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Strategic International Collaborative Research Program (SICORP)
Japan—China Joint Research Program
Executive Summary of Final Report

1. Project title : [CO2 conversion into valuable resource by nanostructured field

effect

2. Research period : April 2019 ~ March 2022
3. Main participants :

Japan-side
Name Title Affiliation Role in the
research
project
Pl Masahiro Professor | Tokyo Institute of | Leader
Miyauchi Technology
Co-PI Akira Assistant | Tokyo Institute of | Sub-leader
Yamaguchi Professor | Technology
Collaborator | Katsuki Arai Master Tokyo Institute of | Development
Student | Technology of catalyst
Collaborator | Kazuhiro Master Tokyo Institute of | Development
Kazami Student | Technology of catalyst
Collaborator | An Niza El Master Tokyo Institute of | Development
Aisnada Student | Technology of catalyst
Collaborator | Anna Master Tokyo Institute of | Development
Strijevskaya Student | Technology of
nano-phase
catalyst

Total number of participants throughout the research period: 22

Partner-side

Name Title Affiliation Role in the
research
project
Pl Liu Min Professor | Central South Leader
University
Co-PI Qiu Xiaoging Professor | Central South Sub-leader
University
Co-PI Gao Xiaohui Associate | Central South Sub-leader
Professor | University
Collaborator | Liu Kang Ph.D. Central South Development
candidate | University of catalyst
Collaborator | Wang Peng Ph.D. Central South Development
candidate | University of catalyst
Collaborator | Zhou Huimin Ph.D. Central South Development
candidate | University of catalyst

Total number of participants throughout the research period: 9
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4. Summary of the international joint research

Carbon dioxide (CO2) reduction and its recycling have become the most
important issues for Japan and China. It is desired to improve the reaction
selectivity and reaction rate of CO2 conversion toward the recycling of COz2
resources. In this international joint research project, we have developed basic
technology for the recycling of CO2 by creating and integrating special "fields"
derived from nanostructures. The Japanese side has developed a "catalytic
material that mixes different elements at the nano-level" as a field for controlling
the selectivity of the reaction (WP1), and the Chinese side has developed a
"nano-sharp structure” that is a local field for increasing the reaction rate (WP2).
Finally, by integrating the technologies of both Japan and China, we developed
an electrode with excellent reaction selectivity and reaction rate (WP3).

5. Outcomes of the international joint research

5-1 Scientific outputs and implemented activities of the joint research

As a major achievement of WP1, we were able to synthesize copper and zinc
(Cu-Zn) alloy electrodes mixed at the nano level and develop a catalyst with high
selectivity for formic acid conversion. Using Operando-type infrared
spectroscopy (FT-IR), we were able to clarify the relationship between reduction
selectivity and adsorption intermediates. We also succeeded in extracting key
parameters for the reaction selectivity of CO2 reduction in various metal sulfides
by an informatics science approach. Throughout this approach, we noticed some
bi-metallic metal sulfides exhibited CO:2 reduction activity with high CO selectivity.
In WP2, we have developed an electrode with a gold nano-sharp structure (Au
Nanoneedles) to improve the reaction rate. Au Nanoneedles showed a high
current density of 50 mA cm? at a potential of -0.35 V in the CO2 to CO
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conversion reaction. In WP3, we created a nanophase-separated structure of
Cu-ZrO2 and developed an electrode material with high Faradaic efficiency for
formic acid conversion (see the figure below).
Figure: Elemental mapping of Cu-ZrO2 nanophase separated structure (a),
partial current density of formic acid formation (b), Faradic efficiency of Cu-ZrO:2
nanophase separated structure electrode (c).

Furthermore, in WP3, a nano-sharp structure of Cu-PTFE
(polytetrafluoroethylene) was developed. In this electrode, PTFE was selectively
coated on the wall portion of the nanoneedle, and Cu was exposed only in the
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sharp portion at the tip, so that the electric field concentration on the sharp
portion was further increased. In the Cu-PTFE nano-sharp structure, we were
able to develop an electrode that has excellent selectivity for conversion to C2
(ethylene or ethanol) with high current density.

