Hans Journal of Nanotechnology ZK$iR, 2022, 12(4), 330-339 Hans )0
Published Online November 2022 in Hans. http://www.hanspub.org/journal/nat
https://doi.org/10.12677/nat.2022.124033

CNGIE BT EEB=REEAFIATCO,
BEEXTERFICH,: E—4EHEHR

LR HEEE R, ERENATHSBEREF E A=, bR

ks H . 20224F10H14H ;. A EM: 20227F1134H; KA H: 20224E11H14H

HE

ZIEFHEAT (TACS)EE ZEMBRIE IR R PL(CORR) P BIL T EXE S, Wit =ZEFREAFAEFEE
B ATHEANASE—HER, 277 BEL2ARMARE(CN)ABRNTESE=F&(3TM-C:N, TM =
Mn, Mo, Ru, Ti)#465 A TR =SB (CO) B RN F HE(CH) . THEEREY, 3TM-CNEILFILEHT
5, MEREH K FIEILCO2, T EXNTE KM (HER)A REFH S| . HAETE HESMEER,
CO;RREE3TM-C,N & IR R BB A22E i CH4 o $RFR BB (UL) T B, 3Mn-C:NRILH T B
Lok, STREIUCH-0.44 V. XERIAUAER B CNEBAIRE T EHISKE, BXF R
E I CORREMEUFE — MR FR X

eI 4L

CN, ZJRFHENR, —HMWBEFRM, CHs FH—PERE

Transition Metals Trimers on C2N
as Electrochemical Catalysts for CO:
Reduction to CHas: A First-Principles
Study

Likai Tong, Yu Zhang, Bo Zhang*
State Key Laboratory of Information Photonics and Optical Communications, School of Integrated Circuits,

Beijing University of Posts and Telecommunications, Beijing

Received: Oct. 14", 2022; accepted: Nov. 4™, 2022; published: Nov. 14", 2022
SR

NEF| M ALY, HKEE, K. N SR R = AR T co, RUBEALIR IR CHy: 58— S ERRT FE ).
KA A, 2022, 12(4): 330-339. DOI: 10.12677/nat.2022.124033


http://www.hanspub.org/journal/nat
https://doi.org/10.12677/nat.2022.124033
https://doi.org/10.12677/nat.2022.124033
http://www.hanspub.org

fRardl &

Abstract

Triple-Atom Catalysts (TACs) have shown great potential in carbon dioxide reduction reactions
(CO2RR). It is of great significance to design new Triple-Atom Catalysts. In this work, a monolayer
porous nitrogen-doped graphene (C:N) supported transition metal trimers (3TM-C;:N, TM = Mn,
Mo, Ru, Ti) catalyst models were established to catalyze the reduction of carbon dioxide (CO:) to
methane (CH4) using first-principles. The results show that the structure of the 3TM-C:N catalyst is
stable, not only can effectively adsorb and activate CO, but also has good inhibition of Hydrogen
Evolution Reaction (HER). The Gibbs free energy profiles show that the CO,RR produces CH4 products
in different reaction paths on 3TM-C:N. The limiting potential (U.) analysis showed that 3Mn-C;N exhi-
bited the best catalytic performance, U, of —0.44 V. These findings not only provide a theoretical
basis for the experimental regulation of C;N-based catalysts, but also provide guidance for the de-
velopment of other efficient CO;RR electrocatalysts.
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1. 5|

AT T AR I A 18 -5 B S AR (CO) FE RPN T B AR, 3 A 17 )™ B 1 I = 08 A R A
SEPAEE )R, B4 AT TR A BOR R FEL S CO, B IE L] [2] [3]. dE4ER, C&H £ MR Co,
HAEARTIF R R, SBEAEYMEL. SR ik, 2, ff CO, )5 [ M (CORR)A
HGE(CH)E Ry — A AT @R 32 2 1) 2 RVE[4] [5]. 28T, W1 Sk A AR S e
N R I A BE 22 A A% R B R A (6] T3 4h, MTEUROBL(HER) BRI LB (1 Jdk A B CO,RR (138
Gl Lo DRI, BETHEER B H AE I HER 37 CO,RR LML H AT B 2 & X [7] [8].

