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1 Atomic configuration of C2mm-graphyne
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Table S1 The lattice parameters, cohesive energies, and band gaps of the pristine C2mm-graphyne and its doped systems.

Systems latctllce parame;)er A) E..;, (eV/atom) PBE Band gap ((}e\;]/ )
pristine 9.127 7.377 -7.06 1.05 3.06
BINS 9.318 7.292 -6.51 0.19 1.82
B5NI1 9.174 7.375 -6.52 0.56 242
BINS5-B5N1 | 9.253 7.333 -6.53 1.71 3.83
B2 9.332 7.546 -6.88 0.46 1.37
B3 9.490 7.611 -6.74 metallic
B4 9.261 6.983 -6.95 0.59 1.76
N1 8.943 7.375 -6.45 metallic
N5 9.127 7.377 -6.44 metallic
g-C3N, 4.780 4.780 -6.02 1.574  3.123 (HSEO06)[1]

2 Doped systems

2.1 Geometric configurations

There are eight different doping configurations considered in this study, as shown in Fig. S1. Note that only
B2, B4, and B5N1 systems are structurally stable semiconductors. Therefore, these three systems are focused
in the present work. Of course, there exist also many other doping configurations with B or N atoms, and BN
pairs. Here, we only try to propose certain doped systems to excavate the application potential of our designed

C2mm-graphyne.
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Figure S1 The sketches for the doped C2mm-graphyne systems by B-N pair or single B/N atom. The pink and blue spheres
represent the B and N atoms, respectively.

2.2 Mechanical properties

For a stable 2D material, the elastic constants should satisfy Born-Huang criteria: C11Ca2 —C%, > 0 and Cgg > 0.
As shown in Table. S1, the BINS system is instable due to the violation of the first criterion C71Coy — C%, < 0.
The Young’s modulus is one of the important criteria to evaluate the mechanical strength. For 2D materials, the



Young’s moduli in the Cartesian [10] and [01] directions can be described by:
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As exhibited in Table. S1, the mechanical properties of these systems are all anisotropic. For instance, the Young’s

moduli in the Cartesian [10] direction are all much stronger than them in the [01] direction. Note that in the [10]

direction, these systems are stronger than a-graphyne. Especially for the B2 system, the corresponding value can

bear comparison with the 5-graphyne. But, these material systems are relatively weak in their [01] directions.

Table S2 The calculated Young’s moduli in the Cartesian [10] and [01] directions for pristine C2mm-graphyne and its doped
systems. For comparison, the in-plane Young’s moduli of some other 2D materials have also been calculated. Note that all the

results are reported in units of N/m.

Systems | Cu | Ciz | Co | Ces | Yo | Yoy
Pristine 13440 | 4642 | 26.29 | 43.42 | 52.45 | 10.26
BINS -217.53 | 95.72 | -34.31 | 13.25 | 49.52 | 7.81
B5NI1 95.09 | 30.94 | 17.28 | 32.27 | 40.58 | 7.38
B2 125.78 | 31.91 | 22.99 | 30.56 | 72.57 | 13.77
B4 118.02 | 44.40 | 22.40 | 24.73 | 40.05 | 7.32
a-graphyne 93.33 82.53 | 93.33 6.34 | 20.23 | 20.23
[B-graphyne | 129.44 | 88.34 | 129.44 | 19.72 | 68.94 | 68.94

2.3 Band structures

The band structures of the doped CGY systems with B, N, and B-N are exhibited in Figs. S2-S4. The Fermi levels
in all of the band maps are shifted to zero. Note that the N-doped systems obviously are metallic. The B3 doped

system is a p-type semiconductor. The B2 doped system possesses an indirect band gap between X and Y points.
Although the BIN5-B5N1 system has a direct band gap, the gap of 3.83 eV estimated from the one-shoot GoW,

is too large to photocatalytic reactions.
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Figure S2 The band structures of the N-doped systems with PBE functional calculations at PBE level.
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Figure S3 The band structures of the B-doped systems with PBE functional calculations at PBE level.
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Figure S4 The band structures of the BN co-doped systems with PBE functional calculations at PBE level. Note that the
B1NS system has been determined to be instable.
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Figure S5 The top and side view of band-decomposed charge density of VBM and CBM of pristine C2mm-graphyne and its
doped systems.