5-2 Synergistic effects of the joint research

In order to enhance the synergistic effect of international joint research, a
workshop co-sponsored by Central South University and Tokyo Institute of
Technology was held on January 15, 2021, using the online teleconferencing
application. The title of the workshop was "Joint Workshop of Central South
University & Tokyo Institute of Technology for CO2 Recycle Catalysis Technology
(under JST-SICROP project)’, and a total of 45 people participated from both
Japan and China. After this workshop was held, the continuous joint research is
being conducted using online discussions.

5-3 Scientific, industrial or societal impacts/effects of the outputs

We were able to establish the basic catalyst material technology for the
recycling of CO2. In addition, doctoral students from both Japan and China
participated in this project and they learnt the management of international joint
research and workshops. Further, our collaborative research project will
continue under the Support for Pioneering Research Initiated by the Next
Generation, Japan Science and Technology Agency (JST).



SICORP #& T#f5E (‘=N « Liu i)

EBRILRIMFIEIC IS T B TR Y R |
1. HBERE

* g S (FHFNTIET — b & oGm0 FERMFH : 5H T 1
CEmRBOA Y R AT

1. Y. Chen, K. Chen, J. Fu, H. Li, H. Pan, J. Hu, A. Yamaguchi, M. Miyauchi*, M.
Liu*, "Recent advances in the utilization of copper sulfide compounds for
electrochemical CO:z reduction”; Nano Materials Science, 2020, 2 (3),
235-247, DOI: 10.1016/j.nanoms.2019.10.006. (#HiA)

2. A. C. Wardhana, A. Yamaguchi, S. Shoji, M. Liu, T. Fujita, T. Hitosugi, M.
Miyauchi*, "Visible-light-driven photocatalysis via reductant-to-band charge
transfer in Cr (Ill) nanocluster-loaded SrTiOs system”; Appl. Catal. B
Environ., 2020, 270, 118883, 1-8, DOI: 10.1016/j.apcatb.2020.118883. (%

PiAT)

3. Q. Wang, C. Cai, M. Dai, J. Fu, X. Zhang, H. Li, H. Zhang, K. Chen, Y. Lin, H.
Li, J. Hu, M. Miyauchi, M. Liu*, “Recent Advances in Strategies for Improving
the Performance of CO:2 Reduction Reaction on Single Atom Catalysts”;
Small Science, 2020, 1 (2), 2000028, DOI: 10.1002/smsc.202000028. (£

PiAT)

4. Li Zhu, Kang Liu, Baopeng Yang, Xiaodong Zhang, Yiyang Lin, Hongmei Li,
Junwei Fu,a Juhua Hu, Emiliano Cortés, Ying-Rui Lu, Ting-Shan Chan,
Xiaoliang Liu*, Masahiro Miyauchi,* and Min Liu*, “Tuning the intermediate
reaction barriers to improve the selectivity of electroreduction CO2 to C2
products on CuPd catalyst”; Chinese Journal of Catalysis, 2021, 42 (9),
1500-1508. (e f)

5. H. Jing, W. Li, H. Zhou, Y. Zhou, J. Hu, M. Miyauchi, J. Fu, M. Liu,
“Electric-Field Promoted CC Coupling over Cu Nanoneedles for CO:2
Electroreduction to C2 Products”; Chinese Journal of Catalysis, 2022, 43
(2), 519-525, DOI: 10.1016/S1872-2067(21)63866-4. (& #HA)

6. Y. Zhou, J. Fu, Y. Liang, K. Liu, Q. Chen, X. Wang, H. Li, L. Zhu, J. Hu, H.
Pan, M. Miyauchi, L. Jiang, E. Cortes, M. Liu*, "Vertical Cu nanoneedle
arrays enhance the local electric-field promoting C2 hydrocarbons in the
CO2 electroreduction”; Nano Letters, 2022, 22 (5), 1963-1970, DOI:
10.1021/acs.nanolett.1c04653. (& HiA)

