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Development of heterogeneous catalysts for synthetic applications of renewable
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Heterogeneous catalytic processes that enables the synthesis of high
value-added chemicals by reacting naturally abundant sustainable carbon resources (CO2, biomass,
etc.) with inexpensive light molecules (H2, NH3, etc.) have been developed. Specifically, we
conducted reaction development, catalyst development, mechanism analysis in the following reaction
system, and reported the results in a paper.

(1) Methanol synthesis from CO2 / H2

(2) Amine synthesis from triglyceride, H2, NH3



# XL C—19, F-19—1, Z2—19 (Gt@)

1. AFFEBRAE 4 WD 5

Alh % FOR & D W B AR FER R TIRRER LR BB O JFURH(RAL K S8) D A EE O R (k15 23 2 DR 4
o TE T, BAMER, COPEMMMl OB R D BARRRRFZERD O OMEA IR
HNTND D, COrRNA A~ AEDOIHALAIRFETITEmPBICIRIEIZ & D720, £ OEBUTIIRE
b & X DE TR DA N LETH H, Lo, 2 b EEITKBCINIZI T D RIGME
(22 U< BEAF O B RARE Clrmii - @E A ET 2 7o OBRE i 2 BRI AT 2 2 L I3
T D, BEAAREIL, Al AR O 4y B O R & A8 C & 2 H ., BRI E A R & FR I
U7 SERERF 213 3 & 5 . [ IR B EIR O A AL A 20 70 R — R AR D BR % |
RO BHATND,

2. WHEDHT

RIRITE B ITAET 2 I A IRFEETR(CO, 3 A+ R) & LAl 728853 F(Hoo NH3 %) & O i
(2 & 0 @A E 22 b5 8 O G & FTREIC 3 2 BHAARBE O BR R & B BICAFE 24T - 7o, B
Wi, FTRE2HEDOISRIZE T D, FOSBHZE, MBI, A = X LT 232 72,

(1) COYH, MDD AKX ) — VA

(2 FUZUEY R, Ho NHs»bD7 I UG

3. WKL
fb B I D SEHESC in situ/operando 4372 SN K D EER e BRI A T, AR TIEE
W E 21T o 72,

4. WFFERCR
(1) COY/H2INBD A K ) — VA Rk

TiO2 1T Re Z#HEF L 7= filfE(Re(1)/TiO2; Re = 1wt.%) & TiO, FHEF MoO, HH{ARIZ Pt % HEf L 7= filit
(Pt(3)/M0Oy(30)/TiOs; Pt: 3 wt%, Mo: 30 wt.%)? 2 FH¥H DO fh i 7 2 BA%E L 7=,

Re(1)/TiO, fili13 . NH4ReO4 & TiO, (ST-01)Z FH W TEIR-/KFE R TTIEIC L 0 lfl L 7=k FEiE T
IR = 500°C), XRD HIEZ1T- 7258, Re(1)/TiO, DIEHr /3% — o BT F % — A TiO,
HRDOE —7 OHBR S 4L, Re HRO B — 7 [T B L7270 > 72, HAADF-STEM & %17 572 &
A, TiO, LD Re 1 ZHIF T D7 T A X =7 F ) A— M A XDk & L THEFSNLT
WD ENERE NI, T2, XANES A7 b, Re l3EIC 0-4 i KF 1 lifE & L <17
LTS Z ERbor-o7=, Re(1)/TiO, & FEED FHETHEL L 72K FEHEF Re ittt X O Tio, 2
Fr& @ it 2 FV T 150 °C I2B1T 5 CO, DAKRFUIUS 21T 2 7o BUSIE. AKFEFHKT 500 °C
TIBTLALER 21T o T i, IS H A(CO, = 1 MPa, Hy = 5 MPa), A (1,4-dioxane, 1 ml) % [fit [/
JEAREHITINZ, 150°C, 500 rpm THNEEHET 2 Z LIC L VT 72, AR TR LD 5 5
Re()/TiO: B bimW A ¥ ) — VAR EE 5 %2 Re FUED A & ) — )VARKIZX$5 TON 1% 36 &
7polm, EHIT, Re DHFFEN T2 2 Re(x)/TiO2 (x =0.2, 5. 10, 20 wt.%)ZFHHL L, CO, DK
FbE1To7-, Re DIHFFENHEZ DITONTA L J — /L OBIENJHA L, A Z 2 OFREN
BN DA DAL, A Z ) — A RRICK L TIE Re(1)/TiO: N b AR Th - 72, & BT,
Re(1)/TiO, DR ITLIRERGMHEEAFAE L2 L Z A BILIRED 500°C DL X TR bEBWAHX J —)L
BRI LOVERRGHE 2 ) LT,

