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NSF Workshop on Emerging Opportunities of Nanoscience to Energy 

Conversion and Storage  
 

Summary: 

Nanoscience is a highly dynamic and interdisciplinary area of basic research. Recent 

research breakthroughs in nanoscience is providing capabilities to organize materials at 

the molecular scale into complex patterns using various methodologies including self-

assembly of viral, peptide and DNA nanostructures. Information Science has an 

important role, since Computer Science techniques are used in the design and simulation 

of these nanostructures. Other disciplines include Physics and Chemistry; for example 

attachment chemistries allow for the attachment of a wide variety of distinct materials 

(including metallic particles, proteins, and other inorganic and organic particles and 

compounds) to these nanostructures at chosen sites.  However, to further drive the field of 

Nanoscience, there is an acute need to provide high impact applications beyond a limited 

number of known applications to nanoelectronics and medical science. The main sessions 

of the workshop ran two days, Monday Nov. 21 - Tuesday Nov. 22, 2005. The location of 

Workshop was The Key Bridge Marriott. 1401 Lee Hwy, Arlington VI . This workshop 

explored the most promising emerging applications of Nanoscience to energy conversion 

and storage. The workshop explored possible methods for improved efficiency in the 

following tasks: (i) conversion to electricity of solar energy and/or heat  (photo-voltaics 

and thermocouplers), and (ii) storage and release of energy (e.g., fuel cell and battery 

technology). Rather than conduct new research, the proposal tasks where restricted to 

study of research challenges, applications, and opportunities to NSF. To this end, the 

proposal requests NSF support for a limited scope NSF workshop on this topic, in the 

style of other NSF workshops in targeted areas of emerging interdisciplinary research.  

The Workshop was jointly co-Chaired by John Reif and John Monahan. The workshop 

brought together for the first time leading scientists with expertise in the relevant sub 

areas  (e.g., self-assembly, quantum dots, nano-optics, DNA-metallic hybrids, etc.) to 

consider this topic. These experts \ranged over multiple disciplines including computer 

science, electrical engineering, chemistry, and physics. The workshop also included a 

number of leading relevant energy technology experts (in photo-voltaics, thermocouplers, 

fuel cell and battery technology) who will provide expertise on current the energy 

technologies and limitations. 

 

Impact. This NSF workshop wase highly interdisciplinary, with participants from 

various areas including Computer Scienc(who have expertise in the combinatorial design 

and computer simulation of the nano-devices to be considered), various Engineering 

disciplines (Electrical, Mechanical and Material) related to energy and nano-

technologies, as well as Chemistry, Biochemistry, and Physics. It impacted both the 

research community in Nanoscience as well as other disciplines engaged in the study of 

energy technologies. To insure involvement by graduate students, a number of their travel 

and local expenses will be supported. The PI and his institution Duke University purely 

as a service - there was no overhead charged on any aspect of this Workshop. The 

workshop also benefited the NSF to allow for the identification of targeted research 

opportunities and challenges in applications of key importance to US economy and 

industry.  
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Summary: 

Intellectual Merit 

Nanoscience is a highly dynamic and interdisciplinary area of basic research. Recent 

research breakthroughs in nanoscience is providing capabilities to organize materials at 

the molecular scale into complex patterns using various methodologies including self-

assembly of viral, peptide and DNA nanostructures. Information Science has an 

important role, since Computer Science techniques are used in the design and simulation 

of these nanostructures. Other disciplines include Physics and Chemistry; for example 

attachment chemistries allow for the attachment of a wide variety of distinct materials 

(including metallic particles, proteins, and other inorganic and organic particles and 

compounds) to these nanostructures at chosen sites.  However, to further drive the field of 

Nanoscience, there is an acute need to provide high impact applications beyond a limited 

number of known applications to nanoelectronics and medical science. This workshop 

explored the most promising emerging applications of Nanoscience to energy conversion 

and storage. The workshop explored possible methods for improved efficiency in the 

following tasks: (i) conversion to electricity of solar energy and/or heat  (photo-voltaics 

and thermocouplers), and (ii) storage and release of energy (e.g., fuel cell and battery 

technology). Rather than conduct new research, the proposal tasks where restricted to 

study of research challenges, applications, and opportunities to NSF. To this end, the 

proposal requests NSF support for a limited scope NSF workshop on this topic, in the 

style of other NSF workshops in targeted areas of emerging interdisciplinary research.  

The Workshop was jointly co-Chaired by John Reif and John Monahan. The workshop 

brought together for the first time leading scientists with expertise in the relevant sub 

areas  (e.g., self-assembly, quantum dots, nano-optics, DNA-metallic hybrids, etc.) to 

consider this topic. These experts \ranged over multiple disciplines including computer 

science, electrical engineering, chemistry, and physics. The workshop also included a 

number of leading relevant energy technology experts (in photo-voltaics, thermocouplers, 

fuel cell and battery technology) who will provide expertise on current the energy 

technologies and limitations. 

 

Broader Impact 

This NSF workshop wase highly interdisciplinary, with participants from various areas 

including Computer Scienc(who have expertise in the combinatorial design and computer 

simulation of the nano-devices to be considered), various Engineering disciplines 

(Electrical, Mechanical and Material) related to energy and nano-technologies, as well as 

Chemistry, Biochemistry, and Physics. It impacted both the research community in 

Nanoscience as well as other disciplines engaged in the study of energy technologies. To 

insure involvement by graduate students, a number of their travel and local expenses will 

be supported. The PI and his institution Duke University purely as a service - there was 

no overhead charged on any aspect of this Workshop. The workshop also benefited the 

NSF to allow for the identification of targeted research opportunities and challenges in 

applications of key importance to US economy and industry.  
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Section 1: Introduction 

 

by John H Reif and John Monahan  

 

The global demand for energy is currently rising at a spectacular rate. The 

intensive search for new sources of energy, its storage and conversion has failed to 

keep up with demands. In a global sense we are living on borrowed time in terms 

of the current approaches of how we get, manipulate and store energy.  Advances 

in nanotechnology have the potential to create new practical options to address a 

number of energy related issues. Nanotechnology may contribute in many ways; 

Be it from the largest electrical power generating sources to the very smallest 

portable electrical devices.   

 

Energy transport in nanostructures differs significantly from macrostructures 

because of classical and quantum size effects on energy carriers such as phonons, 

electrons, photons, and molecules. Research is now concentrated on tailoring these 

nanoscale effects to develop more efficient energy conversion technologies in 

thermoelectrics, thermophotovotaics, fuel cells, batteries etc. In each case 

sufficient progress has been made to justify the infusion of further large research 

efforts to develop these technologies to a point that they can be commercialized 

and thereby practically address the world’s energy needs. 

 

This two day conference brought together experts in the fields of Photovoltaics, 

Nanophotonics, Thermoelectric Energy, Fuel cell, Battery technology, 

Nanoelectronics and Nanoassembly to present and discuss the advances and issues 

in their field and outline how nanotechnology is helping these fields advance. If 

there was one theme that was all too apparent, it was that in each energy field an 

enormous body of work has already been invested by both the academic 

community and industry in that field over many years. Any further improvements 

in energy “trapping” ability, energy conversion or energy storage will come slowly 

and begrudgingly. In a number of cases the basic laws of physics become very 

relevant no matter how elegant the solution seems.  That being said, there is room 

for improvement. Perhaps more so in the small scale energy needs than in the 

realm of large industrial power generating plants. In the case of the latter only 

photovoltaics currently seem to have the potential to have a significant practical 

impact in a commercial sense. However even here with the current “state of the 



art” research systems many hundreds of square miles of surface area would be 

needed to have any impact on the current power generation industry. Individual 

home or industrial instillations to cut peak power demand seem the best approach 

with our near term accomplishments in the solar energy field. Nanoelectronics has 

real potential here and good progress is being made. 

