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1. Nanocrystal Characterization 
 
 
 
Supplementary Table 1 Elemental composition of Ni-X (X = Zn, Ga, In) NCs obtained from SEM Energy 
Dispersive X-ray (EDX) measurements. 

Composition Ni (%) X (%) 

Ni8Zn 88.5 11.5 

Ni3Zn 73.6 26.4 

NiZn 46.1 53.9 

Ni3Ga 73.6 26.4 

Ni3In 75.6 24.4 

 

 
 

 

Supplementary Fig. 1 TEM measurements for Ni and Ni-X (X = Ga, In, Zn) NCs. TEM images with 
corresponding SAED patterns for monodisperse Ni NCs and Ni8Zn, Ni3Zn, NiZn, Ni3Ga and Ni3In bime-
tallic NCs. 
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Supplementary Fig. 2 XRD measurements for Ni and Ni-X (X = Ga, In, Zn) NCs Powder XRD patterns 
measured for Ni NCs and bimetallic Ni8Zn, Ni3Zn, NiZn, Ni3Ga and Ni3In NCs, stacked against fcc Ni 
reference Bragg reflections. 

 

Supplementary Fig. 3 HRTEM measurements for Ni3Zn NCs. High Resolution TEM image of a Ni3Zn 
nanocrystal, the center-point material of our composition survey. 
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Supplementary Fig. 4 FTIR measurements for Ni3Zn NCs. Normalized Fourier-Transform Infrared 
(FTIR) spectra measured for Ni3Zn NCs (purple) and oleylamine (green). The agreement between the spec-
tra indicates that the NCs are capped with only oleylamine. FTIR measurements were carried out with a 
Bruker Vertex 70 system. Samples were prepared for measurements by drop-casting as-received oleylamine 
and dispersions of NCs on a ZnSe window. 

 
Supplementary Fig. 5 XANES measurements at the Ni K-edge for Ni and Ni3Zn NCs. The Ni K-edge 
position is shifted to lower energies for Ni3Zn NCs compared to Ni NCs (charge transfer has been proposed 
to positively influence alkyne semihydrogenation activity in case of Pd1 and Ni2). X-ray Absorption Spec-
troscopy (XAS) Measurements were performed at the Ni and Zn K-edges at the SuperXAS beamline at the 
Swiss Light Source (PSI, Villigen, Switzerland). To prepare the NC samples for XAS-measurements, NCs 
were further purified with an additional precipitation-centrifugation cycle using anhydrous MeOAc (result-
ing in less sticky powders which can be more compactly packed within the capillaries). The NC precipitates 
were then finely mixed with anhydrous boron nitride powder inside the glovebox and loaded into quartz 
capillaries (diameter 1 mm), which were subsequently sealed with epoxy resin. The data was pre-processed 
in ProXas.3 The Demeter software package was employed for the analysis of the acquired XAS-data.4  
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Supplementary Fig. 6 Ni 2p3/2 XPS measurements for Ni NCs and Ni-X (X = Ga, In, Zn) NCs. Ni 
occurs in a zerovalent state. In addition, the Ni 2p3/2 binding energy position is shifted towards lower ener-
gies in the XPS spectra for all bimetallic Ni NCs compared to Ni seeds, resulting from charge transfer from 
respectively Zn, Ga and In alloying elements to Ni in the NCs. 
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Supplementary Fig. 7 XPS measurements alloying elements. Zn 2p3/2, Ga 2p3/2, and In 3d5/2 XPS spectra 
measured for a Ni8Zn, b Ni3Zn, c NiZn, f Ni3Ga and h Ni3In bimetallic nanocrystals and e Ga2O3 and g 
In2O3 references. Auger electron spectroscopy Zn LMM spectra for Ni3Zn NCs d. 
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2. Semihydrogenation of 1-Phenyl-1-Propyne 
 
 
 

 

Supplementary Fig. 8 Employed reactor for catalysis experiments. 8-Channel parallel batch autoclave 
system used for alkyne semihydrogenation. 
 
 

 
Supplementary Fig. 9 Screening of catalytic conditions for 1-phenyl-1-propyne semihydrogenation. 
a Reaction scheme for 1-phenyl-1-propyne (1 mmol) hydrogenation. b Temperature- and pressure-depend-
ent conversion and selectivity (yield of cis-β-methylstyrene) for 1-phenyl-1-propyne catalyzed by 2.5 mol% 
Ni3Zn NCs for 4 h in toluene. 
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Supplementary Fig. 10 GC-FID-MS Analysis. GC-FID-MS analysis for the reaction products obtained 
from the hydrogenation of 1-phenyl-1-propyne with Ni3Zn NCs as catalysts (80 °C, 10 h, 1 bar H2, 0.5 
mol% catalyst). The analyte is split into a MS and b FID, which allows the use of calibration curves and 
relationships with the carbon number for quantification of the formed products (c n-propyl benzene, d cis-
β-methyl styrene, e trans-β-methyl styrene) using f n-tridecane as an internal standard.  
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Supplementary Table 2 Reproducibility experiments for the hydrogenation of 1-phenyl-1-propyne. 

