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Abstract

Single atom catalysts have been widely used in various fields due to their high thermal stability,
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uniform active center structure, and 100% atomic efficiency «,f-Catalytic Transfer Hydrogenation
of Unsaturated Aldehydes. As one of the current research hotspots, graphene has many advantages,
such as high specific surface area, high chemical stability, excellent mechanical properties, and
good electrical conductivity. However, due to the zero band gap of pure graphene and the small
number of surface active sites, its application as a carrier material is limited. In recent years, with
the rise of supported single atom catalysts, various single atom catalysts supported on graphene
have been synthesized and have shown excellent catalytic activity in many catalytic reactions.
However, the micro understanding of the electronic properties, formation mechanisms, and inte-
ractions between metal sites and supports in these catalysts is not thorough enough. Therefore,
this article summarizes the structural stability and electronic properties of single atom catalysts
supported on graphene, and achieves graphene modification by doping heteroatoms on graphene.
Using theoretical calculation methods, it explores the catalytic reaction mechanism and catalytic
performance of single atom catalysts supported on graphene with different coordination numbers
at metal sites, thereby providing reference and guidance for designing catalysts with better per-
formance.
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FETE4E 57 (Single Atom Catalysts, SACs), 1 2011 4F Zhang 5 A [1]8 KR, #5E SONIIRST 3%
A AE A P IR B R ] e AR AR I — AR B AL, LR S R T S B TR . B2
J5, SACs K EAFHF e . WO — . 100%[H) R 1 R0 54T m 7R ML AT 52 Bk 22 1)
R, HONGRET R R L 5 TR A A ST 4@ 8 DR A B R 51 6 Ja S J Ak R B A T
Mg, EEME, 5EGNMERGORMEARIRRTE T, SACs HITEME O J5E TR A A
AR, FEURZMEARDIRI NI R 76— S i i Rt e R AL R S S bR A i RE R
M 2 e B AR A TS 1 . AR, VP2 IRt RN, @ ST SACs Hh & B M 53
W2 BIA EAEFI[3], BTCASR Sl S B A i PE R B, JRTEIE B INAL. CO Afk. CO it JA.
KIS (RWGS) 554k 2 H B AL S S AR A5 21 1T 32 B 4] [5].

F1 8475 (Graphene, fAF% Gr)J& JE 4 0.334 nm B9 4 bbRI6], Bt sp? 24 4biERE iR R T %%
HERR R R () B2 e g iy . N EA R SRt MR R B 5 B e S
ST RN — TR IR S R TR B R o AL, A BRI R T AR 1) AR 5 M I A R R I S AR
HORI T B A A O E SR [ 7] . AT, R T2 S E A BN SR, I HAR A s gb, BRI T
HAE MR N . Rk, 85 RHSE. SR G0 FRERASEERTB], sSeaiutBRE, ik
BIET RS RE T N S R B I T T AT (e . Hoh, B R E T[] CH
UERA i 8 — i R A B0, @id N. Py O. S &« c &nha |k T B Aok, AT
DT 25 DAOEE A BB R T T A7 s O B [8] [10] [14], AT AsE— B4R m AR PR R, T L
B, A RO S PP TS 1) R AFARE . FE3B 2 % 5 b, B TR B U A 9 — P s A5 2651
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WIS N AU R E TR, RE R S EAAR A EAER, AR LS AR 12] .