7. B. Yang, K. Liu, H. Jing, W. Li, C. Liu, J. Fu, H. Li, J. E. Huang, P. Ou, T.
Alkayyali, C. Cai, Y. Duan, H. Liu, P. An, N. Zhang, W. Li, Xi. Qiu, C. Jia, J.
Hu, L. Chai, Z. Lin, Y. Gao, M. Miyauchi, E. Cortes, S. A. Maier, M. Liu,
“Accelerating CO2 Electroreduction to Multicarbon Products via Synergistic
ElectricThermal Field on Copper Nanoneedles”; J. Am. Chem. Soc., 2022,
144 (7), 3039-3049, DOI: 10.1021/jacs.1c11253.

* RS (FHFRIIET — L 23 £ 20 HARRBFETF — L O 30) « R



o

SICORP #& T#f5E (‘=N « Liu i)

Fh12 1

C BB D R R 121

1.

10.

T. Gunji*, H. Ochial, Y. Isawa, Y. Liu, F. Nomura, M. Miyauchi, F. Matsumoto,
"Electrocatalytic conversion of carbon dioxide to formic acid over nanosized
CueSns intermetallic compounds with a SnO2 shell layer."; Catal. Sci.
Technol., 2019, 9 (23), 6577-6584, DOI: 10.1039/c9cy01540j. (#&#iH)

S. Shoji, X. Peng, A. Yamaguchi, R. Watanabe, C. Fukuhara, Y. Cho, T.
Yamamoto, S. Matsumura, M. W. Yu, S. Ishii, T. Fujita*, H. Abe* M.
Miyauchi*, "Photocatalytic uphill conversion of natural gas beyond the
limitation of thermal reaction systems"; Nature Catalysis, 2020, 3, 148-153,
DOI: 10.1038/s41929-019-0419-z.  (&FiA)

Y. Cho, S. Shoji, A. Yamaguchi, T. Hoshina, T. Fujita, H. Abe, M. Miyauchi*,
"Visible-light-driven dry reforming of methane using
semiconductor-supported catalyst’; Chem. Commun., 2020, 56 (33),
4611-4614, DOI: 10.1039/d0cc00729¢c. (##HiA)

Y. Cho, A. Yamaguchi, R. Uehara, S. Yasuhara, T. Hoshina, M. Miyauchi*,
"Temperature dependence on bandgap of semiconductor photocatalysts"; J.
Chem. Phys., 2020, 152, 231101 1-5, DOI: 10.1063/5.0012330. (#HiH)

M. Kushida, A. Yamaguchi*, Y. Cho, T. Fujita, H. Abe, M. Miyauchi*,
"Gas-phase photoelectrocatalysis mediated by oxygen ion for uphill
conversion of greenhouse gas"; ChemPhotoChem, 2021, 5 (3), 275-281,
DOI: 10.1002/cptc.202000228. (&K FHiH)

Y. Cho, A. Yamaguchi, M. Miyauchi*, "Photocatalytic Methane Reforming:
Recent Advances (review article)"; Catalysts, 2021, 11 (1), 18 1-39, DOI:
10.3390/catal11010018. (& FHif)

J. E. Lee, A. Yamaguchi, H. Ooka, T. Kazami, M. Miyauchi, N. Kitadai, R.
Nakamura®, “In situ FTIR study of CO2 reduction on inorganic analogues of
carbon monoxide dehydrogenase”; Chem. Commun., 2021, 57 (26),
3267-3270, DOI:10.1039/DOCCO07318K. (f&#HiA)

T. Kujirai, A. Yamaguchi*, Takeshi Fujita, Hideki Abe, M. Miyauchi*, "Active
site separation of photocatalytic steam reforming of methane using a
gas-phase photoelectrochemical system"; Chem. Commun., 2021, 57 (65),
8007-8010, DOI: 10.1039/D1CC02914B. (##HA)

Y. S. Liu, A. Yamaguchi, Y. Yang, H. Abe, S. Ueda, T. Tanabe*, M. Miyauchi*,
"Visible light induced CO2 reduction by mixed-valence tin oxide"; ACS Appl.
Energy Mater., 2021, 4 (12), 13415-13419, DOI: 10.1021/acsaem.1c02896.

