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Computation details 

All the spin-polarized calculations were performed using the Vienna ab initio simulation 

package (VASP)
 1,2

 version 5.3.3, which is a plane-wave density functional code. The 

electron–electron exchange and correlation interactions were described by using the 

generalized gradient approximation (GGA)
1
 with the Perdew–Burke–Ernzerhof (PBE)

3
 

functional form. The projector augmented-wave (PAW)
4,5

 method was employed to 

describe the interaction between the core and valence electrons. The wave functions 

were expanded in a plane-wave basis with a cutoff energy of 500 eV. The convergence 

criteria included threshold values of 1  10−
5 

eV for energy. Monkhorst Pack
6
 meshes of 

9 × 9 × 9 k-point sampling in the bulk Brillouin zone were used for bulk models and 9 × 

9 × 1was used for slab models. A tetrahedron method with Blöchl corrections
5
 was 

employed to run an accurate total energy calculation. The calculation models are shown 

in Figure.S1, with Mo–Ru alloy taken as an example. Given that bulk structures of 

Fe(3d
6
4s

2
), Mn(3d

5
4s

2
), W(5d

4
6s

2
), Mo(4d

5
5s

1
), and Cr(3d

5
4s

1
) are bcc types, while 

structures of Os(5d
6
6s

2
), Ru(4d

7
5s

1
), and Re(5d

5
6s

2
) are hcp types, we modeled both 

hcp and bcc structures for these alloys with a 2  2  2 unit cell including 16 atoms. The 

4-layer slab models were constructed based on the optimized bulk structures (shown in 

Figure S5). The bottom two layers were fixed while the rest layers were relaxed. (0001) 

for hcp types and (100) for types have been employed for our calculations because they 

are ones of predominant growth surfaces.  

In general, phase-separated, intermetallic, and solid-solution structures are the major 

alloy configurations. Phase-separated and intermetallic structures are not suitable for 
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designing chemical properties as pseudo-elements while the solid-solution structure has 

been proven to be more suitable. To confirm the randomness of the arrangement of 

elements in alloys, we employed the Warren–Cowley parameter
7
, which is an index to 

evaluate short-range order. The Warren–Cowley parameters (  ) of our bulk models 

were calculated according to the following formula: 

     − 
  
 

  
 

where, for a binary A–B alloy,   
  is the conditional probability of having B atoms as 

neighbors in the ith coordination sphere substrate and    is the concentration of A 

atoms. When    is close to 0, the distribution of A and B were complete random in the 

alloy (solid solution). When    < 0, A–B bonds were dominant in the alloy (local order 

or supercell) while, when    > 0, A–A bonds were dominant in the alloy 

(phase-separated or clustering). The homogeneousness of the models shown in Figure 1 

are checked in terms of   . All of these models have a small value close to 0 or equal to 

0, and so they can be treated as solid solutions. 

    To evaluate the phase stability and possibility for synthesis, excess energy
8 

was 

calculated. The two Mo–Ru alloys and the referred hcp-Ru and bcc-Mo were built with 

the same numbers of atoms, so that the calculated excess energy can be comparable. 

The excess energy was calculated by using the equation 

         
 

  
 (      − 

 

  
   − 

  −  
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where        is the total energy of the Mo–Ru alloy system,     is the total energy 

of the hcp-Ru16 structure,     is the total energy of the bcc-Mo16 structure, and x is the 

number of Ru atoms in one cell of the Mo–Ru alloy. 

The entropy-corrected excess energy
9
 was calculated by using the equation 

         −     

where E is the relative energy after the entropy correction,         is the excess energy, 

T is the temperature, and   is the entropy. The entropy S is total entropy, which 

includes the vibrational entropy      and the configurational entropy       . The 

configurational entropy       was calculated by using the following equation: 

             

where w is the number of possible configurations and    is Boltzmann’s constant. In 

our hcp-Mo8Ru8 of random solid solution, we fully considered the symmetry effect in 

the bulk system to reduce the possible configurations in hcp and bcc phases; the 

configuration entropy reaches a maximum of 5.97 × 10
-5

 eV/K per atom, which is 

similar to the published data for binary alloys
9,10

. For the phase-separated structure, the 

number of possible structures is one.  