AR, M TEFBEEMERME SACs HiR%Z, Wit @ MEWsf Pd. Pt Re [13] [14] [15] [16]. dE
Bt R AT Ni [17] [18] [19]+ Cu [7] [20155, o ofr a4 SR i AE 53 4 i B J - P Ak AUV E R — i 2 1)
BRG], T2 B T S AL RS U (CTH) . 40 Fei [21]%F DLEAL AT 5805 N AR4K, 76 Ar/NH;
IR R —N I A T ERIE RIS 44 A0 580 BB T Co (Co/N-f1 s JA AL 7). HoH Co/N-A1 5807
HEAL R I B S e . R ME BRI A7 . Feng 25 [19]7E &5 4% (45 R ER(NHCS) i % T
Ni-SAS/INHCS A4 55 FH T 1 SR A A A R AU R i, TEIR AT 264 TSI 100% K R ik = e, i
(TOR){E ik 29.9 Wty FETHELERN], BA Ni-Ng A7 5 BENS RIS BT H At (N H) R L AR HE-NOH
FHAMEA, B, Ni-SAs TR =4 s B AEYE . Yang 55 A[22] B N-A7 880 A fi A R,
I A IR S . AR TR, ) T SERAE BB 20 SR (NI/N- A S8 A A 5R))_E A BEA N
JRFo Ni/N-A7 S8 M AL FRFE S AURIGER TR 100 AN/ 5 AT 88 T ORHF 98% IR S Ak 1 BE . Feng 5 A [23]
TEAT S0 DA Ni-Ng SR A7), DL B E SR T B S5 f o SRS AR B B, Ni-N,
fRErE N AL RURIETER G, JF BARE T NI AR RS 1 B A EE N T2 B, T SEIl T mfiEfl
WY, IR TIEC SR S b CTH BT e . Fan S A [17148 H IEWECAEE, K Ni 574 58 700 2206
TR EACME, AN ERN 95.6%, PN/ IE RN 97.1%.

2. BEFELF Ni-N.-Gr F1 Ni-Ns-Gr BHB PR EM S

R T BT T ETCAI R N 4 F 3 1 Ni-Ng-Gry Ni-Na-Gr AL FIRIAL, P Fh s A 1
AL 1(a), [H 1(c)ias[24]. R 2 sk FEiE(DFT), KM DFT-D3 J7i%%} Ni-N4-Gr. Ni-Ng-Gr
FifaE AT T . B5, MWRALIISS T DIE H, 5T Ni-Ng-Gr, Ni 77 PP AR RN E 5 44

Figure 1. (a) Optimized structure of Ni-N3-Gr and (b) Its charge density difference
(CDD) plot, as well as (c) The optimized Ni-N4-Gr model and (d) its CDD plot. The
gray, blue, and green color balls are for the C, N, and Ni atoms, respectively, and the
unit for the bond length is A. For the CDD plots, the cyan and yellow colors represent
the depletion and accumulation of electrons, respectively, and the isosurface values
are set to 0.016 e/A% [24]

1. (@) Ni-N3-Gr Btk &5+ Fn(b) EEBETZE ZE 57 (CDD)E, (c) Ni-Ng-Gr Bk
{LARBIF(d) E CDD E. &x&. HEEMEEKNHINREFC, NFINIBEF, #K
Bk A, 3F CDD B, FEMARSFIRKREFHERNAR, FEHEMER
& 57 0.016 /A® [24]
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AEEES, 44 Ni-N KN 1.88 A, 1 Ni-Ng-Gr H1 (1) Ni J& T 547 8% LL 1.48 A 1) Ni-N 4
SERAL T RILE LI [24]. HBEEA R E, (Ni-N;-Gr) = Eg +4u —(Eq, +3uy + Ey ) [24], 5
5 H4 Ni-N3-Gr F1 Ni-N4-Gr 4k 2 197 5 e 4 51l 9—3.93 eV F1-1.13 eV, % B Ni B2 J5 743 B7E Na-Gr I N-Gr
BAE ) FERREER, B NI JE T EUE Ni-N-Gr B8 s fasE . seah, i f 25 240 B (pecp =
ProtalPNi-PN-Gr) [2417 T H 21 T 1 1(b) 1 1(d) [24], £5RFHAA/EHET M Ni J5F I B HFEFE F] Na-Gr
FINgGr FE L, BEFEENI S5 NBREAEBEZ LR T —ENEE - SR MAHEEER ],

IeAk, i Bader HLf 43T, SCEEIETS H Ni-Na-Gr A1 Ni-Ny-Gr 4 £ ) L fir 72 %0973l 0.77)e|#1 0.83
le] [24]. 1XFBA T Ni-Ng-Gr I Ni-N4-Gr ¥1 9% EAFIA R, JF B Ni FI Ny Z 8 1 AT AL FE0E 2,
IEA5 H Ni-Ng-Gr BEINfeE . X5 R PR AL 7 i Re Al B i 35 FE 72 73 R BT R AR A 300 — 2, gk —
BRAIET Ni JR 15 Na-Gr il Np-Gr Z [AlFIAFTE RS AR 71, PIFME ARS8 A Bei i # 1 R E
I H Ni-Ng-Gr B8 4

