tests were performed for a continuous 12 h period at a constant temperature of 115oC.  

 

2. ADDITIONAL RESULTS 

 

Figure S1 HRTEM images of (A) sh-Al2O3, (B) sp-Al2O3, (C) r-Al2O3 

 

Table S1 The proportion of different coordinated Al species before and after metal loading 

Coordinated 

Al species 
AlⅥ (%) AlⅤ (%) AlⅣ (%) 

sh-Al2O3  71.5 4.3 24.2 

sp-Al2O3 64.2 7.5 28.3 

r-Al2O3 55.7 15.8 28.5 

Ni-Cu/sh-Al2O3 75.1 3.6 21.3 

Ni-Cu/sp-Al2O3 69.9 6.0 24.1 

Ni-Cu/r-Al2O3 62.6 9.7 27.7 

 

 

 

 

 

 

 

 



Table S2 Properties of Ni-Cu/Al2O3 catalysts 

 NiCu/sh-Al2O3 NiCu/sp-Al2O3 NiCu/r-Al2O3 NiCu/c-Al2O3 

dVA (nm) a 7.5 11.3 5.6 - 

Ni loading 

(wt. %) b 

4.6 4.7 4.7 4.4 

Cu loading 

(wt. %) b 

4.5 4.6 5.0 4.5 

D (%) c 13.5 8.9 18.0 - 

Ea (kJ/mol) 34.8 35.6 38.4 73.2 

a Determined by HRTEM analysis; b Determined by ICP result;  

c Based on HRTEM analysis11, 𝐷 =  
𝑉𝑀/𝐴𝑀

𝑑𝑉𝐴
; VM (the volume of metal atom) = 10.95 Å3;  

AM (surface area of metal atom) = 6.51 Å2 

 

 

 

Figure S2 N2 adsorption-desorption isotherms and pore size distribution curves for the prepared sh-

Al2O3, sp-Al2O3 and r-Al2O3  

 

 

 

 



 

Table S3 Surface area, pore volume and size of nanoshaped Al2O3 

Catalysts 
Surface area 

(m2/g) 

Pore volume 

(cm2/g) 

Pore diameter 

(nm) 

sh-Al2O3 84 0.50 20.40 

sp-Al2O3 112 0.50 18.70 

r-Al2O3 186 1.50 31.70 
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Figure S3 XRD patterns of Ni-Cu/sh-Al2O3, Ni-Cu/sp-Al2O3 and Ni-Cu/r-Al2O3 

 

 



 
Figure S4 TPR profiles for the prepared Ni-Cu catalysts 

 

 

 

 

Figure S5 FTIR spectra of CO adsorption over (A) Ni-Cu/r-Al2O3 (B) Ni-Cu/sp-Al2O3 (C) Ni-

Cu/sh-Al2O3  

 

 



 

Figure S6 The fitted Fourier transform k2-weighted Ni K-edge EXAFS spectra for (a) Ni-Cu/sh-

Al2O3, (b) Ni-Cu/r-Al2O3 and (c) Ni-Cu/sp-Al2O3  

 

 

Figure S7 The fitted Fourier transform k2-weighted Cu K-edge EXAFS spectra for Ni-Cu/sh-Al2O3, 

Ni-Cu/r-Al2O3 and Ni-Cu/sp-Al2O3 with CuO and Cu foil as the references 

 

 

 

 

 

 



Table S4 Ni K-edge EXAFS parameters fitted for the samples 

Samples 
Scattering 

pair 
CNa rb (Å) 

ΔEc 

(eV) 
σ2d R factor 

Ni-Cu/r-Al2O3 
Ni-Ni/Cu 5.9 2.51 -2.503 0.008 0.004 

Ni-O 2.3 2.06 -2.503 0.005  

Ni-Cu/sp-Al2O3 
Ni-Ni/Cu 6.4 2.49 -2.156 0.008 0.005 

Ni-O 2.5 2.05 -2.156 0.007  

Ni-Cu/sh-Al2O3 
Ni-Ni/Cu 6.0 2.48 -0.950 0.012 0.008 

 Ni-O 2.8 2.07 -0.950 0.005 

a Coordination number (CN)                  b Atomic distance (r)  

c Energy difference in the absorption threshold between the reference and the target samples (ΔE)                                     

d Debye-Waller factor (σ2) 

 

 

Table S5 Cu K-edge EXAFS parameters fitted for the samples 

Samples 
Scattering 

pair 
CNa rb (Å) 

ΔEc 

(eV) 
σ2d R factor 

Ni-Cu/r-Al2O3 
Cu-Cu/Ni 5.7 2.51 3.2 0.0105 

0.005 
Cu-O 1.5 1.92 8.0 0.0072 

Ni-Cu/sp-Al2O3 
Cu-Cu/Ni 6.5 2.53 4.8 0.0089 

0.008 
Cu-O 2.2 1.94 8.1 0.0064 

Ni-Cu/sh-Al2O3 
Cu-Cu/Ni 4.5 2.54 2.1 0.0111 

0.009 
Cu-O 2.8 1.96 6.3 0.0122 

a Coordination number (CN)                  b Atomic distance (r)  

c Energy difference in the absorption threshold between the reference and the target samples (ΔE)                                 

d Debye-Waller factor (σ2) 