 

When we drop down to smaller energy needs be it in transportation, home or 

portable uses the potential for nanotechnology to help increases greatly.  Portable 

battery technology is a good example. Tremendous advances in the past decade 

have been made in this field. Almost every chemical mix of components has been 

tired and truly ingenious fabrication approaches have been used.  Nanotechnology 

materials and methods are currently being pursuit in this field but it is important to 

appreciate that it is highly unlikely that there is a ten fold potential for storage 

capacity improvement. Not unless a completely new battery paradigm is 

discovered. Storing electrons chemically takes space and weight. Any commercial 

utilization of the resulting nanotechnology developments will have to carefully be 

examined in a strict cost and benefit analysis.  This will be true for all energy 

systems but perhaps more so for small scale systems where mass production can be 

a major challenge. 

 

Fuel cells have significant potential for increased efficiency utilizing 

nanotechnology. While a younger technology than batteries, the fields had 

developed fast. Issues of operating temperatures and manufacturing costs are 

major hurdles that must be addressed. 

 

Thermoelectric devices are perhaps a unique area where applications are limited 

to small scale applications but again where nanotechnology based materials have 

provided a much needed impetus in advancing the overall efficiencies of these 

devices. 

 

This article provides an overview of current developments in aspects of energy 

conversion and storage as they relate to the utilization on nanotechnology 

techniques and materials.  
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Section 2: Nanophotonics and Photovoltaics 

P. Braun, D. Carlson, V. Klimov, J. Michl, and A.J. Nozik 
 

2.1 High-Efficiency Multiple Exciton Generation in Semiconductor Nanocrystals 

  

Background  

Solar cells represent a potentially very important source of carbon-free energy. However, in 

order to make them competitive with traditional energy sources, the cost-to-efficiency ratio of 

photovoltaics must be reduced appreciably [1]. Cost considerations have been a strong driver for 

the development of non-silicon photovoltaic devices that are based on, e.g., polymers (plastic 

cells) [2] and dye-synthesized porous metal oxides (Grätzel cells) [3]. Increases in efficiency 

have typically relied upon evolutionary improvements of material quality (for both Si and non-Si 

systems) and/or device engineering aspects including, e.g., the use of tandem architectures. 

However, other approaches can lead potentially to major increases in photovoltaic performance 

through the use of new principles for conversion of solar energy into electricity. One such 

approach involves the use of multiple exciton generation (MEG) from a single photon that can 

greatly increase the photocurrent of solar cells [3, 4].  

In the MEG process, absorption of a single photon produces multiple electron-hole pairs 

(excitons) and hence the internal quantum efficiency (QE) for converting photons into charge 

carriers becomes greater than 100%. The  phenomenon of multiple electron-hole pair generation 

from single photons has been known in bulk semiconductors since the 1950s [5] and has been 

explained in terms of impact ionization [3-5]. However, because of restrictions imposed by 

energy and momentum conservation and extremely fast intraband relaxation that competes with 

impact ionization, carrier multiplication (CM) efficiencies in bulk materials are quite low, 

particularly in the range of energies that are relevant to solar-energy conversion. For example, in 

bulk Si p-n junctions, the quantum yield reaches only 130% at photon energies of 5 eV—an 

energy value that is outside of the solar spectrum (ref) 

 

Carrier multiplication in nanocrystals: Proof-of-principle experiments 

  

As was first suggested by Nozik [6], the CM efficiency might be enhanced in nanoscale 

semiconductor particles [semiconductor nanocrystals (NC)] due to reduced rates of intraband 

relaxation and enhanced Coulomb interactions. Experimentally, high-efficiency CM in NCs was 

first demonstrated by Schaller and Klimov [7] who utilized significant differences in the 

recombination dynamics of single excitons and multiexcitons in order to detect CM and quantify 

its efficiency. Single excitons decay via relatively slow radiative recombination (in CdSe and 

PbSe NCs, e.g., it occurs with time constants of tens and hundreds of nanoseconds, respectively 

[8 - 10]), while multiexcitons decay on a much faster, picosecond timescale because of Auger 

recombination [11-13]. As a result of this difference, the generation of multiexcitons can be 

detected via a fast decay component in NC carrier population dynamics, while the CM efficiency 



can be calculated from the ratio of the signal amplitude at short times after excitation (before the 

Auger decay of the multiexcitons occurs) to the amplitude of the slow single-exciton background 

(after recombination of the multiexcitons is completed) (Fig. 1, inset).  Using this approach the 

experiments in ref. 7 demonstrated that absorption of a single photon by a PbSe NC could 

produce up to 2.2 excitons, which translated into 220% internal QE. Nozik and co-workers 

confirmed these results in similar studies of PbSe NCs, in which they detected QEs up to 300% 

(3 excitons per absorbed photon) [14]. They also demonstrated high-efficiency CM in NCs of  

two other lead-salt compounds, PbS and PbTe, and they found that the carrier multiplication 

process is essentially instantaneous (less than the instrument response time of their systems 

which was 250 fs); because of this the carrier multiplication effect was termed “multiple exciton 

generation (MEG)” to reflect the fact that the CM process is instantaneous and is not driven by 

the impact ionization mechanism present in bulk semiconductors. 

 

Generality of MEG and MEG quantum efficiency limits  

 

These first observations of highly efficient MEG in NCs raise questions regarding the generality 

of this phenomenon to other materials and the potential limits on photon-to-exciton conversion 

efficiency. One specific issue is: How important are the unique features of lead salts (such as 

mirror symmetry between the conduction and valence bands resulting from nearly identical 

electron and hole masses) for obtaining highly efficient CM?  
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This issue has been recently addressed by Klimov and co-workers in a comparative study of 

CdSe and PbSe NCs [15]. These two types of NCs have distinctly different electronic structures 

and carrier relaxation behavior. However, despite these differences, both materials show 

comparable MEG efficiencies for similar excess energies above the MEG threshold (Fig. 1), 

which is indicative of the generality of this phenomenon to quantum-confined, semiconductor 

NCs. Further, it is observed that CdSe NCs have a lower MEG activation threshold than PbSe 

NCs: ~2.5Eg vs. ~2.9Eg (Eg is the NC energy gap). This result can be explained in terms of  

simple carrier effective-mass arguments and, specifically, by the difference in the distribution of 

the photon excess energy (the energy in the excess of the energy gap) between the conduction 

and the valence band [15]. The spectral dependence of the MEG efficiency is almost linear above 

the MEG threshold with a slope of ca. 110% per energy gap, which is nearly identical for both 

CdSe and PbSe NCs (Fig. 1). In addition to this fast growth, the remarkable result of these 
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Figure 2. “Ideal” QEs derived from energy conservation (black bars) and experimental QEs measured 

for PbSe NCs (blue solid squares) as a function of pump-photon energy, h!! normalized by energy gap. 