3. e R MINEHR
3.1. FREETE Ni-N,-Gr iEFE M inS ieEet IR

KM DFT-D3 Jrik, LASENBENEIR, Ni-Ng-Gr fE AT TT 135 58 4k I AT RO 1 i £ 4 m
AN . ESEIRTT 1 RYIBEEE C=0 fl C=C PIFIA MW AT, Wnlsl 2 fos[24]. EH(e). (&R
T3 TAE Ni-Ng A7 s BB 2 Ak 9 P, 170 11 () A1 () 2 MR A1 7 PR 90 1 (SRR BT T A WRPRY 5
3 5 A 2> S C=0 Al C=C LMK AW B BE 73 31l J9—2.05 F1-1.97 eV, RUIHERE (KB ELL C=C 2
A EA S R A T, C=0 IR I LT C=C WM, W] 1 BRI S MR BT [24] -

Ni-N,-Gr

H (-1.97)

Figure 2. Different adsorption modes of furfural on Ni-Nz-Gr [24]
2. FREETE Ni-N3-Gr LRI EIR FiREC[24]

T T FORBEAE Ni-Ng-Gr B RAN R SR IR AR SRR TR 7> 11 CTH ik #2. anl&l 3 fos[24], #isE
TR RERI R N BR AR (R 2k AR 1, 40%k: BRAT 2)MHITREREIN SO RERT, Hrh it 1 7E5) )%
FEAER], BE 2 R EEAR . W T AR NS, RECPIRYN AR TR SRR, R
T H R E-CHO (34 2K C=C 3. Kk, wLAEHE®R, WS AR CTH I
FEAEI ) F0B) 3% EYA R, AT DUSEIURERS s b 22 e B N A O . SR, BRAE 1 FERAE 2 J2AH
4], BOARTEEN 15 LRARIN, WEEERIIY LRARIM. HAh, 7E Ni-Na-Gr % 5 A1)
W B f56 £ 246 X6HEL.(0.93 e V) /N T4 Jla B PR il P It Bt 664 1.06 eV, 156 B TR Bl P W BB 17l 5 S A0 o
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relative energies are given for different states [24]

3. Ni-Ng-Gr EHFBMEREHEEERD M. B T ARMRES THSEAFIERT sEE[24]

3.2. Ni-Ns-Gr fEL I RIEEFEF M NS R MR R

SCEEHUK A (N HL) E IR, Ni-Ng-Gr SRR A ], 2858 T Br BUR KA 5 75 12 (Br-CeHaNO,)
f) CTH MLEE[19]. BFFCH, BT iH5 A H NoH, 1 4 /S H RS RE 224K 0.934 0.05. 0.52. 0.67 eV [19],
NoH, 70 T HIZE —A H BRI IR . Ik, e I8 T NoH, 73 T AEMEA B R b S5 A s,
E T B R AR [19]. BhAh, HT YT Br-CeHs-NO, & 2 Al JFIE R, e T IRY 2 T A
I o K R B B« 35 3545 Y Ni-N3-Gr 5% Br-CgHs-NO ] NoHy N-O -Br J: [ W Bt 6 73531 A 1.00.
1.09. 0.61 eV [19], &5 RRWIGHELL Br B4 5 5 WM E Ni A7 e 80 S S BR AR IR ST, anfel 4 Jir
AR[19], B NoH, 70 FHIDUAS H 23 5If#EES, Br-CeHs-NO, RIINAL, FH ML A/KY T, 1 EWR A
TAKE W TS ATINE . A KM AR N Br-Ph-NO, — Br-Ph-NOOH — Br-Ph-NO —
Br-Ph-NOH — Br-Ph-N — Br-Ph-NH — Br-Ph-NH,, %A In&id #6622 i i R0 B 9 -NOH 2 [ 1)k 2
IEREIEIEJFOS R, AE2275 0.96 eV [19]. P FRATIE IS a1 H 458, Ni-Ng-Gr 4655172 % Br-CsHs-NO,
[1)-NO HEAT % £ M I E S 0L B AR A b 7)o

