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Computational details

   Spin-polarized and a standard dipole correction calculations were conducted with the Vienna Ab-initio 

Simulation Package (VASP 5.4.4)[1],[2]. The electron exchange and correlation were depicted with the 

generalized gradient approximation (GGA) utilizing Perdew–Burke–Ernzerhof (PBE) functional[3]. The 

electron-ion interaction was depicted by the projector augmented-wave formalism (PAW)[4],[5]. The plane 

wave cut-off energy is 400 eV, and the electronic self-consistent convergence is 10-6 eV. Geometries were 

converged to a residual force smaller than 0.02 eV/Å. The dipole correction was applied in the Z direction. 

The Brillouin zone was integrated by a 9 × 9 × 9 and 5 × 5 × 1 Monkhorst–Pack grid for bulk and slab 

models, respectively. The CO2, CO and H2 gas molecular, and liquid H2O were calculated based on the 

previous work[6].

   The optimized bulk Ni3B, Co3B, and Fe2B lattice parameters were in good agreement with the 

experimental value as shown in Table S2[7-9]. The Ni3B(010), Co3B(010), and Fe2B(010) surface are 

modeled by a  supercell, and 9 layers with a total 48, 48, and 36 atoms respectively. The vacuum 3 × 3

thickness was set at 15 Å to neglect the interaction between the adjacent slabs. The bottom 6 layers were 

fixed in its bulk position, while the top 3 layers were relaxed in the calculations. The Ni3B(010) surface 

could be terminated either by Ni or NiB layer, and its model was set by a periodic slab with several trilayers 

achieved from the bulk Ni3B structure, and each trilayer was composed of three atomic monolayers, namely 

NiB-Ni-Ni. The case is the same for Co3B, while for Fe2B, the trilayer consists of B-Fe-Fe monolayers. 

Therefore, there were three kinds of (010) surfaces, namely as M-M-MB, M-MB-M, MB-M-M. The MB-

M-M (B-M-M for Fe2B) was chosen to represent (010) surface, due to it has the lowest surface energy and 

similar structures for the Ni3B(010), Co3B(010) and Fe2B(010) surfaces, as shown in FigureS6. And the 

structure of intermediate along the reaction path was shown in Figure S7.

   The surface energy  is described as, , where Eslab,  and 𝛾
𝛾=

[(𝐸𝑠𝑙𝑎𝑏 ‒ 𝑁𝐸𝑏𝑢𝑙𝑘) ‒
1
2
(𝐸𝑢𝑛𝑟𝑒𝑙𝑠𝑙𝑎𝑏 ‒ 𝑁𝐸𝑏𝑢𝑙𝑘)]

𝐴 𝐸𝑢𝑛𝑟𝑒𝑙𝑠𝑙𝑎𝑏

Ebulk stand for the total energies of the free relaxed upper three layers, the unrelaxed surface, and the 



optimized unit cell bulk, respectively. A refers to the surface area, and N is the number of bulk units on the 

surface.

   The free energy was obtained from the equation G = Eele + Evib + Et + Er – TS as using the vaspkit (1.00 

version) tool[10], where Eele, Et, Er, and Evib are the electronic, translational, rotational and vibrational 

energies, respectively. And S is the entropy, T was set to room temperature (298.15 K). where the frequency 

below 50 cm-1 was set to 50 cm-1. 

    The computational hydrogen electrode (CHE, H+ + e- → 1/2 H2, PH = 0) model has been used for the 

free energy of adsorbates[11], which involves proton-electron transfers as ΔG(U) = ΔG0 + neU, where n 

refers to the transferred number of protons-electrons, and U stands for the potential versus the reversible 

hydrogen electrode (RHE), ΔG0 is the free energy at U=0. The reaction barrier was also the limiting 

potential (UL) is calculated by: UL = -ΔG0/e.   

     The optimized bulk Ni lattice parameters is 3.521 Å, and it is consistent with the experimental value 

(3.524 Å). The Ni(111) surface is modeled by a  supercell, and 5 layers with a total of 45 atoms, 3 × 3

with 15 Å vacuum thickness. The bottom 2 layers were fixed in its bulk position, while the top 3 layers 

were relaxed in the calculations. The Brillouin zone was integrated by an 11 × 11 × 11 and 5 × 5 × 1 

Monkhorst–Pack grid for bulk and slab models, respectively. The adsorption energy of CO was calculated 

by reference to CO2, H2, and H2O molecular, which is ΔG = Gco/surf - Gsurf -GCO2 -GH2 +GH2O. Here Gco/surf, 

Gsurf, GCO2, GH2, and GH2O represents the free energies of CO adsorbed system, surface, CO2 molecular, H2 

molecular, and liquid H2O molecular, respectively. This was also the same energy of ΔG(CO* + H2O(l)) 

in reaction path.

