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Abstract

Under the impetus of the carbon neutrality strategy, the development of efficient and stable non-
precious metal catalysts has become an important research direction in the field of clean energy.
The single-atom catalyst was successfully constructed by constructing a porous h-BN(B1:N12) sub-
strate and introducing the transition metal (TM)-04 coordination structure. Density functional the-
ory calculations show that: (0s-04)s@h-B12N12 exhibits excellent activity (nHER = 0.09 V) in the hy-
drogen evolution reaction (HER), demonstrating potential as an alternative to noble metal catalysts.
It is worth noting that the catalytic performance of this system in the oxygen evolution reaction
(OER) and the oxygen reduction reaction (ORR) did not meet expectations. To address this bottle-
neck, we innovatively introduced axial Cl ligands to the (Rh-04)3@h-B12N12 system for structural
modification. Theoretical calculation results show that the introduction of the Cl ligand significantly
changes the electron distribution state of the Rh atom near the Fermi level and optimizes the syn-
ergy between the metal center and the 04 ligand. This adjustment of the electronic structure effec-
tively improved the adsorption strength of the catalyst for oxygen-containing intermediates, signif-
icantly reducing the theoretical overpotential of OER from 0.814 V in the initial system to 0.395 V.
In this study, the selective performance control of H-BN-based catalysts was achieved through co-
ordination engineering strategy. Among them, the outstanding performance of (0s-04)3@h-B12N12
in HER and the enhanced activity of Cl-(Rh-04)3@h-B12N1zin OER provide a new theoretical perspec-
tive for the design of non-noble metal bifunctional catalysts. In particular, the successful implemen-
tation of the axial ligand modification strategy has opened up an innovative path for the precise
regulation of catalytic active sites in two-dimensional materials.
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1. 5|

DTE, BEERHFHEARIED DN BT FRRE, IR &8O A TG A — /> 2
MR, AR R RIRAIE 2 &, 2T U A 0 AT P AR AR BE IR, X AT & B 5 AT RR SRR R R R
SR, T HO g R 4 RS G o) R B — € R OGS VE I [1] . fE DM RIS e, 514 8 5 A e
g e I AR AP IO TS 1, (R R T R B AR IR B ) 5 15X L B & B A LTS e v N AR
J&[2][3]. —HELAK, HAbZE B R FARBA AT B 1 . AT il R AR e AR R & S — R A
AR TSR 37 v R B IR R B R 2 —[4], AT AR ML (HER) . M 4R B (OER) Fl AU IA 5 v
(ORR) 2 4 MK BUA I FAL 7 [ SE[5] o TAEME AL AT, 53 4 8 S8 1O AEAE R AR & OER J M fi
AEALTR), [F3E, ASE SIS E Pt 20 %A N2 ORR Al HER AL, ABATTER R AL m R i ik 1k
e, WU VE I I AR AR HEAE6] [7]. H AR BRI S i 5 AR ™ B 4 T B SAT,  BR] I 34K B AR
AHEAFNI IR IRATHTIE T B Ax, SR THEAL T (SAC) B AN T HoAh A7) BA T TR e
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e PR EA T A v R B PR RS R, O 2 T FU R U 35 (8] [9] . e e 18 < I 1 AR 7 8 7 1
FEH € T ARA R T, AMURE R E RS e m M, el AR - ) R RO e B A
MTE RSP . A P A 283 () S B [9] [10]. iR B E AR — AR SRR R T
HARHESR S Beih Sms, R A H bR BAT BRI