Experimental QEs approach the limit determined by energy conservation at h!""�  � !� Eg, for which QE 

" 700%. The blue line is a linear fit to experimental data in the range of energies >3Eg; it indicates that 

complete filling of the lowest 1S quantized state (8 electron-hole pairs) produced by a single photon is 

expected at h!"""" "" � Eg. 

 

 

 

 

Figure 1. CM QEs for CdSe (circles) and PbSe (squares) NCs as a function of excitation photon 

energy divided by Eg. Arrows mark onsets of CM. Dashed lines are linear fits with a slope of ca. 

110% per Eg. Inset: Illustration of the method for calculations of QE from transient absorption traces 

(!" is carrier induced absorption change). At long time after excitation (longer than the Auger decay 

constant), all multiexcitons recombine to produce single excitons and, therefore, exciton multiplicity 

is one, which provides a calibration scale bar for calculating multiplicity immediately after excitation. 

From ref. 15.   



measurements was the observation that in the case of PbSe NCs, QE approaches 700% (7 

excitons per single absorbed photon) at photon energy of 7.8Eg, which corresponds to the 

ultimate limit allowed by energy conservation for this excitation wavelength (Fig. 2).         

 

MEG mechanism  

 CM in bulk materials has been traditionally explained in terms of impact ionization, which is the 

inverse of Auger recombination. However, the first experiments on carrier multiplication in NCs 

[7, 14] as well as more recent studies in Ref. 16 indicate a significant disparity between time 

constants of Auger recombination and MEG in nanocrystalline materials. While the Auger decay 

is characterized by tens-to-hundreds of picosecond time scales, MEG occurs with much faster 

time constants. Specifically, direct measurements of the multiexciton population build-up 

indicate that the MEG time constant is shorter than 50-to-200 fs [16], strongly suggesting that it 

is an instantaneous process.   

To explain very fast generation of multiexcitons in the MEG process, Nozik, Efros, and 

co-workers proposed a “coherent superposition” model, in which the combined single 

exciton/multiexciton system is photo-excited through its single-exciton component and then 

experiences coherent oscillations between various resonant exciton and multiexciton states [14]. 

This mechanism predicts an oscillatory buildup of the multiexciton population if the dephasing 

of the combined single-exciton/multiexciton wavefunction occurs primarily via its multiexcitonic 

component.   

An alternative model for high-efficiency CM was recently proposed in Ref. 16. It 

explains this effect in terms of direct (instantaneous) photo-generation of multiexcitons via 

virtual single-exciton states. This process also relies on confinement-enhanced Coulomb 

coupling between single excitons and multiexcitons and also takes advantage of a large spectral 

density of high-energy single- and multiexciton resonances in nano-sized semiconductor crystals. 

In this model, CM is a second-order process, which can be described in the framework of 

second-order perturbation theory. This model produces tens-of-percent CM efficiencies 

assuming the presence of only a single virtual exciton resonance; and these values rapidly 

increase in the case of the multiple resonances that exist in real NC systems. An interesting 

feature of this model is that high-energy, single excitons are involved in the CM process as 

“virtual” but not “real” states, which may explain why NC ionization (i.e., ejection of carriers 

from NCs) does not occur despite the use of high pump photon energies. 

 

Current challenges 

 

One current challenge for practical applications of MEG is the extraction of charges from NCs 

on time scales that are faster than Auger recombination and other non-radiative and radiaitive 

channels. While the kinetics and the mechanism of charge separation in NC systems are not well 

understood, several researchers have demonstrated that charge separation at the interface 

between NCs and, e.g., surface adsorbed electron acceptors or porous TiO2 is highly efficient and 

occurs with sub-picosecond to picosecond time constants, which are significantly faster than 

those of Auger and radiative decay. 

Other challenges are associated with poor electronic conductivity of NC solids, photo-

corrosion of NCs, and the toxicity of materials that so far have been utilized in studies of MEG. 



However, most of these problems are not conceptual but rather are associated with material 

quality issues and design aspects of NC-based photovoltaic structures.  
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2.2  Plasmonics and Photonic Crystals for Photon Management 

 

Increased light  absorption 

Photonic crystals have the potential to strongly modulate, focus, and concentrate light in ways 

that might increase the efficiency of PV devices which may reduce the need for solar tracking 

and increase the efficiency of PV structures.  Importantly, there are a number of rapid and low 

cost fabrication routes for photonic crystals increasing the possibility of photonic crystals for 

large area PV devices. 

 

The field intensity within a 3-D photonic crystal is highly nonuniform, and strongly dependent 

on the details of the structure (Figure 3).  It may be possible to use the dependence of these field 

intensities to spatially modulate the absorption of light.  We can imagine that through appropriate 

theory and simulation, it may be possible to design a 3-D structure that can modulate, focus, and 

enhance the absorption of light in a fashion that would increase the efficiency of a PV device. 



 

 
 

 

It is possible that simple photonic crystals will not be sufficient for modulating light.  It may be 

necessary to imbed features within the photonic crystal to focus light to specific regions.  Such 

features can be directly written within a photonic band gap crystal using a direct multiphoton 

writing [2].  Simple z-bend waveguide structures have been formed via this approach (Figure 4), 

and more complex structures designed explicitly for a PV device could also be formed.  Success 

in this area will require close coupling between theory and experiment. 
 

 

 

 

 

 

 

 

 

 

 

 

[1] P. V. Braun, R. W. Zehner, C. A. White, M. K. Weldon, C. Kloc, S. S. Patel and P. Wiltzius, 

Adv. Mater. 2001, 13, 721. 

[2] W. Lee, S. A. Pruzinsky, P. V. Braun, Adv. Mater. 2002, 14, 271.  

 

New Transparent Electrodes 

 
Presently, there are no materials that satisfy both the transparency and conductivity requirements that are 

needed for electrodes in a parallel multijunction organic photovoltaic cell. Transparent electrodes based 

on Indium Tin Oxide (ITO) thin films have been widely used in single junction OPV cells because the 

transparency window of ITO is well matched to the solar spectrum. However, the DC conductivity in ITO 

is at least two orders of magnitude lower than that of a metal such as Ag and its sheet-resistance 

contributes significantly to losses, especially in large-area high-efficiency cells. One possibility is to 

replace the ITO electrode with optically transparent nanopatterned metal films. This will have the 

following benefits: 

! The lower sheet-resistance will reduce losses in large-area OPV cells. 

! Replacement of the brittle ITO metal-oxide will allow OPV cells to withstand larger deformations 

associated with substrate bending, leading to more rugged cells. 

Figure 3.  Lower left, simulated field 

intensity map for light of a specific 

wavelength and incident direction inside a 

selenium three-dimensional inverse opal 

structure.  Background, SEM micrograph of 

the photonic crystal. 

5 !m5 !m

Figure 4.  Waveguide structure written 

through multiphoton polymerization within a 

3D self-assembled photonic crystal. 



! Since the ITO electrode accounts for as much as 50% of the cost of an OPV cell, its replacement by a 

thin metal film will result in substantial cost savings. 

! In parallel multijunction OPV cells where electrodes are required in between adjacent organic 

subcells, sputtered ITO electrodes are of limited use since the sputtering process inflicts damage on 

the underlying organic cells, resulting in dramatically decreased efficiencies. Metal deposition, on the 

other hand, is well suited for the fabrication of high efficiency cells. 