AR, HTAKEARIIRIE, AR LATEGNK RRE AT 25 14 A A T 428 1] P S AL TR A g, f L
A B R T AR IE MER A e B [9] [10]o Bt S HEA A5 w0 BE 0 B R 1 J2 J5E i 4 ) ) B
THEATFI(SACS) AR T HEALFI(DACS) R = R T EALFI(TACS) S, FIHEA T AL, FiacEsm. ™~
Vg BV 7 LA A0 CO,RR I FE 9 HER MIRE ), FTLAEA RAFHIR FHATH[11] [12]. A Mn. Mo,
Ru F1 Ti %55 428 7111 SACs H1 DACs U 2 i 1B UE W] B A %L (1) CO,RR AL IE1E[13] [14] [15]
[16] [17]. filt, MR¥E—2e4RkT, TACs RIHE MG )RR F 7 EEE . Bm i m 5 FH SRR iz
ik TR AR A S A ME S B 4 1) COLRR fEALFRI[18] [19] [20]. (EA3 I /2, TACs B4 @ = BRI S HE bt Rl
MR, HEMTZERBRENRZE, KM SCHEM B S 2K S SRR DAYT 1R I 46 )8
ZIRARIRE, T RRAC A BROAMERE , IR e A2 [R5 Z 1 S 1 AR ELE F PT CASE e 8 Ab 37 (0 B e P [20] [21]
Z LA BRI (CN) & — P A e A A1 S I 0 M k), REB A BIHN —MiTAm[22], H=
s R S 6 NEJR T (N6 2[E), #il AR SR =R A . EAGREIAGEEEaR T4
BRFEE ) TACs [23]. RItk, CoN 757824 = J& FEALTII SCHEM R A BRI 7).
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KLt fEA TAE, JEid 58— VR, #0017 CoN HEi =511 7] 3TM-C,N (TM = Mn, Mo, Ru,
TR, JERGHIIT T 3TM-CoN #fk CORR £ CH, [ RE. B 5k, T T 3TM-CoN et &
HLTE5 s LUk, I d i RO 3R K R T AR A, IR N T 3TM-CoN it CO, FIWR B 575 1k s B
B T CO,7E 3TM-CoN ik J5 A CH, i A R 45 S AR PR A 3. THEEE R, 3TM-C,N fifkj4h
FFasE , BEA RO B AELL CO,, FE HXF HER A RUFII#IHIHE . JForbr, 3Mn-CoN I H S af I AL
FEA PR LA N —0.44 Vo IR SR BIAM N SEI F RS CoN EMEAL ISR AL T HS AR, 0 FF & Hofth s 3
CO,RR HLfHEAL T — & B 45 5 2

2. ARA*
2.1 HESH

BT BAT A RAL A 0 2 R BB (DFT), A AR T A (LS5 #824E Vienna Ab-initio Si-
mulation Package (VASP)HiE4TiH5[1[24] [25]. b fEd, # C-25°2p*. N-25°2p%. 0-2s°2p*. H-1s'
PLK Mn-3d°4s’. Mo-4d°5s'. Ru-4d'5s'. Ti-3d%s' HiFHUEME A HL T, @i 5524801 1i 9% (Projector
Augmented Wave, PAW) 75 &R 75 &l R AH BLAE R, J@ad )™ SOk FE 3 fA(Generalized Gradient
Approximation, GGA)H [#] Perdew-Burke-Ernzerhof (PBE) /7 V2 4tiidk 22 He <k BRI [26] [27]. N TS AEE I
gE R AETR, THER IR T e LN T DFT-D3 515, o, Zhfgsibrid B o8 450 eV, REEAN
ISR S A 1074 eV A1 0.05 eVIA. it 7 vk IR BE R S5 1 BN 0.01 eV, FITekst s I Sieh b
PEL K RE S 1 f IR A St . g5 IR K 25 18] U Dy o0y (Gamma-centered) #4173 x 3 x 1 /)
PRSI FETHE RS AR, W TS AR T AT IR

22, IWEALARN
AR T VS A AR B (CHE) T T hRE et F IR T - A T3 S AU fb 3.

