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1 Computational Details

First-principles computations were performed using the projector augmented
wave method (PAW)! as implemented in the Vienna ab-initio simulation package
(VASP 5.3).23 The generalized gradient approximation in the form of Perdew-Burke-
Ernzerhof (PBE)* and a cutoff energy of 550 eV for the plane-wave basis were
adopted. Atomic structures were optimized with converging tolerance of 0.02 eV/A
for forces on all atoms, and the energy convergence criterion was set to 10> eV. The
DFT-D2 method by Grimme® was employed for long-range van der Waals (vdW)
interactions. In order to avoid interaction between two periodic units, a vacuum space
of at least 15 A was used. BCN supercells consisting of 72 atoms, corresponding to
lattice parameters of 14.76 x 14.76 x 15 A, were used, and the Brillouin zone was
sampled with 3 x 3 x 1 Monkhorst-Pack k-meshes. The climbing image nudged
elastic band (CI-NEB) method © was applied to determine the diffusion barrier for the
anchored transition metal (TM) atoms. To evaluate the thermal stability of the
catalysts, ab initio molecular dynamics (AIMD) simulations were performed in the
NVT canonical ensemble;’ two different temperatures of T = 600 and 1000 K were
considered, using a time step of 1 fs. Atomic charges were computed based on
Bader’s charge population analysis.??

2 Structural Models

Previous experimental studies'®!? reported the synthesis of BCN in-plane
heterostructures. For example, Ajayan, et al.'? reported the preparation of a new form
of 2D atomic film consisting of hybridized h-BN and graphene domains, termed h-
BNC materials. It was proposed !> that the BCN materials consist of randomly
distributed domains of h-BN and graphene. Recently, by combination of
microstructure characterization and DFT calculations, Gong and Ajayan et al.!?
proposed that during conversion process of hexagonal graphene to boron nitride, both
triangle BN domain and other irregular BN shape could be formed. However, the
precise atomic structures of BCN materials are still controversial.

It is well accepted that the hybrid BCN, whose structure is domain-segregated

into two different regions, one consisting of a C-rich domain and other with a BN-
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enriched domain, is more stable thermodynamically than other structures. The BCN
models, therefore, are constructed by embedding BN clusters into graphene, including
separated BN and graphene domains. Primarily rich B—C bonds in the interface
between BN and graphene domain were considered.!# Figure S1 presents several BCN
configurations, involving different BN sizes and triangle- and quadrangle-based BN
shapes.!*> These BCN configurations are predicted to be favorable energetically
relative to their components (see Figure S2).

Previous works '3-18 showed that for structure of TM SACs on carbon support,
the TM atom is coordinated by pyridinic N connecting with carbon atoms to form the
active centre of TM-N,-C. Similarly, to anchor a TM atom onto BCN, several sites of
monovacancy defects were considered, such as B, C, and N vacancies (see Figure S3).
As a result, the active centers of TM-N,-C or TM-N,-B are formed. The binding
energy calculations show that compared to the N and C vacancies, the single TM
atom is anchored preferably on a B vacancy neighboring three N atoms in the form of

TM-Nj3-B as revealed in previous work (see Figure S4). 1°

3 AG for the Hydrogen Evolution Reaction
For HER, catalytic performance was determined by the binding strength of
adsorbed hydrogen:
H"+e +* — *H, (1)
in which the * represents the active site. Based on the computational hydrogen
electrode model,?° the chemical potential (p) of a proton-electron pair is equal to half
that of H, at a potential of 0 V:
KT = l”’H
T2 )
The Gibbs free energy change of the adsorbed state (AGy) under electrode potential U
=0 V can be calculated as:

AG,, =AE, — AE TAS,

ZPE(H)

(3)
where AEy is the adsorption energy of hydrogen, AEzpgs) and ASy are the differences
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in the zero-point energy and entropy change between the adsorbed hydrogen and 1/2
H, (g), respectively, and T is the temperature (298.15 K). Therefore, the Gibbs free
energy with all corrections is considered to be: 2!

