
How a fuel cell function 



燃料電池與傳統熱機的火力發電比較 

黃鎮江 燃料電池 



Willam R. Grove 進行的氣體電池實驗 

黃鎮江 燃料電池 



DMFC, direct methanol fuel cell 



觸媒與多孔氣體擴散電極 

• 主要可分為單層燒結型電極以及多層的黏結型電極 
• 單層：將金屬觸媒與電解質之混合粉末以燒結方式製作多

孔結構 
• 多層：在高分散型觸媒內填加黏結劑 (PTFE)後黏貼至氣體

擴散層上。擴散區為非活性區 





燃料電池的分類  

• 依電解液性質可分為五類 
1) 鹼性燃料電池 （alkaline fuel cell,AFC) 
2) 磷酸燃料電池   (phosphoric acid fuel cell, PAFC) 
3) 質子交換燃料電池 (proton exchange 

membrance fuel cell, PEMFC) 
4) 溶融碳酸鹽燃料電池 (molten carbonate fuel 

cell, MCFC) 
5) 固態氧化物燃料電池 (solid oxide fuel cell, 

SOFC) 



燃料電池發電容量與適用範圍 

 

黃鎮江 燃料電池 



燃料電池特點  

• 效率高：目前工作的燃料電池效率可達40-60%,
平均單位質量燃料所產生的電能，僅次於核能 

• 噪音低：結構簡單且沒有運轉機件 
• 污染低：氫氣為主要燃料。 
• 進料廣：只要含有氫原子的物質都可以當作燃
料來源，包括天然氣、石油、燃煤、酒精、甲
醇。 

• 用途多：可提供的電力範圍在1W~1000MW間 
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Scale of materials 
1 cm 

10mm 

nano = n = 10-9 



Inorganic Nanomaterials: a inorganic 
kind of polymer  

-For example,….Au13, Au20, Pt38, Au55, Rh55, Pt309, Pd561, Pd1415, Pd2057… 
-n could be over million 



 

CdSe nanocrystals 
 

FWHM~20 nm 

discrete electronic  
structure 

Quantumd yield~31% 

Average:4.69nm 
Size variation less 
Than 20% 



Nanocrystals and nanowires 

10 cm 
0.01cm 

7.5 μm 

3.8 nm nanocrystal 

13 atoms  

千分之一的大小 

37 atoms  

1萬分之一的寬度 
12 nm Si nanowire 





Nanomaterials for Energy: Niche 

Cost effective Large-Scale Production 

Fast and Continuous processing for 
device fabrication 

Size and shape-dependent properties 

Nano-scale structure/composition 
engineering via facile synthetic routes 



 

Size and shape-dependent properties 



Germanium CdTe 

CIS2 

Size Dependent optical properties f CdSe quantum dots 

Bright water-soluble CdSe/ZnS/CTAB quantum dots 

Plasmon absorption tuning of gold nanorods  

Quantum efficiency 40-60% 
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Color comparison between bulk 
gold and nanogold 



Optical properties of CdSe Qdots 

 



 Characteristic of nanomaterials: plasmonic effect 

CTAB-GNRs with 
different aspect 
ratio from  (a)~(e) 

->(1.8~5) 

(a) (b) 

(e) 

(c) (d) 
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Plasmon absorption tuning of gold nanorods  
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Characteristic of nanomaterials: flexible mechanics 

Ge nanowire 

STM tips 



Various carbon nanomaterials 

C60 Carbon nanotube graphite 

Graphene 



 

Cost effective Large-Scale Production 



Hyeon et al., Nat. Mater., 2004 

Gram-scale Fe3O4 nanocrystal production 

You need larger glassware 



Tuan et al. Chem. Mater. 2008 

Chemical Engineering: Scale-Up synthesis of Silicon Nanowires 



250 ml Parr reactor operation 
Precursor solution Waste HPLC pump 

Inlet line Outlet line 

reactor 

Temperature  
controller 

~1 gram germanium nanowires 
~high quality, pure nanowires 

Scale bar 

Chemical Engineering: Scale-Up synthesis of Silicon Nanowires 



Large-scale Synthesis of Nanomaterials 

-Kg/day production! 
-Chemists investigate 
 new chemistry 
-Chemical Engineers 
  develop the large-scale 
  process ---$$$$$$$$ 

 



  

 

Nano-scale structure/composition 
engineering via facile synthetic routes 



Artificial design of nanostructures 



Gold nanocrystals 

Morphology control of nanostructures 



Size, shape, and structure control of  
various nanomaterials 

Interested materials: Au、Ag、Cu、Fe、Si、Ge、ZnO、TiO2、CIGS、NaYF4:Er+2 



Ultrahigh surface area of nanocrystals 

• Younan Xia, surface area 

Pd 
Pt 

Five times better 

Fuel Cell peformance using Pd-Pt dendrites 



Heterodimers and oligomers of nanocrystals 



 