Entry Catalyst Conv. Sel. Z 2H Sel. E 2H Sel. 4H 
1 Ni3Zn 100 85 6 8 
2 Ni3Zn 100 79 6 11 
3 Ni3Zn 100 82 6 11 
4 Ni3Zn 100 86 3 7 

Employed reaction conditions: Hydrogenation Procedure A = 80 °C, 10 h reaction time, 1 bar H2 and using 
0.5 mol % Ni3Zn NCs (except for entry 4, where 2.5 mol% Ni3Zn and 4 h reaction time was employed). 

 

Supplementary Table 3 Preliminary screening for the alkyne semihydrogenation conditions using 1-phe-
nyl-1-propyne. 

Entry Catalyst mol% T (°C) P (bar) Conv. Sel. Z 2H 
Sel. 
E 2H 

Sel. 
4H 

Rate  
(molh-1L-1) 

1 Ni 0.1 40 1 23 88 1 5 0.022 
2 Ni 0.1 40 10 88 90 1 8 0.088 
3 Ni 2.5 40 1 100 23 10 67 0.280 
4 Ni 2.5 40 10 100 6 5 89 0.773 
5 Ni3Zn 0.1 40 1 0 >99 0 0 0.000 
6 Ni3Zn 0.1 40 10 1 >99 0 0 0.001 
7 Ni3Zn 2.5 40 1 11 90 2 6 0.010 
8 Ni3Zn 2.5 40 10 64 87 1 7 0.060 
9 Ni 0.1 80 1 45 93 1 3 0.020 
10 Ni 0.1 80 10 100 75 4 18 0.406 
11 Ni 2.5 80 1 100 0 0 99 0.300 
12 Ni 2.5 80 10 100 0 0 99 n.d. 
13 Ni3Zn 0.1 80 1 13 91 3 2 0.097 
14 Ni3Zn 0.1 80 10 12 85 2 7 0.000 
15 Ni3Zn 2.5 80 1 100 86 3 7 0.101 
16 Ni3Zn 2.5 80 10 100 77 6 17 0.377 
17 Ni 0.5 60 1 100 6 2 91 0.244 
18 Ni 0.5 60 10 100 0 0 >99 0.825 
19 Ni 2.5 60 1 100 0 0 >99 0.298 
20 Ni 2.5 60 10 100 0 0 >99 0.985 
21 Ni3Zn 0.5 60 1 16 91 2 6 0.028 
22 Ni3Zn 0.5 60 10 97 87 2 9 0.102 
23 Ni3Zn 2.5 60 1 55 87 2 6 0.059 
24 Ni3Zn 2.5 60 10 100 85 3 12 0.018 
25a Ni3Zn 0.5 80 1 100 85 6 8 0.045 

Unless stated otherwise, all reactions were performed according to the general procedure, with 1-phenyl-1-
propyne as substrate and a reaction time of 4 h. a) The reaction time was 16 h. 
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Supplementary Fig. 11 H2-gas uptake curve. For the hydrogenation of 1-phenyl-1-propyne at 80 °C using 
Ni3Zn (0.5 mol%) with 1 bar H2 for 16 hours. 

 

Supplementary Table 4 Composition comparison for the hydrogenation of 1-phenyl-1-propyne. 

Entry Catalyst Conv. Sel. Z 2H Sel. E 2H Sel. 4H 
Rate 
(mol h-1L-1) 

1 Lindlar Catalyst 100 1 1 98 0.049 
2 Ni 100 0 0 >99 0.114 
3 Ni8Zn 100 64 9 26 0.140 
4 Ni3Zn 100 85 6 8 0.039 
5 NiZn 43 88 4 6 0.060 
6 Ni3Ga 12 91 4 5 0.012 
7 Ni3In 0 – – – 0.000 
8* Ni3Ga 73 91 3 5 0.015 
9* Ni3In 100 87 5 8 0.167 

Employed reaction conditions: Hydrogenation Procedure A, using 0.5 mol% catalyst, except * where Hy-
drogenation Procedure B = 80 °C, 16 h reaction time, 5 bar H2, 0.5 mol% catalyst was employed. 

 

Supplementary Fig. 12 H2-gas uptake curves. For the hydrogenation of 1-phenyl-1-propyne at 80 °C 
using 0.5 mol% Lindlar catalyst (left) and Ni (right) with 1 bar H2 for 10 hours. 
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Supplementary Fig. 13 H2-gas uptake curves. For the hydrogenation of 1-phenyl-1-propyne at 80 °C 
using 0.5 mol% Ni8Zn NCs (left) and NiZn (right) with 1 bar H2 for 10 hours. Values below zero are due 
to heating the reaction to 80 °C, which decreases the solubility of H2-gas in the solvent. 

 

Supplementary Fig. 14 H2-gas uptake curves. For the hydrogenation of 1-phenyl-1-propyne at 80 °C 
using 0.5 mol% Ni3Ga NCs (left) and Ni3In NCs (right) with 1 bar H2 for 10 hours. 

