P P 2 >

7%
university of :/g,/ 7
groningen YL

R

University Medical Center Groningen

University of Groningen

Organic-inorganic hybrid nanostructured materials for photovoltaics and solar fuels
Lai, Lai-Hung

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Lai, L-H. (2016). Organic-inorganic hybrid nanostructured materials for photovoltaics and solar fuels.
University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 04-06-2022


https://research.rug.nl/en/publications/4855b0de-a5b3-46fc-bd46-cbfd0bb44596

Organic-inorganic Hybrid
Nanostructured Materials for
Photovoltaics and Solar Fuels

Lai-Hung Lai



Organic-inorganic Hybrid Nanostructured Materials for Photovoltaics
and Solar Fuels

Lai-Hung Lai
PhD thesis
University of Groningen, The Netherlands

Zernike Institute PhD thesis series 2016-13

ISSN:  1570-1530

ISBN: 978-90-367-8789-5 (printed version)
978-90-367-8788-8 (electronic version)

The work described in this thesis was performed in the research group of
Photophysics and Optoelectronics of the Zernike Institute for Advanced Materials in
University of Groningen. This work is part of the research programme of the
Foundation for Fundamental Research on Matter (FOM), which is part of the
Netherlands Organisation for Scientific Research (NWO). This work is also part of the
research programme of BioSolar Cells, co-financed by the Dutch Ministry of Economic
Affairs.

| ™\

university of
/ groningen

Cover design by Lai-Hung Lai and Yun-Ju Chu
Printed by Ipskamp Printing




university of
groningen

Organic-inorganic Hybrid Nanostructured
Materials for Photovoltaics and Solar Fuels

PhD thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the
Rector Magnificus Prof. E. Sterken
and in accordance with
the decision by the College of Deans.

This thesis will be defended in public on

Friday 29 April 2016 at 11.00 hours
by

Lai-Hung Lai

born on 5 April 1986

in Hsinchu, Taiwan



Supervisor
Prof. M.A. Loi

Assessment committee
Prof. N.S. Sariciftci

Prof. M.C.M. van de Sanden
Prof. F. Picchioni



Contents

Chapter 1  INrodUCHON .cvcieiiieiieiaiiecaiiessiasresascessscessessssessssesscsssesassesasess 1
1.1 INrOdUCHON....civiiiiiiciiic e 2
1.2 Colloidal qUantum dOtS.......ccceeevieirrieiriiiirieieiee e eseeeere e e ere e saeesseessanesnns 3

1.2.1  Physics of colloidal quantum dots.........ceeveeeieiniinieininiicieccicnen, 3
122 Chemistry of colloidal quantum dots........cceeevuivriniiiininiinininiiiine, 5
1.2.3  Core-shell QDS ...ciiiiiiirieiiiiieeeieereiiteeeeeeeeseirreeeeeeeessssssrreeeeeessssssssssseeees 6
1.2.4 Charge separation and charge transfer in colloidal quantum dots......... 8
1.3 Single-walled carbon Nanotubes ..........ccocceeeerierieiienienienieeeereeereee e 9
1.3.1 Physics of single-walled carbon nanotubes (SWINTS)........ccccecvvrverrinnne. 9
1.3.2  Selection of semiconducting single-walled carbon nanotubes .............. 11
3 B R 1o - U O <) | TSR 13
141 The basic working mechanism concepts of solar cells...........ccoeerrruene. 13
1.42  Hybrid solar Cells .....coiviiiiiiniiniiiiiiiiiiiniccri s 16
143 Dye and QD sensitized solar cells .........cccoeeerieievieniiniieieiiiiiiieenne 21
1.5 Photoelectrochemical water Splitting........cccccceeeveerrveesvuerniernreeeceenreeeseenns 23
1.5.1 Basic concept of PEC water splitting ........ccccoeevveerevienininiiniciiieicienns 23
1.5.2  Sensitized photoelectrodes for water splitting ..........ccceeeevvevivrinirnnnnns 26
1.6 Overview of the thesis ........cccccviiniiiiiiini 28
1.7 REEIENCES ..vveeeeiiieeeeee ettt tee e e te e e e ree e e e rbe e e e raae e e ssaaeean 29

Chapter 2 Sensitized Solar Cells with Colloidal PbS/CdS Core/Shell

(020 F: 100111030 D 1) £ PPN 35
D235 SN 001 (0 6 L1 Loi (0 ) + SRS 36
2.2 Sensitized solar cell with core/shell PbS/CdS QDS.....cccceecveeeieencrerrcveeeneens 37