Pt(3)/MoOx(30)/TiO; I T B R EHRIEIC K VI L7z, £ TIFHHAETH D Mo03(30)/TiO; %,
(NH4)sMo07024 * 4H,0 3 & O TiO, (P25) % RiBA{A & L CHEIRE THE L 72 (Mo: 30 wt.%), Pt OFHEf
1%, Pt(NH;)2(NOs), iR /KR & F VN CERETIT - 72(Pt02(3)/Mo05(30)/TiOy; Pt: 3 wt%), KUt



ATALERL & LT, Hy XUt T 300 °C C 0.5 h IEIL 1T 9 Z & T Pt(3)/MoO«(30)/TiO: % %72,
Pt(3)/MoOx(30)/TiO, filifi > HAADF-STEM #1235 L N EDX ~ v £ 7' 6, Mo f L TiO, I
EABUZHA L TNWD ZERP LN o7, £z, HEFSNT Pt T/ K OFERIARIT 2.7
nm TH o7, PtLyik XAFSHIE LY, HolEmIc L - CPREIZ AR Pt ~B TSN TV D Z &R
binolz, 72, MoK % XANES £ ¥ MoO; ®—#id Pt Al & [FIRFISE T STV D 2 & D3RR
STz, BREROSIEL, AKFEIRFAT 300 °C TR 217 - 7o il (300 mg). i A A(CO2= 1
MPa, H, = 5 MPa), &1 (1,4-dioxane, 1 ml) Z [fif £G4 (2N %, 150 °C, 500 rpm CHNEME#E
HZ LTI NIToTn, Fix DO4JE%E MoOx(30)/TiOy ([ZHHEF L72filiEd 5 5. Pt(3)/MoOx(30)/TiO2
RN B & N A Z ) — VIR(66 %)% 52 T2, BUGKER ZEIX 3 L (K 1), A% 7 — /L OICE
XS5 EL, 48h T 73%DINRE 5 2 7=,

100
® CH;0H
co
80
- ® CH, . °
% 60
>
g
2 40
<4
o
20
P —
0 10 20 30 40 50

Reaction time / h

1 Pt(3)/MoOx(30)/TiO, fil it & F\ N 7= COp K SEAV RS DRI ZE AL,

(2 FUZUEY R, Ho NHinbDT I U EhK
ARBOSZE N il & U, ZrOy IZ Pt Z4HEF L 72l (Pt(5)/ZrOy; Pt = Swt.%) % BA%E L7z,

Pt(5)/ZrO; it IX ERIEIC L W R U 7o, BOGSHTEE & LT, Ha & F 300 °C T 0.5 h o &7
9 Z LT PW(5)/ZrO, 45T, Pt(5)/ZrO, fiki > HAADF-STEM #1205, HEFS 7= Pt/ Kiv-
DIEPRIAET 2.0 nm TDH Z &3 DhoTz, Pt Lysk XAFS HIE XV . Hyi®otlZ K- T Pt 34
J& Pt RIS TV D T ENbinodz, MRS, AKFEFHKT 300 °C TEICLH 2T -7
fitfi, H,=5.5MPa, NH330mmol, J&1(1,4-dioxane, 1 ml) % i ESUG A SHI I 2, 220 °C CTHNER
T 52 LIk VITo T2, PUS)/ZrOr ETIIARKER IR L HEITL, B THLH KT
QAR 59% IR THE LD Z LN T2(K 2),

o o
)L L 1% PYZrO. CirHas NH, C”Hza/\u/\oﬁHu
SN N x mol
Ciitas™ 07 Y707 "CiiHz 4 NHs(ag) —— 2a 3a
1a 0.0 TrC] a
0.2 mmol 30 mmol thl CiiHa )LN/\G Has
2mmol ¢, Py» [bar] 11H23’ a1 11H23
Pz = 55 bar, x =5 mol%, t =36 h T=220°C,x=5mol%,t=36h

=)
=)
o
=1

@) R 8)