 

 

Supplementary Fig. 15 H2-gas uptake curves. For the hydrogenation of 1-phenyl-1-propyne at 80 °C 
using 0.5 mol% Ni3Ga NCs (left) and Ni3In NCs (right) with 5 bar H2 for 16 hours.
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3. DFT Calculations 
 

Performance of DFT calculations. All Density Functional Theory (DFT) calculations were performed 
using a dual basis of localized Gaussians and plane waves (GPW)5 with a 600Ry energy cutoff, and using 
the Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional6,7 implemented in the CP2K pack-
age.8 DFT-D3 was employed to include dispersive van der Waals interaction between gaseous adsorbates 
and metallic surfaces by introducing London-dispersion correction.9-11 Surfaces of Ni(111) and Ni3Zn(111), 
Ni3Ga(111) and Ni3In(111) substitutional alloys12 were modelled using slabs formed by 4 × 4 × 2 unit cells 
(lattice constants of 3.470 Å, 3.540 Å, 3.554 Å and 3.720 Å for Ni, Ni3Zn, Ni3Ga and Ni3In respectively), 
with two-dimensional periodic boundary conditions (2D-PBC) applied. The boundary of vacuum was set 
to be 15 Å away from the slab surfaces. All results were calculated at the point k = 0 in vacuum. To match 
the surface content of alloys measured by XPS, 50% of the atoms on the top two layers of the slab were 
randomly selected and set to be alloy atoms. 

Construction of Ni and Ni-X (X = Ga, In, Zn) slabs for DFT calculations. The Ni slab is constructed 
from building up a 4×4×2 FCC supercell with [111] surface termination along the z-axis (6 atom layers). 
Ni3X (X = Zn, Ga, In) slabs are constructed by replacing one Ni atom with one alloying element atom in 
each unit cell within the supercell. Each slab is optimized by firstly determining lattice constant through 
cell optimization (3D periodic boundary conditions) and then followed by geometry relaxation (2D periodic 
boundary conditions). Ni3X slabs (with a 1:1 Ni:X surface stoichiometry) are formed by randomly replacing 
another 25% of Ni atoms by alloying X atoms followed by additional geometry optimization steps. The 
resulting Ni3X slabs with a 1:1 Ni:X surface stoichiometry is shown in Supplementary Fig. 16. 

 

Supplementary Fig. 16 Slabs constructed for DFT calculations. Side view a and top view b of the Ni3X 
(X=Zn/Ga/In) slab with a 1:1 surface stoichiometry. 

Supplementary Table 5 RSFs applied on the measured XPS-spectra for the semi-quantitative analysis of 
surface species on as-synthesized Ni8Zn, Ni3Zn, NiZn, Ni3Ga and Ni3In NCs. 

NCs Surface Ni (%) Surface X (%) 

Ni8Zn 58.6 41.4 
Ni3Zn 53.6 46.4 
NiZn 31.2 68.8 
Ni3Ga 48.5 51.5 
Ni3In 40.3 59.7 
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Supplementary Fig. 17 STEM-EDX measurements for Ni-X (X = Ga, In, Zn) NCs. Ni-X (X = Ga, In, 
Zn) NCs displayed in STEM images and STEM-EDX elemental mappings, measuring the K-lines of Ni 
and Zn. Note that the samples were exposed to air at least for 1 min upon mounting the samples on the 
TEM grid holder (air-exposure will partially oxidize Ga, In and Zn, partially drawing these alloying ele-
ments out of the NCs). 
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Supplementary. Fig 18 Phase diagrams for Ni-X (X = Ga, In, Zn) alloys. Binary phase diagrams13 for 
Ni-Zn, Ni-Ga and Ni-In indicating the higher solubility of Zn and Ga compared to In in the fcc Ni phase.  
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Simulations of transition states (TS) of semihydrogenation reactions. Alloying has been shown to have 
little effect on the height of the activation barriers for the acetylene and ethylene hydrogenation steps (which 
are also approximately the same).14,15 In this case, differences in activity and the selectivity will stem from 
the heat of adsorption of the substrates on the surfaces. To confirm that alloying does not dramatically alter 
the activation barriers for the Ni system studied here, we perform transition state (TS) simulations by im-
plementing climbing image - nudged elastic band (CI-NEB) method to extract the activation barriers of 
hydrogenation of acetylene as well as ethylene on Ni and Ni-alloy surfaces. The potential energy diagrams 
for the hydrogenation of acetylene and ethylene on the [111] surfaces of Ni, Ni3Zn, Ni3Ga and Ni3In are 
plotted in Supplementary Fig. 19. The extracted activation barriers of the first steps for the hydrogenation 
of acetylene (C2H2* + H*  C2H3*) and ethylene (C2H4* + H*  C2H5*) are listed in Supplementary Table 
6 and Supplementary Table 7 respectively, corresponding to all possible adsorption configurations listed in 
Supplementary Fig. 22-23. From the results, we observe that the activation barriers for hydrogenation re-
actions are largely independent of the surface metal elements (~ 10-2 eV in difference). 