(EHiAT)

S. Shoji, A.S. B.M. Najib, M. W. Yu, T. Yamamoto, S. Yasuhara, A.
Yamaguchi, X. Peng, S. Matsumura, S. Ishii, Y. Cho , T. Fujita, S. Ueda, K. P.
Chen, H. Abe*, M. Miyauchi*, "Charge partitioning by intertwined metal-oxide
nano-architectual networks for the photocatalytic dry reforming of methane";
Chem Catalysis, 2022, 2 (2), 321-329, DOI: 10.1016/j.checat.2021.11.015.



SICORP #& T#f5E (‘=N « Liu i)

(EHeA)

11. A. C. Wardhana, S. Yasuhara, M.W. Yu, A. Yamaguchi, T. Nagao, S. Ishii*, M.
Miyauchi*, "Direct imaging of visible-light-induced one-step charge
separation at the chromium(Ill) oxide-strontium titanate interface”; J. Mater.
Chem. A, 2022, 10 (2), 752-761, DOI: 10.1039/D1TA08950A. (& FHiH)

12. A. Yamaguchi*, K. Arai, A. A. N. El, J. E. Lee, N. Kitadai, R. Nakamura, M.
Miyauchi, "Multi-regression analysis of CO:2 electroreduction activities on
metal sulfides"; J. Phys Chem. C, 2022, 126 (5), 2772-2779, DOI:
10.1021/acs.jpcc.1c08993. (H#HA)

kT OMOZEMEY) FHFIIZETF — o & oM, B8R D) - BERMEH 5
0 1
AL

* Z OMDOENEY FHFRNFZET — L %2 & F 720 BHAMIIES — L DOk
FEip &) EEMIK R 6 F

1. =EWHER, Yin Ge, FEFNE, 1O S, Bifdctst. Mg etz X— 2 L Lizw]
EBREN RN CO2 iBL v A7 A, BRI, Vol. 87, pp. 14-19, Mar.
2019. 10.5796/denkikagaku.19-FE0004

2. ‘BN M, T MIBL. R U bKFE L — FOYeEE, T I v 7 A, Vol. 55,
No. 8, p. 591, Aug. 2020.

3. JEF MAE, Bk FEE, o 52, EEE XA, B SRR, mNORESE. Jta o
TIRERE T A D&, 7 V—rxx/LF—, Vol. 29, No. 6, p. 7, Jun.
2020.

4. ENHES, IO, Lo En b R, 2021

5. ENHER:, FEEEE, REEE, MEEE, (Lo, BERE, PO, At
IZ X AIEENRT AOGTFL A X O BbREFLE, BT I vy A Th
£ RERAY T I v 7 AOHER ) |, Apr. 2022,

6. ENHER, FEFEIEE, RS, MHEE, (L0, BEERE, PEoe. bt
WZEDAZLDRTIA) T —3 07, filillt THE SRy 28l L CcO %
FAWD 7 2 )V AE RO RFTENA ], Jan. 2022,

7/

==
=

2. BRRK

* MEAZER (FAFRBIIET — L & DA FER)
FERMIL FHOME (O BIEFFHRE - 0 1)

* MEHFER (FHFMNIET — 225 720 BARWIES — L DFR)
FERMIL  FH 19 (O BIFFHAR - 5 1)

1. Akira Yamaguchi, Tomohiro Kazami, Masahiro Miyauchi. "The effect of



10.

11.

