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Two-dimensional metal-free carbon nitride materials as catalysts for energy
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Title

Metal-free carbon nitride materials (CN,) have exhibited impressive catalytic activity for various
energy conversion reactions, such as carbon dioxide reduction reaction (CO.RR), nitrogen reaction
reaction/nitrogen fixation (N,RR), and oxygen reduction reaction (ORR). Their unique surface chemistry
and abundant functional groups facilitate the interaction with reactants, leading to improved reaction
kinetics and selectivity. In this thesis, to investigate the specific active site in CN, for different
catalytic reactions (CO,RR, N,RR, and ORR), I used density functional theory (DFT) to calculate the
catalytic mechanism and activity of CO,RR, N,RR, and ORR on CsN;, B-doped g—CyN;y and N-doped graphdiyne
(NGDY), respectively

Firstly, N=N linkage has Lewis base sites, which can be hybridized with Lewis acid molecule CO,, and
may improve CO,RR activity. To prove this, a new—type nitrogen-rich carbon nitride material, CsN; with
azo (-N=N-) linkage, was investigated as a photocatalyst for CO, reduction. The DFT results showed the
C3Ns has a longer visible—light region in the absorption spectrum with 2.0 eV of band gap. Compared with
g—C3Ny;, which has a band gap of 2.7 eV, the C3Ns; has much higher photocatalytic efficiency than g—CsN,.
The Gibbs free energies for possible CO, reaction paths on CsNs5 showed that CO, can be efficiently reduced
to CH; and CH;CH,OH.

Secondly, the B atom is an electron—deficient atom with Lewis acid characteristics that can drive
the “o donation—m backdonation” with Lewis base N;. To prove this, I systemically investigated the
mechanism of N, adsorption and fixation on B-doped g—C¢Ny;,, a new carbon nitride material, with three
different doping configurations, namely substitutions of B at C (Be;), N (Byi) sites, and B anchored g-
CoNig (Bx). I found that N,RR can only proceed on By, and By due to N, chemisorption ability. By; has a good
NoRR catalytic activity and selectivity while doping By is blocked by H poisoning due to stronger binging
with H.

Finally, unlike graphene, GDY has a large pore with high mass transfer efficiency and is composed
of sp— and sp’~hybridized carbon atoms with a nonuniform electronic distribution. N—-doping was found to
favor sp—hybridized carbon atoms as the most preferable sites, and these sp-N were identified as highly
attractive centers for capturing 0, molecules. To prove this, I systematically studied the ORR mechanism
on sp—NIGDY and pyridinic (Pyri)-NGDY support by graphene (G) with solvation effect. I found that the
dissociative mechanism is preferred on sp-NIGDY/G and the surface is easily terminated by the OH*
intermediate, while the OH% pre—adsorbed surface (sp-N1GDY(OH)/G) prefers the associative mechanism.
Pyri-NGDY/G also prefers the associative mechanism without any termination. Then, the solvation effect
stabilizes all ORR intermediates in both cases. From the calculated free energy diagram, a model with
water solvent gives a more appropriate estimation of the overpotential than the one without water
solvent, and sp-N1GDY/G with OH* pre-adsorbed has a lower overpotential (0.46 V) which is close to the
experiment value (0.36 V), compared with Pyri-NGDY/G (0.75 V).

From my works, 1 would like to emphasize that depending on target reactions, it is possible to

introduce specific active sites to design new catalysts based on theoretical simulations
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AZNT Y —BACRBIEE (CNx) 1L & F S E IR, FRom )X — B CEERTWE OSSR L
TENTAEIEEE RT 2L TREFEBEZED TS, ENLOGOIEEYA MEFRE L, KIS E XS5
BEREARFETHZLICLD, RAPLTy VR SEIERFHEEICIoTEML, LVZELVWKISE, T72bbE
UM SRS &SRRV A P OB T Ao il A BTEICBRRE T D 2 LN AIRRIC AR D L IR T E D, ZOWMX T, =X
I — U B IR AOS (R bR IR SO (CORR), & 5738 JU IS (N2RR) AR IR LS (ORR)) 1% 7° %
CNxDFFE DIEVEL A 0T 57201, BWEPLREE PG (DFT) 2fH L <, (WZGRROv I 2L —v
a vy E{TRoTND,

BANTCORREEY LT T5, COUTA TN T 22 LNV ARFEELTRY | VA A FEN RS B D&M A E
705, ZZT, CeNr = M 7Y B (-N=NNZ Lo THEE LT LW A 7 D 2L iR 58 Th D CaNsfill il s L 72CORRD
il SO HEAE DR IR A AT T D, EDFER . CaNs DIRINASRIIUIL 2.0 eV DN RF Yy 7 hFED | ELRFEONE
B SR T B g-CaNaD2.7e VDN R v 7 L LI L T LV EWE RO YR I SEIR A Ff > TWAZ AL
L. g-C3N4 JOHIED0ICm O IR R E R > CDZEERL TS, SHIZ, GNs ETOEZLND COy DIRILK
JERRBOXT XE BT R —ZFHTHZLI12LY, CO2 28 CHs & CH3CH2OH IZHRANICE T TEAILERL T
D

IRIZNRRZ Y B TVD, NIV AR FE THO VA RBRITK L CE X2 5322 LIV A 2 EHZ e T&
LEMIRTED, I T HLWELIRFEM B CHDg-CoNolHRVEB)H -2 R —7F 5 LI L0 IR LA ABRO F1: % FF
DS AN &2 TONRRO A S IZ DV THRR TS, BOR—7HAREL T, 1) CEE#L (Ber) 2) N&
B (BN BEUB)BART v B —EL Tg-CoNolZHE B LT2 YA NBA) TORISE A TWS, ZOFEF ., Bah A MIN2RRIZ
KU TS BN 2R BB SOSTETE A R 72 D03, BathA MISRVKER B ICL > TT ryranCLEIZ L
ZRHL TS,

3% HIZ, ORROAMHEL T, /' T 7 = IR L CRERMILEZ FF O L@ W BB B R e /2 77T 1
(graphdiyne, GDY)IZNJR1- & N —7 L7 fillit 2 B0 EiF T, NFRTF-OR =7 L TV E 2 AL, AR SCTidsp
IR EFFOsp-NIGDY B LB VYT £7225pyri-NGD Y IZH1T HORRIZ OV TR TS, £ DFER, sp-NIGDY CTIIfEE 4y
F-HEEEN S L CRUSAE S OHIE RSN A L CRUGIE EAZ LA TRL TS, EHIT, ZOOHEN R W & L TV \Dsp-
NIGDY CIEERE /0 FI3BEE IS L, Boun e T2 2% L C0D, 3 TIZOHE 45 L72sp-N1GDY TOORR
ITBEED0.46eVEARY | EBRAYICHESN TND036VEITWEWERE X HZEE R CWD, ZOR, IREEh R4 1)
DANDZEN, WBIELIEE RBAMELDZENUATHAIELRL TN,

PLEDIDNT, RFaSCTIEAX V7V — AR FEM EHTF51T HCORR, NaRR, I8ILTORRD = DDORFEHZR SISO
T.DFTE W SRS o b —3aZih  ZNOD UG DIEPEY A M RrEL | BOGHEE R 2 R4 BT
TRY, ERRZIICEETHEIDRRL T A% L ETEME O @RI AR OB LV M2 B 5 9 51582 5 2 215 H
L EERAEREZRHL TS,
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