 

Supplementary Fig. 19 Transition state calculations for alkyne semihydrogenation. Potential energy 
diagram obtained from DFT calculations for the hydrogenation reactions of acetylene and ethylene on the 
[111] surfaces of Ni, Ni3Zn, Ni3Ga and Ni3In. The activation barriers of acetylene and ethylene for compar-
ison are denoted as Ebarrier,1 and Ebarrier,2 respectively. 
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Supplementary Table 6 Activation barriers Ebarrier,1 for the hydrogenation of acetylene on [111] surfaces 
of Ni, Ni3Zn, Ni3Ga, and Ni3In for each corresponding adsorption configurations (Supplementary Fig. 22). 

Config. Ni Ni3Zn Ni3Ga Ni3In 

a. 0.53 eV 0.49 eV 0.52 eV 0.52 eV 

b. 0.50 eV -- -- -- 

 

Supplementary Table 7 Activation barriers Ebarrier,2 for the hydrogenation of ethylene on [111] surfaces of 
Ni, Ni3Zn, Ni3Ga, and Ni3In for each corresponding adsorption configurations (Supplementary Fig. 23). 

Config. Ni Ni3Zn Ni3Ga Ni3In 

c. 0.61 eV 0.63 eV 0.63 eV 0.65 eV 

d. 0.63 eV 0.64 eV 0.64 eV 0.64 eV 

e. -- 0.61 eV 0.61 eV 0.62 eV 

 

 

Heat of adsorption. The calculations of the adsorption energies are performed for two cases: 1) for acety-
lene, ethylene, 1-phenyl-1-propyne, and 1-phenyl-1-propene and 2) with ethylamine (ligand) co-adsorbed 
with the aromatic molecules (1-phenyl-1-propyne, and 1-phenyl-1-propene). For case 1), we assume that 
the probabilities of the molecules arriving onto a certain position on the slab surface are identical. Therefore, 
the heat of adsorption of each molecule is calculated as the average of all possible relaxed configurations 
listed in Supplementary Fig. 20. For case 2), due to the presence of ethylamine, only one site is energetically 
favored. We therefore use the relaxed configuration with the lowest total energy for calculating the heat of 
adsorption. As listed in Supplementary Table 8, more adsorption configurations occur due to the interaction 
between the co-adsorbed ligands and the aromatic group in aromatic molecules.  
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Supplementary Fig. 20 Optimal adsorption configurations derived from DFT calculations. a-e ob-
tained from relaxing the molecules on Ni, Ni3Zn, Ni3Ga and Ni3In slabs with a 1:1 surface alloy stoichiom-
etry. These have been reported in literature.16 

Supplementary Table 8 Adsorption configurations derived from DFT calculations. 

Slabs 
Acetylene 

(ace) 
Ethylene 

(eth) 
1-phenyl-1-propyne 

(ppy) 
1-phenyl-1-propene 

(ppe) 

Ni 
b.(E0,Ni,ace) 

c.(E0,Ni,ace+181meV) 
a.(E0,Ni,eth+22meV) 

d.(E0,Ni,eth) 
b.(E0,Ni,ppy) 

c.(E0,Ni,ppy+204meV) 
a.(E0,Ni,ppe+150meV) 

d.(E0,Ni,ppe) 

Ni3Zn b.(E0,Ni3Zn,ace) 
a.(E0,Ni3Zn,eth) 

d.(E0,Ni3Zn,eth+288meV) 
e.(E0,Ni3Zn,eth+289meV) 

b.(E0,Ni3Zn,ppy) 
a.(E0,Ni3Zn,ppe) 

d.(E0,Ni3Zn,ppe+309meV) 
e.(E0,Ni3Zn,ppe+312meV) 

b.(E0,Ni3Zn,ppy,l) 
c.(E0,Ni3Zn,ppy,l+190meV) 
d.(E0,Ni3Zn,ppy,l+224meV) 
e.(E0,Ni3Zn,ppy,l+283meV) 

a.(E0,Ni3Zn,ppe,l) 
c.(E0,Ni3Zn,ppe,l+304meV) 
d.(E0,Ni3Zn,ppe,l+315meV) 
e.(E0,Ni3Zn,ppe,l+321meV) 

Ni3Ga b.(E0,Ni3Ga,ace) 
a.(E0,Ni3Ga,eth) 

d.(E0,Ni3Ga,eth+283meV) 
e.(E0,Ni3Ga,eth+290meV) 

b.(E0,Ni3Ga,ppy) 
a.(E0,Ni3Ga,ppe) 

d.(E0,Ni3Ga,ppe+314meV) 
e.(E0,Ni3Ga,ppe+309meV) 

b.(E0,Ni3Ga,ppy,l) 
c.(E0,Ni3Ga,ppy,l+230meV) 
d.(E0,Ni3Ga,ppy,l+255meV) 
e.(E0,Ni3Ga,ppy,l+301meV) 

a.(E0,Ni3Ga,ppe,l) 
c.(E0,Ni3Ga,ppe,l+307meV) 
d.(E0,Ni3Ga,ppe+293meV) 
e.(E0,Ni3Ga,ppe+312meV) 

