
Kobe University Repository : Kernel

PDF issue: 2024-08-29

Application of Functional Metal-Organic
Frameworks to Catalysis

(Degree)
博士（学術）

(Date of Degree)
2015-03-25

(Date of Publication)
2017-03-25

(Resource Type)
doctoral thesis

(Report Number)
甲第6424号

(URL)
https://hdl.handle.net/20.500.14094/D1006424

※ 当コンテンツは神戸大学の学術成果です。無断複製・不正使用等を禁じます。著作権法で認められている範囲内で、適切にご利用ください。

Li, Jun



(jlIJ紙線式3)

輪文内容の要旨

氏名 主主

専攻 !Ml盆主

飾文J!lf日(外回mの渇合は，その和訳書と併記すること。}

Application of Functional Metal-OnmnicFrameworks to 

島担註鍾

記位高分子の触謀反応への応用に関する研究

t指導教員 盆ー盈

{注)2，∞0字.....4.000字で玄とめること.

(氏名:準君 NO. 1 ) 

Abstract 

This dis鑓rtationmainly contains two parts: one is the utilizalIon of metal・organic

ftam側 ork(MO吟8sa host matrice for immobilizing metal nanoparticles (MN向 and

thc use of the fabrica飽dMNP@MOF composites as catalysls for catalytic hydrogen 

generation from ammonia borane (AB). and出eother is the uti1ization of MOFぉ a

templatelpr官cursorfor n側'Porousωrbon(NPC) material synthesis and the 蜘 ofthe

resultant NPCs as SUPl泌氏sof Pd electrocatal15鈎 formethanol electrooxidation. 

Non-noble metal-based (AuCo) and non.noble bimeta1lic (CuCo) alloy nanoparticles 

were successfully encapsulated in the pores of MIL-l01. a chromium-based MOF. 

which exhibit high caωtlytic activities for hydrolytic dchydrogenation of AB. 

Hierarchically porous叩加n明 ssy帥 esizedby direct c釘bonizationof assembled 

nano戸rticlesof zeolitic imidazolale会祖国work(ZIF，・8).which has恥∞ usedas 

support for Pd clectrocatalyst for mcthanol elcc回oxidationin a1kaJine media for the 

first time. The main 間 elll'Chresu1ts of制sdissertation are summarizcd 8s follo明.

(1)部副1Iyactive A田Coalloy nanopartlcl側側側psulatcdin thc pores of 

metal，・organleframeworks for hydrolytie debydr可申natlonofammonia borane 

Ultratine AuCo alloy nanoparticles were successfully encapsulated inめeporcs of 

MIL・101 without aggr唱:gationon the extemal surfaces of the host framework by using 

白edouble鉛lventsm拙 odcombined with the overwhelming reduclion approach.鑓

demonstmted by t即 Ismissionelectron microscopicロ官M)and high-anglc annular 
dark-field scanning TEM (HAADF-STEM) analyscs. The ul回自neAuCo al10y NPs 

inside the m総oporousMIL.I01 exhibit much highcr catalytic activity for hydrolytic 

dehydrogenation of AB in compari鉛'nwith tbeir monomelallic Au and Co counterparts. 

To thc best of our knowledge，制50b凶ned刷 ivityis the hlghest for sup凹rtedCo飢 d

co却 sedc蜘 115包evcrre戸r凶 forhydro1ytic dehydrogenatlon of aqueous AB. 

(11) Non-noblo blmetalllc CuCo na目。partielesencar褐ulatcdin the pores of 

m蹴 1・organieframeworks: synergetic eatalysis In the hydrolysis of ammonla 

borane for hydrogen generatlon 
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Abstract 

This dissertation mainly contains two parts: one is the utilization of metal-organic 

framework (MOF) as a host matrice for immobilizing metal nanoparticles (MNPs) and 

thc use of the fabricated MNP@MOF composites as catalysts for catalytic hydrogen 

generation from ammonia borane (AB). and the other is the utilization of MOP as a 

template/precursor for nanoporous carbon (NPC) material synthesis and the use of the 

resultant NPCs as supports of Pd electrocatalysts for methanol electrooxidation. 