2. WWHE*

AR SCR T B B B (DFT) 3 — MR BT B [11], BT A b Bz s B0 U7 vk, Jlid 4
W ML FARIL R AEEL(VASP) [1213847 HL T 25 04 B2 AR S i (1 FEAH 1T 55« 1A Perdew-Burke-Ernzerhof
(PBE) [13]VZ BRI B FEIEAUL(GGA) [1AIFNFR S SN 715 (PAW) [15]4b B ML+ <2 o FIAH BAE FH I RE &
k. FrATHEYIRA 500 eV ISP TELERE R, (RIE T TR BE SRR P . A LN IXCRAE A 2
x 2 x 1 ff] Monkhorst-Pack Ff%, st @id, & LA, WE i = A5 507 e 31 23 [ i
BT —AEE kR REAT . [FIN RE YR SURE ¥ 107° eV, RIS IESE H 151 (SCR)
WZ R Re R 2 /N ZER, A SCR IS, J1IISIhsitE N-0.01 eVIA, MJEF FR K /N FIk{E
B, S5 FRIS . DA D SRR SO MRS, (RIS B 1A B AT TR AT TR R . X T 4
(i $e, Fra e R BR A B VASP HEE bRE PAW JES . ES5 ML REd, FRAIRHA RN 1 BRIA
(IR AR LA, DA OR VT B3 45 JRAF 6 14 R IR AR TERFAE o 5348, JRIERAN 43 B B 7 AH ELAE AL, 25T VASP

TS vaspkit #EATEE AL FE[16], 18I RARPUIE IS % 104G B (COHP)THE . 1R RAS% L (DOS) i 115
PL K Bader FLFf 3 AT[17], MALFEE AR BRI . FEFHUE TTRR AN TEYEAL S AT R SRR A B, 6 HL A
HAERMLEHEAT 55T

3. &R

3.1. &R Ed

BALHH(BN) 2 At 20 5 G BT I Bz —, BRI 25 MR R IR N T ML 25 R B A= B % 1)
Z IR o AR I SRR A B RE . HLARGERE S AR e M, AR EFEEN . KA
SR AIGEE P R AR Y A [18] o IX PSR G 1tk REAL 35 M FLAE AR o PR B 52 VR B R % 38 AR S LARSE K
AT R I AN AT B ARG R FANE[19] . IR LA R REAL A v B E AL B AR 1 613 B FH 35 5 T BB 2
fitho AHF 75 M5 T 4N T BAL (h-BN) I 5 I Th e AL 181, L2 B-N 18] 1R 38 B [F) 250RE I 7 1k &R
MURFIR) FEL T ZE R RRAE o SCHERIEFER I, h-BIN JE A £ 7] R 308 dok P A7, 5 A WA ) 5 ST AL v 2K T P T R ik
T2, 752 PhiEAL SR e B HH RT 5 5 4 JR AR U S8 A ARAE VS £ [20] [21]. T REAF e 5, FRA @S FA L
FEIRIERT h-BN BT RIME, B TIFRBAG WA RIMEAER SRR, ITEEA 4
(it b 22 AL B E e R M 25 R BIN JE -, FE SR T IR N A% T80 1 [E B 5 N3 R PR A
TELCEEAE by BV SR (TM) RS AEE 2k T LIE LS, TR, TM A ETE R OISR R %R
THRIS A 2 F T h-BN ZE R4 MR E S TM R FRIARMEMAL TS, ik HER. ORR K OER Jx
IVERESRAL T AUH AR YL T % o h-BN FIFRE S5 0E T2 1 B-N LA 4 55 2 (R a aE A8 g i b FIAE o AR TAE
T I P AME L E2 1) (TM-04)s@h-B1aN12 £544 (1% 1(a)), FELREF h-BN AAEALF I [R] I SEIL 1 3E A7 )
AR . AT EE S B VIR ) 45 )8 st £ (Fe. Co. Ni. Ru. Rh. Pt. Os. INfE AL H0(E 1(b)),
W28 4 g 5 25 i ) ) 5 L A TELAE ) B IE ST S 2 B T A A R I A R R 0O, XN e B R AL
BE5E | SRR [22]-[25]. TEMEAA RS TH, 30 SRR e MR VEAG 25 A8 T AT PRI AR O A o AT i IS
T AE (E) 2E T R AE(TM-04)3@h-B1oNp 78 R ER € 1, H BT A KU F[26]:
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Figure 1. (a) Structure diagram of (TM-04)3@h-B12N12, (b) TM atoms used in this
study, (c) Er values of all structures in the (TM-O4):@h-B12N12 system