SICORP #& T#f5E (‘=N « Liu i)

histidine on electrochemical CO2 reduction activity of iron-nickel sulfide",
International Conference on Artificial Photosynthesis-2019, Hiroshima, Nov.
2019.

JRSLANZL, IR SR, NS, 8= 7 LR L AR O FE S ) IR L K
FIETTCIZRIT D e AT VU OREOR, 2019 FELLFEKFRE, Sep.
2019.

FERINAE, RIEFE, D5, pRMECE, s, B, SLAREic X5 A
Z D AL UE, H 77 RS DEMBEITIE & BRI BN O FopEh
] &R, Aug. 2020. FRRFRTH

An Niza El Aisnada, Masahiro Miyauchi, Akira Yamaguchi. Alternative
Descriptors for Designing Metal-Sulfide Electrocatalyst for CO2 Reduction
Reaction (CO2RR), Materials Research Meeting 2021, Dec. 2021.

Akira Yamaguchi, Katsuki Arai, Yoshiki Otsubo, Tomohiro Kazami, Ryouta
Kubo, Norio Kitadai, Ryuhei Nakamura, Masahiro Miyauchi. Electrochemical
reduction of CO2 using metal sulfides as electrocatalysts, Joint Workshop of
Central South University & Tokyo Institute of Technology for CO2 Recycle
Catalysis Technology, Jan. 2021. 5k i#H

Yue Yang, Akira Yamaguchi, Sayuri Okunaka, Hiromasa Tokudome,
Masahiro Miyauchi. Green light active BiVOa4 for complete oxidation of
organic molecules, Joint Workshop of Central South University & Tokyo
Institute of Technology for CO. Recycle Catalysis Technology, Jan. 2021.

Ryouta Kubo, Akira Yamaguchi, Masahiro Miyauchi, Ryuhei Nakamura.
Utilization of hydrothermal electrochemistry in metal sulfide synthesis and
evaluation of electrochemical CO2 reduction ability, Joint Workshop of
Central South University & Tokyo Institute of Technology for CO2 Recycle
Catalysis Technology, Jan. 2021.

Toru Hirabayashi, Shin-ichi Ito, Akira Yamaguchi, Takahiro Kondo, Masahiro
Miyauchi. Reducing Ability of Hydrogen Boride Sheets to Form
Nanocomposites with Metal Nanopatrticles, Joint Workshop of Central South
University & Tokyo Institute of Technology for CO. Recycle Catalysis
Technology, Jan. 2021.

An Niza El Aisnada, Akira Yamaguchi, Masahiro Miyauchi. Informatics
Approach for Designing Selective and Efficient Ternary Metal-Sulfide
Electrocatalyst for CO2 Reduction: Finding the Descriptor, Joint Workshop of
Central South University and Tokyo Institute of Technology for CO2 Recycle
Catalysis Technology, Jan. 2021.

Anna Strijevskaya, Akira Yamaguchi, Min Liu, Masahiro Miyauchi. Copper
based nanostructured electrocatalysts for CO2 reduction, Joint Workshop of
Central South University & Tokyo Institute of Technology for CO2 Recycle
Catalysis Technology, Jan. 2021.

Masahiro Miyauchi, Akira Yamaguchi, Shusaku Shoji, Kawamura Reiya,
Yohei Cho, Toru Hirabayashi, Masaru Kushida, Takeshi Fujita, Hideki Abe,
Takahiro Kondo. Photocatalysis towards Carbon Dioxide Recycle and



12.

13.

14.

15.

16.

17.

18.

19.

SICORP #& T#f5E (‘=N « Liu i)

Hydrogen Society, Joint Workshop of Central South University & Tokyo
Institute of Technology for CO, Recycle Catalysis Technology, Jan. 2021. 4

FEam
RESE, IO, YANGYue, =WNHERE. BT K B EfkiEED N RE ¥ v 7
WASwH D > 7 &, 55128 Al =, Sept. 2021.