H*(aq)+e’<—>]/2H2(g) (1)
WA 1Z T8, BN IR S L 1) 5 AT B B A AR AE T A SR R [28]:
AG = AE + AE,,,. — TAS @)

Hr, AEADFT iHHARIRREEZME, AE,e NEFSBRIZM, T NIEE(298.15K), AS AREHIAZELL.
W B fie /N AT RA BT CO, Wi P8 A 771 2 T N PRI RS E R o TR B B A 2t - [28]
AE 5 = Eqem = (Eaurt + Ereaet) (3)
Hr, Eggen NWERER, Egyq ME g0 22 HARIE T 5 WM 237 F 0 3 0SSR A0 025 rh ST ) (I B 20
MUResEL. JRESRUL, WIEE A TR, TR RN, TR B R e e 1
CO, W Bt E M AT R T ML AT LR d A O BRI, T8 d Ao i A0 R .

) d
. lend(s)g £ @)
Lond(g)dg
Hrh, ng(e) NXTRIRY d 3 LT IERE, & MR
Fiah, WBREEA (U )RR A DR R N A . A ON:
U =-AG,, /e (®)

Hort, AG,, J9HEAS CORR B42r [ BB LI KA, e LT HLE[29].

ads —
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3. &R5118
3.1. 3TM-C,N =& pE RIS EM D

ALIG I 4 CN it 288 a=b=8.32 A, 53¢k 8.30 A k%, WHITHHSHN BN
HH[30]. —RAAAHEARA T CN SR 2 x 2 8 M, BRI 48 4~ C IR 24 S N R,
K L) . 6 cr MM E T 15 A 13543 J2 kI G A 48 S A% (] (R 52 o 3 4 08 = SR Al s &
£ N6 T B, AT ESEE TS WA N JE e, Hl =R Ema. & 1(b)~El 1(e)2 7", Mn,
Mo. Ti JiiF#m T CN “Fi. M&)E Ru RAWRANETF T CN VI, —MEFE CN & T FH—F
i

00

(a) 7 (b) /W OH

ON
ocC
O Mn

Y. c O Mo
| W+ ac—Ib ORu
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© (3533 |0 I 3 e L
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Figure 1. (a) The stable structure of the optimized 2 x 2 C,N supercell; (b)~(e) The
stable structure of the optimized 3TM-C,N

B 1. (a) /s 2 x 2 CN BRIMMTEELHIE; (b)~(e) Hik/F 3TM-CN &
RELEE

R T A AL TR R PR S TR 5 A, BT LAFRATTFH A SR BEXT 3TM-CoN iR iR AT 1 1P Al A
RAEHR S, X RIS RS E . 3TM-CoN AL A1 N 2R B8 3Mn-C,N (6.67 eV/atom) < 3Mo-C,N (6.71
eV/atom) < 3Ti-C,N (6.76 eV/atom) < 3Ru-C,N (6.79 eV/atom). EATHI M i BARLLWIEE CN (6.82
eViatom)ig /)N, {E B TRk 7 (4.12~6.45 eV/atom) [31]) A4 (3.71 eV/atom) [32], UiRHH BB &
RS E 1 o

N T IRNERfR 4 JE = RARH CN ZRIMAHEAER, FRATTHE T 3TM-CN HL—7- 35 % A 72 43 o fif 5
FE, il 2 fos. B 2(a)~ 2(d) A% EEIER, ERCKRREMIT, &8 =R d P (&b a5
715 CoN B N 1 p Ui (B 75 €350 20) 2 IR B S5 (9 5 B0 (B R 2R 35 47) » BB 3TM-CoN 3R
THRER R, HER=RiK5 CN M E/ERMRE. LA 3Ru-CN +, EFIEFL, KXW RuJiF
5 N R T2 [ AH BAE F b A 8@ IR R0 N5 T2 (R A ELAE P B 52, 1% A2 3Ru-C,oN Ak 7R e 1 f i
MR [, IR ECABSRMA LR, S8 Ru A5 N Rz AaesEam, #KEE, 5K 1
A —A Ru Ji 15 CoN &b+ [F)—F i A BLAH A5