Non-noble metal-based (AuCo) and non-noble bimetallic (CuCo) alloy nanoparticles 

were successfully encapsulated in the pores of MIL-IOI. a chromium-based MOP. 

which exhibit high catalytic activities for hydrolytic dehydrogenation of AB. 

Hierarchically porous carbon was synthesized by direct carbonization of assembled 

nanoparticles of zeolitic imidazolate framework (ZIF-8). which has been used as 

support for Pd clectrocatalyst for methanol elcctrooxidation in alkaline media for the 

first time. The main research results ofthis dissertation are summarized as follows. 

(I) Highly active AuCo alloy nanoparticles encapsulated in the pores of 

metal-organic frameworks for hydrolytic dehydrogenation of ammonia borane 

Ultrafine AuCo alloy nanoparticles were successfully encapsulated in the pores of 

MIL-tol without aggregation on the external surfaces of the host framework by using 

the double solvents method combined with the overwhelming reduction approach. as 

demonstrated by transmission electron microscopic (TEM) and high-angle annular 

dark-field scanning TEM (HAADF-STEM) analyscs. The ultrafine AuCo alloy NPs 

inside the mesoporous MIL-IOI exhibit much highcr catalytic activity for hydrolytic 

dehydrogenation of AB in comparison with their monometallic Au and Co counterparts. 

To thc best of our knowledge, this obtained activity is the highest for supported Co and 

Co-based catalysts evcr reported for hydrolytic dehydrogenation of aqueous AB. 

(1\) Non-noble bimetallic CuConanopartieJes encapsulated in the porcs of 

metal-organic frameworks: synergetic catalysis in the hydrolysis of ammonia 
borane for hydrogen generation 
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Abstract 

This dissertation mainly contains two parts: one is the utilization of metal-organic 

framework (MOF) as a host matrice for immobilizing metal nanoparticles (MNPs) and 

thc use of the fabricated MNP@MOF composites as catalysts for catalytic hydrogen 

generation from ammonia borane (AB). and the other is the utilization of MOP as a 

template/precursor for nanoporous carbon (NPC) material synthesis and the use of the 

resultant NPCs as supports of Pd electrocatalysts for methanol electrooxidation. 

Non-noble metal-based (AuCo) and non-noble bimetallic (CuCo) alloy nanoparticles 

were successfully encapsulated in the pores of MIL-IOI. a chromium-based MOP. 

which exhibit high catalytic activities for hydrolytic dehydrogenation of AB. 

Hierarchically porous carbon was synthesized by direct carbonization of assembled 

nanoparticles of zeolitic imidazolate framework (ZIF-8). which has been used as 

support for Pd clectrocatalyst for methanol elcctrooxidation in alkaline media for the 

first time. The main research results ofthis dissertation are summarized as follows. 

(I) Highly active AuCo alloy nanoparticles encapsulated in the pores of 

metal-organic frameworks for hydrolytic dehydrogenation of ammonia borane 

Ultrafine AuCo alloy nanoparticles were successfully encapsulated in the pores of 

MIL-tol without aggregation on the external surfaces of the host framework by using 

the double solvents method combined with the overwhelming reduction approach. as 

demonstrated by transmission electron microscopic (TEM) and high-angle annular 

dark-field scanning TEM (HAADF-STEM) analyscs. The ultrafine AuCo alloy NPs 

inside the mesoporous MIL-IOI exhibit much highcr catalytic activity for hydrolytic 

dehydrogenation of AB in comparison with their monometallic Au and Co counterparts. 

To thc best of our knowledge, this obtained activity is the highest for supported Co and 

Co-based catalysts evcr reported for hydrolytic dehydrogenation of aqueous AB. 

(1\) Non-noble bimetallic CuConanopartieJes encapsulated in the porcs of 

metal-organic frameworks: synergetic catalysis in the hydrolysis of ammonia 
borane for hydrogen generation 



(氏名: 事 :tt NO 2) 

Non-noblc bimctallic CUCo alloy nanoparticlcs明 'resuc∞ssfully cnc自Ipsulatedin 
the po問sof MrL-IOl by using the doublc鈎lvcnlsmethod combined wilh the 

overwhclming rcduction appl'Oach， which display rcmarkably c油釦C“catalytic
activity for hydl'Olytic dchydl'Ogcnalion of AB 10 gencrate a stoichiometric amount of 

hydrogen at room temperaωrc for chemi剖 hydrogenstorage， which prcscnts lhe自民t

example of MOF-supported non-noblc bimetallic ω凶ystsfor the hydrogcn gcneration 

from hydl'Olysis of AB. The synergetic c偽ctbc抑ecncop関E飢dωbaltspccies ~加抑

制 import納trolc for Ihc improved performance in thcωtalytic hydl'Olysis of As. 

