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OER overpotential calculation details

The OER process involves the dissociation and adsorption of various oxygen-
containing intermediates, constituting a complex multi-step reaction pathway.
Typically, the reaction comprises four fundamental steps (as shown in Fig. S7),! which

are described as:
x+ H,0(D)>"OH+H" +e”

(S1

*OH-»"0+H"* +e” (S2)

"0+ H,0)>"00H+H" +e” (S3)
"O0H- *+0,(9) +H" +e~ (S4)

Where * denotes the surface-active site, (1) and (g) represent liquid and gas phases,
*OH *0 and *OOH

respectively. , represent adsorbed intermediates.? The adsorption
energy of the rbed i mte e defined b following equations:
afigor oc Linggrmsgipie 1.4 df§H20 i }%%sz .
A, =E(*0)=E(*)~(Ey o= Ey) (85)
=E(* _ _ _ (S6)
AE, E(*00H)-E(*) (EHZO 3/25H2) )

where E(* ), E( ) OH), E( ' 0) and E( ' OOH) are the total surface energg of pure

catalyst base and adsorbed by OH, 0, and 00H groups, respectively. 20 and

H,0

2 are the total energies of and Hy molecules in the gas phase. The Gibbs free

energy change AG, (i=1, 2, 3, 4) for the OER step can be defined as:?
AG; = AE + AZPE - TAS (S8)

The term AE represents the reaction energy difference between reactants and
products. AZPE stands for zero-point energy, A5 is the entropy difference between
adsorbed and independent states, and T is the reaction temperature (7= 298.15 K). By
calculating the vibrational frequencies of adsorbates on the catalyst, the contribution of
ZPE in the free energy expression was determined.*

By evaluating the catalytic performance through the potential steps of the Oxygen
Evolution Reaction (OER), the overpotential ("OER) was proposed under ideal
conditions of U = 0 and the Standard Hydrogen Electrode (SHE),> defined as:
Nogg = Max (AGl' AGy, AGs, AG4)/€ - 1'23V, In the equation, Nokr represents the
overpotential for the oxygen evolution reaction (OER). Generally, a lower Nokr
indicates higher catalytic activity.

To compare the relative stability of the nine B-doped TiN4-CoN4/CNT structures,

the formation energies (Ef 1) can be defined as:
Efl = Edope _(Ep _'uC+nuB) (S9)



Ey and E gope represent the total energies of the pristine and doped TiNy-

Where
CoN,/CNT, respectively. K¢ and #B are the chemical potential of C and B atoms. When
the energies of Hc and #B are replaced by the energy of a single atom, the formation
energies (Ef 2) can be defined as:

Ery = Egope = (Ep = Esingte(cy t Esingle(s)) (S10)

The comparative data for the two energy formation methods are presented in Table
SI. The binding energy (Eb) of the doped atom and the supporting substrate is given by
the following equation:

E, = Edope - Edef - Esingle(B) (S11)

Where E gope and Edef represent the total energy of the doped TiN4-CoN4/CNT,
TiN4-CoN4/CNT with C vacancy defects, and the Esingle(B) represents the energy of a

single doped B atom.
OER Performance

To gain a systematic understanding of OER performance on B doped TiNy-
CoN4/CNT structures with different doping sites, the scaling relationship between

AG, o Vs. AG., oo for the nine doping sites is plotted in Fig. S4(a), and the resulting

relationship can be expressed as: = 0.95). The

AG AG

*OH and = * O0H values at the B8 site are lower than those of other structures. By

substituting the equation from the above scaling relation into equation (S8), the Gibbs
free energy for each step (AGi) can be established as follows:

AG, = AG, oy

(S12)

AG,=AG, ,-AG, oy (S13)

AGy=AG , oy~ AG , o = (L.04AG , oy + 2.94) - AG, - AG, (S14)
AG4=4_92—AG*00H=4.92—(1.04AG*0H+2.94) (S15)

Besides, the OER performance of TiNy-CoN,/CNT-B8 under uniaxial strain is
also considered. The obtained scaling relationship can be expressed as:

AG, gon = 1.18AG , o + 2'82(R2 = 0.90), and the Gibbs free energy for each step (

AGi) can be established as follows:

AG, =G, oy (S16)



(S17)
AG3 =AG , ooy — G, o= (1.18AG, 5y + 2.82) - AG, - AG, (S18)
AG, =492 -G,y = 492 - (118AG , ,p; + 2.82) (S19)

Calculating the scaling relationship and the Gibbs free energy for each step is a
prerequisite for constructing the corresponding volcano plot.
Uniaxial strain calculation details

Uniaxial strain ranging from -10% to +10% was systematically applied to the c-
axis lattice constant of TiN,4-CoN,/CNT-BS. The pristine lattice constant was defined
as c, with strain implementations of £5% resulting in modified lattice constants of
¢ X (1£0.05), respectively.