3.3. Ni-N,-Gr HECEE /B = AT R A 52

FHRT AR TC 35 1) LR N SR, 0 AT e A% S A (TH) A& — B RA W 5] 77 4 1 24 I 1) A R 5 56
s 5 FroR[23], SCE AR T — R L IR Ni-Ng 7 ST, T 0 vt 1 R v 28 b
o R B REAL IO/ o

S b R A AT AR ) -5 F BRI IR AT , BT 4% PR A 7R F B e 433 (TOR) L 22 h
[23]. BHBTIITTH, -CHoOH JE[1 1 A7AE AT AR KR BE % 80— il AR R B TH SO, T AS 2 AR AR
T8 (A RUACRE ™ A S A P 23] o BRI, Pl 28 R AT 328 Ni=N 7 51 Ni1/CN EALFTXT HMF () TH
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Figure 4. Free energy profile for the hydrogenation of Br-CgH,;-NO, with N,H, as a H donor. The structures of intermediates
during the main reaction pathway are plotted [19]
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Figure 5. (a) Free energy difference of ethanol dehydrogenation on Ni and N sites of the Ni-N4sample; (b) (c) H radical was
adsorbed on the Ni site of Ni-N4 and the N site of Ni-N4 and their corresponding adsorption energy; (d) (e) Calculated energy
profiles of TH of HMF over the Ni-N, site and CN catalysts via the hydroxyl route and alkoxy route; (f) Proposed mechan-
ism of TH of HMF over a single Ni-N, site [23]

5. (a) Ni-N, #&A9 Ni #1 N s EZEZBR SR B REEE. (b) (c) H BEREMMIZE Ni-N, B9 Ni fZF0 Ni-N, B9 N L&
HAEMARMEE L. (d) () BERERFEMEERREITET Ni-N, iL=F CN #LF E HMF 89 TH BgEE 5.
(f) BHT HMF ZEEA Ni-N, s A TH #UHI[23]
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RHLH G SEIG AR HT SRR ], Ni-Ng Az iR N 2G5 Ni BOFE7EFRAIC T
REmEBE N BT 8, TSI 1 A s PR [23] . 1Z AR AR AATAT DU R 51 B e N i)
B BOH - 40 TH N e )g N 3287 [23].

4. BESRE

ASCLRIR T JURASF] N AL B0 B 535 2% B0 S0 v AR O AR AR, IF L i e 5 e I 1

FERB A I 820 LR R AT RV, SEM S @ mER TR, W BRSO UM S
e T AR B S R A ME AT R BT, MO A P R BRI G5 R S PR RE 2 IR (R &R . FIEE L

AN H

AR, BIEFT TSR] N BCAL o0 A S0 2 B S AR PR BE RS, 4878 1 — S8R S B
AT < v A AT R SN B NETLER o 23 b, SRATTIA T DA e A shds b 82 I U 17 ok
KA SR I e, OB BB R A SR BEERR T )