The vibrational entropy      is determined by solving the following equation using 

PHONOPY version 1.11.6.20:   

      − 
 

  
∑  (  )     (

  (  )

    
)

  

−   ∑      (
  (  )

    
)
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where  (  ) is the phonon density of states and the h is Planck's constant.  

The reaction barrier is calculated using the constrained energy minimization method. 

All transition states were estimated using the climbing image nudged elastic band 

method (CI-NEB)
11

. The adsorption energy(Eads) of molecular CO, N2, atomic O is 

calculated according to equations: 

                  −  (           ); 

                  −  (           ); 

                −  (        
 

 
   ); 

where         ,        ,       , are the total energies of adsorption models of 

CO, N2 and O on the surface, respectively.       is the total energy of the bare slab, 

and    ,    ,      are the total energies of the free adsorbates in the gas phase. 

Therefore, the more negative the adsorption energy, the stronger the adsorption. The 

activation energy (or reaction barrier) (  ) and reaction energy (  ) are calculated 

according to equations of 

        −     

        −     

where    ,     and     are the energies of the corresponding initial state (IS), 

final state (FS) and transition state (TS), respectively. 
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Fig. S1. The structures of optimized bcc-MoRu alloys and their XRD patterns 

calculated by VESTA. The Warren–Cowley parameter (  ) values for bcc-Mo2Ru14, 

bcc-Mo4Ru12, bcc-Mo6Ru10, bcc-Mo8Ru8, bcc-Mo10Ru6, bcc-Mo12Ru4, bcc-Mo14Ru2 are 

0.333, 0, 0.037, 0, 0.37, 0, 0.333, respectively.
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Fig. S2. The structures of optimized hcp-MoRu alloys and their XRD patterns 

calculated by VESTA. The Warren–Cowley parameter (  ) values for hcp-Mo2Ru14, 

hcp-Mo4Ru12, hcp-Mo6Ru10, hcp-Mo8Ru8, hcp-Mo10Ru6, hcp-Mo12Ru4, hcp-Mo14Ru2 

are 0.333, 0, 0.037, 0, 0.37, 0, 0.333, respectively 
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Fig. S3. DOS of Mo–Ru alloy systems compared with that of hcp-Tc16. Bicolor lines are 

Mo–Ru alloy, yellow patterns are hcp-Tc16. (a) DOS of hcp-MoRu; (b) DOS of 

bcc-MoRu. For hcp-Mo2Ru14 and hcp-Mo14Ru2, obvious mismatched DOS peaks exist. 

For hcp-Mo8Ru8, there is no obvious mismatched DOS peaks to those of Tc, but some 

subtle distinctions. This tendency of DOS shape changes proves that the iso-valence 

electrons are a prerequisite for creating a pseudo-metal. One exception is hcp-Mo10Ru6; 

in a local range from −2 eV to the Fermi level, its DOS shape and intensity are 

consistent with those of Tc. Similar results in bcc type alloy of Mo-Ru, bcc-Mo8Ru8 is 

the most similar to Tc.
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Fig. S4. DOS of bcc-Os8Cr8, hcp-Os8Cr8, bcc-Mo8Ru8, hcp-Mo8Ru8, bcc-Fe8W8, 

bcc-Mn8Re8, and hcp-Mn8Re8 (bicolor lines) compared with that of hcp-Tc16 (yellow 

patterns). All alloys have the same number of valence electrons as the Tc alloy. 

However, only Mo-Ru alloy has a similar DOS shape to Tc. Neither Os–Cr nor Fe–W 

alloys have a coincident DOS to that of Tc throughout the whole energy level. Mn–Re 

alloys have only one part similar to that of Tc, the matched DOS peak located at −0.53 

eV. For Mo–Ru alloys, there is no obvious difference or mismatched DOS peak 

between Mo–Ru and Tc. Mo–Ru alloy is the only candidate suitable for pseudo-Tc.
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Fig. S5 The slab models of Tc(0001), Ru(0001), Mo(100), MoRu(0001) 
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Figure S6 DOS area differences of surface comparing to Tc.
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Figure S7 DOS area differences of active site on the surfaces comparing to Tc. 

MoRu(0001)-1 is fcc site (or hcp site, Ru3 site); MoRu(0001)-2, MoRu(0001)-3, 

MoRu(0001)-4 are fcc sites (or hcp sites, Mo2Ru-site); Ru(0001) is fcc site (or hcp site, 

Ru3site), and Mo(100) is hcp site (Mo4 site). 