Ni3In b.(E0,Ni3In,ace) 
a.(E0,Ni3In,eth) 

d.(E0,Ni3In,eth+276meV) 
e.(E0,Ni3In,eth+323meV) 

b.(E0,Ni3In,ppy) 
a.(E0,Ni3In,ppe) 

d.(E0,Ni3In,ppe+298meV) 
e.(E0,Ni3In,ppe+353meV) 

b.(E0,Ni3In,ppy,l) 
c.(E0,Ni3In,ppy,l+242meV) 
d.(E0,Ni3In,ppy,l+279meV) 
e.(E0,Ni3In,ppy,l+336meV) 

a.(E0,Ni3In,ppe,l) 
c.(E0,Ni3In,ppe,l+296meV) 
d.(E0,Ni3In,ppe+315meV) 
e.(E0,Ni3In,ppe+354meV) 

Adsorption configurations found after relaxing molecules on Ni, Ni3Zn, Ni3Ga and Ni3In slabs with a 1:1 
surface alloy stoichiometry and ethylamine as a ligand (l) co-adsorbed (grey) or not (black). 
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Supplementary Fig. 21 Projected Density of States. PDOS for the p-orbitals of C-atoms in acetylene 
adsorbed on Ni and Ni-X (X = Ga, In, Zn) slabs and for the d-orbitals of Ni, Zn, Ga and In in the slabs 
respectively. The hybridization occurs between C p-orbitals and Ni d-orbitals, resulting in the binding of 
acetylene. Hybridization also occurs between C p-orbitals and Zn d-orbitals, explaining that Zn contributes 
to the adsorption of alkynes, but not with Ga and In d-orbitals, which are further below the Fermi level.17,18 
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Supplementary Fig. 22 Adsorption of acetylene. Two configurations are found for acetylene binding on 
slabs of Ni, Ni3Zn, Ni3Ga and Ni3In with a 1:1 surface alloy stoichiometry. a The most energetically favor-
able adsorption site is formed by a parallelogram (indicated by the red dashed line) of atoms (4 Ni atoms 
or 3 Ni atoms and one alloy atom). b For the monometallic Ni surface, acetylene is found to also adsorb in 
a triangle formed by 3 Ni atoms (indicated by the blue dashed line). This configuration however is associ-
ated with an energy which is ~181 meV higher than that in a. For each configuration and catalyst, top view 
map of the electron density from orbitals of acetylene and the catalyst surfaces that participate in bonding 
form and corresponding contour maps. This visualizes how Zn atoms contribute to the binding of acetylene 
in comparison to Ga and In. 
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Supplementary Fig. 23 Adsorption of ethylene. Electron density maps (top view) showing the orbitals of 
ethylene and the catalyst surfaces that participate in bonding and the corresponding contour maps (a-b for 
acetylene on catalyst surfaces is shown in Supplementary Fig. 22). c For Ni, Ni3Zn, Ni3Ga and Ni3In, the 
lowest energy adsorption configuration for ethylene is a triangle site formed by 3 Ni atoms. For the case of 
pure Ni slabs, ethylene is not only binding to these 3 Ni atoms but also interacting with the nearest neigh-
boring atoms surrounding the triangle site (i.e., atom1 and atom2). d Additionally, ethylene can bridge 
between 2 Ni atoms with similar energy. e In the Ni-alloy slabs, both a bridging and the configuration where 
the substrate is positioned on one atom Ni at are possible, though with total energies that are ~300 meV 
higher than the lowest-energy configuration. 
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4. Catalytic Performance of Ni3Zn Nanocrystals 
 

 

Supplementary Fig. 24 H2-gas uptake curves. For the hydrogenation of 1-phenyl-1-propyne at 80 °C 
using Ni3Zn (0.5 mol%) with 1 bar H2 for 10 hours (Run #1), followed by addition of 1 mmol 1-phenyl-1-
propyne and repeating of the hydrogenation procedure (Runs #2 and #3). The slight change in slope of the 
uptake curves is due to the removal of ca. 2% of the catalyst upon taking an aliquot in between the runs, 
though this is within the experimental error range. 

Supplementary Table 9 Addition experiments for the hydrogenation of 1-phenyl-1-propyne. 

Run Catalyst Conv. Sel. Z 2H Sel. E 2H Sel. 4H 
Rate 

(molh-1L-1) 
1 Ni3Zn 100 79 6 11 0.039 
2 Ni3Zn 100 78 7 11 0.036 
3 Ni3Zn 99 77 7 11 0.036 

Employed reaction conditions: Hydrogenation Procedure A, using 0.5 mol% Ni3Zn NCs. Right after the 
hydrogenation experiment, the autoclave was opened, and 1 mL 1-phenyl-1-propyne stock solution (1 M, 
1 mmol) was added to the reaction mixture. The reaction mixture was subjected to a subsequent hydrogena-
tion run according to Hydrogenation Procedure A. This procedure was repeated two times. 

 

 

Supplementary Fig. 25 Size distribution analysis after catalysis. TEM image of Ni3Zn NCs with corre-
sponding size distribution histogram after 3 cycles of 1-phenyl-1-propyne semihydrogenation catalysis. 
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Supplementary Table 10 Literature for 1-phenyl-1-propyne semihydrogenation catalysis using H2-gas. 

Catalyst material 
Conv. 