BEE
[1] Zhuo, H.-Y., Zhang, X., Liang, J.-X., et al. (2020) Theoretical Understandings of Graphene-Based Metal Single-Atom
Catalysts: Stability and Catalytic Performance. Chemical Reviews, 120, 12315-12341.
https://doi.org/10.1021/acs.chemrev.0c00818
[2] Giannakakis, G., Flytzani-Stephanopoulos, M. and Sykes, E.C.H. (2018) Single-Atom Alloys as a Reductionist Ap-
proach to the Rational Design of Heterogeneous Catalysts. Accounts of Chemical Research, 52, 237-247.
https://doi.org/10.1021/acs.accounts.8b00490
[3] Yan, M., Dai, Z., Chen, S., et al. (2020) Single-Iron Supported on Defective Graphene as Efficient Catalysts for Oxy-
gen Reduction Reaction. The Journal of Physical Chemistry C, 124, 13283-13290.
https://doi.org/10.1021/acs.jpcc.0c03930
[4] Zhang, N., Ye, C., Yan, H,, et al. (2020) Single-Atom Site Catalysts for Environmental Catalysis. Nano Research, 13,
3165-3182. https://doi.org/10.1007/s12274-020-2994-3
[5] Ren, S., Yu, Q., Yu, X,, et al. (2020) Graphene-Supported Metal Single-Atom Catalysts: A Concise Review. Science
China Materials, 63, 903-920. https://doi.org/10.1007/s40843-019-1286-1
[6] Yam, K.M., Guo, N., Jiang, Z., et al. (2020) Graphene-Based Heterogeneous Catalysis: Role of Graphene. Catalysts,
10, Article No. 53. https://doi.org/10.3390/catal10010053
[71 Hu, R, Li, Y., Zeng, Q. and Shang, J. (2020) Role of Active Sites in N-Coordinated Fe-Co Dual-Metal Doped Gra-
phene for Oxygen Reduction and Evolution Reactions: A Theoretical Insight. Applied Surface Science, 525, Article ID:
146588. https://doi.org/10.1016/j.apsusc.2020.146588
[8] Choi, C.H., Chung, M.W., Kwon, H.C., Parka, S.H. and Woo, S.I. (2013) B, N-and P, N-Doped Graphene as Highly
Active Catalysts for Oxygen Reduction Reactions in Acidic Media. Journal of Materials Chemistry A, 1, 3694-3699.
https://doi.org/10.1039/c3ta01648j
[9] Choi, C.H., Park, S.H. and Woo, S.1. (2012) Binary and Ternary Doping of Nitrogen, Boron, and Phosphorus into Carbon
for Enhancing Electrochemical Oxygen Reduction Activity. ACS Nano, 6, 7084-7091.
https://doi.org/10.1021/nn3021234
[10] Wang, H., Maiyalagan, T. and Wang, X. (2012) Review on Recent Progress in Nitrogen-Doped Graphene: Synthesis,
Characterization, and Its Potential Applications. ACS Catalysis, 2, 781-794. https://doi.org/10.1021/cs200652y
[11] Thakur, S., Borah, S.M. and Adhikary, N.C. (2018) A DFT Study of Structural, Electronic and Optical Properties of
Heteroatom Doped Monolayer Graphene. Optik, 168, 228-236. https://doi.org/10.1016/j.ijleo.2018.04.099
[12] Wu, M., Cao, C. and Jiang, J. (2010) Light Non-Metallic Atom (B, N, O and F)-Doped Graphene: A First-Principles
Study. Nanotechnology, 21, Article I1D: 505202. https://doi.org/10.1088/0957-4484/21/50/505202
[13] Miao, M., Sha, M and Meng, Q. (2021) The Rule of N in N-Doped Graphene Supported Pd Catalyst. Chemical Physics
Letters, 763, Article ID: 138155. https://doi.org/10.1016/j.cplett.2020.138155
[14] He, T., Zhang, C., Zhang, L. and Du, A. (2019) Single Pt Atom Decorated Graphitic Carbon Nitride as an Efficient
Photocatalyst for the Hydrogenation of Nitrobenzene into Aniline. Nano Research, 12, 1817-1823.
https://doi.org/10.1007/s12274-019-2439-z
[15] Dong, H., Zheng, Y. and Hu, P. (2019) DFT Study of Furfural Conversion on a Re/Pt Bimetallic Surface: Synergetic

Effect on the Promotion of Hydrodeoxygenation. Physical Chemistry Chemical Physics, 21, 8384-8393.

DOI: 10.12677/aac.2023.132012 111 oririb it e


https://doi.org/10.12677/aac.2023.132012
https://doi.org/10.1021/acs.chemrev.0c00818
https://doi.org/10.1021/acs.accounts.8b00490
https://doi.org/10.1021/acs.jpcc.0c03930
https://doi.org/10.1007/s12274-020-2994-3
https://doi.org/10.1007/s40843-019-1286-1
https://doi.org/10.3390/catal10010053
https://doi.org/10.1016/j.apsusc.2020.146588
https://doi.org/10.1039/c3ta01648j
https://doi.org/10.1021/nn3021234
https://doi.org/10.1021/cs200652y
https://doi.org/10.1016/j.ijleo.2018.04.099
https://doi.org/10.1088/0957-4484/21/50/505202
https://doi.org/10.1016/j.cplett.2020.138155
https://doi.org/10.1007/s12274-019-2439-z

=
]]J}JI
%

[16]
[17]

