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Abstract  Using the density functional theory (DFT), the comprehensive and in-depth exploration was conducted into
the structure, electronic properties, CO adsorption and activation performance of Fe atoms modulated by graphene

confinement to reveal the influence of different coordination environment of Fe active centers on Fischer-Tropsch
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(FT) performance. The binding energies of Fe-doped single-atom defect graphene (Fe @graphene) and Fe-doped

di-atom defect graphene are —7.49 and —6.50 eV, respectively, which indicates that Fe @graphene structure exhibits
greater stability compared to the Fe, @graphene. The density of states (DOS) of Fe @graphene exhibits the more
significant left-shift compared to that of Fe,.@graphene, with values of 1.5 and 0.8 eV, respectively. The greater
left-shift indicates that the Fe @graphene structure possesses lower energy, and the higher stability. The adsorption
energies of CO on Fe @graphene and Fe, @graphene are —1.43 and —1.69 eV, respectively, which reflects that CO
adsorption on Fe,;@graphene is more stable than that of Fe . @graphene. The d band center values of Fe . @graphene
and Fe, . @graphene are —1.26 and —0.83 eV, respectively, while their energy band gaps are 0.45 and 0.01 eV,
respectively. The closer the d-band center is to the Fermi level, and the smaller the band gap, which is more
conducive to the adsorption of species. Thus, compared with Fe .@graphene, CO has a higher propensity to be
adsorbed onto Fe, @graphene. The band gap of Fe,.@graphene-CO increases by 0.25 eV, while Fe . @graphene
decreases by 0.04 eV; the antibonding component of Fe.@graphene-CO is more than that of Fe, . @graphene-CO, and
the integrated crystal orbital Hamilton population (ICOHP) values are —1.99 and —2.50 eV. These suggest that the
interaction between Fe, @graphene and CO is stronger, while strong interaction is unfavorable for CO activation. On
the Fe @graphene and Fe, @graphene, the most favorable pathway for CO activation follows the sequence: CO™ —>
CHO™ — CH" + O, with an effective energy barrier of 2.53 and 3.50 eV, respectively. It is easier for CO activation
on Fe.@graphene. Therefore, the three-coordination structure of the active center Fe is more stable and beneficial for
enhancing FTS activity.

Keywords Defect graphene; Fe atom; Electronic property; CO adsorption and activity
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Fig.2 Top and side views of structures of graphene—-C(A), graphene-2C(B), Fe.@graphene(C)
and Fe,.@graphene(D)

C atoms are gray, Fe atom is blue.
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Fig.3 Work function(WF) of Fe.@graphene(A) and Fe, .@graphene(B)

E: vacuum level; E: Fermi level.
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Fig. 4 Deformed charge density of Fe.@graphene(A) and Fe,.@graphene(B)
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Fig. 5 DOS:s of graphene-C, Fe.@graphene(A) and graphene-2C, Fe, .@graphene(B)

E-E, represents the energy difference between the electron energy (E) and E,.
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Fig. 6 Band structures of Fe.@graphene(A), Fe,.@graphene(B), Fe.@graphene-CO(C) and Fe,.@graphene-CO(D)
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Fig.7 Top and side views of structures of Fe.@graphene-CO and Fe,.@graphene-CO

C atoms are gray; Fe atom is blue; O atom is red.
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HOMO REZFEAR H LUMO REZ Ty, A B R, S0l TR WX, 858 HS CO AW fIEa e 1, fiifs
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Fig. 8 PDOSs of Fe.@graphene-CO(A) and Fe,.@graphene-CO(B)

Fe @graphene Fll Fe, @graphene AL I CO J5 , Fe 5 CO B EE 58 55 520 CO WL ANTG AL .
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Fig. 9 —COHP of Fe.@graphene-CO(A) and Fe,.@graphene-CO(B)

24 COEWNRRMHIE

TESRHC G MOV AL FE T, SO CO MTEAL A TR LIE : (1) BB A C MO (2) HBhfiF =
AR IR CHO'B COH, CHO AREEf% B AR CH RO, COHfif 5 AE 1 CTRT O™+,
241 COH#EME 1F Fe@graphene fll Fe, @graphene AL 5] [, CO B 1M B 0945 #4 W S1 F11AE] S2
(WASCZRHFR) , BE2 NG TR S2(ASCLHHFR).