。11)Pd嗣 ooparticles5阻pported00 hierarehic:ally porous c:arbon derived from 
assembled oaoopartic:les of zeoll鈍clmidazoJate fram供vork(ZIF-8) for methaDol 

electrooxJdatlon 

We， for thc first tlmc，雌thchicrarchically pol'OUS 叩加凶wi由加，thmicro・佃d
m蜘抑問 obtainedfrom di悶 t侃rboni剖 ionof assemblcd nano阿 ticl飴 ofZIF・8

[Zn(McIMni McIM圃 2・methylimidazolc]俗 supportfor Pd elcc加catalystsfor 

rncthanol cleetr∞xidation in alkaline mcdia. At thc CIU加，nization矧npcraωrcof 
1000 oC， thc highcst surface area (1105 m2 8.1) 80d the larg闘 porevolume (0.95 cm3 

g'l) of ZIF-8・derivcdcarbon (ZC) arc achieved. Thc PdlZC-lOOO catalyst is the most 

active and electrochcmically s帥 leamong the Pd catalysts supported on ~白 prePIU官d

at 800-11ω。C.Moreovc九theca制yticactivity of PdlZC-lOOO is 5 times higher than 
伽1Iof Pd supported 00 the commercial c町bonblack Vulcan XC-72R at the s8lUe Pd 

lωding. The ZC-lOOO with unique phy草加IPl'Operties and high cle償問hemical

pcrformance will be a promising c蜘 lyst鈎P似>rtfor tbe a卯Hcationof direct m拙 8001

fucl cell. 

In summary，山isdis蜘 tationflωu摘。nthc fabrication of a serics of MOF-b鵬 d

matcrials， that is， tbeωmposhωof metal nanoPfUlicJcs 刈白MOFs加dMOF-derived 
carbons， and their applications 鑓 heterogeneous ca匂Iysts for hydrolytic 

dchydl'Ogenation of ammonia加，ran信組dmethanol electrl∞，xidation. 
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持1

毘位高分子(Metal“OrganicFrDlI8¥l'Ork， lIOF)は、金縄イオンまたは金属クラスタ』が(有機)i2イ立
子によって無限{パルクレベル}に連結されることによq て形成され、その構造の多微な自由度のた

め、過併の単線金属鮪体と比べ、質的にAなる物性、反応伎と機幡を持ち、機能他材料として期待さ
れている.本研究では、有機毘位子及び金~塩との反応によ P 、多孔賞配位高分子を合成し、そのナ
ノ細孔の中に金属ナノJ粒子を宙定化させ、ナノ反応揚として、アンモsアポランからの水素宛生反応

に高い触媒位鎗を有することを明らかにした.また、多孔質配依荷分子を鋳型・前.体として利用し

て、メ Y綿孔とミクロ絢孔を持ち、自陣表面積を有する階層型多孔質炭i!f:材料を合成し、それに金属ナ

ノ粒子を鹿定化させ、メタノール酸化反応の電極触媒として日買い触傑性能を示すことを明らかにし

た.以下、各事について述ベる.

第一傘では、序鎗として、ホ研究に関速する研究背景や現議の状況をまとめ、本研究の目的と意義に

ついて述べている.

第二耳置では、多JL質i!ii!位高分子のナノ級事Lの中への超微細金・=パルト(Auω)合金ナノ粒子の固定化
及び水禁苑生反応における蝕線活性について述べている.