 



 

Figure S8 Normalized XANES spectra of Ni-Cu/Al2O3 catalysts with CuO and Cu foil as the 

references 

 

 

Figure S9 XPS spectra of Cu 2p for Ni-Cu catalysts 

 

 

 

Figure S10 The structures model of Al2O3 with exposing (100) facet 



 

 

Figure S11 The structures model of Al2O3 with exposing (111) facet 

 

 

Figure S12 The possible position for the anchoring of Ni and Cu atoms on Al2O3 (100) 

 

 

Figure S13 The possible position for the anchoring of Ni and Cu atoms on Al2O3 (111) 

 

 



 

Figure S14 XRD patterns of nanoshaped Al2O3 supported Ni-Sn catalysts 

 

 

 

Figure S15 Acetylene conversion of nanoshaped Al2O3 supports 

 

 

 

Figure S16 Ethane selectivity as a function of acetylene conversion of Ni-Cu/sh-Al2O3, Ni-Cu/sp-

Al2O3 and Ni-Cu/c-Al2O3 



 

 

Figure S17 (A) Acetylene conversion as a function of temperature (B) ethylene selectivity, (C) 

oligomer selectivity (D) ethane selectivity as a function of conversion for r-Al2O3 supported 

bimetallic Ni-Cu, monometallic Ni and Cu samples (reaction conditions: 0.3 g of catalyst, 10:1 of 

H2/C2H2 ratio, total flow = 163 mL min−1, SV = 9780 h−1, temperature in the range of 40-200 oC). 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6 Comparison of catalytic performance with Ni-based catalysts reported in literatures 

Catalysts H2/ 

C2H2 

SV 

(h-1) 

T (℃) Conv. 

(%) 

Sel. 

(%) 

Ea 

(kJ/mol) 

Ni-Cu/r-Al2O3 10:1 9780 135 100 86 38.4 

Ni5Ga/SiO2
14 5:1 36000 180 100 81 - 

AuNi1/SiO215 20:1 6000 300 100 80 - 

NiCu/SiO2
16 4:1 30000 140 100 10 - 

AgNi/SiO2
17 20:1 60000 200 100 31.4 - 

NiS/Al2O3
18 20:1 9900 160 100 78 - 

Ni/Al2O3
18 20:1 9900 220 100 -10 28.9 

NiZn/SiO2
19 10:1 128000 200 15 80 27.5 

Ni6In/SiO2
20 5:1 36000 180 100 65 - 

Ni/CeO2
21 4:1 21000 110 100 65 - 

NiCu/MMO22 2:1 8040 160 100 70 34.2 

NiGa/α-Al2O3
23 4:1 4800 300 100 80 - 

Ni5Ga3/α-Al2O3
23 4:1 4800 300 100 60 - 

Ni3Ga/α-Al2O3
23 4:1 4800 280 100 55 - 

CuNi0.125/SiO2
24 20:1 60000 300 100 60 54.5 

AgNi0.5/SiO2
24 20:1 60000 220 99 65 52.8 

AuNi0.5 /SiO2
24 20:1 60000 300 97 75 - 

 

 

 



 
Figure S18 HRTEM images of spent Ni-Cu/r-Al2O3 catalyst and the distribution of particle size 

 

 

 

Figure S19 TG-MS analysis of fresh and spent Ni-Cu/r-Al2O3 catalysts 
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Figure S20 Longer term stability at similar acetylene conversion for (A) Ni-Cu/sp-Al2O3 for 7 h (B) 

Ni-Cu/sh-Al2O3 for 4 h (0.3 g of catalyst, 10:1 of H2/C2H2 ratio, total flow = 163 mL min−1, SV = 

9780 h−1). 
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Figure S21 In situ DRIFT spectra with a flow of propyne/hydrogen mixture at room 

temperatures on nanoshaped Ni-Cu/Al2O3 

 



 

Figure S22 In situ DRIFT spectra of acetylene/hydrogen mixture heated to different temperatures 

on (A) Ni-Cu/sh-Al2O3, (B) Ni-Cu/sp-Al2O3 and (C) Ni-Cu/r-Al2O3 

 

 

Figure S23 The structures model of Al2O3 with exposing (100) facet supported Ni-Cu alloy catalyst  

 

 

 

Figure S24 Structures model of the intermediates generated in the process of acetylene 

hydrogenation over Ni-Cu/r-Al2O3 
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Figure S25 Gibbs free energy diagrams for acetylene hydrogenation on Ni-Cu/r-Al2O3 
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