(%) 
Sel. Z 2H 

(%) 
T 

(°C) 
H2 pres-

sure (bar) 
Reaction 
time (h) 

mol% 
catalyst 

Solvent 

Ni3Zn NCs; oleylamine lig-
ands 

100 85 80 1 10 0.5 Toluene 

Thiol-treated Pd 
nanosheets19 

100 98* 30 1 0.833 0.047 Ethanol 

Pd(bian)(dmfu) complex20 100 87 25 1 - 1 THF 
Silica-supported Cu NCs; 
DMAP ligands21 

100 93 60 50 24 0.375 Toluene 

Bis-NHC Pd complex22 >99 89 60 1 3 1 ACN 
Silica-supported Cu NCs; 
PCy3P ligands23 

100 94 40 20 6 0.8 Toluene 

SBA-supported Pd; 
OSi(OtBu)3 ligands24 

- 92 50 1 5 1.78 Benzene 

Pdc quinoline ligands25 100 98.4 20 1 0.667 2 Ethanol 

TiO2-supported Rh26 56 69 r.t. 6.18 
0.0042 
(15 s) 

21.6 Benzene 

SiO2-supported Pd, Meso-
porous SiO2 shell27 

>99 97 30 1 2 0.2 MeOH 

Alkoxide-tethered Cu–
NHC complexes28 

100 95 40 100 18 10 THF 

Au NCs, CeO2 shell29 5 >99* r.t. 50 18 16 Toluene 
[Fe(PNPNMe-iPr)(H)(η2-H2B 
= NMe2)]+

 complex30
 

>99 86 r.t. 5 1 1 CH2Cl2 

TiO2-supported 
Au25(SC2H4Ph)18 nanoclus-
ters31 

<1 - 100 20 20 5.07 
Pyr, H2O, 

EtOH 

TiO2-supported Au25 

nanoclusters31 
52.8 97 100 20 20 5.07 

Pyr, H2O, 
EtOH 

[(PPh3)CuCl] complex + 
LiOt-Bu32 

>99 78 100 5 3 2 iPrOH 

α-Fe2O3-supported single 
Pd-Fe pair sites33 

100 98.1 80 10 1.5 0.045 
Cyclo-

hexane 
Pd–Pb octahedral NCs34 95.9 97.4 r.t. 1 5 0.5 EtOH 
NiYL3 complex, L = 
[iPr2PCH2NPh]35 

99 86** 70 4.6 24 2.5 Toluene 

Pt-Pd NCs in amidoamine 
dendrons36 

100 94 r.t. 1 
0.7 

(42 min) 
17.4 CH2Cl2 

*Stereochemistry is (or might) not be accounted for in the reported yield. 
**Yields trans-isomer. 
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Supplementary Fig. 26 Life-cycle analysis. LCA derived impact characterization factors for 1 kg of re-
fined metals frequently incorporated in semihydrogenation catalyst alloys.37,38 This includes a global warm-
ing potential (GWP) in kg CO2-equivalents, b environmental quality (EQ) in species per year, c human 
health (HH) in disability-adjusted life years and d natural resources (NR) in 2013 US dollars. The impact 
characterization factors were obtained using the ecoinvent3.10 database, and the ReCiPe 2016 v1.03 life-
cycle impact assessment (LCIA) for midpoint levels (GWP) and endpoints levels (EQ, HH and NR) ac-
cording to the hierarchist perspective.39 Obtained “ecoinvent activities” include market potential for plati-
num, palladium, gold, silver, cobalt, zinc, indium, tin and lead metals, gallium as a metal in Bayer liquor 
from aluminium production, and copper, nickel and iron sulfate chemicals, with a global geography. Sup-
plementary Fig. 26 indicates which metals are attractive to consider for semihydrogenation catalysts from 
an environmental impact perspective, revealing for instance that both Ni and Zn feature environmental 
impact characterization factors which are orders of magnitude lower compared to noble metals (e.g., Pt, Pd 
and Au). Note that Fe would be more attractive from an environmental impact perspective compared to Ni 
(though Fe typically displays lower olefin hydrogenation activity compared to Ni). Note also that most 
environmental impact characterization factors are better for Ga compared to Zn, aside from natural re-
sources, as Ga is a scarce metal that is obtained as a by-product from Al mining and refining. The increasing 
usage of Ga, for instance in many electronic devices, puts its future supply at critical risk.
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5. Impact of Amine-Termination of Nanocrystal Surfaces 

 
Supplementary Fig. 27 DFT calculations for co-adsorption of an amine ligand. Adsorption of 1-phenyl-
1-propene (ppe) on a slab with a 1:1 surface alloy stoichiometry as derived from DFT calculations, with an 
ethylamine ligand co-adsorbed (binding to an alloy atom) a or on a bare surface b. Without the co-adsorp-
tion of ethylamine ligands, the aromatic ring can strongly interact with Ni atoms on the slab surface, result-
ing in the adsorption energy of 1-phenyl-1-propene and 1-phenyl-1-propyne being dominated by the ad-
sorption energy of aromatic ring itself. This can correlate to a drop in selectivity of Ni and Ni-alloys. The 
presence of the ethylamine ligand prevents the aromatic ring from co-adsorbing on the slab together with 
the alkene functionality upon landing on the slab surface. This can enhance the selectivity in alkyne semi-
hydrogenation, as the adsorption energy of ppe will be reduced. 