2.4 Stabilities

The structural stabilities of the three related doping systems B2, B4, and BSN1 are also confirmed by evaluating
their phonon dispersion relations and AIMD trajectories as illustrated in Fig. S6. Obviously, there is no soft mode
appearing in their phonon maps, which indicates their lattice dynamic stabilities. The root mean square deviation
(RMSD) analyses of their atomic trajectories during the AIMD simulations at 1000 K confirm the thermodynamic

stabilities due to relatively small atomic displacements at this relatively high temperature.
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Figure S6 The phonon band maps and the RMSD curves of the doped CGY systems along the trajectories with their initial
structure (at 0 ps): (a)-(b) B2 system, (c)-(d) B4 system, and (e)-(f) BSN1 system.

3 Effective mass

The inverse of effective mass ﬁ can be expressed as follows:

- 555 3)

where 7 is the reduced Planck constant, E is the energy of the charge carrier, and k is the wave vector in the
Brillouin zone. The energy momentum dispersion holds a parabolic relation at the valence band maximum (VBM)
and the conduction band minimum (CBM). To numerically calculate the second order derivative of energy, 100
consecutive points around VBM and CBM within +0.01 A~! were fitted to a quadratic function.

4 Adsorption energy

To obtain the most stable adsorption configuration, all the possible adsorption sites are tested at the start. While

the most preferable adsorption site can be decided by the adsorption energies:
Eod = En,0a0B4 — En,0 — Epa, “)

where Er,0ep4, Er,0 and Epy4 represent the total energies of B4 doped CGY binding with H>O molecule, the

isolated HoO molecule and the pristine B4 system.



S Photocatalytic mechanism in water splitting

Hydrogen evolution reaction (HER) involves following reaction mechanism:
x4+ Ht +e” — H*,
H*4+ Ht +e” — Hy + %
The mechanism of oxidation reaction (OER) involves four steps:
HyO+% — HO*+ H" +e™,
OH* — O*+ H' +e,
O* + H,O — OOH* + HT + ¢,
OOH* — Oy +«+ Ht +e™.
Therefore, the only intermediate in the reduction reaction is H*, while the three intermediates in OER are OH*,
0", and OOH". The corresponding structures are shown in Fig. S7.

The Gibbs free energy of the adsorption of atomic hydrogen (AG ) was calculated by using:
AGpg = AFEp-+ AEzpg — TASH,

where the A E'p« is the adsorption energy of hydrogen. AEzpg is the change in zero-point energy, which can be
calculated as follows:

" 1
H * H
AEzpr = Ezpp — Ezpp — §EZ}29E7

where EJp . E}pp, and ngp g are the zero-point energies of the clean substrate, adsorbed hydrogen, and
hydrogen molecule in the gas phase, respectively. The temperature 7" is set to be 298.15 K, while the ASy is
the change in entropy of the gas phase and adsorbed hydrogen atom. These values are derived from the NIST
database[4].

For the OER reactions, the free energy (AG,,) for each step was computed using[2, 3]:

1

Stepl : AGl :AE1+§EH2 —EH20+(AEZPE—TAS)1 —AGU—AGPH,
1

Step2 : AGo = AF5 + §EH2 + (AEZPE — TAS)Q — AGy — AGpy,
1

Step3 : AGs ZAE3+§EH2 —EH20+(AEZPE—TAS)3—AGU—AGPH,

Stepd : AGy =4.92¢V + AE, — gEH2 +2FH,0 + (AEZPE — TAS)4 — AGy — AGpyg.

The energy difference AF,, between the different surface states of the different steps can be obtained as follows:

AE, = Eop-— Ex,
AE, = Eor—Eopy-,
AFEs = FEpgoo- — Fo-,
AE, = Ex—Egpoo-.

Note that all the results are calculated at the same conditions of pH=0 and U = 0 eV. The constant (AEzpr —
TAS),, for each step can be obtained from Table S3.



Figure S7 Optimized geometries of the related intermediates H*,0OH", 0", and OOH".

Table S3 The calculated F and Ezpg and S. The corresponding values for H20O and H2 can be derived from the NIST
database[4].

E@€V) | Ezpg (V) | S (eV/K)

E. | 26135 453 0.0030
Eg- | 264.97 4.80 0.0030
E-on | -271.89 4.88 0.0033
E.o | 26843 4.66 0.0032
E-oon | 27645 4.89 0.0040
H, 6.76 0.36 0.0014
H,0 | -14.22 0.67 0.0022
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