 



 14 

Fig. S8 The details of energy pathways and side views of IS, TS, and FS for CO 

oxidation on the Tc(0001), Ru(0001), Mo(100), and four MoRu(0001) surfaces. The 

values are the activation energy (Ea) and the reaction energy (Er).
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Fig. S9 The details of energy pathways and side views of IS, TS, and FS for N2 

dissociation on the Tc(0001), Ru(0001), Mo(100), and four MoRu(0001) surfaces. The 

values are the activation energy (Ea) and the reaction energy (Er).
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Table S1. Peak positions of hcp-Mo8Ru8, hcp-Mo10Ru6, and bcc-Mo8Ru8 against 

hcp-Tc16 in the lower energy range (from negative infinity to the boundary).  

 

Peak 1 Peak 2 Peak 3 

Position 

(eV) 
Intensity 

Position 

(eV) 
Intensity 

Position 

(eV) 
Intensity 

hcp-Tc16 −4.47 1.59 −3.57 1.59 −2.97 1.36 

hcp-Mo8Ru8 −4.57 1.61 −3.42 1.39 −2.77 1.42 

hcp-Mo10Ru6 −4.36 1.58 −3.46 1.48 −2.71 1.34 

bcc-Mo8Ru8 −4.62 1.52 −3.42 1.42 −2.97 1.31 
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Table S2. Ranges of DOS platform by energy level and the average DOS intensity in 

these ranges.   

 Energy range 

(eV) 

Start position 

(eV) 

End position 

(eV) 

Intensity 

hcp-Tc16 1.33 −0.56 −1.89  1.47 

hcp-Mo8Ru8 1.60  −0.32  −1.92  1.28 

hcp-Mo10Ru6 1.30  −0.51  −1.81  1.36 

bcc-Mo8Ru8 1.10  −0.82  −1.92  1.44 
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Table S3. Vibration entropy effect for hcp-Mo8Ru8 and bcc-Mo8Ru8 after correcting 

with pure hcp-Ru16 and bcc-Mo16. 

Temperature (K) hcp-Mo8Ru8 (eV/K) bcc-Mo8Ru8 (eV/K) 

0 0 0 

10 1.04  10
−6

 6.87  10
−7

 

20 3.92  10
−6

 2.45  10
−6

 

30 7.8  10
−6

 4.73  10
−6

 

40 1.13  10
−5

 6.95  10
−6

 

50 1.38  10
−5

 8.82  10
−6

 

60 1.54  10
−5

 1.03  10
−5

 

70 1.63  10
−5

 1.15  10
−5

 

80 1.68  10
−5

 1.24  10
−5

 

90 1.71  10
−5

 1.31  10
−5

 

100 1.72  10
−5

 1.37  10
−5

 

110 1.71  10
−5

 1.42  10
−5

 

120 1.7  10
−5

 1.46  10
−5

 

130 1.69  10
−5

 1.5  10
−5

 

140 1.67  10
−5

 1.52  10
−5

 

150 1.65  10
−5

 1.55  10
−5

 

160 1.63  10
−5

 1.57  10
−5

 

170 1.61  10
−5

 1.59  10
−5

 

180 1.59  10
−5

 1.61  10
−5

 

190 1.57  10
−5

 1.63  10
−5

 

200 1.55  10
−5

 1.64  10
−5

 

210 1.52  10
−5

 1.66  10
−5

 

220 1.5  10
−5

 1.67  10
−5

 

230 1.48  10
−5

 1.68  10
−5

 

240 1.47  10
−5

 1.69  10
−5

 

250 1.45  10
−5

 1.7  10
−5

 

260 1.43  10
−5

 1.71  10
−5

 

270 1.41  10
−5

 1.72  10
−5

 

280 1.39  10
−5

 1.73  10
−5

 

290 1.38  10
−5

 1.73  10
−5

 

300 1.36  10
−5

 1.74  10
−5

 

310 1.34  10
−5

 1.75  10
−5

 

320 1.33  10
−5

 1.76  10
−5

 

330 1.31  10
−5

 1.76  10
−5

 

340 1.3  10
−5

 1.77  10
−5

 

350 1.28  10
−5

 1.77  10
−5

 

360 1.27  10
−5

 1.78  10
−5
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370 1.25  10
−5

 1.79  10
−5

 