1£ Fe @graphene Z54H1, CO™——>C"+O" W IREZE M 4. 21 eV, WK 3. 81 eV. 7E Fe, @graphene
gEfgh, COEEME AR CM O BRESR N 4.59 eV, WK 2.78 eV. 5 Fe, @graphene 1 ¥ ,
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Fe @graphene H AT EARAY SN fEZ2 (4. 21 eV < 4. 59 V), CO B 55 7E Fe @graphene F 1Zf# 1 .
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Fig. 10 Reaction barriers of CO direct and H assisted dissociation on Fe.@graphene(A) and Fe,.@graphene(B)
3 &

il 1 DFT $EA 7 7 280 BRI Fe I 7 AOS5 1 | HL 515 CO MR S s AL PERERTSE . 452 R 2R,
Fe @graphene 1) 25 1455 52 YE5% T Fe, @graphene. T Fe Jfi 71824 'S 2 Graphene—C F Graphene—2C /)
DOS 1] 2 #% , H. Fe.@graphene [ #%(H K T Fe, @graphene, Ff LA Fe @graphene 254 8 5% . CO 1
Fe @graphene Fll Fe, @graphene | [\ HREHET A Fe, @graphene-CO > Fe @graphene-CO. 5 Fe @graphene
HHE, Fe,@graphene 1 d 47 Huty FRSMEE R, HARBIEE /N, WA F]F COMFE. PDOSFICOHP 4554 i
7~ , CO WL 7E Fe, @graphene B2 %E , Fe 5 CO A BHAE B SR, s Al EAE AR F COTEL. 5

Chem. J. Chinese Universities, 2026, 47(2), 20250299 20250299(95/96)



Jd E% s Ky g R ‘

:u CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁg"-ii/t\,l
Fe, @graphene fHLt., COTE Fe @graphene |G LARRER L, AF] T COWEfL. i, Fe @graphene

SEA AR E HACHE COTRAL . ABISEH/R TR T B85 P E OB s PR AT A5G 2%, DA HEARGR it
SIS .

X #1% & 1 http:/www.cjecu.jlu.edu.cn/CN/10.7503/cjcu20250299.

2 % X W

[ 1] FischerF., Tropsch H., Brennst. Chem., 1923, 4, 276—285

[ 2] FischerF., Tropsch H., Brennst. Chem., 1926, 7, 97—104

[ 3] BradyR. C., Pettit R., J. Am. Chem. Soc., 1981, 103, 1287—1289

[4] Venter]., Kaminsky M., Geoffroy G. L., Albert V. M., J. Catal., 1987, 103, 450—465

[5] SmitE.D., Weckhuysen B. M., Chem. Soc. Rev., 2008, 37, 2758—2781

[ 6] Ramoshibidu P. M., Nico F., Michael C., Eric Van S., J. Catal., 2012, 289, 140—150

[7] Smit E. D., Cinquini F., Beale A. M., Safonova O. V., Van Beek W., Sautet P., Weckhuysen B. M., J. Am. Chem. Soc., 2010, 132,
14928—14941

[ 8] Niemantsverdriet J. W., Van Der Kraan A. M., Van Dijk W. L., Van Der Ban H. S., J. Phys. Chem., 1980, 84, 3363—3370

[9] CommereucD., ChauvinY., Hugue F., Basset J. M., Olivier D., J. Chem. Soc. Chem. Commun., 1980, 4, 2154—2155

[10] Zhang C., Yang Y., Teng B., Li T., Zheng H., Xiang H., Li Y., J. Catal., 2006, 237, 405—415

[11] SunB., XuK., Nguyen L., Qiao M., Tao F., ChemCatChem, 2012, 4(10), 1498—1511

[12] Torres G. H. M., BitterJ. H., Davidian T., Ruitenbeek M., Dugulan A. L., Krijn P., De J. K. P., J. Am. Chem. Soc., 2012, 134, 16207—16215

[13] Schutle H. J., Graf B., Xia W., Muhler M., ChemCatChem , 2012, 4, 350—355

[14] Abbaslou R. M. M., Soltan J., Dalai A. K., Appl. Catal. A, 2010, 379, 129—134

[15] Cheng Y., Lin J., Xu K., Wang H., Yao X., Pei Y., Yan S., Qiao M., Zong B., ACS Catal., 2016, 6, 389—399