金属煎療体の導入首長及び還元法を工夫することにより、鈎ーな粒予径分布を持ち、務分散された超

微細金・コバルト(AuCo)合金ナノ粒子を多孔償配位務分子MIl-IOlのメソ絢乳内への回定化に成功し
た.合成されたAuCo創Il白101材料は、アンモエアポランの加水分解による水素発生反応において、
触媒として商い機能性を示した.放出した水素対アンモニアボランのぞル比ぬ/NH.'聞sはほぼ理鈎当
量3.0(反応物である I~O 及び畑酬もに対して'.8.9wtl6の水鶏放尚量に棺当}に遺した.アンモエニアポ

ラン加水分解反応における AuCo側11.-101触媒の田町い触媒活性は、 M1l-101メジ綿孔内に酪定化され
たAuC，。ナノ粒子におけるAuとcoの金属関相乗効果及び極めて小さい粒子径に起因している.さら
に、 AuCoI輔Il-I01触媒は本反応において高い耐久伎を来した.

第三躍では、多孔質iIe位高分子のナノ細孔の中への非賞金属である銅・コバルト(CuCo)の趨微籾合金
ナノ絵子の回定化及び水察発生反応における触媒汚俗.について述べている.

二調書蝶法を用いることにより、均ーな紘子径分布を持ち、非賞金属である銅・コバルト(αlCO)の忽
微細合金ナノ粒子を多孔賞記位向分子MIL-IOlのメY細孔内へ掴定化することに成功した.合成され

NO 2) 

Non-noble bimetallic CUCo alloy nanoparticles were successfully encapsulated in 

the pores of MIL-IOI by using the double solvents method combined with the 

overwhelming reduction approach, which display remarkably enhanced catalytic 

activity for hydrolytic dehydrogenation of AB to generate a stoichiometric amount of 

hydrogen at room temperature for chemical hydrogen storage, which presents the first 

example of MOF-supported non-noble bimetallic catalysts for the hydrogen generation 

from hydrolysis of AB. The synergetic effect between copper and cobalt species plays 

an important role for the improved performance in the catalytic hydrolysis of AB. 

(iii) Pd nanoparticles supported on hierarchically porous carbon derived from 

assembled nanoparticles or zeolltlc ImidazoJate framework (ZIF-8) for methanol 

electrooxldatlon 

We, for the first time, use the hierarchically porous carbons with both micro- and 

mcsopores obtained from direct carbonization of assembled nanoparticles of ZIF-8 

[Zn(MeIMni MeIM - 2-methylimidazole] as support for Pd electrocatalysts for 

methanol eleetrooxidation in alkaline media. At the carbonization temperature of 

1000 DC, the highest surface area (l105 m2 g.l) and the largest pore volume (0.95 cm3 

g-I) of ZIF-8-derived carbon (ZC) are achieved. Thc PdlZC-lOOO catalyst is the most 

active and electrochemically stable among the Pd catalysts supported on ZCS prepared 

at 800-1100 DC. Moreover, the catalytic activity of PdlZC-IOOO is 5 times higher than 

that of Pd supported on the commercial carbon black Vulcan XC-72R at the same Pd 

loading. The ZC-looO with unique physical properties and high electrochemical 

performance will be a promising catalyst support for the application of direct methanol 

fuel cell. 

In summary, this dissertation focuses on the fabrication of a series of MOF-based 

materials, that is, the composites of metal nanoparticles with MOFs and MOF-derived 

carbons, and their applications as heterogeneous catalysts for hydrolytic 

. dehydrogenation of ammonia borane and methanol electrooxidation. 
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Non-noble bimetallic CUCo alloy nanoparticles were successfully encapsulated in 

the pores of MIL-IOI by using the double solvents method combined with the 

overwhelming reduction approach, which display remarkably enhanced catalytic 

activity for hydrolytic dehydrogenation of AB to generate a stoichiometric amount of 

hydrogen at room temperature for chemical hydrogen storage, which presents the first 

example of MOF-supported non-noble bimetallic catalysts for the hydrogen generation 

from hydrolysis of AB. The synergetic effect between copper and cobalt species plays 

an important role for the improved performance in the catalytic hydrolysis of AB. 