Fast and Continuous processing for 
device fabrication 



Whang et al., Nano lett. 2003 
Andrew B et al., App. Phys. Lett.,2005 

Whang et al., Nano Lett. 2003 
Tuan et al., Angew Chemie. 2005  

Cost-effective processing: Roll-to-Roll and nonvacuum 

High-performance silicon nanowire transistor 
as a ultrasensitive biosensor 

Javey et al., Adv Mater. 2009 



Spray deposition of CIGS films 

Solution-processing methods:  
Spray-depositon 

CIGS film 

ZnO CdS film 
deposition 

CIGS film 

CdS 

ZnO film 
supttering 

CIGS film 

CIGS cell 



Nanomaterial Applications 
Bio+Energy+Environment, almost everything can be involved 



P-N junction : Frame structure for 
optoelectronic applications  



Traditional Si-based semiconductor process 

“Top down” photolithography method 
80nm 

P 
n n 

Passivation layer metal layer 

Oxide layer 

Pattering,  
layering, 
, heat treatment 
, doping 

photolithography 

Intel's 65nm nMOS transistor  

Toward smaller size? 
- the resolution limit of photolithography  
- the extremely high cost of equipment 



Make Devices on Si wafer 

 

Nano Letters 2010 

-Vertical ZnO nanowires nanowires can be  
grown throughout the whole wafer 



Make devices on plastic 

 

AFM, 2010 



Make optoelectronic devices on paper 

 

A ZnO/Paper UV sensor 

Adv Mater. 2010 



Nanodome solar cells  

 Much better light harvest! Dome-shaped surface can trap light efficiently 



η=1.2-1.5% 
Yang et al., Nature Materials, 2005 

Dry-sensitized nanowire solar cell 

Use ZnO nanowires 
as a new photoelectrode 



CuInS2 Solar Cells by Air-Stable Rolling 

JACS 2010 



Nanomaterial-based solar cell 
CdTe/CdSe nanorod solar cell 

η=2.9% 
Alivisatos et al., Science, 2005 



Si nanowire-based thermoelectrics 

Yang et al., Nature, 2007 

Transfer heat to energy 



CdSe/ZnS nanocrystal LED 

 
White-light LED 

You can make a device emitting 
R、G、B three colors simultaneously 

Single color 

Chemical Review 2010 



ZnO nanowire /GaN substrate LED 

 

Zhang et al., Adv Mater., 2009  GaN 

ZnO 



Piezoelectric nanogenerator 

 

Transfer mechanical energy to electric energy 
Science 2006 



Muscle-Movement-Driven nanogenerator 

 

Nano Letters 2010 

Finger movement-drive  Mouse movement-drive  



Nanogenerator for driving LCD display 

 

Nano letters 2010 



New Electrodes for Lithium batteries 

 

-Only ~ 375 Ahg-1 
-Replaced by new material: 
- Si (~4400、Ge~1600、SnO2~782 Ahg-1 

-New structure (mesoporous、branched) 
-New material (Li2S : 1166 Ahg-1) 

Anode Cathode 



Lithium ion Paper batteries 

 

ACS Nano 2010 



Silver nanowire transparent conducting 
glass or plastic (replace ITO) 

 

Nano letters 2008 
ACS Nano 2010 

Coating Silver nanowires on a substrate to make 
It conductive 



Nanotubes + ink + paper = conducting 
paper 

 

PNAS 2010 



Stretchable, Porous, and Conductive 
Energy Textile 

 

Textile capacitor 

Nano Letters 2010 



Roll-to-Roll production of 30-inch graphene films 
for transparent electrodes 

 

Resistance 
Not affected  
under 
strain 



Nanostructures as high-
performance anodes for 
Lithium-ion battery  
                   

Tuan et al. ACS Nano, in press 

 

  段興宇 
 清大化工系 
 



Alloying material for Lithium-ion anode 

 

commercial 

Potential candidates 



Using Ge nanowires as anode 

 

Nanowire structure can 
tolerate relaxed mechanical strain 

Organic surfactant 
Can further make strong C-F  
Bonding With PVDF  



I          II            III           IV 

Molecur percentage 

-metal nanoparticle-seeded Si and Ge nanowire synthesis 
-most widely used metal is Au 
-metal nanoparticles can control Si nanowire size  

Growth of nanowires:  metal seeded vapor-liquid-solid approach 



Germanium nanowire 

 



Germanium Inks and coin cell 
fabrication 

Uniform coating 

Stable suspension 
Coin cell 



Performance of Ge nanowire anode 

 

pulverization 

pulverization 

Good capacity 
retention 



High-rate capability of Ge nanowire 
anode 

 

Very good high rate capability 

Five repeated cycles 



High temperature performance  
(55 °C) of Ge nanoiwre anode 

 



Robust nanowire/PVDF structure 

After many cycles of  
lithium insertion and extration, 
the structure is still very robust 



A large-area assembled full cells 

 



 



 



 



Synthesis of CuIn1-xGax(SySe1-y)2 (CuInGaSSe) 
Nanocrystal inks for low-cost photovoltaic devices 

Cu In Ga S Se 

29 49 31 34 16 

63.55 114.81 69.72 78.96 32.07 

   Tuan et al. 
• Energy & Environmental Science, 2011, 4, 4929-4932  
• The Journal of Physical Chemistry C, 2011, 115(5), 1592-1599 
• Langmuir, 2012, accepted 



CIGS solar cell characteristics 

Journal of Solid State Chemistry  
189 (2012) 2-12 Berkely lab news center website  



Cu(In,Ga)(S,Se)2 (CIGS) device structure 

Total device thickness less than 5 µm (Crystalline Si module~200 µm)  

Schematic picture 

The CIGSSe absorber layer can be made via a  
vacuum or a nonvacuum route. 