 

It was recently discovered that metal films patterned with arrays of nanoscale holes transmit light with 

efficiencies much higher than expected from purely geometric considerations [T. W. Ebbessen, H. J. Lezec, H. 

F. Ghaemi, T. Thio, and P. A. Wolff, Nature, 391, 667, 1998]. Since nanoscale holes have little effect on the in-

plane DC conduction, such films retain their low sheet-resistance, resulting in a unique combination of optical 

transparency and metallic sheet-resistance. While transmissivities of only a few percent were demonstrated until 

now [F. I. Baida, and D. Van Labeke, Physical Review B, 62, 16100, 2003], simulations have indicated vastly 

improved structures that transmit up to 80% of the incident radiation. [H. Shin, P. Catrysse, and S. Fan, Physical 

Review B, 72 085436, 2005] We believe there are important opportunities in exploiting nano-structured metal 

films for PV applications and especially for parallel-connected multijunction OPV cells.  

 

 
 

2.3 Singlet Fission 

 

 Singlet fission in a molecular chromophore would produce two triplet excitons in two 

neighboring chromophores from a single exciton generated by the absorption of a single photon 

of sufficient energy by a molecule, and is a molecular analog of multiple exciton generation 

(MEG) by photon absorption in a semiconductor.  Each triplet exciton would then produce an 

electron-hole pair, doubling the photocurrent.  In principle, the two chromophores on which the 

triplet excitations are created could have different structures, in which case the usual term would 

not be singlet fission but quantum cutting. 

 The use of singlet fission or quantum cutting  represents a possible disruptive dye-

sensitized solar cell technology that would surpass the 32 % power conversion efficiency 

restriction imposed on a dye-sensitized Graetzel cell by the Shockley-Queisser limit and would 

replace it by a 47% theoretical efficiency limit for a singlet-fission sensitizer used in tandem with 

an ordinary sensitizer (quantum dots or dyes) that would absorb photons of energies intermediate 

between the lowest triplet and singlet states of the sensitizer (Fig. 5). For electricity production, 

the best choice of excitation energies would be about 1.1 eV for the triplet and 2.2 eV for the 

singlet, and for solar hydrogen splitting, the numbers would be somewhat different, depending 

on the specific design used.  The forbidden nature of singlet-triplet absorption would permit 

photons of intermediate 1.1 - 2.2 eV energies to pass the singlet-fission sensitizer zone and 

proceed to be absorbed by the ordinary sensitizer.  Transparency in a large intermediate region 

endows molecules with an advantage over semiconductors, in which the singlet and triplet levels 

are nearly degenerate, such that there hardly are any photons of intermediate energies. 

 Although attractive in principle, the notion of using singlet fission for improving the 

efficiency of excitonic solar cells is totally unproven.  Singlet fission has been observed 

accidentally on half-a-dozen organic chromophores, mostly in crystals or polymers, and it is not 

obvious how to design molecules that undergo the process efficiently.  The inverse process, 

triplet-triplet annihilation, is much better known, and tends to be efficient and exothermic.  It 



generates a single excited species starting with two, and seems to occur whenever diffusion 

brings two triplet molecules into close proximity. 

Figure 5.  Energy level diagram of nanocrystalline solar cell based on a singlet fission 

chromophore (C1) in optical series but parallel current flow with a conventional dye or 

semiconductor chromophore (C2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

The requirements that would need to be met in order for a singlet-splitting sensitizer to be 

efficient are severe.  Its lowest excited singlet state needs to undergo singlet fission faster than 

any other process that might compete, such as fluorescence, internal conversion into the ground 

state, intersystem crossing into the triplet state, or injection of an electron into the conduction 

band of the semiconductor on which is adsorbed.  In its turn, electron injection by the triplet state 

must be faster than any other competing process, such as intersystem crossing into the ground 

state or triplet-triplet annihilation.  Furthermore, the singlet-fission sensitizer will have to meet 

the usual conditions that are already well recognized for any ordinary excitonic solar cell 

sensitizer, such as a high absorption coefficient in the ground state, good adsorption on the 

semiconductor, fast kinetics of hole transfer from oxidized dye to a relay, slow recombination, 

and stability upon irradiation. 

 Some of the structural requirements for singlet-fission sensitizers are recognized 

relatively easily.  On an absolute energy scale, the T1 state has to be positioned just above the 

bottom of the conduction band of the semiconductor, to permit rapid electron injection, and this 

can be fine-tuned by introduction of suitable substituents.  Intersystem crossing rate can be 

reduced by minimizing spin-orbit coupling, and it will be best to avoid heavy atoms in the 

molecular design.  Internal conversion to the ground state will be slowed down by molecular 

rigidity in the adsorbed state, and internal rotors and low-frequency modes would be best 

avoided.  Fast electron injection will be favored by strong coupling to states of the 

semiconductor, and it is likely that chemisorption will be preferable to physisorption, and that the 

triplet state should be of intramolecular charge-transfer nature.  Injection from the initially 

excited singlet state could be discouraged if it is of locally excited nature or if it is spatially 

separated from the semiconductor surface by suitable nanoengineering. 

 Avoidance of triplet-triplet annihilation process is of particular concern, given that is 

normally very fast, and that the two triplets are created in immediate vicinity.  The coupling of 

two triplets can in principle produce an overall singlet, a triplet, or a quintet.  Three of the 

possibly competing processes are unlikely to represent serious problems.  The formation of the 

ground state singlets of the two chromophores, as well as the formation of one ground state 

singlet and one triplet, would be highly exothermic and likely to be slow due to the energy gap 

law.  The formation of a ground state singlet and a quintet is likely to be strongly endothermic 

and negligible.  However, two of the processes are a real concern.  They are the formation of a 

singlet ground state plus an excited singlet state and the formation of a ground state plus an 

upper triplet state.  It would appear best to make sure that they are both sufficiently endothermic 

and therefore very slow at room temperature.  This would lead to a highly unusual requirement 

for the excitation energies from the ground state: E(T2) ! E(S1) > 2E(T1).  This is much more 

severe than the above identified condition E(S1) ! 2E(T1) alone. 

  Meeting these requirements by molecular design encounters problems whose solution 

requires fundamental knowledge that is presently not available.  The leading two that are new 

and specific to singlet-fission sensitizers are (i) how to adjust the energy levels into a highly 

unusual arrangement, (ii) how to optimize the degree of coupling between chromophores to 

maximize the rate of singlet fission.  Perhaps a sensitizer molecule that meets these in addition to 

all the other requirements cannot be found.  However, the potential payoff is so high that it 



seems advisable to invest some effort into the fundamental research needed.  A search for a 

solution to problem (i) will have to start with the use of molecular quantum theory to identify 

structural classes likely to contain molecules with the desired arrangement of energy levels, 

continue to numerical calculations for a scan of a large number of representatives, identification 

of the most promising candidates for synthesis, higher level calculations for these candidates, 

their synthesis, and experimental determination of the positions of their T1, T2, and S1 levels.  A 

search for a solution to problem (ii) will involve the development of a detailed theory of the 

singlet fission (and triplet-triplet annihilation) process that will identify the optimal molecular 

structure for connecting two chromophores, synthesis of dimers or higher oligomers, and a 

search for evidence of singlet exciton fission and a measurement of its efficiency.  Then, after it 

is understood how to design good sensitizers for singlet fission, one will need to be concerned 

with the other issues identified above, such as adjusting absolute level positions, optimizing the 

electron injection speed for the triplet and minimizing it for the singlet, etc. 