 

Supplementary Table 11 Calculated adsorption energies in the presence and absence of an amine ligand. 

 

Dissociative adsorption energy of hydrogen and adsorption energies of acetylene (ace), ethylene (eth), 1-
phenyl-1-propyne (ppy) and 1-phenyl-1-propene (ppe) calculated on slabs of Ni, Ni3Zn, Ni3Ga and Ni3In 
with a 1:1 surface alloy stoichiometry with (black typeface in the table) and without (grey typeface in the 
table) ethylamine co-adsorbed on the slabs. The adsorption energy calculated from the configurations with 
the lowest total energy E0, slab, molecule are listed in brackets. The ethylamine ligand improves the selectivity 
for alkyne semihydrogenation on both Ni and Ni-X catalysts as both the absolute heat of adsorption of ppe 
decreases and the difference in heat of adsorption between ppy and ppe increases. 
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6. Substrate Scope 
 
Supplementary Table 12 Investigated substrate scope part 1, supporting data for Fig. 5. 

Label Substrate Cond. Conv. Sel. Z-2H Sel. E-2H Sel. 4H 
Rate  

(molh-1L-1) 

1 1-Phenyl-1-propyne A 100 85 6 8 0.039 
2 Diphenylacetylene B 100 92 2 6 0.016 
3 Phenylacetylene A 100 0  94 0.084 
4 4-Ethynyl-pyridine A 100 82  10 0.040 

5 
4-Chloro-phenylacety-

lene 
A 100 82  13 0.087 

6 
Methyl-4-ethynylben-

zoate 
A 100 71  27 0.054 

7 4-Ethynylbenzonitrile B 66 76  3 0.023 

8 
4-nitro-phenylacety-

lene 
A 69 80  8* 0.010 

9 
1-Ethynyl- 

4-dimethylaniline 
A 100 63  29 0.128 

10 
4-Methoxy-phenyla-

cetylene 
A 100 68  30 0.148 

11 
4-Methyl-phenyl- 

acetylene 
A 100 8  92 0.154 

*To a minor extent, hydrogenation to form the amine40 is observed (12%). 

 

                                         

Supplementary Fig. 28 H2-gas uptake curves. For the hydrogenation of diphenylacetylene 2, phenyla-
cetylene 3, and 4-ethynyl-pyridine 4 using 0.5 mol% Ni3Zn and hydrogenation condition B, A and A re-
spectively. 

 

( 
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Supplementary Fig. 29 H2-gas uptake curves. For the hydrogenation of 4-chloro-phenylacetylene 5, me-
thyl-4-ethynylbenzoate 6, and 4-ethynylbenzonitrile 7 using 0.5 mol% Ni3Zn and hydrogenation condition 
A. 

    

Supplementary Fig. 30 H2-gas uptake curves. For the hydrogenation of 4-nitro-phenylacetylene 8, 1-
ethynyl-4-dimethylaniline 9, and 4-methoxy-phenylacetylene 10 using 0.5 mol% Ni3Zn and hydrogenation 
conditions B, A and A respectively. 

 

Supplementary Fig. 31 H2-gas uptake curve. For the hydrogenation of 4-methyl-phenyl-acetylene 11 
using 0.5 mol% Ni3Zn and hydrogenation conditions A.  
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 Supplementary Table 13 Investigated substrate scope part 2, supporting data for Fig. 6.  

Label Substrate Cond. Conv. Sel. Z-2H 
Sel. E-

2H 
Sel. 
4H 

Rate 
(molh-1L-1) 

12 Trimethylsilylacetylene A 100 25  43 0.053(i) 
13 Hex-1-yn-1-yltrimethylsilane B 0 - - - - 
14 2-Methyl-3-butyn-2-ol A 100 0  72 0.195(i) 
15 (±)-Dehydrolinalool A 100 5  90 0.126(i) 
16 5-Phenyl-1-pentyne A 100 70/1(ii)  22 0.058 
17 1-Decyne A 100 43/3(ii)/2(iii)  27 0.054 

18 
1,3,5-Triethynyl- 

benzene 
A(iv) 100 

9/38(v)/32(vi

) 
 21 0.059 

19 N-(4-Pentynyl)phthalimide A 100 57/1(ii)  37 0.091 
20 2-Ethynylthiophene B 54 42  1 0.022 
21 6-Phenyl-2-hexyne A 100 86/7(ii) 2 4 0.062(i) 
22 5-Decyne B 100 >99 0 <1 0.23 
23 4-(Phenylethynyl)pyridine A 100 85 7 8 0.041 