Uniaxial strain ranging from -10% to +10% was systematically applied to the c-
axis lattice constant of TiN4-CoN4/CNT-B8. The corresponding bond lengths and OER
overpotential of TiN4-CoN4/CNT-B8 under uniaxial -10% to +10% strain is listed in
Table S2, and S4 respectively. Notably, under a -5% compressive strain, the TiNy-
CoN4/CNT-B8 structure have best OER catalytic activity within the lowest
overpotential of 0.32 V.

Table S1 The formation energy (E f) and binding energy (E b) of B doped TiN4-CoN4/CNT structures
with different B doping sites.

Structure B1 B2 B3 B4 BS B6 B7 B8 B9

Efl[eV] 3.40 3.71 4.64 3.49 2.86 3.67 4.64 3.81 3.89

Epslev] 120 151 244 128 066 147 244 161  1.69

Eb[eV] -8.53  -1091 -10.38 -10.69 -857 -11.35 -10.87 -11.80 -9.94
Table S2 Bond lengths of Co-N and B-N under uniaxial strain.
-10% -9% -8% -7% -6% -5% -4%
B-N 1.468 1.474 1.469 1.463 1.458 1.455 1.453
Co-N1 1.933 1.895 1.86 1.846 1.841 1.839 1.843
Co-N2 1.835 1.808 1.806 1.804 1.804 1.804 1.808
Co-N3 1.852 1.818 1.804 1.798 1.797 1.796 1.801
Co-N4 1.791 1.776 1.821 1.843 1.853 1.850 1.844
-3% -2% -1% 0% 1% 2% 3%




B-N 1.451 1.450 1.449 1.449 1.448 1.447 1.446
Co-N1 1.847 1.853 1.859 1.868 1.880 1.890 1.900
Co-N2 1.812 1.819 1.826 1.833 1.843 1.851 1.859
Co-N3 1.808 1.814 1.820 1.827 1.835 1.843 1.852
Co-N4 1.842 1.843 1.846 1.850 1.855 1.862 1.870

4% 5% 6% 7% 8% 9% 10%

B-N 1.445 1.444 1.442 1.441 1.439 1.437 1.435
Co-N1 1.911 1.923 1.935 1.946 1.958 1.971 1.988
Co-N2 1.869 1.877 1.887 1.895 1.905 1.914 1.923
Co-N3 1.862 1.870 1.879 1.887 1.893 1.901 1.910
Co-N4 1.879 1.889 1.899 1.910 1.918 1.928 1.942

Table S3 The Bader charge analysis of three catalysts for the oxygenated intermediate *O.

Catalyst Co Ti B (0]
TiNs-CoN4/CNT -1.220 -1.578 / 0.704
TiN4-CoN,/CNT-B8 -1.229 -1.573 -0.214 0.690
TiN4-CoNy/CNT-B8 under -5% strain -1.242 -1.566 -0.202 0.703

Table S4 The variation of OER overpotential with uniaxial strain for TiN4-CoN,/CNT-BS.

Strain -10% 9% -8% -7% -6% -5% -4% -3% -2% -1% 0%
ney) 165 054 039 036 034 032 033 035 037 040 041
Strain 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% /
ney) 048 052 054 056 057 059 060 060 061 0.61




B7 site B8 site B9 site

Fig. S1 (a-i) The geometrical configurations of B doped TiN4-CoN4/CNT structures with different
doping sites. Ti atom are shown in yellow, Co atom in purple, C atoms in grey, N atoms in blue,
and B atom in green.

The thermal stability of TiN4-CoN4/CNT, TiNy4-CoNy/CNT-BS, and TiNy-
CoN,/CNT-B8 under -5% strain in the canonical ensemble (NVT) was investigated
through ab-initio molecular dynamics (AIMD) simulations. All three configurations
retained structural integrity following 6 ps AIMD simulations at 300 K, demonstrating
robust thermal stability under ambient conditions.
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Fig. S2 (a) Energy and temperature variation with AIMD time for TiN4-CoN4/CNT at 300 K. (b)
Energy and temperature variation with AIMD time for TiN4-CoN,/CNT-B8 at 300 K. (c) Energy
and temperature variation with AIMD time for the TiN4-CoN4/CNT-B8 under -5% strain at 300 K.
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Fig. S3 (a) Uniaxial stress—strain relations of TiN4-CoN4/CNT-B8. (b) Optimized structure of TiN4-
CoN4/CNT-B8 under 18% uniaxial strain. (c) Optimized structure of TiN4-CoN,/CNT-B8 under