AGy =AEg + 0.24 eV (4)

4 AG for the Oxygen Evolution Reaction
At pH = 0, the OER involves four elementary steps as follows:
AGl HO()+*—>*OH+H"+e¢
AG2 *OH — *O+H'+e
AG3 *OH + H,0 (I) » *OOH + H* + ¢
AG4 *OOH — O, (g)+H +e
where (1) and (g) represent the liquid phase and gas phase, respectively. The binding
energy of the adsorbed intermediates (*O, *OH, *OOH) on TM@BCN are calculated

with respect to H, and H,O as follows:

AE(*O) = E(*O) — E(*) — [E(H,0) — E(H,)] (5)
AE(*OH) = E(*OH) — E(*) — [E(H,0) — 0.5E(H)] (6)
AE(*O0H)= E(*OOH) — E(*) — [2E(H,0) — 1.5E(H,)] (7)

where E(*O), E(*OH), E(*OOH), and E(*) are the DFT total energies of surface
binding with O, OH, OOH species and clean surface, respectively. E (H,O) and E (H,)
are energies of H,O in the liquid phase and H, molecules in the gas phase,

respectively.

The free energy changes of each step of the OER were calculated as:
AG = AE + AEzpg — TAS +AGy + AGpy, (8)
where AE, AEzpg, AGy, and AS are the electronic energy differences for the reaction,
the change in zero-point energies, the free energy change related to electrode potential
U, and the entropy change, respectively. The zero-point energy and entropy of the
adsorbed state were computed from vibrational frequencies by applying normal mode
analysis using DFT calculations. 2 T is taken as room temperature (298.15 K). The

entropies and vibrational frequencies of the free molecules were taken from the NIST
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database.?* AGy = -neU, where U is an applied electrode potential and n is the number
of transferred electrons. AGpy = 2.303 kgT pH, with pH = 0 was employed in this
work.

The free energy of H,O in liquid phase was calculated in the gas phase with a
pressure of 0.035 bar, which is the equilibrium vapor pressure of HO at T =298.15 K.
To avoid well-known errors of DFT in estimating the energy of O, in the high-spin
ground state,?’ a free energy value of 4.92 eV for O, was derived from 2H,O — O, +
2H,.

Therefore, AG;, AG,, AG3, and AGy for the four elementary steps of the OER

can be taken as:

1 1
AG, =E (*OH)+ EE (Hz )_ E (Hzo)_ E (*)+ EZPE(*OH) + EEZPE(HZ) - EZPE(HZO) -
T[S(*OH)+%S(H2 )- S(HZO)} _ AE(*OH )+ 0.24
(9)
AG, =E(*O)+ % E(H,)~E(*OH)+E_pp0) + %EZPE(HZ) —E peom) —
T[S(*O)+%S(H2 )- S(*OH)} — AE(*O)— AE (*OH)—0.28
(10)
1 1
AG; =E (*OOH)+ EE (Hz )_ E (Hzo)_ E (*O)+ EZPE(*OOH) + E EZPE(HZ)
1
_EZPE(HZO) - EZPE(*O) -T |:S (*OOH)+ ES (Hz )_ S (Hzo)_ S (*O):|
= AE(*OOH )- AE (*O)+0.35
(11)
1 1
AG, =E (Oz )+ EE (Hz )+ E (*)_ E (*OOH)"' EZPE(OZ) + EEZPE(HZ) - EZPE(*OOH) -
T[S(Oz)+%S(H2)—S(*OOH)} _ 4.65— AE(*00H)
(12)

For all AGs, AE(*O), AE(*OH), and AE(*OOH) are calculated from equations
(6), (7), and (8), respectively. The theoretical overpotential n for OER is determined
by the potential limiting step:
n=max [AGy, AG,, AG;, AGy]/e — 1.23 V (13)
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For previous many works, !5 16,26, 27, 28, 29 the theoretical overpotential 1 for
OER and free energy of adsorbed hydrogen AGy for HER exhibit in accordance
results with the electrochemical measurements on the catalytic performance. Thus,

herein, the overpotential | and the A Gy are selected as indicator for evaluating the

OER and HER activity, respectively
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Figure S1. Geometrical structures of the different BCNn models (n = 1 to 5). The
red circle represents that to anchor TM atom, one boron atom connecting with three N
atoms is removed to form a B monovacancy defect Bv . Such anchored Ni SACs on
Bv is more stable than that on other sites (see Figures S3 and S4).
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Figure S2. Formation energies of different BCNn (n = 1 to 5) configurations relative
to their constituents. The corresponding structures are shown in Fig. S1.