Kl 2(e)~ &l 2(h)Z= 4 rfur %5 B IR, IE AT TE &)@ JR 7 JA AR R (B R i 38 43), 76 N R 1B sk
D(EFE A, B TANSBRETFEER T NJEF L, NN ETFS TMEF4E.
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Figure 2. (a)~(d) Density of states (DOS) of 3TM-C2N; (e)~(h) Charge density differences of 3TM-C,N
[ 2. (a)~(d) 3TM-C,N HIE F7SZEE; (e)~(h) 3TM-CN HIE S BT ZE &

3.2. CO, £ 3TM-C,N LRI MHFI#NETEL

CO, i fft & CORR EE—20, WRBXREIEM—D. FEM CO, W /Z CORR REARS: T ik
A CO, HIEWAR B — @ R b T AR R Atk Be . W&l 3 s, CO, Refe e MR RHE (R AL 73R
M, JFH CO, 4 THAURA TR MBI CO, B3 T ¥ItaTEI. N T @&, H CO, W IHRER
CO, KA ME(E BAEL 1L o, CO,Mffi7E 3Mn-C,N. 3Mo-CoN. 3Ru-C,N 1 3Ti-CoN AL 713 [
(IR B RE 23 30l —1.27 . —2.97, —1.59 F1-3.73 eV, FE K I REFR IR CO, REfRE I 7E 3TM-C,N 4L 71
Fifi. C-O BEK M 1.20~1.42 A (5751 DL & O-C-O A M 108.97~128.80° (1125 Hi &L Ui Bl T CO, 155 T H KL
A AL o

N T IRNIR T COLTEME AR TR T I P S L, BATTTHE T &2 = SR AR 1 d 75 w0 AR 22 4 v o 2 5
Kl A() s &8 = RAR d RO SRR RN R, HXRHMR=-075 5dFHOoMiREBEAS
BUF. NTHIRANMNT &R =Rk L CO, MM HER, FRATM =4EPUEhH2EL T alpha(a) & H1 beta(B)
B d RO E W 4(0), B AC) TR, o BB A d LA LA AR d RO AR 2,
B o 75 d HD SIR AR L TSR REIMIC R EON R =-0.99, MSCHESELF, I CO, MR BT fHE A 7512 T i
5&m =N o PUBMBAFHE . & 4(d)~K 4(0) P RIZ D G SR, IR e)E R T LR R
(B ). BT HEEIET I CO, 7 FHBAML CO, M3 TiEk.

Table 1. The adsorption energies ( E,, ), change value of Gibbs free energy adsorbed by CO, ( AG ), bond lengths of C and
O atoms in CO, (d.. , ) and O-C-O angles of the most stable CO, adsorption configurations on 3TM-C;N

= 1. 3TM-C,N EIRHMi CO, ZIREMBIMIRMIEE(E,,, ) CO, WHMIEHRATEHEELZILE(AG). CO,# C 10 JEFHY

#1(d., ) O-C-O AE
Models E..(eV) AG(eV) deo (A 0-C-0 angles
3Mn-C,N -1.27 —-0.63 1.42/1.31 110.58°
3Mo-C,N -2.97 -2.33 1.37/1.37 115.68°
3Ru-C,;N -1.59 -0.93 1.20/1.41 128.80°
3Ti-C,N -3.73 -3.10 1.41/1.41 108.97°
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Figure 3. (a)~(d) The stable structure of CO, adsorbed by the
optimized 3TM-C,N
[ 3. (a)~(d) HtkfE 3TM-C,N IRt CO, Bafa ELEHIE