3
o
@
o

T 60t 60t
) )
T [©]
Lol $ 40
20 20
——— .
0 : -
140 160 180 200 220 240 0 10 20 30 40 50 60
Tre Py [bar]
= N = = = N = = 0
100 T=220°C. Py =55 bar,t=36h roop T=1220°C, Py, = 55 bar, x = 5 mol%
©) | D)

Yield [%]

Relative quantities [%]
B [o2]
o o

10 20 30 40
x [mol%] t[h]

2 PYZrOs it 2 AW R U 7 U U R, Hoy NHs 26D T I VAR



8 8 1 2

Ting Kah Wei Toyao Takashi Siddiki S. M. A. Hakim Shimizu Ken-ichi 9

Low-Temperature Hydrogenation of CO2 to Methanol over Heterogeneous TiO2-Supported Re Catalysts 2019

ACS Catalysis 3685 3693
DOl

10.1021/acscatal .8b04821

Siddiki S. M. A. Hakim Rashed Md. Nurnobi Ali Md. Ayub Toyao Takashi Hirunsit Pussana 11

Ehara Masahiro Shimizu Ken-ichi

Lewis Acid Catalysis of Nb205 for Reactions of Carboxylic Acid Derivatives in the Presence of 2018

Basic Inhibitors

ChemCatChem 383 396
DOl

10.1002/cctc.201801239

Toyao Takashi Nurnobi?Rashed Md. Morita Yoshitsugu Kamachi Takashi Hakim?Siddiki S. M. A. 11

Ali Md. A. Touchy A. S. Kon Kenichi Maeno Zen Yoshizawa Kazunari Shimizu Ken-ichi

Esterification of Tertiary Amides by Alcohols Through C-N Bond Cleavage over Ce02 2018

ChemCatChem 449 456
DOl

10.1002/cctc.201801098

Toyao Takashi Suzuki Keisuke Kikuchi Shoma Takakusagi Satoru Shimizu Ken-ichi Takigawa 122

Ichigaku

Toward Effective Utilization of Methane: Machine Learning Prediction of Adsorption Energies on 2018

Metal Alloys

The Journal of Physical Chemistry C 8315 8326

DOl
10.1021/acs. jpcc.7b12670




Hakim Siddiki S. M. A. Toyao Takashi Shimizu Ken-ichi 20

Acceptorless dehydrogenative coupling reactions with alcohols over heterogeneous catalysts 2018

Green Chemistry 2933 2952
DOl

10.1039/C8GC00451J

Toyao Takashi Hakim?Siddiki S. M. A. Kon Kenichi Shimizu Ken-ichi 18

The Catalytic Reduction of Carboxylic Acid Derivatives and C02 by Metal Nanoparticles on Lewis- 2018

Acidic Supports

The Chemical Record 1374 1393
DOl

10.1002/tcr.201800061

Tada Shohei Kayamori Shingo Honma Tetsuo Kamei Hiromu Nariyuki Akane Kon Kenichi Toyao 8

Takashi Shimizu Ken-ichi Satokawa Shigeo

Design of Interfacial Sites between Cu and Amorphous ZrO2 Dedicated to CO2-to-Methanol 2018

Hydrogenation

ACS Catalysis 7809 7819
DOl

10.1021/acscatal .8b01396

Sultana Poly Sharmin Siddiki S. M. A. Hakim Touchy Abeda S. Ting Kah Wei Toyao Takashi 8

Maeno Zen Kanda Yasuharu Shimizu Ken-ichi

Acceptorless Dehydrogenative Synthesis of Pyrimidines from Alcohols and Amidines Catalyzed by 2018

Supported Platinum Nanoparticles

ACS Catalysis

11330 11341

Dol
10.1021/acscatal .8b02814




5 1 2

Takashi Toyao, S. M. A. H. Siddiki, Ken-ichi Shimizu

TiO2-supported Re as a heterogeneous catalyst for selective hydrogenation of carboxylic acids and their derivatives

The 8th Tokyo Conference on Advanced Catalytic Science and Technology (TOCAT8)

2018

Re/Ti02

122

2018

Takashi Toyao, Satoru Takakusagi, lIchigaku Takigawa, Ken-ichi Shimizu

Statistical Analysis and Design of Heterogeneous Catalysis Using Machine Learning

IRCCS The 2nd International Symposium

2019

Pt co2

58

2018




122

2018