To investigate the stability of the hybrid BCN sheet relative to its constituents, a
molar formation energy AE; used in binary phase thermodynamics 3%3! can be defined
as:

AE; =E(BCN) - Z Al
i (1=B,C,and N) (14)

where E(BCN) is the cohesive energy per atom of the BCN heterostructure, Liis the

ZX{ =1
molar fraction of atom i (i = B, C, and N) satisfying ! , and Miis the chemical

potential of the constituent i. "~ and Mc are defined as the binding energies per atom

of N, and the cohesive energy per atom of a single graphene sheet, respectively. The

binding energy per atom of a-rhombohedral B is selected as M5 The negative AE¢

(see Figure S2) suggests that the BCN sheet has higher stability than its constituents,
indicating the feasibility of their preparation experimentally.
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Ni@V4-BCN Ni@V5-BCN

Figure S3. The geometrical structures of Ni supported on various vacancy sites of
BCN1: boron vacancy with (a) three or (b) two neighboring N atoms, carbon vacancy
with one neighboring (c) boron or (d) nitrogen atom, (e) nitrogen vacancy with three
neighboring boron atoms. The red circle represents the possible site of Ni atom.
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0 -

V1-BCN V2-BCN  V3-BCN V4-BCN V5-BCN

Figure S4. The binding energy of Ni substituted at various vacancy defect sites in the
BCNI1 sheet. The corresponding structures are shown in Fig. S3.
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Table S1. Calculated binding energies (£}, in €V) of TM atoms anchored on BCN1
with B vacancy site, pyridinic N-doped graphene (N-G), or h-BN with B vacancy site ;
cohesive energies (E.n in €V) of TM atoms in the bulk phase; and the energy
differences (AE} in eV) between them in these two states, are presented.

™ BCN1 N-G h-BN Bulk
atoms Ep! AE, Ey AE, Ey AE, Econ”
Cr 8.24 3.86 4 -0.38 8.85 4.47 4.38
Mn 7.6 3.87 3.69 -0.04 8.13 4.4 3.73
Fe 8.17 2.6 5.08 -0.49 8.5 2.93 5.57
Co 8.48 2.6 5.44 -0.44 8.82 2.94 5.88
Ni 7.39 2.14 4.71 -0.54 7.73 2.48 5.25
Cu 5.43 1.58 3.36 -0.49 5.78 1.93 3.85
Ag 3.16 0.14 2.07 -0.95 345 0.43 3.02
Pd 52 0.77 2.69 -1.74 5.54 1.11 4.43
Au 3.29 -1.09 1.66 -2.72 3.76 -0.62 4.38
Pt 6.67 -0.53 3.35 -3.85 7.1 -0.1 7.2
Mo 8.74 1.03 4.63 -3.08 9.34 1.63 7.71

I Ey is calculated as E, = Ery + Es — Egitv, where the Egiv, Erm, and Eg are total
energies of TM atom-containing substrate, TM atom, and pure substrate, respectively.

2 Econ is calculated as Econ = [NEtm — Etmpuv]/n, where the Emy and Eyur) are the
energies of TM atoms and their corresponding metal crystal, and #» is the number of
TM atoms in the crystal.
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AEy=7.39 eV A\E, =3.68eV

Figure S5. Geometrical structures and corresponding binding energy of (a) one, (b)
two, and (c) three N1 atoms on defective BCNI1.

To evaluate aggregation of single Ni atoms, we have computed the binding
energy for the formation of clusters on BCN1 sheet with 2 and 3 Ni atoms. As shown
in Figure S5, the formation of dispersed single Ni atoms is more favorable
energetically than the clusters with 2 and 3 Ni atoms as the corresponding binding
energies are 7.39, 5, and 3.68 eV per Ni atom, respectively. The results showed that
the aggreation of the TM atom to form clusters is difficult to occur.
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AG=3.38eV

Figure S6. Schematic for Ni oxidation (Ni@BCN + 1/20, (g) = BCN + 1/4 Ni40y4 (s))
and corresponding reaction free energy AG.