@ ®) © 4
1 9 3Mn-C,N °
° ° @ 3RuCN 3Mn-C,N
°
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Figure 4. (a) The linear relationship between the total d-band center of the transition metal trimer in 3TM-C2N
and the adsorption energy of CO,; (b) The linear relationship between the d-band center of the alpha-state orbital
of the transition metal trimer and the adsorption energy of CO, in 3TM-C,N; (c) The linear relationship
between the d-band center of the beta-state orbital of the transition metal trimer and the adsorption energy
of CO, in 3TM-C,N; (d)~(g) Charge density differences of CO, adsorbed by by 3TM-C,N

& 4. (a) 3TM-CN i E€RB=RAFME d Hdil5 CO, IRMBERILMEXRE; (b) 3TM-CN Hid
EERB=RIEaSHIER d HH 05 CO, IRMBEMZE X RE; (¢) 3STM-CN FidiEER=RIF g &5
HIER) d b5 CO, IRMIBER M X RIE; (d)~(g) 3STM-C,N IR CO, FTRIE H BB Ter 25 B (&

33. TERNS S HEER R M A EEE
RFTRAL, RS 1157 15 5 KA 0 HER VRN RIS BLES T CO.RR [#EAT . FT BL— MR HEAL I BE
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) HER £ EEf. 76 1 f1F 2 IR, 7E 3Mn-C;N. 3Mo-CoN+ 3Ru-C,N 1 3Ti-C,N = f 00 b 75 A 1
I AE 519-0.99, —2.44, ~0.43 F1-0.89 6V [AG .| > 0.4V BLYI HER 7E 3TM-CoN A7l |- Bo
(331 I [Epgqecoy| > [Euern| BEHT*CO, HAH B2 SR BHLE 3TM-C,N LRI T HER. 53
Ah, BRI, CO, A £ *COOH (*CO, + HY + e — *COOH)F1*OCHO (*CO, + H* +
e — *OCHO)F /Ml k. %T HER Kik, HAE*H (* + H" + e — *H)P4. Wl 5 iR, @il
AG (.coomrocro) T AG vy FIR/NGE A1 T H B RE AR HEHE PERLST), 3TM-CoN AL IR /AT B - X Ik
(CO,RR #EHFME), i) T4 f*COOH Bi*OCHO. Zi& LA ik, mILAEH 3TM-CoN fiifk 7%+ CO,RR
HA RPN, Aefg R ) HER MR 4.

>

0 -
@ AG (*COOH) 3Ru-C4N

S ] aaceocno 3Mn-CN @« 4
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Figure 5. Free energy changes of the first hydrogena-
tion steps in CO,RR and HER on 3TM-C,N

5. f£ 3TM-C,;N &% — SRR R HfrE
REE—SMER KB HEETL

Table 2. The Gibbs free energy change ( AG ) and adsorption energies ( E
on 3TM-C,N
% 2.3TM-C,N EORM H BT 5 £t B 08 A F 85T (L8 ( AG )RR BH&E(E,,. )

) of the most stable H, adsorption configurations

ads

Models AG.,, (eV) Erssery (€V)
3Mn-C,N -0.99 -1.24
3Mo-C,N —2.44 -2.67
3Ru-C,N —-0.43 —-0.67
3Ti-C,N -0.89 -1.13

3.4. CO,iEJE A CH,

K6 7R T 1E 3TM-CoN AL I, COL it 8 HL T B% A5 2K Jl CH, 1) F TR A4 B 45 K40 R ER BB 20 A 1
CO, £ 3Mn-C,N A1 3Mo-C,N A% CH, f#%4%~: CO, — *CO, — *COOH — *CO — *COH — *HCOH
— *CH,0OH — *CH, — *CHz — CHyo %f T 3Mn-C2N, #EZFRH|HHEZE*COH — *HCOH, il & HfE
Ak 5 KAH 9-0.44 eVo KT 3Mo-C2N, 3 Z [P B &*CHy — CH,, 5 AT 7 H B g8 fb e K AE H-0.97
eV, CO,ft 3Ru-C,N [k CH, 4% ~: CO, — *CO, — *COOH — *HCOOH — *HCO — *HCOH —
*CH — *CH, — *CHj3 — CH,, K RH|25 B *CH, — *CH,, A1l A hfE2 1k % KAt N—0.73 eV. CO,
E 3Ti-C,N |2 il CH, 4% 4 : CO, — *CO, — *COOH — *CO — *COH — *HCOH — *CH — *CH, —
*CH3 — CH,, EEIRFIHIRRE*CO — *COH, il [ e A8 b i KAE N-1.63 eV.
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(@) *CO, | *COOH | *CO *COH | *HCOH | *CH:OH | *CH. *CH; *CHi |~
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Figure 6. (a) The corresponding stability structure diagram of the reaction intermediate along the reac-
tion path of b; (b) Gibbs free energy distribution diagram of CO, reduction pathway toward CH, on
3TM-C,N (numbers 0~8 represent electron transfer numbers)