19% uniaxial strain.
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Fig. S4 (a-1) Free energy diagram of CoN4-TiN4/CNT with different doping sites.
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Fig. S5 The partial density of states (PDOS) and d-band centers of B doped TiN4-CoN4/CNT

structures with different doping sites.
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Fig. S6 (a) The scaling relationship between the free energies of *OOH and *OH for the nine B
atom doping sites on TiN,-CoN4/CNT is depicted by a black dashed line. (b) The variation of
OER overpotential with uniaxial strain for TiN4-CoN4</CNT-B8. The green line represents a linear
fit of the relationship between overpotential and uniaxial strain.
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Fig. S7 (a-0) The OER Gibbs free energy diagram of the TiN4-CoN,/CNT-B8 under different

SO ]

- N

A 0 <o

- N

A~ U <o

- N

A~ U <o

- N

s 0 o

- N

{@) 4.92 |(b) 492 |(c) 4.92
—U=0V / ——U=0V / ——U=0V /
U=1.23V| 3.93, U=1.23V| :?'iz' U=1.23V| ,‘—2'
| 7°_A) strain 2.79- 6% strain 2_7,/ 5‘:/0 strain 2._6'/
1=0.603 V 1=0.597 V 1=0.57V
/ / /
0.96/ 0.95/ 0.95/
;033024 /031023 /030023
— 027" - —02s- sl -0 [ —T028-7 -4
{d) 4.92 |(e) 492 |® 4.92
—— U=0V / —— U=0V / —— U=0V /
U=1.23V 292 U=1.23V 3.94 U=1.23V 3.96
| 4% strain 2.74,/ 3% strain 2'72,/ 2% strain 5 1,/
=056V — =054V =052V [~
/ / /
0.95/ 0.9¢/ 0.97/
/028 023 /026025 /025 027
—028-" - | —"027- -0 [ —"026- -
8(63) 4.92 |(h) 4.92 (@) 4.92
viam| 2987 | e R Y
| 1% strain 219',/ prstine @',/ -1% strain 2.64'/
=048V =041V =040V S~
0.99/ 104/ Lot/
AT 20 g 22 S0 gy X8 o 2
~_ ~—— ity
lo 492 | 492 [0 4.92
—— U=0V / —— U=0V / —— U=0V /
U=1.23V] f&" U=1.23V] w U=1.23V] ?’i'
1 -2% strain 261 ,/ -3% strain 257 ,/ -4% strain 554 ,/
n=037V =035V 7 =033V 7
.00/ 099/ .98/
/' 0.15 _0.35 /' 0.11 _0.30 /' 0.27
—023 -— 0| oo | s MBS0
Jam) 492 |m) 492 4.92
—— U=0V / —— U=0V / —— U=0V /
[—— U=1.23V] ,'—5' [—— U=1.23V] ?ﬂ' [—— U=1.23V] %&'
. / . / /
_&o 6O 70 . ,
{ -5% strain 250" 6% strain 549, 7% strain -
=032V 720 n=034v ~ n=036v
095/ 0.9/ 0.8/
/ 0.04 026 / 003 0.22 / 01 0.17
— 028 .— "~ ~. 0 — ' 031.—— ~_0 _<(£5”w/—~l

H,0 *OH *O *OOH O,
Reaction coordinate

H,0 *OH *O *OOH O,
Reaction coordinate

H,0 *OH *O *OOH O,
Reaction coordinate

uniaxial strain levels. The blue line representing U=0 V and the red line represents U=1.23 V.




The free energy profiles of TiN4-CoN4/CNT-B8 and TiN4-CoN,/CNT-B8 under -
5% strain were calculated at a typical potential of 2.0 V, as shown in Fig. S7. The
driving forces for each elementary reaction step were additionally presented in Fig. S8
to elucidate catalytic trends. The TiN4-CoN4/CNT-B8 catalyst exhibited a minimal
energy variation of 0.36 ¢V during the *OH—*O transition, indicating relatively weak
kinetic driving forces in the four-electron OER process. In contrast, the TiNy-
CoN4/CNT-B8 under -5% strain system demonstrated an enhanced minimal kinetic
energy step barrier- of 0.45 eV for the *OH—*O conversion, suggesting stronger
driving forces along the reaction pathway.
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Fig. S8 Detailed free energy profiles of TiN4,-CoN4/CNT-B8 and TiN4-CoN4/CNT-B8 under -5%
strain were determined at typical potential of 2.0 V.
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Fig. S9 (a-0) The total density of states (TDOS) and projected density of states (PDOS) of Co-d
orbitals in the TiN;-CoN4/CNT-B8 structure under different uniaxial strains. The black, red, blue,
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Fig. S10 The OER mechanism diagram of TiN4-CoN,/CNT-BS.
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