 

2.4 Hole Conductor Relay in Dye-Senitized Solar Cells 

 

 The iodide ion relay currently used in the best performing excitonic solar cells is more 

strongly reducing than it needs to be and as a result, the voltage produced by the cell is more than 

half a volt lower than it could be.  This accounts for a large fraction of the difference between the 

Shockley-Queisser limit and the 11% efficiency actually attained.  Much effort has gone into a 

search for a relay with a better positioned redox potential, but none have been found.  The very 

fast hole-transfer kinetics of the iodide ion, and the conversion of the resulting iodine atom into 

the negatively charged triiodide ion, which discourages recombination, are advantages that are 

very hard to beat. 

 Still, the effort ought to be continued.  For engineering reasons, there would be 

considerable advantages in replacing a liquid solution with a solid hole-conducting polymer, and 

rapid kinetics for hole transfer from the sensitizer to the polymer could perhaps be secured by a 

covalent link between them.  The discovery of new polymers with high hole conductivity whose 

redox potential can be adjusted to a desired level should be a high priority. 
 

 

2.5  PV Industry Perspective 

 

In the first few decades after the first silicon solar cell was made at Bell Labs in 1954, the 

photovoltaic (PV) industry grew at a rate of about 18% annually due largely to the use of PV 

systems in remote locations (such as telecommunication relay sites).  However, in the last six 

years, the market growth has increased to ~ 35% per year due to the rapid growth of grid-

connected PV systems, which in turn has been largely driven by government-supported programs 

in Japan and Germany.  Silicon technology has dominated the PV industry since its inception, 

and in 2005 about 65% of all solar cells were made from polycrystalline (or multicrystalline) 

silicon, ~ 24% from monocrystalline silicon and ~ 4% from ribbon silicon.  While conversion 

efficiencies as high as 24.7% have been obtained in the laboratory for silicon solar cells, the best 

efficiencies for commercial PV modules are in the range of 17 – 18% (the efficiency limit for a 

silicon solar cell is ~ 29%).  A number of companies are commercializing solar cells based on 

other materials such as amorphous silicon, microcrystalline silicon, cadmium telluride, copper-

indium-gallium-diselenide (CIGS), gallium arsenide (and related compounds) and dye-sensitized 

(Graetzel) solar cells.  Thin film CIGS solar cells have been fabricated with conversion 



efficiencies as high as 19.5% while efficiencies as high as 39% have been demonstrated for 
GaInP/Ga(In)As/Ge triple-junction cells operating at a concentration of 236 suns.  Thin film 
solar cells are being used in consumer products and in some building-integrated applications, 
while PV concentrator systems are being tested in grid-connected arrays located in high solar 
insolation areas.  However, most industry experts believe that crystalline silicon PV technology 
will continue to dominate the terrestrial market for at least the next decade.  It is likely that by 
2020, silicon PV module efficiencies will exceed 20% and module prices will fall below $1/Wp.   
 
Photovoltaics has the potential to become a major energy source within the next several decades, 
but technology development must be accelerated in order for PV to provide a viable alternative 
to fossil fuels (which are being rapidly depleted) and to have a significant impact as soon as 
possible on carbon dioxide emissions and climate change .  Nanotechnology is an attractive 
option that may lead to new low-cost, high performance solar cells that could displace crystalline 
silicon solar cells in the next decade, and thus lead to a more rapid deployment of large-scale PV 
systems and the widespread availability of low-cost, clean PV electricity.   
 
 



NSF Workshop: Emerging Opportunities of Nanoscience to Energy Conversion and 

Storage 

 

 

Section 3: Nanoscience and Thermoelectric Energy  

by Alexis R. Abramson 
 

3.1. The Problem Addressed 

Introduction 

Thermoelectric devices are especially attractive because they do not contain moving 

parts, they are environmentally benign, and they may be easily incorporated into 

technologies for heat removal or for energy conversion. Thermoelectric devices, 

however, currently have limited use in the marketplace, which is largely a result of their 

low efficiencies. One big question is whether nanoscience may offer the potential for 

improvement of these efficiencies. 

 

Conventional thermoelectric devices used for either heating/cooling or energy conversion 

are typically comprised of semiconductor alloys and are fabricated from pairs of elements 

made of dissimilar thermoelectric materials (n-type and p-type). The thermoelectric 

elements are connected electrically in series and thermally in parallel, and in principle the 

same device could be used as both power generator and heat pump. Figure 1 shows a 

schematic of a thermoelectric device. Thermoelectric refrigeration proceeds via the 

Peltier effect, whereby passing a current across a thermoelectric junction produces 

cooling. Similarly, imposing a temperature gradient takes advantage of the Seebeck 

effect, and current flow is generated, producing electrical power. The dimensionless 

thermoelectric figure of merit, ZT, a measure of a material’s thermoelectric efficiency, is 

given by kTSZT /
2!= , where S is the Seebeck coefficient, T is temperature, and ! and k 

are the electrical and thermal conductivity, respectively [1]. Even though clever 

manipulation of material properties may provide an opportunity for improving room 

temperature ZT, there has been limited progress to develop novel high performance 

thermoelectric materials. Nonetheless, promising research has demonstrated that 

thermoelectric performance can be significantly enhanced in low-dimensionality 

structures [2–9]; although there is a limited understanding of the phenomena involved. 

Therefore, by replacing conventional semiconductors/semimetals with high performance 

thermoelectric nanomaterials, a revolution in energy conversion and generation and heat 

removal applications will undoubtedly ensue. In view of this lack of understanding and 

its scientific and technological importance, there exists a great opportunity for new 

discoveries using nanomaterials in thermoelectrics. 

 

Metrics for Comparison 

Highly efficient thermoelectric energy conversion requires large ZT  values, i.e. large 

electrical conductivity (in order to reduce the self-heating due to electrical current passing 

through the device), high Seebeck coefficient (for large voltage in power generation and 

large Peltier coefficient in cooling), and low thermal conductivity (to allow for a large 

temperature difference and therefore large voltage in power generation or to reduce the 



heat leakage between the hot and the cold side of the device if used as a refrigerator). As 

shown in Figure 2, the typical performance and efficiency of standard thermoelectric 

devices are inferior to other comparable energy conversion technologies [10]. Typical 

household refrigerators operate at performance levels about three times higher than 

typical thermoelectric refrigerators, and other comparable power generators all 

demonstrate much higher efficiencies as compared with a conventional thermoelectric 

power generation device. It is important to note, however, that even with increased 

efficiency, a power generation thermoelectric device requires a temperature differential to 

exist for adequate electrical current generation, and this may not be achievable in various 

applications. Nonetheless, with an increase in efficiency/performance, these 

environmentally benign, easy to maintain and inexpensive thermoelectric devices could 

certainly be employed for various heating/cooling and power generation applications 

where thermal energy harvesting is a possibility. 

 

Theoretical Limits 

In conventional solids, it is difficult to manipulate the three parameters: S, s and k, in 

order to obtain large ZT values. In fact, a modification to any of these properties often 

adversely affects the others, such that Z does not change significantly [11]. Therefore, the 

room temperature figure of merit of the best commercially available thermoelectric 

materials is approximately one, while a ZT of approximately four is necessary for 

thermoelectrics to replace competing energy conversion technologies in various 

applications. Note that the thermoelectric device efficiency approaches a fundamental 

thermodynamic limit (the Carnot limit), and values of ZT greater than approximately ten 

are not realistically achievable. 