[16] WeiY., LuoD., Zhang C., Liu J., He Y., Wen X., Yang Y., Li Y., Catal. Sci. Technol., 2018, 8, 2883—2893

[17] Zhang Z., Wei Y., Yu J, Ren M., Zhao C., Chen F., Zhang C., Jiang Y., Guo L., Sun S., ACS Sustainable Chem. Eng., 2024, 12,
17158—17166

[18] Zhao H., Zhu Q., Gao Y., Zhai P., Ma D., Appl. Catal. A, 2013, 456, 233—239

[19] WeiY., Yan L., Ma C., Zhang C., SunS., Wen X., Yang Y., Li Y., ACS Appl. Nano Mater., 2020, 3, 7182—7191

[20] Zhang X. Q., LiZ., Sun W., Zhang Y. H., Li J. L.,Wang L., Proc. Natl. Acad. Sci. USA, 2024, 121(50), €2407624121

[21] Wang J., Song Y. Y., Chen C., Zhao X., Fan W. L., ACS Catal., 2023, 13, 15794—15810

[22] LinY.F., Wang Y., Weng Z. L., Zhou Y., Liu S. Q., Ou X. W., Xu X., Cai Y. P., Jiang J., Han B., Yang Z. F., Nat. Commun.,
2024, 15, 10032

[23] TangC., Jiao Y., ShiB. Y., Liu N. J., Xie Z. H., Chen X., Zhang Q., Qiao S., Angew. Chem. Int. Ed., 2020, 59, 9171—9176

[24] Kresse G., Furthmiiller J., Comp. Mater. Sci., 1996, 6, 15—50

[25] Kresse G., Furthmiiller J., Phys. Rev. B, 1996, 54, 11169—11186

[26] Blochl P. E., Phys. Rev. B, 1994, 50, 17953—17979

[27] Kresse G., Phys. Rev. B, 1999, 59, 1758—1775

[28] Perdew J. P., Burke K., Ernzerhof M., Phys. Rev. Lett., 1996, 77, 3865—3868

[29] Henkelman G., Jonsson H., J. Chem. Phys., 2000, 113, 9978—9985

[30] LuoD., RenP.J., LiuX.C., GaoR., Zhou Y. W., Guo W.P., Yang Y., Li Y. W., Wen X. D., J. Phys. Chem. C, 2018, 122, 24037—24045

[31] Majidi R., Theor. Chem. Acc., 2017, 136, 109

[32] Wang H. T., Wang Q. X., Cheng Y. C., Li K., Yao Y. B., Zhang Q., Dong C. Z., Wang P., Schwingenschlogl U., Yang W., Zhang X.
X., Nano. Lett., 2012, 12, 141—144

[33] Chen). H., LiL., Cullen W. G., Williams E. D., Fuhrer M. S., Nat. Phys., 2011, 7, 535—538

[34] ShankaraS. K., Ranveer S., Hyungtak S., Appl. Catal. B: Environ., 2021, 295, 120269

[35] MengQ.Q., Lv C., SunJ. X., Hong W. Z., Xing W. N., Qiang L. S., Chen G., Jin X. L., Appl. Catal. B: Environ., 2019, 256, 117781

[36] YuY.X., ] Mater. Chem. A, 2014, 2, 8910—8917

[37] MaZ.F., LiuX., Wang X. S., Luo Z. G. Li W. R., Nie Y. H., Pei L., Mao Q. N., Wen X., Zhong J. S., Chem. Eng. J., 2023, 468, 143569

[38] Zhang H. M., Zhang Z. Q., Liu Y. M., Fang X. Z., Xu J. W., Wang X., Xu X. L., Phys. Chem. Lett., 2021, 12, 9188—9196

[39] YuY.X., J. Colloid Interf. Sci., 2025, 695, 137799

[40] HuoC.F., LiY.W., WangJ. G., Jiao H. J., J. Phys. Chem. C, 2008, 112, 14108—14116

[41] ZhangR. G., Liu F., Wang Q., Wang B. J., Li D. B., Appl. Catal. A: General., 2016, 525, 76—84

(Ed.: Y, K, S)

Chem. J. Chinese Universities, 2026, 47(2), 20250299 20250299(96/96)