2.3 Carrier dynamics MeasUr€MENt........ccoceeruerruerrerrernerneeneenreesseesseesseesseenes 40
2.4 Sensitized solar cell Stability.......cccoeveirviieriiieiiereececeee e 47
2.5  CONCIUSIONS ...veievieeiieeciieceie e e ee e e e e e eteeeetee e aeeesaeesaseeensaesaseeensaessaesnseesnnns 47
D23 S T Y (11 s o 1o (= USRS 48
2.7 RELEIEICES ...uvveerieeiieecieeeteeectee e cee e te e te e e steeeesee e rae e aeessseesseeessseensseesnsenans 50
Chapter3 High Performance Photoelectrochemical Hydrogen
Generation and Solar Cells with a Double Type II Heterojunction ........... 53
Fo 75 SN 6515 (oY 13 et (o ) 4 UDUUUN U USSP 54
3.2 Sensitized solar cell with CASe/ZnS QDS ......cccoeeeeereeeeeecieeeieeecreeeceeeecvaeens 55
3.3 Exciton dynamics measurement........ccceevueeevveerreerreeesveeesseeessuessseeesseessnenns 59
3.4 Carrier dynamics by impedance SpeCtroSCOPY ......cceevereereervervenvererneenvennens 62
3.5 Sensitized photoelectrodes stability .........ccccccervverrriersieeiiiieiniereeeeceeeeene 66
3.6 CONCIUSIONS ....uveeuieeeieecteeecteeecteeeteeeteeeteeeaeesssaeesseessseeessseenssessnseessseesnseenns 67
Lo T2 Y (<1 4 s Vo Te KU USSP 67
3.8 RELEIEIICES ...ccuvieetieeeeecteeccte et et etee et e e ee e e te e s bae s saeessseessseesnsaeesaeennsens 69
Chapter 4 Organic-inorganic Hybrids Solution-processed Ho--
evolving Photocathodes ......cccceeieeiieiienienienieieiieciesiesiesieniassessessessessessasses 71
D05 T 616 o Yo 11 (o1 (o) s KON 72
4.2 Design of the hybrid photocathodes.........ccccceverirnereneninneneneneeereeenes 73
4.3 Exciton dynamics of the hybrid blends ..........ccecceeeeiirvierniienniieieieeeieeeneen. 75
4.4 Hybrid photocathodes performance.......c..cooceeveeverniernienniensieniienseenieneennes 77
4.5 Photocathode Stability ........cccceevieiriieiniieiniiinieceecreesre e esee e 82
4.6 CONCIUSIONS ..c.uvveeeeieeeieeeieeecteeeteee e e s teessteesseeessaeesseeesssessssesssseessssessesssens 84
4.7 MEROAS ...ttt et e et e e e bae e e e ae e e e aeaesennaes 84
4.8 REEIEICES....eecvieeiieeieecteeecteeeceeeeee e te e te e e e e s tee e see e see e beeessaessaessaennnes 86
Chapter5  Polymer Wrapped Semiconducting Single-walled Carbon

Nanotubes Toward Efficient H: Evolving Photocathodes ...........ccccceceeeeee. 89

ii



5.1 INITOAUCHION «ueeeviieiieeeieeeieece et eee e te e cee e e e e ebeeeeaee e seeesaeesasaesnsaessnesnnns 90

5.2  Polymer wrapped S=SWINT ....ccccveieriiriieiteerteeseesseesseeeereesaessvesssveessaeens 91
5.3 S-SWNT photocathodes ........cocueeieriiriinieniinieitertee ettt eie e e eeeene 93
5.4 Photocathode stability .......ccccceevieriieriiiiirieieieccececeeeee e eee e 101
5.5  CONCIUSIONS ...eeeveeiiieeiieeeieeeieeete e et e ecteeesaeseaeesseeesseesseessaeessessseesnsaennns 103
5.6 MENOAS coineeieeeceeeecee ettt et e e e e re e e e bae e e e naaaeeennes 103
5.7  RELEIEICES ....vveieiieeieieiiecceeeceeeete e te et e s cae e e rae e raeesste e aeesnsaessae s seaenseens 105

Chapter 6 Near-infrared Light Harvesting by Incorporating Carbon
Nanotubes into Organic-inorganic = Hybrid Blends for

Photoelectrochemical Hydrogen Production .......ccccececeecncecsececsecacsecaeces 107
6.1 INIFOAUCHION ..eonviiiieiiiiieiteieee ettt ettt s e st e st e s e e st e sae e st e saesae e e 108
6.2 Nanocrystals and single-walled carbon nanotubes.........ccccceevverevierrcreennne 109
6.3 Selection Of SSSWINT .....cccviieiiieiieceeecee e te e re e e creeereeeeree e eeesseesasaeens 109
6.4 Hybrid photocathodes .........ccceeeviieriieiiieiieieeeceeecee e e eas 110
6.5  CarTier AYNAmICS...cccovertereereererietertestenereeteseesre st eteseesse st e eeeessesseeeennens 116
6.6 Photocathode Stability .......cceccvreierriiiriieirieireeeceeecee e ee e e 117
6.7 CONCIUSIONS ...eeeveeeiieeeieeeieeeeieeeereeeetee e teesseeeseeesseeeseesnsaeasssaessssessaesseennns 118
6.8 METhOdS . .eeeeieiiiiieiieitete ettt ettt 118
6.9 RETEIEIICES.....ieiceieeeieeeiiecceeeceeeete e te et e e e e e ree e seeesteesseesssaesseesseassseens 120
Chapter 7 Utilization and OUtIOOK ......ccceceiieiniecniaceeiaccesscessecessecsssesaoses 123
7.1 Solution processable photocathode ...........ccceeevererniereneninneneneneneenee. 124
7.2 Tandem photoelectrode .......cceivveievieiriiiiiiieirieeeieee et e e e eaee e 126
7.3 Photoelectrochemcial CO2 reduction........c..cecueeeeeeeeieeeeieeeieeceeeecieeeveeeane 127
7.4 Outlook of UHZATION ...eeeeeiiieeeeiiieecieee et vae e e eens 127
7.5 RELEIEICES ....vveieieeeieeeteeceeecee ettt e e e e ee e rte e s te e s ae e s baessae s saaesaeens 127
SUIMIMATY 1 evtirererecncacscscrcrerecscscssssssesessssssssssssesssssssssssssssssssssssssssssssssssssses 129
SAMENVAHING ceoveieiiniiniiiieiierieniecieiiaiassessessessessssssssssssessessessessssssssassssss 131



Acknowledgements

List of Publications

iv