 

Nanostructures and nanostructured materials hold the promise of more efficient 

thermoelectric energy conversion. In nanostructures occur novel phenomena, properties, 

and functions which were not possible to achieve in bulk materials. The reasons for the 

appearance of the enhanced behavior are rooted in the way nanostructures affect the 

transport of electrical charge and heat at nanoscale. Hicks and Dresselhauss [4, 11, 12] 

demonstrated that for suitable nanostructures, quantum confinement of the electrical 

Fig. 2 Comparison of thermoelectric technology with other energy conversion 

methods for (a) cooling and (b) power generation (from  [10]) 



charge may enhance the Seebeck coefficient and electrical conductivity even in existing 

materials which do not exhibit good thermoelectric performance in bulk form. The 

quantum confinement can be achieved, for example, via reduction of one dimension (e.g. 

in a thin film structure), or of two dimensions (e.g. in a nanowire). Since the quantum 

confinement effects become stronger by reducing the dimensionality, large thermoelectric 

figures of merit have been calculated for nanowire systems [5]. As shown in Figure 3, 

more than an order of magnitude enhancement in the figure of merit was predicted in 

BiTe nanowires [13].  

 

Another major contribution to enhancing the thermoelectric figure of merit in 

nanostructures comes from the change in 

the thermal transport properties at 

nanoscale.  For example, experimental 

investigations of heat transport in 

superlattices [14 – 21] show that although 

the layers are high quality single crystals, 

the effective thermal conductivity may be 

much lower than that estimated from the 

bulk values of the constituent materials, 

and even smaller than the thermal 

conductivity values of the equivalent 

composition alloys. It is believed that 

scattering of energy carriers at surfaces and 

interfaces plays the most important role 

[22]. This effect is beneficial for 

thermoelectric energy conversion, and may 

further enhance the predicted figures of 

merit predictions shown in Figure 3.  

 

Therefore, it can be readily observed that a large improvement of the thermoelectric 

efficiency can be obtained in principle by combining both heat and electron transport 

effects in nanostructures. Order of magnitude enhancements that can greatly benefit 

thermoelectric energy conversion efficiencies have been predicted. More detailed 

descriptions of recent developments in thermoelectric materials are reviewed in 

references [10, 13, 23]. 

 

3.2. Conventional Technologies 

Methods and architectures 

Conventional thermoelectric devices consist of a sequence of thermoelectric materials 

which are connected electrically in series and thermally in parallel. As discussed 

previously, efficiency is determined by the figure of merit ZT of the constituent n-type 

and p-type thermoelectric materials. Conventional thermoelectric materials are typically 

bulk crystalline semiconductors, two examples being BiTe and SbTe. It should be noted 

that a unipolar thermoelectric generator (i.e. a single n-type or p-type region with metal 

contacts on either side) can have this same maximum efficiency. 

 

Fig. 3 Predicted enhancement in ZT in 

bismuth telluride nanostructures (from 

[13]). 



Limitations of current methods 

Limitations for current thermoelectric generator architectures fall into two categories: 

limitations on heat power captured and limitations on energy conversion efficiency. 

Regarding the former, thermoelectric materials are typically single-crystal 

semiconductors and thus cannot be deposited on arbitrary surface geometries in order to 

maximize capturing the highest thermal gradient. A flexible thermoelectric generator, on 

the other hand, could be conformally wrapped around heat sources for enhanced heat 

transfer (and thus higher output power), although this type of device is not typically 

manufactured. Moreover, conventional methods for thermoelectric material deposition 

cannot achieve large-area growth (~1m
2
) with low cost as required for energy harvesting 

from large-area heat sources such as engines. Regarding the latter group of limitations, 

thermoelectric generator efficiencies are limited by the ZT of the thermoelectric materials 

themselves. Materials which have high electrical mobility due to crystal quality tend to 

also have high thermal conductivity. Doping a material with low thermal conductivity 

and low mobility to increase its electrical conductivity greatly reduces its Seebeck 

coefficient. These practical tradeoffs in conventional thermoelectric materials have led to 

thermoelectric generator efficiencies which have remained at < 5% for the last several 

decades. It is only recently with the advent of nanostructured thermoelectric materials 

that some of these tradeoffs have been circumvented to create materials with much higher 

ZT that can more than double thermoelectric generator efficiency. 

 

3. Nanotechnology Approaches 

How Nano Can Help 

High thermoelectric efficiency requires materials with large Seebeck coefficient and large 

electrical conductivity, but small thermal conductivity. While these properties are 

strongly coupled in bulk materials, material structures in which at least one dimension is 

on the nanometer scale dramatically alter the carrier transport properties due the 

confinement of the carriers inside the material and provide possibilities to increase the 

figure of merit [24] In general, low dimensional semiconductors are a benefit to 

thermoelectrics due to (1) increased Seebeck coefficient due the altered densities of states 

near the Fermi energy, (2) carrier pocket engineering (3) increased phonon scattering at 

boundaries (relative to electron scattering) for reduced thermal conductivity and (4) the 

opportunity to physically separate the dopant impurities from the carrier channel. 

 



The possibility of obtaining a 

superior figure of merit in low-

dimensional materials has 

sparked a large interest in 

investigating thermoelectric 

effects in nanostructures. 

Figure 4 shows the figure of 

merit in the best 

nanostructured systems to data 

as compared with the bulk 

state of the art materials. 

Thermoelectric materials with 

enhanced performance have 

recently been realized in 

nanometer-scale 

heterogeneous semiconductor 

material systems.  In both the 

PbTe-based quantum dot 

superlattice system 

demonstrated by Lincoln Labs [25, 26] and the Bi2Te3-Sb2Te3 two dimensional (2-D) 

superlattice system demonstrated by RTI [27], the carriers are weakly confined. The 

enhancements are attributed to selective phonon scattering at the interfaces; in fact, in 

both these thin-film systems, the power factor (numerator of the expression for Z, 2
S ! ) is 

not significantly enhanced and is sometimes even lower than the corresponding bulk 

material. Much larger enhancements in thermoelectric performance are predicted in 

quantum wires and quantum dot structures since this type of confinement results in sharp 

peaks in the density of states and therefore should result in the highest increase in 

Seebeck coefficient [8, 28, 29] Assemblies of nanometer-sized spheres or rods should 

offer the optimum combination of enhanced Seebeck coefficient and phonon scattering. 

Miniband formation in quantum dot solids or modulated nanowires offers additional 

opportunities for engineering highly efficient materials. The primary mechanisms for 

increased thermoelectric efficiency come from reduced dimensionality of the material. 

However in order to access this “intrinsic” increased efficiency, the nanostructures need 

to be incorporated into a macroscopic structure while retaining the quantum confinement.  

 

Key Problems Blocking Further Progress 

While nanoscale heterostructures (superlattices) have proven to increase the 

thermoelectric efficiency, much of this research is directed toward thin-film (two-

dimensional) microchip-based technologies and other small scale niche areas.  We feel 

that this increased thermoelectric efficiency is not unique to these thin-film systems and it 

will be possible to achieve large-scale, efficient direct thermal to electrical energy 

conversion using other, perhaps more versatile, nanoscale materials.  Here, we outline 

some of the key areas which need to be addressed. 