Vacuum-based CIGS film deposition              
Could make the Highest efficiency cell in the lab  ~20%, but 

簡報者
簡報註解
General drawbacks:
-Difficult to achieve controlled-stoichiometry over large device areas
-Manufacturing equipment is “very” expensive (> NT 0.1 billion)
-The deposition process is time-consuming
-Poor materials utilization (30-50%)
-Low throughput




Non-Vacuum Processing for CIGS thin film deposition 

簡報者
簡報註解
Synthesize colloidal nanocrystals with controlled CIGS stoichiometry  
  and deposit layer
Roll-to-roll manufractruing process






 

Nanocrystal ink for CIGS solar ce  



Shape 
control 

Size control Composition control 

Low cost 

What can CIGS  
nanocrystals offer? 

Large quantity 

Powder like appearance 



CIGS project begin 

Ternary nanocrystal  phase 
& size control 

Solar cell devices made 

Tuning quaternary nanocrystal composition 
 & optical properties 

Tuning quinary nanocrystal composition & optical 
properties 

CuIn1−xGax(SySe1−y)2 Nanocrystal large scale 
production over 1 g yield.  

Developing spraying technique 

2008.10 

2008.10 

2011.10 

2010.02 

2010.09 

2011.06 

2011.06 



Facile Batch reaction Synthesis 
Hot Solvent Method 

heater 

200~300℃ 

-Cu, In, Ga, S, Se precursors    
-Solvent 
-Surfactant 





Composition Tuning of Cu(In1-xGax)(SySe1-y)2 
Nanocrystals 

When composition change, XRD peaks will shift 
 gradually. 

Band gap range= 0.98~2.4 eV  
(including CISe2 and CuGaS2) 
 



Cyclic voltammograms of  
Cu(In1-xGax)(SySe1-y)2 nanocrystals 

EHOMO=-Ip=-(Eox+4.71) eV 
ELUMO=-Ea=-(Eox+4.71) eV 

簡報者
簡報註解
The energy levels of Cu(In1-xGax)(SxSe1-x)2 nanocrystals with different composition determined by cyclic voltammetry




Cu(In1-xGax)(SySe1-y)2  nanocrystal EDS analysis 

簡報者
簡報註解
The EDS spectra of the CuIn1-xGax(SySe1-y)2 nanocrystals revealed the presence of copper, Indium, gallium, sulfur and selenium in the sample. As we increase the Gallium and sulfur content in the precursor, the intensity of the S and Ga peaks are increased. 



Cu(In1-xGax)(SySe1-y)2 lattice parameter 
(derived from XRD) 

Agree with Vegard's law (red lines)  

簡報者
簡報註解
Lattice constants vs. composition for CuIn1-xGax(SySe1-y)2 nanocrystals, which show good agreement with Vegard's law(red lines) and further confirm the formation of a complete CuIn1-xGax(SySe1-y)2 alloy. 



CuIn1-xGax(SySe1-y)2 size and shape 

HRTEM 

x=y=0.1 x=y=0.2 x=y=0.4 x=y=0.6 x=y=0.8 x=y=0.9 
Eg=1.08 eV Eg=1.17 eV Eg=1.42 eV Eg=1.71 eV Eg=2.01 eV Eg=2.20 eV 





Scale-up synthesis of CIGS nanocrystals 



Large scale synthesis + composition tuning  



Methods to prepare a absorber film with uniform 
thickness for photovoltaic device fabrication 

Nanocrystal 
inks 

Spray 
coating 

Drop 
casting 

  Dispersed in toluene 



Photos of CIS2, CISe2, CIGS  
nanocrystals made in our lab 

CISe2 CIS2 CIGSe2 

簡報者
簡報註解
CIS2, CISe2, CIGS nanocrystals could be stably dispersed in conventional organic solvents for months




Drop-casting of CISe2 Nanocrystal 

Glass : 20mm×15mm 



Spray-depositing Nanocrystals 
 on Mo-coated Soda Glass 



Spray-deposited Film results  

 
1.97 μm 

1.96 μm 2.1 μm 

2 μm 
2.4 μm 2.1 μm 



Procedure of CIGS photovoltaic device 
fabrication 



Electrical characteristics of Devices 

Mo 

CIS2 

CdS 

ZnO/AZO 

High EQE in long-wavelength region 





Shape Control 
Size control 

Large quantity  
Low cost Solar cell appication 

Phase Control 
Composition control  

Phase transfer 

CIGSSe nanoinks 
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