& 1. (a) (TM-04)3@h-B2N12 IR EE, (b) AARFAEAR TM EF, (c)
(TM-04)3@h-B12N12 R R T B LEHIH Ef &

3.2. HER &{LiEM:

£ HER 2R, ONEIE PP HUE: 550 1 (H) R AR AR I 3RS 7R B S AR T (HD),
Hi*+ H + e — H; f)a, WHSERTHIHEESEREUH), RNAH +H +e — * + Hys
FERAER A 2 PR T, HER RRAE B Ho I L Az NE R IE T, 1 s frid v & 2 2 4
SRR L, NI S RA B R HER Ssh 2wt i, NS ER 1T H) 5d SR
(TM)JEFZ IR AR LA P 9 5, R HRE HER MEALTE PR R BRI R 22—, A T A B MR P 2 Ui
THISEATT A HAERI(AG ), M EIIEESAE, e, AG . RPN IERER RS, (EAT
IS AG . MEA— MIRFF R S DU Bz, (LT DI HER R AR A6 SN )T 52 5 3)
JIFRHIE. ARAE Sabatier (9JFH[27], AG . FIEEICIR AT IR 5, 32X A0 S SR AE A
. AG . W IEEWHE H¥ Oy H ISR RCRRE R, AT HIA M 1 AG . I 50K
H TAEE, MELOGE— DA SR Hyy S BURBIAE DA A BT [ o SX P 1% L 2 £ 3 25 1
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HER fEAL I RIGPE. D, FRIEF T AG . BUEVEH], BT HER BEALACR IO OR T 7. AT
FULEEHI (PO AG . (£0.09 eV)TENPERETEREAE, RGME I U Gt AG | HlE A, G530
2R, BRI AKX [28]:

AG . =AE . +AE, —TAS . +AG, +AG, (3.2)

Hrt, AE 4 H IRIHRE, AE e RoRMHEMH) RS2 H) Z RN TRz, 8T AR, A
298.15 K, TAS . ZoRM AT Z IR ERIRTAE . AG,, i keT x In 10 x pH R it 545G H . AHE7,
FEMRMEZMET, pHELO. A4, AG, =-neU, iXH U NHMHAL, n AR E T

TR 2T R, ARZ AN AG . RIHEBCRMUE, IXERAE HER JSNLAT G i i A fE B 25
RIAERK, BN BURA N HER M HAIL R . HH(Ni-O4)s@h-B1oNw £5H1) AG . /™ H i B i e Ao
(£ 0.09 eV), FKHZLEMAFAAE™ EIE R B) 715 05hs, B S8 T e id BAL(TER = 1.23 V). & A
JRE IS, AE LRI 7T 4544 H (Os-04)s@h-B12N12 LA #HER = 0.09 V ({4 5 gl it i, Hobk Bl 5 bt
EAL T PARSESE , UE S BAT SEBR N FTE 70, O T —F L5 ) HER A7) o 52 45 FLIAL S 2 (i0) 1 A HER
TETERIAZ 0B 1248 bR, RAE T 55 A VE 7 1] (A 7 36 TR RS 1R S R, o (EDER R, — U5 T R MR A 1% 45
R Fe /N R LA B A 38— AR RV B B s 59— D T, LRI R AR 3 TR i o L Tt P e
o, HIMEAIETESE & [29] [30]. BbAh, B @A H i B A RHE K gl e, A R I S
PR AN B R, o0 T K AR M A A R R 1T H, SRR R RS AE BRI H AL T
SCH AT U R, AT AT SR BRI ARG, il 2 4 v PR AR K ) LSS SR BRI BRIR SR . R TH 3
F[29]:

(3.3)