& 6. (a) R HIEMAE b R MERERIXT IR ELEWE; (b) £ 3TM-C,N £ CO, i [E =4 CH, B
EHHRHTEHESTE T 0~-8 REBRFERY)

3.5. £k CH, IR PREg 21

K 7 4517 CO,7E 3Mn-C,N. 3Mo-CoN. 3Ru-C,N F1 3Ti-C,N il JF A CH, IR IR EEF (U . iIX B
EEK U BRBEGERGZ. R CH, B Uy #2331 HEFI# N 3Mn-Co,N < 3Ru-CoN < 3Mo-CoN <
3Ti-CoN. 455 KE, 3Mo-CoN #1 3Ti-CoN BeAhbkft 2%, U | > 0.9V A S i BRSO B (1) i i
MR . TEBERRIF I MEAL 72 3MN-CoN . 7E 3MN-CoN _EA2 B CH, (AR IR FE 34 —0.44 Vv, R I B
PREAGTE M, 2 DURRHE A 77 b B i RE SRR o 70T, 3TM-CoN ik CO.RR A2 H] LASEEL . FRAIT
I TAERZR T 3TM-CoN 7E R B b F A7 0 FELAEAL R X CO IR A AL R it fE . o2 3Mn-C,N
FEVU R P R R B i o IX— S5 BRI, CoN Skt i I 6 )8 = AR AL 71 2 A R &7 1) CO,RR ¥E ).

-2.0

-1.63V
-1.54
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-1.04
-0.73Vv
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0.0 I
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Figure 7. The calculated values of U_ (in V) for the produc-
tion of CO, to CH, on 3TM-C,N

[ 7. CO, 7E£ 3TM-C,N IR [E4E B CH, BTHI U (V)T EE
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4. &g
U

B2, RTAFEEHEEZ RIS THE, ¥ T 3TM-C,N (TM = Mn, Mo, Ru, Ti) I A 107,
18 3TM-C,N HLIEALIEJE CO, A CH, IR ALIERE . R, #ieE CN B4, M. TR =Rk
R R T R E AL TR . 6.67~6.79 eV/atom (1) A SRRER I tH AR AR e 1t o IV <65 B = AT C,N 2 [A] 1] &
(1) L far 25 FEAR R BH R AR 08 BSOS I M A A A% a2 3TM-CoN AR & iy s e PE R Rl . CO, B
W], 3TM-C,N Jfid =M a A TM 3G VEAL S RIVE R, A CO, MR B AT a6 TE AL SR 0 1 A ) i) 855
CO, 7£ 3TM-C,N _E [ Fff fE£E-0.63~=3.10 eV JuFE N . O-C-O B A2 i Ll & C-0 # K M 1.20~1.42 A
#HULH T CO, WA MOEA . A M A AR TH R, 3TM-C,N Xt CO, #558  W B DA B Xof v 1] 4
*COOH/*OCHO B 1w A7 fr 5 HAE R I X HER R AFRIFIHITE. WER AR, 3Mn-CoN FILH i
WA TS, ¥ COLIE 5N CH, B B 2P B2 *COH — *HCOH, U, 4-0.44 V.

EHEWH

R FAS B E R B AR FIE SR B S 12174035).

SE
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