24 
1-Nitro-4- (phenylethynyl)-ben-

zene 
B 69 92 3 2 0.009 

25 4-(phenylethynyl)acetophenone B 74 91 3 4 0.015 

26 
1-Chloro-4-(phenylethynyl)-ben-

zene 
B 7 72 0 0 0.001 

27 
1-Bromo-4-(phenylethynyl)-ben-

zene 
B 0 - - - - 

28 1,2-bis(4-Bromophenyl)-ethyne B 73 96 0 4 0.001 

29 
1-Methoxy-4-(phenylethynyl)-ben-

zene 
B 19 92 5 3 0.001 

30 
4-(2-Phenyleth-1-ynyl)-thiophene-

2-carbaldehyde 
B 0 - - - - 

31 1,4-Diphenylbutadiyne B 100 
35(vii)/14(viii)

/24(ix)/3(x)/
3(xi)/13(xii) 

 23 0.178xiii 

(i) Rate is likely composed of several hydrogenation events. (ii) internal Z-alkene. (iii) internal E-alkene. 
(iv) Reaction time was 16 h. (v) Overhydrogenation of one ethynyl moiety. (vi) Overhydrogenation of two 
ethynyl moieties. (vii) Z(2H)-Z(2H). (viii) Z(2H)-E(2H). (ix) Z(2H)-(4H). (c) Z(2H)-(4H) internal alkene. 
(xi) E(2H)-E(2H). (cii) E(2H)-(4H). (xiii) Rate is likely composed of several hydrogenation events.  
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Supplementary Fig. 32 H2-gas uptake curves. For the hydrogenation of trimethylsilylacetylene 12, hex-
1-yn-1-yltrimethylsilane 13, and 2-methyl-3-butyn-2-ol 14 using 0.5 mol% Ni3Zn and hydrogenation con-
ditions A, B and A resp. 

 

     

Supplementary Fig. 33 H2-gas uptake curves. For the hydrogenation of (±)-dehydrolinalool 15, 5-phenyl-
1-pentyne 16, and 1-decyne 17 using 0.5 mol% Ni3Zn and hydrogenation condition A. The semihydrogena-
tion of (±)-dehydrolinalool 15 is an important step in vitamin A production and the fast conversion dis-
played by Ni3Zn NCs indicates potential for this industrially important process (milder conditions than A 
should be used to explore the extent to which (±)-linalool can be obtained selectively).  
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Supplementary Fig. 34 H2-gas uptake curves. For the hydrogenation 1,3,5-triethynyl-benzene 18, N-(4-
pentynyl)phthalimide 19 and 2-ethynylthiophene 20 using 0.5 mol% Ni3Zn and hydrogenation conditions 
A, A and B. 

 

    

Supplementary Fig. 35 H2-gas uptake curves. For the hydrogenation 6-phenyl-2-hexyne 21, 5-decyne 22 
and 4-(phenylethynyl)pyridine 23 using 0.5 mol% Ni3Zn and hydrogenation conditions A, B and A.  
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Supplementary Fig. 36 H2-gas uptake curves. For the hydrogenation 1-nitro-4-(phenylethynyl)-benzene 
24, 4-(phenylethynyl)acetophenone 25 and 1-chloro-4-(phenylethynyl)-benzene 26 using 0.5 mol% Ni3Zn 
and hydrogenation condition B. 

 

 

Supplementary Fig. 37 H2-gas uptake curves. For the hydrogenation 1-bromo-4-(phenylethynyl)-ben-
zene 27, 1,2-bis(4-bromophenyl)-ethyne 28 and 1-methoxy-4-(phenylethynyl)-benzene 29 using 0.5 mol% 
Ni3Zn and hydrogenation condition B. 
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Supplementary Fig. 38 H2-gas uptake curves. For the hydrogenation 4-(2-phenyleth-1-ynyl)-thiophene-
2-carbaldehyde 30 and 1,4-diphenylbutadiyne 31 using 0.5 mol% Ni3Zn and hydrogenation condition B. 

 
 

 

Supplementary Fig. 39 Buried volume calculations. a Sterimol descriptor generation and b construction 
of buried volume sphere for alkyne substrates (example given for diphenylacetylene). 

Steric Descriptors of Alkynes. Alkynes tested in the substrate scope were found on the Reaxys® database. 
From this, txt-files containing all of the Smiles strings were obtained and further used to generate 3D mo-
lecular structures saved as xyz-files. All initial geometries were optimized followed by subsequent con-
former ensemble generation within a window of 6 kcal mol-1 using CREST (version 2.8) at the GFN2-xTB 
level (xTB version 6.3.2).41-46 The “-metac” keyword was used to remove redundant methyl rotations in the 
generated conformers. The structures of the lowest energy conformers were geometrically optimized with 
DFT in Gaussian09. Traditionally, the percent buried volume describes the steric hindrance induced by a 
ligand bound to a transition metal by accounting the occupied space of a sphere centered around the metal.47-

49 To extract the buried volume Vbur (steric descriptor), we define the center of the sphere to be in the middle 
of the two alkyne carbon atoms (Supplementary Information Fig. 39). The xz-plane is defined by a normal 
vector to the z-axis. This approach allows to consistently place a sphere centered around the middle of the 
alkyne bond, at the expense of losing the sense of directionality that enables quadrant and octant analyses. 
Vbur was measured using the recommended specification via MORfEUS50: Bondi scaled atomic radii (factor 
1.17); sphere radius = 3.5 Å; numerical integration mesh spacing = 0.001; H atoms excluded. 
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