To evalute the oxidation possibility of Ni@BCN1 during OER, the Gibbs free
energy change of Ni oxidation (Ni@BCN1 + 1/20, (g) = BCNI1 + 1/4 Ni4O4 (s)) is
calculated as shown in Figure S6. The oxidation product of Ni may exist in the form
of many kinds of Ni,Oy, such as NiO and Ni,0s3. The Ni,03 can be decomposed into

NiO and O, under 600 C. Thus, the NizO, cluster from its bulk phase 3¢ is used as the
reference. The AG of Ni oxdie formation is calculated as a function of O, partial
pressure (P, ) under 298.15 K. The chemical potential of O, (L, ) was computed

(4]

based on the equation: n, =H"(T)-H"(0)-TS"(T)+ RTIn( P J, where H°and S°

are the enthalpy and entropy at the pressure P°= 1bar, respectively. T =298.15 K was
set.

The calculated results showed that the formation Ni4O, cluster is highly
endothermic by 3.38 eV, indicating the difficult process. The predicted O, patial

pressure (P, ) for formation of NiyO4 cluster under 298.15 K exceeds 108 Pa,

suggesting long time stability of Ni SACs under OER operation.
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Figure S7. Schematic route for the dissolution process of Ni atom of Ni@BCN1 in
hydrochloric acid (HCI) media and the reaction energy of each step.

We investigate the dissolution possibility of the Ni SACs into the solvent in
hydrochloric acid (HCl) media. Figure S7 shows the schematic route for the
dissolution process of Ni atom of Ni@BCN1. The HCI is first adsorbed on Ni atom
with exothermic by 0.3 eV. Subsequently, the Cl atoms in two adsorbed HCI
molecules attack the Ni atom until the NiCl, group is formed, giving rise to one B
vacancy. Then, the dissociated H from HCI binds to the N atom around the B vacancy,
giving rise to N-H bond. The formation NiCl, is found to be largely endothermic by
4.3 eV. The calculated results indicate that the dissolution of the Ni SACs into the
solvent is unlikely to occur under acid condition, suggesting high stability.
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Figure S8. The geometrical structures (top and side view) of Ni@BCN1 (a) before
AIMD simulation and after simulation under (b) T = 600 and (c) 1000 K after 4 ps.
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Figure S9. Schematic routes for reaction process: (a) formation of *NiCl,, (b)
abstraction of one CI- ions by the H* from adsorbed H;O", and (c) removel of HCI
group from Ni@BCN. (d) The geometrical structures for formation of Ni SACs at
MD simulation time of 0, 0.8 and 1.5 ps. (e) similar to that of (d) when using the
structure at 1.5 ps in (d) as initial state. The AE represent the reaction energy, and all
distances are in A.

For the preparation of TM SACs, the wet chemistry is used to achieve highly
dispersed single atom. 3> 33 For such a process, there are two key factors: one is an
appropriate precursor, the other is support. To simulate the possibility for synthesis of
single Ni anchored on BCN, NiCl,, an important Ni source in industry, was selected
as the metal precursor. The formation processes of single Ni atom are given as
follows:33
NiCl, + * — *NiCl,
*NiCl, + 2H;0" + 2e~ — *Ni(HCl), + 2H,0
*Ni(HCl), — *Ni + 2HCI

Where the * represent the surface of BCN with boron monovacancy.

For the first step, adsorption of a free NiCl, is largely exothermic by 4.85 eV,
indicating a spontaneous process (see Figure S9a). Next, the H' from H;0"

approaches the CI- ions in the adsorbed NiCl,@BCN, forming O-H--*Cl bond (Figure

S9b). The total energy calculations show that the interaction of H* with ClI- ions is

slightly endothermic by 0.19 eV. After formation O-H--Cl bond, the CI-Ni bond
length was increased from 2.37 to 3.18 A, indicating cleavage of CI-Ni bond, while
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the distance H+*-Cl bond is shortened from 1.77 to 1.62 A. At last, the HCI groups are

easily removed from the catalysts surface, because this group is weakly adsorbed at
the Ni site due to a binding energy of -0.3 eV per HCI (Figure S9c). Thus, the single
Ni atom anchored on defective BCN could be obtained.

Furthermore, we performed an initio molecular dynamics simulations at the
temperature of 350 K as shown in Figure S9d. Clearly, the CI-Ni bond is gradually
broken, and the H-C1 bond is formed after 0.8 ps. When the simulation is further run
to 1.5 ps, the CI" ions is fully desorbed in the form of HCI groups, leading to the
ultimate formation of single Ni atom on BCN sheet.