i, =—ek,

1
AG .

1+exp( KT J
oo ko AR EEL, ke ABORIL B H AL /E HER EACPERERT FUAUUR, @ FELHE AG . 15 io K KIL,
REMIEIEAFINERE S KBESIZ MR R, K 20)8m T AG . 5 o MRENE M. 8T, ZIRTA
W R SR, T i Ol B R AN KRR, R A0 K o 28t 26 AR R AR 20 A . R it
ZEERAIREN HER VERE T R AL RO o 38 0g Kk B IR AN HIAT, R — AN TM TR 2
B2 AR AR B TR T PP HOE Y, o (EIR IR BUEE ), [FIRT AG, . HIRIHEK, IXRAR
FHHEEFBUEI AR HER fEALMERERRIC. 2R, EWAMT, SaiE b s 51 rEum
P FIAE R 20 HER AL S 2 5] 5 7 AR A 25O8E I i o FRODRG /N A BT b S e 7 AT P oo o) s
P RERE k55 . EAFIIERIE, ERANFEYIN Ir. PtAT AuJCES, Os L AR IHALIT N, 564
KT IR ARG . RS RIEMIR Y, Os AR HER MEALIERE, RINARACH I /A7 Al
PR A R o IRl W PERE I 7 A, A AT REUE T Os SRR [E A @ 1, Bds HARr sk i A7 L J5
T RSF DARAE Gt ) G A SR SUARAERF IR WA [F) 0 A 1 e IS A0 AR 7 A A A 79 2 T PR B — i PRt
P, WERK T RN R ES 2, WM T Os HBki) HER fiAIE M.

SR, £ HER HEALFIRIPERE PAL 5 Bt R b, B — O o SRFRAFAE B 2 RIIRYE . ABFFRYT, fi
AN 1 O ST I A 25 MR A, A S SRR e MR . BRI S, AR IR TE IS 25 A
JE(ICOHP) B B s i 1 IS PEAL s A 2 B SRR I, T PR RE B AR IR 1 F 1~ AS IR OGB4 A ARFALE, —
B MA R YEBE S 75§ HEAL T LT S5 A A PR RE R SE M BILA . IR ANHIMT Os FEMEAL IR LA 57+ HER 1
WAERERI AR, ABF ST HIRTHRAER, R 2(c~d) " T AG . 5ELE DOS ZoKAed:. T
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H J5 ICOHP 3 M S X . Bt xHZ A - RS o, BEME-TEHZHER HER Eid 5+
IIRIRR R, RBEMEEAIE T CRER R, R tERE HER MEALFR 18T T RS AL RN BB K4 -
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T A, WHBEIA L, EAG . fWIE. Os MFKRELA T Ir Al Pd Z[], BEREM MRos RS, X
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{ATSAE T 3&E TR B YE T o IXRR AL (4 B RE D AN SRR B rh R AR g A P, (RIS ik 7 TM-H Bt 2
FaEAl, HAOR T PP BRI ATAT . Os 76 HER HRAL 1 9 K BE L ANE H ¥ ICOHP {B 3L [F] e 1 I et -
IBEASHCP IR E, 1 AG . BEE % o SRR I T A TERE T, I Os £ HER R & s AL
A, AGRBUN REERE 10 B0, ARy RO A I A I RS R A LT A AL . X R
FERI T T4k &b Os /280 HER AL RBRE AL, AR AL A BT St T EZ MBI S %
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Figure 2. (a) HER free energy diagram under standard conditions, (b) Volcanic maps show a functional relationship between
the exchange current density (io) and the Gibbs free energy of hydrogen adsorption (AG o ) on (TM-0a)3@h-B12N12, high-

lighting important catalytic trends, The dot-line correlation graph of AG - with (c) the DOS Fermi level of the substrate and

(d) the ICOHP value after adsorption H
B 2. (a) HER FEARER M THIBHEEE, (b) KILEIRR T (TM-04)s@h-B12N12 £ 32 #2E 2 (io) MR M S R B F0 BT
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3.3. OER 1 ORR f#4kEH:

OER 5 ORR fENfIRFEHB AL OTSFE, WM B THB SR, HIRMN )22 R T 2 4 E
Whhe 2 K TR AR . fEMT B2k R, OER 5 ORR 23 B KL T MR MBI ML T, #) A EL AN
AR JFAEIE .