(18]

[19]

[20]
[21]
[22]

[23]

[24]

https://doi.org/10.1039/C8CP07806H

Vorotnikov, V., Mpourmpakis, G. and Vlachos, D.G. (2012) DFT Study of Furfural Conversion to Furan, Furfuryl Al-
cohol, and 2-Methylfuran on Pd(111). ACS Catalysis, 2, 2496-2504. https://doi.org/10.1021/cs300395a

Fan, Y., Zhuang, C., Li, S,, et al. (2021) Efficient Single-Atom Ni for Catalytic Transfer Hydrogenation of Furfural to
Furfuryl Alcohol. Journal of Materials Chemistry A, 9, 1110-1118. https://doi.org/10.1039/D0TA10838C

Weerachawanasak, P., Krawmanee, P., Inkamhaeng, W., et al. (2021) Development of Bimetallic Ni-Cu/SiO, Catalysts
for Liquid Phase Selective Hydrogenation of Furfural to Furfuryl Alcohol. Catalysis Communications, 149, Article 1D:
106221. https://doi.org/10.1016/j.catcom.2020.106221

Feng, B., Guo, R., Cai, Q., et al. (2022) Construction of Isolated Ni Sites on Nitrogen-Doped Hollow Carbon Spheres
with Ni-N3z Configuration for Enhanced Reduction of Nitroarenes. Nano Research, 15, 6001-6009.
https://doi.org/10.1007/s12274-022-4290-x

Sarma, S.D., Adam, S., Hwang, E.H. and Rossi, E. (2011) Electronic Transport in Two-Dimensional Graphene. Re-
views of Modern Physics, 83, 407-470. https://doi.org/10.1103/RevModPhys.83.407

Fei, H., Dong, J., Arellano-Jiménez, M.J,, et al. (2015) Atomic Cobalt on Nitrogen-Doped Graphene for Hydrogen Gen-
eration. Nature Communications, 6, Article No. 8668. https://doi.org/10.1038/ncomms9668

Yang, H.B., Hung, S.-F., Liu, S., et al. (2018) Atomically Dispersed Ni(l) as the Active Site for Electrochemical CO,
Reduction. Nature Energy, 3, 140-147. https://doi.org/10.1038/s41560-017-0078-8

Feng, Y., Long, S., Chen, B., et al. (2021) Inducing Electron Dissipation of Pyridinic N Enabled by Single Ni-N, Sites
for the Reduction of Aldehydes/Ketones with Ethanol. ACS Catalysis, 11, 6398-6405.
https://doi.org/10.1021/acscatal.1c01386

Wang, F.-F., Guo, R., Jian, C., et al. (2022) Mechanism of Catalytic Transfer Hydrogenation for Furfural Using Single
Ni Atom Catalysts Anchored to Nitrogen-Doped Graphene Sheets. Inorganic Chemistry, 61, 9138-9146.
https://doi.org/10.1021/acs.inorgchem.2c00670

DOI: 10.12677/aac.2023.132012 112 oririb it e


https://doi.org/10.12677/aac.2023.132012
https://doi.org/10.1039/C8CP07806H
https://doi.org/10.1021/cs300395a
https://doi.org/10.1039/D0TA10838C
https://doi.org/10.1016/j.catcom.2020.106221
https://doi.org/10.1007/s12274-022-4290-x
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1038/ncomms9668
https://doi.org/10.1038/s41560-017-0078-8
https://doi.org/10.1021/acscatal.1c01386
https://doi.org/10.1021/acs.inorgchem.2c00670

	单原子催化剂加氢还原理论研究综述
	摘  要
	关键词
	Review of Theoretical Research on Hydrogenation Reduction of Single Atom Catalysts
	Abstract
	Keywords
	1. 引言
	2. 单原子催化剂Ni-N4-Gr和Ni-N3-Gr模型的稳定性分析
	3. 加氢反应机理研究
	3.1. 糠醛在Ni-N3-Gr上选择性加氢为糠醇机理研究
	3.2. Ni-N3-Gr催化对溴硝基苯选择性加氢反应机理研究
	3.3. Ni-N4-Gr催化醛/酮反应机理研究

	4. 总结与展望
	参考文献