380 1.24  10
−5

 1.79  10
−5

 

390 1.23  10
−5

 1.8  10
−5

 

400 1.21  10
−5

 1.8  10
−5

 

410 1.2  10
−5

 1.81  10
−5

 

420 1.19  10
−5

 1.81  10
−5

 

430 1.18  10
−5

 1.82  10
−5

 

440 1.17  10
−5

 1.82  10
−5

 

450 1.15  10
−5

 1.82  10
−5

 

460 1.14  10
−5

 1.83  10
−5

 

470 1.13  10
−5

 1.83  10
−5

 

480 1.12  10
−5

 1.84  10
−5

 

490 1.11  10
−5

 1.84  10
−5

 

500 1.1  10
−5

 1.84  10
−5

 

510 1.09  10
−5

 1.85  10
−5

 

520 1.08  10
−5

 1.85  10
−5

 

530 1.07  10
−5

 1.85  10
−5

 

540 1.06  10
−5

 1.86  10
−5

 

550 1.05  10
−5

 1.86  10
−5

 

560 1.04  10
−5

 1.86  10
−5

 

570 1.03  10
−5

 1.87  10
−5

 

580 1.02  10
−5

 1.87  10
−5

 

590 1.01  10
−5

 1.87  10
−5

 

600 1  10
−5

 1.88  10
−5

 

610 9.94  10
−6

 1.88  10
−5

 

620 9.85  10
−6

 1.88  10
−5

 

630 9.76  10
−6

 1.89  10
−5

 

640 9.68  10
−6

 1.89  10
−5

 

650 9.6  10
−6

 1.89  10
−5

 

660 9.52  10
−6

 1.89  10
−5

 

670 9.44  10
−6

 1.9  10
−5

 

680 9.36  10
−6

 1.9  10
−5

 

690 9.28  10
−6

 1.9  10
−5

 

700 9.2  10
−6

 1.9  10
−5

 

710 9.13  10
−6

 1.91  10
−5

 

720 9.05  10
−6

 1.91  10
−5

 

730 8.98  10
−6

 1.91  10
−5

 

740 8.9  10
−6

 1.91  10
−5

 

750 8.83  10
−6

 1.92  10
−5

 

760 8.76  10
−6

 1.92  10
−5

 

770 8.69  10
−6

 1.92  10
−5

 

780 8.62  10
−6

 1.92  10
−5
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790 8.55  10
−6

 1.92  10
−5

 

800 8.48  10
−6

 1.93  10
−5

 

810 8.42  10
−6

 1.93  10
−5

 

820 8.35  10
−6

 1.93  10
−5

 

830 8.29  10
−6

 1.93  10
−5

 

840 8.22  10
−6

 1.94  10
−5

 

850 8.16  10
−6

 1.94  10
−5

 

860 8.1  10
−6

 1.94  10
−5

 

870 8.03  10
−6

 1.94  10
−5

 

880 7.97  10
−6

 1.94  10
−5

 

890 7.91  10
−6

 1.95  10
−5

 

900 7.85  10
−6

 1.95  10
−5

 

910 7.79  10
−6

 1.95  10
−5

 

920 7.73  10
−6

 1.95  10
−5

 

930 7.67  10
−6

 1.95  10
−5

 

940 7.62  10
−6

 1.95  10
−5

 

950 7.56  10
−6

 1.96  10
−5

 

960 7.5  10
−6

 1.96  10
−5

 

970 7.45  10
−6

 1.96  10
−5

 

980 7.39  10
−6

 1.96  10
−5

 

990 7.34  10
−6

 1.96  10
−5

 

1000 7.28  10
−6

 1.96  10
−5

 



 21 

Table S4 The adsorption structures and energies of molecule CO and atomic O on the 

surfaces of Tc(0001), Ru(0001), Mo(100).  
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Table S5 The adsorption structures and energies of molecular CO on MoRu(0001). All 

the possible adsorption sites have been considered, only stable structures are listed.  
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Table S6 The adsorption structures and energies of atomic O on MoRu(0001). All the 

possible adsorption sites have been considered, only stable structures are listed.  
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Table S7 The adsorption structures and energies of molecular O on Tc(0001), Ru(0001), 

Mo(100), and four MoRu(0001) surface. All the possible bridge adsorption sites have 

been considered. The red value means this adsorption structure was used as IS for TS 

search. 

 