As shown in Figure S9d, the distance from H in HCI to its neighboring O in
H,O is 1.35 A. Such small distance shows that there is still a chance to form the H;0%,
and the CI- is re-adsorbed on the Ni atom. To investigate the possibility, the MD
simulation was performed using the structure at 1.5 ps (Figure S9d) as initial state.
The simulated results (see Figure S9¢) shows that the distance between H in HCI and
its neighboring O is increased to 1.68 A from 1.35 A after 1.5 ps, suggesting low
possibility of H;0" recovery.

Table S2. The AGs (eV) of the four elementary steps for OER for various TMs in
TM@BCNI1, and the corresponding overpotentials 1 (V).

™ AG] AG2 AG3 AG4 n

Ni 0.35 1.52 1.8 1.29 0.57
Pd 0.26 1.67 1.66 1.37 0.44
Au 041 1.52 1.91 1.13 0.68
Cu 092 1.92 1.38 0.74 0.69
Fe -0.35 0.47 291 1.93 1.68
Co 0.22 0.7 2.58 1.46 1.35
Cr -0.88 0.73 2.75 2.36 1.52
Mn -0.7 0.32 3.12 2.23 1.89
Mo -1.44 0.2 3.26 2.93 2.03
Pt -0.35 0.99 2.51 1.81 1.28
Ag 1.09 2.09 1.17 0.61 0.86

517



Table S3. The AGs (eV) of the four elementary steps of the OER for Ni in Ni@BCNn
(n =110 5), and the corresponding overpotentials 1 (V).

support AG, AG, AG3 AGy n

BCN1  0.34 1.52 1.8 1.29 0.57
BCN2  0.48 1.51 1.7 1.26 0.47
BCN3 0.48 1.51 1.72 1.26 0.49
BCN4 0.6 1.5 1.71 1.14 0.48

BCNS 03 1.53 1.78 1.35 0.55
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Figure S10. The structures of clean Ni@BCN surface with supercell size consisting

of 98 atoms and adsorbed states with *OH, *O, and *OOH species on this surface: (a)

BCN2 and (b) BCN3.
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Table S4. The binding energy (£, in eV) of *O, *OH, and *OOH intermediates
adsorbed on Ni site on BCN2 and BCN3 support with different supercell sizes and
corresponding overpotential I] for OER (in V). The structures for larger supercell are
shown in Figure S.

support size (atoms)  E;, (*OH) Ey (FO) Ey,(*OOH) 1]

BCN2 72 0.24 2.02 3.39 0.47
BCN2 98 0.27 2.03 34 0.49
BCN3 72 0.24 2.0 341 0.49
BCN3 98 0.23 2.01 342 0.52

To study the supercell effect, a larger BCN supercells consisting of 98 atoms,
corresponding to lattice parameters of 17.22 x 17.22 x 15 A, were used. The
structural models of BCN2 and BCN3 support for Ni SACs are only considered.
Figure S10 shows the geometrical structures of the adsorbed *OH, *O,
and *OOH intermediates. Table S4 summarizes the binding energy of each
intermediates on Ni@BCN with different supercell size and the overpotential for OER.
Clearly, increasing the supercell size has less influence on the binding strength of
intermediate. The calculated overpotential remains nearly unchanged when using the
larger BCN supercell.
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Figure S11. Free energy diagram for OER for Ni in Ni@N-G, h-BN, and BCN2 at an
electrode potential U=0 V.
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Figure S12. The structures of pure BCN1 and adsorbed states with *OH, *O, and

*OOH species:

(a) carbon and (b) boron active sites. The black rings in (a) and (b)

represent the C and B active sites, respectively.
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Figure S13. Free energy diagram for OER on (a, b) pure BCN1 and (c) Ni@BCN2.
The structures of adsorbed states in (a) and (b) are shown in Fig. S12.
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Figure S14. (a) The relationship between *OOH and *OH binding energies and (b)
OER overpotential vs free energy difference between *O and *OH species.

By calculating adsorption of *OH and *OOH intermediates on 11 types of TM
atom on BCNI1, we established the relationship between *OOH and *OH binding
energies. As shown in Figure S14a, there is a good scaling relationship between the
free energies of *OH and *OOH with a constant slope and an approximate intercept
of 3.2 eV. Thus, this constant difference of AE(*OOH)-AE(*OH) of 3.2 eV is well
agreement with that observed on wide range of metal oxides ?° and graphene
encapsulating non-precious metals.[?8) On the other hand, the slope, which is equal to
one, indicates that the *OH and *OOH species have the same bond type on TM atom.