(iii) Pd nanoparticles supported on hierarchically porous carbon derived from 

assembled nanoparticles or zeolltlc ImidazoJate framework (ZIF-8) for methanol 

electrooxldatlon 

We, for the first time, use the hierarchically porous carbons with both micro- and 

mcsopores obtained from direct carbonization of assembled nanoparticles of ZIF-8 

[Zn(MeIMni MeIM - 2-methylimidazole] as support for Pd electrocatalysts for 

methanol eleetrooxidation in alkaline media. At the carbonization temperature of 

1000 DC, the highest surface area (l105 m2 g.l) and the largest pore volume (0.95 cm3 

g-I) of ZIF-8-derived carbon (ZC) are achieved. Thc PdlZC-lOOO catalyst is the most 

active and electrochemically stable among the Pd catalysts supported on ZCS prepared 

at 800-1100 DC. Moreover, the catalytic activity of PdlZC-IOOO is 5 times higher than 

that of Pd supported on the commercial carbon black Vulcan XC-72R at the same Pd 

loading. The ZC-looO with unique physical properties and high electrochemical 

performance will be a promising catalyst support for the application of direct methanol 

fuel cell. 

In summary, this dissertation focuses on the fabrication of a series of MOF-based 

materials, that is, the composites of metal nanoparticles with MOFs and MOF-derived 

carbons, and their applications as heterogeneous catalysts for hydrolytic 

. dehydrogenation of ammonia borane and methanol electrooxidation. 
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~~ I 学窓

たCuCo8I.IIL-I0l材料は、アンモ=アポランの加水分解による水察発生反応において、触煤として向い
機能健を示した.放出した水覇者対アンモ=アボランの号ル比 HJNH，BH.はほぼ理総当盆3.0Iこ遣した.
アンモ=アボヲン加水分解反応における CuCotMIL-I01触媒の商い触煤活性は、 UIL-I0lメソ締孔内に
固定化された CuC。ナノ絵子における ω~ Coの金属関相無効果及む唱めて小さい粒子径に起因してい

る。また、 CuCo側IL-I01触媒は本反応において高い耐久伎を示した.本触媒は貴金属を用いないため、
当反応における触媒の高活性・低コスト化に寄与した.

第四章では、多孔質li2位向分子を鋳型・前駆体として利用した階月時雪量多孔質炭燕材料の合成と金属ナノ

粒子の箇定化、及びメタノーJレ殴fヒ反応の司E補触媒としての触煤性格について述べている.

超審波煎射条件下で、多孔償配位高分手(ZIF・8[Zn例e1M)2;MclM・2・methylimidazole))のナノ粒
子を合成した。 ZIF・8ナノ粒子の集合体を鋳型・前駆体として用いて、アルゴン雰囲気下で炭化するこ
とによって、メソ細乳とミクロ綿干しを持ち、 iii袋函績を有する機1fif型多孔質炭紫材料を合成した.合成
された多孔質決然材斜にパラジウム(Pd)ナノ綾子を笛定化させ、書E極触媒としてメタノール般化反応に

おける触媒性能僻舗を行った.本触媒i立、メタノール酸化反応の包揺触媒として高い活性を有するζと

を明らかにした.

第;&:掌では、以上の結集を総括し、有機能位予及び金属lj[との反応により、多孔質i2位荷分予を合成し、

ニ溶媒法を用いることにより、多孔質配位高分子のナノ細孔の中に怨微細AI由及びCuCo合金ナノ続子
を回定化できることを明らかにした.このように合成したAuCoまたはCuC。合金ナノ粒子と配位続分子
との複合体は、ナノ反応場として、アンモ=アポランからの水素努生反応に軍事い触媒性能を有寸ること

を明らかにした。また、多孔焚配位高分子を鋳豊臣・前車自体として利用して、メY細干しとミクロ細孔を持

ち、置目袋面積を有する階層型多孔賞炭.材料を合成し、それに金属ナノ粒子を既定化させ、メタノール

齢化反応の篭纏蝕燃として青島い触媒怯絡を示すことを明らかにした.

本研究iま、多孔賞記位目前分予への金属ナノ:粒子触媒の周定化と高性能紗織としての応用、さらには、

多孔質配位商分子を僻製・前駆体として利用した"R!J~盟多孔質決策材料の合成と金属ナノ綾子の組定化
及びメタノール齢化反応の電極触織としての応用について研究したものであり、多孔質飽位街分子に事

づく触媒の合成法と応用法について重要な知見を得たものとして価値ある集積であると認める.提出さ

れた倫文は工学研究科学位飾文評価基2債を満たしており.学f立申鱒者の孝君は.I噂土伴舶の学位を
得る資絡があると隠める.
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