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Form 3
Abstract of Thesis

Name (YANG GUOXIANG)

Design of Carbon-Based Yolk-Shell Catalysts
Title for CO2 Hydrogenation to Formate
(CO2 AFIZ L B FXBERME BRY & LIz HZE 7 — R il o B %)

Abstract of Thesis

To realize a low-carbon society, it is necessary to build a system that enables sustainable energy supply while
controlling carbon dioxide (CO2) emissions. To realize this, a method of synthesizing formic acid/formate by
catalytically reacting CO2 with hydrogen (H2) and storing, transporting, and utilizing Hs energy as a medium is
promising. Hollow carbon structures are attracting attention due to their ease of control and electronic properties,
and those containing a metal catalyst are being actively studied for application in catalysis as nanoreactors. Such
a yolk-shell structured catalyst exhibits reactant concentration effect, confinement effect, and metal stabilizing
effect, therefore exhibits excellent catalytic performance. In this thesis, various yolk-shell structures which show
excellent catalytic properties for COz2 hydrogenation to formate were synthesized by utilizing characteristics of
hollow carbon.

In Chapter I, the advantages of a yolk-shell structured catalyst based on hollow carbon and its applications were
introduced. After mentioning the chemical reaction and thermodynamics of formic acid/formate synthesis from
COg, the development examples of catalysts and their problems so far were described. In addition, the purpose of
this thesis and the outline of each chapter were described.

In Chapter II, a yolk-shell catalyst encapsulating polymer having an amino group (polyethyleneimine) and PdAg
alloy nanoparticles (NPs) having an average diameter of 2.8 nm in a mesoporous hollow carbon sphere (MHCS)
was synthesized. It was found that the catalyst exhibits high catalytic activity and stability for CO2
hydrogenation to formate. The excellent performance was due to the effect of suppressing the aggregation of alloy
NPs during the reaction due to the restricted space of MHCS and the CO2 adsorption capacity of aminopolymer.

In Chapter III, a yolk-shell catalyst containing PdCu alloy NPs in MHCS was synthesized and applied to formate
synthesis by CO:2 hydrogenation. As a result of density functional theory (DFT) calculation, the step of
nucleophilic attack on HCOs adsorbed on Cu atom by the H atom dissociated on the Pd atom on PdCuz (111)
surface was promoted compared to those on the Pd (111) surface. It was considered that this is due to the electron
transfer from Cu to Pd in the PdCu alloy.

In Chapter IV, a ternary hybrid heterogeneous catalyst, involving mononuclear Ru complex, N, P-containing
porous organic polymers (POPs), and MHCS (Ru3*-POPs@MHCS) was synthesized for CO2 hydrogenation to
formate. Based on comprehensive structural analyses, it was demonstrated that Ru?*-POPs were successfully
immobilized within MHCS. Excellent catalytic performance was due to the 1) dispersibility of Ru active species
due to high surface area and pore volume of MHCS and 2) the high CO2 adsorption capacity of POPs. Such a high
catalytic activity was not achieved for catalysts without POPs or catalysts without hollow carbon structures.

In Chapter V, to improve CO2 adsorption capacity, a nitrogen-doped microporous hollow carbon sphere NMHCS)
containing PdAg NPs was developed. Ethylenediamine was added as a nitrogen source during the synthesis of
hollow carbon, and pyrolysis was performed at 500 °C to synthesize a hollow carbon material having a high
nitrogen content and a porous structure. It was revealed that different thermal decomposition temperatures
changed the nitrogen content, surface area, the dispersity of the encapsulated PdAg NPs, and the Pd-N
coordination environment. From kinetic considerations, it was revealed that NMHCS not only improves the
amount of COz absorbed by doped nitrogen, but also promotes the CO2 adsorption/insertion step and the H:
dissociation step, and reduces the activation barrier, resulting in a remarkable CO2 hydrogenation reaction.