Based on the scaling relationship, the activity of OER can only be determined by
the free energy of *O relative to *OH or *OOH, and thus, a single descriptor of
AG(*0O)-AG(*OH) was introduced. According to this established descriptor, the
theoretical overpotential n exhibits a volcano shape, as shown in Figure S14b. Such
universal volcano relationship are also given on many catalyst materials, such as
metal oxides [?°l and graphene encapsulating non-precious metals.”?® Owing to the
linear scaling relationship between the free energies of *OH and *OOH, the unique
descriptor for the OER activity is also defined as AG(*O)-AG(*OOH). Figure 3g
shows the similar volcano plot of OER overpotentials.

S24



“UNi@BeNs

TUNiesenz

Ni@BCN1

e N';‘(E:BI':I:E (T

" Ni@BCNS

Ni@BCN4

(n

Figure S15. Schematic diagram of various considered sites for HER on Ni@BCNn
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Table SS. The calculated AGy (eV) values for various sites on Ni@BCNn (n =1 to 5).
The sites are given in Fig. S15.

M Cl C2 C3 N1 N2 N3
Ni@BCN1 0.36 -0.15 0.27 1.47 -0.04 0.07 0.71
Ni@BCN2 0.57 -0.17 0.14 0.61 -0.02 0.08 0.8
Ni@BCN3 0.55 0.24 0.37 1.51 0.07 0.2 0.76

Ni@BCN4 0.69 0.07 0.26 1.56 0.12 0.28 0.66
Ni@BCNS 0.48 -0.09 0.54 0.77 0.15 0.3 1.33
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Figure S16. AGy of Ni@BCN1 with 1, 2, and 3 H adsorptions and the corresponding
atomic structures. The second H adsorbed on (a) N atom adjacent to the Ni atom and
(b) C atom adjacent to two B.

527



(a) 17 == C1for N-G
| = ‘ 1.21
- N1  E—"
0.57
0.5 v \
7 4
ﬂ-‘-(
% - H+e Y2 H,
(—;5__ 5 -0.02
-0.03
< 1 )
01 = c1forBCNZ w
e
< Ni Y -017 S
—
-0.2 -

Reaction coordinates

Figure S17. Comparison of AGy values between Ni@BCN2 and (a) Ni@N-G, and (b)

Ni@BN on different sites.

(b) 17 7
== Ni for BN
{ =n1 1.07
559 s 057
4 4
0.1+ i
S .l Hieed " 1/2H,
Nl - -0.02 g
Q .
<
011 L Niformonz
Ni " :
' 018
—
0.2 4

528

Reaction coordinates




(b)

A\E;= 8.11 eV /\E;=9.22 eV

Figure S18. Geometry structure of defective (a) Ni@BCN and pristine BCN with
boron vacancy adjacent to the Ni and corresponding formation energy.

Owing to the extensively formed vacancy defects in graphene-based
nanomaterials, we also calculated the formation energy of boron vacancy adjacent to
N active site on Ni@BCNI1 as shown in Figure S18a: Er = Exigseni-v + Es - E ni@seni,
where the Enigsoniv and Enigseni are the total energies of Ni@BCN with and
without B vacancy. The binding energy per atom of a-rhombohedral B is selected as
Eg. The positive Erindicates the higher stability of systems than the defective one.
The total energy calculations showed that forming B vacancy must input an energy of
8.11eV, suggesting the difficult formation of such defect. The B vacancy on
Ni@BCN has lower formation energy than the BCN without Ni adsorption (9.22 eV)
(Figure S18Db).
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Figure S19. Schematic diagram of various considered sites for HER on Ni@BCN (a)
without and (b) with B vacancy defect and corresponding corresponding AGy.

Owing to the preferably formed boron vacancy on h-BN sheet, we discussed
effect of such defect on HER performance. As shown in Figure S19, because of
introduction of B vacancy, the N atoms in N2 and N3 site around vacancy exhibit
large affinity to H atom, with free energy of -2.03 and -1.91 eV, respectively.
However, the N1 and C1 sites still remain high HER catalytic activity after formation
of B vacancy as the free energies of adsorbed H are -0.04 and 0.08 eV, respectively.
Therefore, the Ni@BCN catalysts exhibit high HER activity even in presence of
defect.