 

• Large scale synthesis of nanomaterials 

Fig. 4 Figure of merit in state of the art materials, 

both nanostructures and bulk.  (from [13]). 



Not to minimize the outstanding achievement of producing a material with ZT > 2 in thin-

film systems [26, 27, 30], it is hard to imagine that materials manufactured using 

expensive processing of multilayer nanoscale films in this way could be scaled up to 

replace the existing materials in conventional thermoelectric devices. We believe that to 

address this challenge, other nanoscale architectures and manufacturing avenues will 

have to be developed. This includes large-scale chemical synthesis of nanomaterials with 

controllable size, shape and surface chemistry. In addition to binary semiconducting 

compounds of current interest (bismuth and lead chalcogenides), the carrier concentration 

in these materials must be controlled so that the Fermi level can be adjusted to coincide 

with the peak in the electronic density of states. Techniques for doping semiconductor 

nanomaterials need to be developed. There are countless reports in the chemistry 

literature on the synthesis of nanoparticles, nanorods and nanowires. However there are 

actually few methods which allow even gram-scale synthesis of material or that allow for 

systematic doping or stoichiometric control while retaining the control over the particle 

morphology. Additionally, the potential for using nanocomposites for thermoelectrics 

will require a better understanding of interfacial science to ensure that properties are 

optimized accordingly and enhancements can be taken advantage of in the presence of a 

matrix. 

 

• Self Assembly 

Equally important is the methodology for the controlled assembly of the nanomaterials 

into larger structures. We point out that most technologically important materials and 

device structures involve heterogeneous materials systems; that is, material structures 

contain more than one constituent material. Examples in thermoelectrics, include Bi2Te3-

Sb2Te3 alternating thin-film material [27]; PbTe-PbSeTe quantum-dot superlattices [26];  

bismuth nanowires and their corresponding ceramic template [28]; and PbTe 

nanocomposites with Pb inclusions [31]. Robust methods are needed for the ordered 

assembly of two or three component nanoparticle-based systems. 

 

• Theory 

The theory of electronic transport in superlattice (2-D materials) and quantum wires (1-

D) materials is relatively well developed. While it is agreed that 0-D materials should 

offer the largest enhancement in Seebeck coefficient it is much less clear how to retain 

these enhancements while also achieving acceptable electrical conductivities. Some 

theories exist, although these usually address electron transport through a single quantum 

dot in a somewhat idealized environment. These theories need to be extended to 

ensembles of quantum dots with particular attention to transport across the interfaces.  

Specifically required are self-consistent electrical and thermal transport theories for 

organic/inorganic hybrid structures as well as for ordered and disordered quantum-

confined arrays. Theories for electron transport (including ballistic transport) in periodic 

heterostructures which include coupling to phonons and electron and phonon transport in 

nanostructures such as quantum wires/rods are also required. 

 

In conjunction with the theories, measurement techniques specific to these nanoscale 

systems need to be developed. Currently, detailed experimental and theoretical low-

dimensional transport studies are performed on planar geometries/structures fabricated by 



nanolithography. What is required are techniques for self assembly of nanomaterials onto 

test structures designed not only for electrical but thermal transport measurements as 

well. 

 

Role of modeling/simulation 

Developing thermoelectric materials with high efficiency (i.e. high ZT) has, in the past, 

been a trial-and-error process in which the bulk properties (thermal and electrical 

conductivities, Seebeck coefficient) of an entire material system were characterized 

experimentally while varying material composition. It has recently become possible, 

however, to create nanostructured thermoelectric materials which have tailored 

properties. While this degree of control has been demonstrated to have the potential for 

creating much higher ZT materials than would exist in bulk form, the fabrication process 

for nanostructured thermoelectric materials remains mostly a trial-and-error series of 

depositions with varying nanostructure geometries. 

 

In order to predict and optimize the thermoelectric performance of nanostructured 

materials for high ZT, modeling and simulation tools for these materials must be 

developed. Several reasons exist to explain why progress in this area has been slow: 1) It 

is difficult to create thermoelectric nanocomposites (especially those based on quantum 

dots) with controlled geometries in order to test theories, and 2) it is difficult to solve heat 

transport and electrical transport self-consistently, especially in nanoscale systems where 

quantum confinement and ballistic transport play a role. 

 

Examples of modeling and simulation work which would be beneficial for next-

generation thermoelectric materials include: 

• Self-consistent electrical and thermal transport in organic/inorganic hybrid 

structures 

• Self-consistent electrical and thermal transport in ordered/disordered quantum-

confined arrays 

• Hot-electron transport in periodic heterostructures including coupling to phonons 

• Ballistic electron and phonon transport in nanostructures such as quantum 

wires/rods 

 

Current status and future directions 

There are two proven directions to enhance the thermoelectric figure of merit in 

nanostructures: periodic multilayer thin-film structures and nanowires. A schematic of 

typical sample configurations is shown in Figure 5. In superlattices the enhancement of 

the thermoelectric figure of merit can be obtained either along or perpendicular to the 

film plane. If transport is perpendicular to the film plane, the material system is chosen 

such that electrons can relatively easily transfer across the interfaces (weak confinement), 

while the heat carriers (lattice vibrations) are strongly scattered.  This approach requires 

materials systems with good electrical and Seebeck coefficient since the power factor 

cannot be enhanced by quantum confinement effects. Using superlattices as 

thermoelectric material has been investigated extensively since the multiple interfaces 

(and the presence of additional quantum dots in some designs) impede heat flow often 

without worsening electrical characteristics [3, 9, 12, 14 - 21, 25, 26, 30, 32 – 41]. In 



particular, this approach was demonstrated in a BiTe/BiSbTe material system, where ZT 

= 2.4 was obtained [27] from a very effective reduction in thermal conductivity. On the 

other hand if the structures are designed such that transport is along the film planes, 

quantum confinement effects may now lead to increases in the power factor. However 

this enhancement typically occurs only in certain regions of the multilayer structures (the 

quantum well regions) while other regions (barriers) do not contribute to thermoelectric 

transport. This is a concern if the barriers are so thick to overcome the enhancements in 

the quantum well regions. Nevertheless, a high thermoelectric figure of merit for 

transport along the film plane was demonstrated in a PbTeSeTe/PbTe [26] quantum dot 

superlattice system. In this system, alternative layers of quantum dots made from one 

material (PbTe) were separated by layers of a different material (PbTeSeTe). 

Experiments showed enhancements in the power factor and a large reduction of thermal 

conductivity along the plane of the film in a PbTeSeTe/PbTe system. However, the 

reasons for the enhancement in the power factor in PbTeSeTe/PbTe quantum dot 

superlatices seems are not well understood. One possibility is that the quantum dots 

provide selective scattering of electrons, which may lead to an increase of the Seebeck 

coefficient [42]. On the other hand, theoretical predictions [43] performed on a Ge/Si 

quantum dot superlatice system indicate that enhancements are possible if quantum dots 

are able to interact electronically to form minibands in the crystal. The findings on 

quantum dot superlattices open a new research direction for quantum dot materials with 

high ZT. 