OER {4 [ Rt VU 45 1 #2[31] -

AG,:H,0(l)+*—>OH" +H" +e” (3.4)
AG,:OH > O +H" +e (35)

AG,:0"+H,0(1)—> O0H" +H" +e" (3.6)

AG,:00H" »*+0,(g)+H" +e @.7)

ORR fHAL [ Bz DU 25 1 #2[32] -

AGy :*+0,(g)+H" +e- - OOH’ (3.8)

AG4:O0H +H"+e” - O +H,0O(l) (3.9

AG,:0"+H'+e - OH (3.10)

AG, :OH +H"+e” - H,0(l)+* (3.11)

i 7E OER A1 ORR M4 S NI FErp, i AL VA AL VEBE A% O S8, HAE B S 1 AL
SN B A A P S IRE L, AT R RIRCR MR bR . BRI TR 2 3R [33]:

7% =max(AG,,AG,,AG,,AG,)/e-1.23 V (3.12)
7o =max(AG;,AG4, AG,,AG, ) /e +1.23 V (3.13)
@23 ® ® [ R0 @hB N
(TM-0,),@h-B_N,, [ ] OER (Rh-0,},@h-B N,
- ORR 50
2.0+ | - NoR=0.814 V | <_PDS
1 0 —~ 4 ORRi—
T = NORRE= 0.806 V oDS
— g —>
1.5 >
& < 23T ORR
> — 5 OER
£o g ] 8 2r —
8 1.0} =
451 i I
¢ 1 V
0.5+ 0 b — N S
0.0 ‘ H,0 OH’ (o} OOH’ 0,
Fe Co Ni Ru Rh Pd Os Ir Pt Reaction Corrdinate

Figure 3. (a) Histogram of OER (blue) and ORR (yellow) overpotential of nine structures, where the pink line graph repre-

sents the Bader charge (pink line graph) values of different structures, (b) Free energy diagram of (Rh-O4)s@h-B12N12 under
standard conditions

3. (a) N#PeE#9AY OER (HE€)FN ORR (R &)iITHEMAMIEIKRE, EHHMEIFELERRAFLEME Bader BET(# &
L% E)H{E, (b) (Rh-Os)s@h-BioNw FEARAE R THIE AL

AR FUE I DT 42 )8 Pt K Bt & B A IrOx VRN IR HES R, X A H Ar45H1) OER 5 ORR i AL T
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JE ARG FE A HT[6]. VAL R 3() TR, (ERAHE T 1 H FR45F7E OER F1 ORR AL 2 E 81
TS B R  RE ZE0E, XAAMUE RS SR B TR E w IRE m I Re E S &, T HERE
T S5 A 0K RIS B T AR R 0L

TEIE 3(a), FRATRA 7T A7 20, DOAIR B EOW S S UFP &5 # 7 OER M ORR H i i
B, [T LAY 2 BT K Bader FEARHE 57 46 R R b o FEMEALRN L, 2 e BS54 774 ThT AH HLAE
P, HF 2 R AR B AS R 4 AT - Bader FAIX — S ELAEDS 2 S IR J5 1 Bl R PR A 27 S R 1) L1
RGO, FEBIX R AAGLE &, FRATTRT LA A o B (A ) S5 4 S5 VR RE 2 IR 1) 6 R [34]. T HEEFREE
SRS UG . 2 Bader FUGH{E RSN, R SN EAR S TM R A AAE BRI A AR,
XA ELAE FH 2 S35 1 e ()4 Ji R o B2, T S 80d A RZ, #F Bader HAATEIRAR, U
BB TEEN s TM 575 o (R AE BLAE TS, MECLSEINA 24 &, FREARI T = B AT
Wl 3(a)Fi7R, (Rh-O4)s@h-B1aNip 15 A % 2544 1 LA #OFR = 0.814 V il #ORR = 0.806 V' I\ JUFh &5 14 HH it 2 1
o EAERRE, ZGWE Bader FEGHEE LA AT 75— 451, A TEmEKF, Sont HE
PERL 2 5 e B Hp B AR 2 (AR B I PR S EAE ] o R (Rh-04)3@h-B12N1o 1E AL 2514 HH 3R I
e, (A RS SAREREAL AR LUAD AR e 3 2200 . 456 1 3(b) E BRI — 2B 0BTl 0, %A
ST HTE R O R B FH 5, AR R PR 1) T 3 f5 et & 1 I g 7, [RIBtEEAS T OOH ]
R SO AR IX P REE 18 B A R AN AR IR DG B DN 3R

3.4. OER #1 ORR {g{kitgEn=
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