S30



(@)o.s

.-
g
S
@

T R - v (C) 0.8
—n  Ni@N-G! —N1 ] N1 i
i@N-G! Ni@BN o i !
oy i 0.6 ' 0.6 Nz Ni@BCNL
_ 0.4 i 0.4 4] :
g = g g ’
go.z- : 3 02 i B 0.24 !

200+ :M“D"’eﬁ a 0.0 - 2 0.0
@ i s ] A :
8.02] i 9 0] 2 i
8021 : g-02 : 0.2 i
0.4 H 0.4 0.4 H
0.6 | 0.6 | ! 0.6 i

T R S TR i R e v S R P e e e B e .
2 - 4 3 40 1 3 4 4 3 4 0 1 2 3 4
Energy (eV) Energy (eV) Energy (eV)

Figure S20. The projected density of states (PDOS) of N atoms on (a) Ni@N-G, (b)

Ni@BN, and (¢) Ni@BCNI1. The N1-N3 sites in (c) are shown in Fig. S15a. The
Fermi level is set to 0.
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Figure S21. The different graphene-related structural models with H adsorption.

Table S6. Comparison of AGy (in eV) of present method and previous work on
different structural models. The active sites with adsorbed H are shown in Fig. S21.

Structural present method previous works
model
graphitic C 1.54 1.69 (Ref. 16);

1.82 (Ref. 26);
0.79 (Ref. 15)

N graphitic N 1.84 1.89 (Ref. 16)
C graphitic N 0.63 0.89 (Ref. 26);

0.68 (Ref. 27)
Pyridinic N -2.3 -2.04 (Ref. 26)
Co-N,-C 0.16 0.13 (Ref. 16)
Co-Nis-C 1.56 1.62 (Ref. 16)

For comparison, we also performed calculations on AGy+ of selected catalysts
from previous works.!!> 16 26, 271 Figure S21 shows the geometrical structures of
theoretical models. Table S6 presents a comparison of this works and previous results
for AGy+. Clearly, the predicted AGy+ by this work are consistent with previous
results, indicative of the reliability of this methodologies for HER.
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Table S7. Comparison of AGy (eV) by PBE and RPBE functional for considered
active sites on Ni@BCN. The sites are shown in Figures S13a and b.

structure PBE RPBE

C1 N1 N2 (o} N1 N2
Ni@BCN1 -0.15 -0.04 0.07 0.0 0.08 0.19
Ni@BCN2 -0.17 -0.02 0.08 -0.3 -0.18 -0.08

Revised-PBE funcational (RPBE) can describes the binding enrgyies of
intermediate with sufficient accuracy.’* Thus, We performed calculations on AGys of
selected sites on Ni@BCN1 and Ni@BCN2 by RPBE funcational. Table S7 shows a
comparison of AGy+ by PBE and RPBE. The predicted AGy+ for considered active
sites by RPBE still remained the values close to zero, although small difference
between the two funcationals is found. Thus, both two funcationals revealed that
Ni@BCN materials exhibit high acitvity for HER.
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Figure S22. Free energy diagram for OER on Ni@BCN by (a) PBE including
solvation effect and (b) RPBE functional at an electrode potential U =0 V.

For the electrochemical reaction, the solvation may affect on interaction of
intermediate with catalyt surface. To investigate the solvent effects, the Poissson-
Boltmann implicit solvation model 3 was used. The dielectric constant ¢ of water is
set to 80. We calculated the OER pathway of Ni@BCN1 and Ni@BCN2 with
solvation effect using H,O as solvent, as shown in Fig. S22a and b. Compared to free
energy diagram without solvation effect (Figure 3e and f), the predicted overpotential
of OER remain less changed as the solvation effect is considered.

To further evaluate the accuracy of our results, we also perfromed the
calculations on the OER pathway of Ni@BCN1 and Ni@BCN2 by (RPBE). As
shown in Figure S22¢ and d, the RPBE reuslts are consisten with those PBE values
(the predicted overpotentials are 0.58 and 0.57 V for Ni@BCNI1, respectively).
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