The optimized bulk NiO lattice parameters of 4.180 Å were in good agreement with the experimental 

value (4.168 Å). Since GGA was not able to correctly describe the electronic structure of Ni4+, we adopted 

the GGA+U approximation with the Dudarev ‘‘+U’’ term with a U-J value of 8.0 eV for the d electrons of 

Ni atoms[12].



Figure S1. EDX spectrum of Ni3B.

Figure S2. TEM and HRTEM images of (a) Ni3B, (b) Co3B and (c) Fe2B. 



Figure S3. Experimental setup of liquid-solid reaction mode for photocatalytic CO2 reduction. 

Figure S4. Time-dependent CO and H2 evolution over (a) Ni3B/[Ru], (b) Co3B/[Ru] and (c) Fe2B/[Ru].



Table S1. Comparison of photocatalytic CO2 activities over different cocatalysts in the [Ru] photosensitized 
systems.

Figure S5. SEM image of Ni3B after photocatalytic CO2 reduction reaction.



Figure S6. XRD pattern of Ni3B after photocatalytic CO2 reduction reaction.

Figure S7. Production of CO and H2 from the photocatalytic CO2 reduction over Ni3B/[Ru] under various 

reaction conditions. The reaction time is 1 hour.



Figure S8. Production of CO and H2 from the photocatalytic CO2 reduction over TaB2, NbB2 and MoB 

cocatalysts in the presence of [Ru].

Table S2. The calculated lattice parameters (Experimental results are in parenthesis, Unit Å) of Fe2B, 

Co3B and Ni3B, with lattice constants α = β = γ = 90°.

Experiment optimization
Bulk

a b c a b c

Fe2B 5.120 5.120 4.259 5.050 5.050 4.233

Co3B 5.221 6.631 4.408 5.145 6.609 4.396

Ni3B 5.211 6.619 4.389 5.197 6.629 4.390



Figure S9. The three types and the corresponding surface energies γ (Unit: J/m2) of (a) Fe2B(010), (b) 

Co3B(010), and (c) Ni3B(010) surface. The green, purple, blue, and gold ball represents the Fe, Co, Ni, and 

B atom, respectively.

Figure S10. The intermediates of COOH and CO adsorbed on (a, b) Fe2B(010), (c, d) Co3B(010), and (e, f) 

Ni3B(010) surface. The green, purple, blue, gold, red, grey, and white ball represents the Fe, Co, Ni, B, O, 

C, and H atom, respectively.



Figure S11. B 1s XPS spectrum of Ni3B.

Figure S12. XPS spectra of (a) Co3B and (b) Fe2B.



Table S3. Fitted data of the time-resolved PL decay spectra.

Figure S13. Proposed mechanism for the photocatalytic reduction of CO2 to CO over [Ru] photosensitized 

Ni3B visible light irradiation



Figure S14. XRD patterns of air treated Ni3B.

Figure S15. XRD patterns of H2 treated Ni3B.



Figure S16. SEM images of (a) air treated Ni3B and (b) H2 treated Ni3B.

Figure S17. XPS spectra of air treated Ni3B.



Figure S18. Photocatalytic CO2 reduction performances of Ni3B, air treated Ni3B, Ni nanoparticles and NiO 

in the presence of [Ru]. The reactions are conducted for 1 hour. NiO was commercially obtained from 

Sigma-Aldrich.

Figure S19. Calculated DOS of NiO. The DOS shows obvious bandgap in the NiO, indicating its 

semiconducting feature.



Figure S20.  Charge density difference with 3D (left) and 2D (right) plot, and planar average differential 

charge density on the z-axis (middle) of (a) CO/Ni3B(010) system and (b) CO/Ni(111) system, with 

isosurfaces value of 0.002e/Bohr3, which CO is adsorbed on the top site. The cyan and yellow color 

corresponds to accumulation and depletion of charge, respectively. The corresponding charge transfer from 

surface to CO was marked from Bader charge analysis. The blue, gold red, and grey ball represents the Ni, 

B, O, and C atom, respectively.
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