Aufandra Cakra Wardhana, Satoshi Ishii, Sou Yasuhara, 43 [&#{, Akira
Yamaguchi, Masahiro Miyauchi. Elucidation of Interfacial Charge Excitation
in Visible-light-active Cr203/SrTiO3 Photocatalyst System, Zxi/L5 44 88
[E/ A=, Mar. 2021.

A5, R 2 W2 E FBEiEmA ORI, /b7 25 88 /A
A2, Mar. 2021, FBA1FIE

M. Miyauchi. Photocatalyst technology for eco-airport, JICA Asean Airport
seminar, Mar. 2022. #1340

An Niza El Aisnada, Masahiro Miyauchi. Alternative Descriptor for Designing

Metal-Sulfide Electrocatalyst for CO2 Reduction Reaction (CO2RR),
Materials Research Meeting 2021, Dec. 2021

fp A, (Lo, BEERE, FEsSs, =N, BEREME KA EE
SALF VAT AW A X L OKEKEE DN A~ DorEE, 2022 4
B FAA 89 Al AE, Mar. 2022.

RESE, 105, YANG Yue, =WNHERE. BT ¢ A 7 EERIE 2 7= e filige
DIRFERAFIEDTRAE, 2022 FEEXEF= 4 89 [FIAZ, Mar. 2022,

HNHER . AR T AR - RS N TR EA L. B o o b E
T—, JHEF #2021, Jan. 2022, B TE

kTR A X —3F (FHTRIFIE T — b & DOEL FEFR)

FFRMHE 5O fF

K} N A Z—FERK (FHFMETF — L 25 £V AARRBIET — L DFER)

1.

2.

4.

RRME 5T AT

FREEE, (LD 5, YANG Yue, EWNHERS. BN X 2 ML S0 7 7 v a v
ARG NIVDEAL, F 39 [AED3 70700 S LS A 7 A, Nov. 2020.

Tomoki Kujirai, Akira Yamaguchi, Takeshi Fujita, Hideki Abe, Masahiro
Miyauchi. Reaction site Separation of Photocatalytic Steam Reforming of
Methane with Gas-Phase Photoelectrochemical System, Materials Research
Meeting 2021, Dec. 2021.

Masaru Kushida, Akira Yamaguchi, Masahiro Miyauchi. TiO2-based
Photocatalyst for Gas-Phase CO2 Recycling, Materials Research Meeting
2021, Dec. 2021.

WA, (LA 5, sRIEN:, FERIME, HEEGE, FEpscst, o R, et



SICORP #& T#f5E (‘=N « Liu i)

2 L DIRENIR T A OGWAY, ML IE & I LENT DR ATE) ] & fFAE
27 (4583 [ A 4), July 2021,

3. ¥ LETV—2avl I F— - PURIDYLAEDORE

1. Joint Workshop of Central South University & Tokyo Institute of Technology
for CO2 Recycle Catalysis Technology, Tokyo Institute of Technology and
Central South University (Professor Min Liu and Professor Masahiro
Miyauchi), Online, Jan. 2021, 45 participants

4. MAERMOER (FERFER)

I IR A S T A o ST 4 o 7 S FHE LT H RO OREA - AR
A Lie, E7o, o FAORERER B, Rk ERFIE 2T - T X /-

5. FFRrHiFE
WFZE I A RS A 5 - 0 1

6. XE - FHBES

1. (%H) 25 EDEAE S R T L PARZZ—E, fiH#E, 2020 4F

2. (% H) 12th Multidisciplinary International Student Workshop(MISW), Best
Presentation award, 2021 4

3. (%E) % 17 [ Honda-Fujishima &, 110 %, 2021 4

4. (%'H) 2020 Highly Cited Researchers, Clarivate, 2020

5. (%E) 2021 Highly Cited Researchers, Clarivate, 2021

7. 0Ot

HWIRZ VLAY =2 @RI %2 Tz R0 R SR & ST MR DR EHE
FrafEn], 202242 H.