Finally, the overall conclusions of the present thesis were described in Chapter VI.
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KRELTIE, FED =R ORMEEFIFAT 52 & TH A O Yolk-shelliE &A% Gk L, COKFELIZ K D XMW,/
Bt A R S VB AL T Al R E 2 R AR RE A AL L TV B, RERSUFLL T O X 2 I EH S5,

(1) AYAR—=FRERRPED =R (MHCS)IZT XV EE2FTLHHR)v— (R =F LA V) & FEHEA2.8 nm
DOPAAGE T /R T A2 N LTl 2 S pk LT, BAFE Lok, COKEAIZ L 2 FBEE G UGIT R
WTCREWARETENE & 222 R L, HRi AR RN 72 IO IR FE (100 °C) CREAF il & e 2 il tEpe 2 R+ 2 &
EFRH L, Zo@ER - fiErEaEIL, MHCSOHIRZERIC L DS O E4T /7 bt OBEMR SR E, 7/
RV ~—DCOWERICH D EHEL TV D,

(2) AYHF—T AERIRFZE A —R > (MHCS)NIZPACuE 47 / hi1- 2 Wal L7 il 2 Ak L, COkEIZ L B F
A RS~ EIEH LTS, PA/CUTE/L SR D b OFE R, PA/CUE VA 2:14 D55 1T e b i W Al S
PENRFERT L2 L2 RELTWD, EAEREHEFBIEER X OXBRR I E ST L Y . PdRF23Cukz
F RIS LCHEAETD ZEZH6I LTV, £, BENBEEHERDFT)HEEZ AT, PdCuz (111)5F
il & Pd (111)RHEIZ I T 2 ISHEIMFBOE NI DN TEL L, PdCus<x7 / KL 7 TldCuh HPA~DE T-BEIC
ERT DT V=R LY COKFIRIENEF L RESN D Z LA AL TS,

(3) AV A—T AEIRFIZE A —R > (MHCS)NIZN, PEFHA U ~—(POPs)EB LTV, Z UUZHEUL L 7= B RufE %
WELEZZTNA 7Y v FiEEZ AR L, COKFEIC L B FMEARBISITSH L TW5, Mkt KkiE
L7-fil#i%, 120 °C, 4.0 MPa & 9 SRR T, 24K T O IR0 231200 % 8 % 5 il 1G4 % 7R -, POPs
RY v —Z2EERVIERLH2E ) — R AZRE SN TWRWETIZ 2 0 X 5 REWEHIZREET, Bnr-
fil B REIL . MHCSO E WK FE & MFLAFEIC £ 2 RUTEMERE D 4y itk & ZEM O |, POPsK Y = —DE W
COMEAEREIZ L DB D LR L TV D,

@) BHFEE2 F—FLiz~A 7 aR—7 ARKRFZEH —R 2 (NMHCS) 2GR L. ZHICPdAgT / Ki+ & WNEAL L7-fif
AR LTS, PEI—RARTICEZRE LTF Lo IT7 I Z2RML., 500  CTELGRT 5 Z &
LY, BVWEREGARLESAEHEE FREZ P ED — R o MBERARTEZ 2R LTS, BI%
L 7= fifii%, 100 °C, 2.0 MPa &\ 9 S SE T, 245 T OB EIHR 5 A3 2750 % 8 % 5 i 7= il TG 14 2 R 37,
BOSMRREEIC LV, BREREABESLCEEME. PdAgT /RO BEE. B L OPA-NEZEREINZELT 5 Z & & 1
LML TWD, £, BHERMNEZRLY, I —R o ~DEH F—F1ICOMEELZ M LS LT TR
<, COMFE - FHART v S EHMREEAR T v T HARE L, UL DOIEMEAVREE 2 (K32 Z L 12 & W COKkFE1L
ISR ELLMRET LD LHLEL TV 5,

Pl Xoic, KX TEFZEI—R L OTHHCRADBR, IGWWRE - BFDE. BXORNOWLED)
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