 

The interest in nanowire systems stems from the large 

figures of merit predicted for Bi,[5] BiSb [6] and BiTe 

[13] nanowires. Nanowires have been synthesized by 

various methods such as pressure injection, vapor 

deposition or electrodeposition in amorphous alumina 

nanochanneled templates. Figure 6 shows an electron 

microscope image of bismuth telluride nanorods 

synthesized using a one-step templateless aqueous phase 

technique. Research in this area is recent and ongoing [4 

– 8, 28, 44 –  48]. For example, the enhancement in the 

Seebeck coefficient in bismuth nanowires has been 

verified [28]. Furthermore, a prototype thermoelectric 

device using nanocomposite materials comprised of Si 

nanowires and a polymeric material [47] has been preliminarily demonstrated. However, 

Figure 5 Recently tried approaches of using nanostructures for large 

thermoelectric figures of merit. 

Figure 6  Bismuth telluride 

nanorods  



comprehensive experiments on one-dimensional nanostructures for thermoelectrics are 

limited. Moreover, experimental characterization of all thermoelectric properties in 

individual nanowires has proved extremely difficult, and direct measurements of high ZT 

values in nanowires have not been reported thus far.   

 

While both two- and one-dimensional materials could benefit from additional 

investigation to fully realize enhanced ZT, alternative nanomaterial configurations have 

recently received some attention. Some of these alternative nanomaterials were discussed 

and presented at the NSF Workshop on “Emerging Opportunities of Nanoscience to 

Energy Conversion and Storage,” and include: 

• regimented quantum dot superlattices [43] 

• segmented nanowires [49] 

• three dimensional arrays of nanoparticles (potentially self-assembled – see Figure 

7) [50, 51, 52]; 

• one-dimensional chains of nanoparticles; 

• oriented nanorods/nanowires [46, 47, 48]  

• two-component nanoparticle assemblies;  

• nanostructure/polymer (see Figure 8) or nanostructure/semiconductor composites 

[47] 

• reversible thermoelectric nanomaterials [53]   

• electronic device-level integration of micro/nanoscale thermoelectrics for energy 

harvesting/cooling [54, 55, 56] 

• bio-inspired thermoelectrics 

 

Many of these directions are just in the beginning 

stages, and experimental demonstrations of high ZT 

materials based on these approaches have not yet 

materialized.  

For many of the strategies to succeed, methods are 

needed for assembly of organic/inorganic hybrid 

materials with controlled spacing, size, and 

Figure 9  The 3! method 

adapted to measure the 

thermal conductivity of a one-

dimensional nanostructure 
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) 
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nm PbSe nanoparticles 

50 nm 

Figure 8   Bismuth 

/Polyaniline nanocomposite 



orientation of inorganic inclusions; fabrication of organic/inorganic interfaces with 

chemically tailored properties (small electrical resistance, high thermal resistance); 

reliably contacting large arrays of quantum-confined structures and synthesis of organic 

materials with high carrier mobility. All of these approaches will require much needed 

additional fundamental understanding of micro/nanoscale electrical and thermal 

phenomena and the development of improved experimental characterization techniques. 

Novel nanoscale property nanoscale measurement approaches are under development 

(e.g. see Figure 9). 

 

Timetable and Technical Milestones 

The fundamental metric for evaluating thermoelectric materials is, of course, the figure of 

merit. An enhancement in the figure of merit for a nanoparticle-based material system has 

yet to be demonstrated. This represents the key milestone for this avenue of research. For 

many of these nanomaterial systems, a figure of merit greater than unity should be readily 

demonstrated within four years. Further enhancement to the figure of merit well beyond 

unity should be achieved within six years. Another technical milestone will be the ability 

to experimentally measure the ZT of the actual nanostructures themselves. Simple 

measurement techniques are expected to be achieved within three years. This will further 

enable the goal towards achieving superior thermoelectric nanomaterials. 

 

It is important to realize that while true momentum behind research in low-dimensional 

thermoelectrics began almost a decade ago, a limited understanding of the complex 

phenomena underlying the thermoelectric properties associated with low-dimensional 

structures has slowed progress in this area. As more experimental and theoretical 

developments are made, we will see numerous discoveries in the coming years, and the 

promise of nanomaterials for thermoelectrics will be realized.  
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Introduction  

 

In this section, technologies for energy conversion and storage based on electrochemistry are 

considered.  As electrochemical systems, fuel cells and batteries share much in common.  They 

convert chemical energies into electricity and vice versa.  They consist of an anode and a 

cathode, separated by an electrolyte (see Figure X-1).  A pair of reduction and oxidation 

reactions results in electric current generation.  Interfaces are important in their performance 

since the interfacial regions are where heterogeneous chemical reactions can take place.   Many 

of the governing physics of their basic cell components, such as thermodynamics and charge 

conservation are identical.  Therefore, many of the issues impeding improvements of fuel cells 

and batteries are also in common.  Nanoscience can make an impact in several aspects: 

 

o New materials with unique properties resulting from nanoscale effects 

o Nanofeatures and structures to enhance performance 

o Improved fundamental understanding of physical mechanisms at the nanoscale 

o Nano-derived methods for manufacturing and assembly 

o Multifunctional materials that include energy storage 

and generation 

 

Novel materials such as carbon nanotubes can be useful in 

electrochemical systems. For example, electrodes using 

single-walled carbon nanotubes have been shown to improve 

performance in both batteries (Terrones, 2003) and fuel cells 

(Girishkumar et al., 2005).  While this example has a cost 

disadvantage, such solutions may be appropriate in 

specialized applications.  Furthermore, interfaces of 

traditional materials can exhibit behaviors fundamentally 

different from those of the bulk due to the change in the local 

atomic structure. In nanostructured materials, the interfacial 

regions become dominant and closely spaced.  As a result, 

such materials possess unique properties not observed in the 

bulk materials. Maier (2005) recently reviewed the area of 

nanoionics and its significance to electrochemical systems in 

Nature Materials.  Indeed, it has already been demonstrated 

that nanoscale effects can be exploited to improve 

electrochemical systems, as discussed later.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. X-1. Schematics of a typical fuel cell 

and a battery adopted from Winter & 

Brodd (2004).  For extensive background 

information, the readers are referred to 

the article. 

 

 



While the issues addressed by these strategies are shared between the battery and fuel cell 
systems, there are fundamental differences between the two in other areas.  Since a fuel cell 
requires the transport of the fuel through the anode, fluid or gas dynamics are additional physics 
governing the system.  Understanding of nanofluidics and gas dynamics at the nanoscale thus 
becomes essential in optimizing the design.  There is significantly more freedom in designing the 
3D architecture of batteries since, unlike fuel cells, no fuel or waste products need to be 
transported into/out of the cell.  For example, a battery can be designed with particles or rods of 
cathodic material coated with electrolyte material, embedded in a matrix of anodic material 
(Long, 2004).  Since battery technologies are relatively mature, especially compared to that of 
fuel cells, the breakthrough improvement must consider highly designed novel architectures, 
with precisely controlled domain sizes and patterns. Furthermore, challenges facing conventional 
fuel cells and non-conventional fuel cells, such as those based on biosystems or microscale 
devices, are also very distinct.  Therefore, we will examine the three aspects, conventional fuel 
cells, non-conventional fuel cells, and batteries, in turn, describing the current state-of-the-art, 
technological barriers, and possible nanoscience-based approaches to overcome the barriers.   
 
Conventional Fuel Cells  

 

Fuel cells have the potential to offer significant efficiency and environmental benefits over 
today’s traditional energy technologies, but significant cost reductions and efficiency 
improvements are necessary for fuel cells to emerge as a practical energy alternative.  The recent 
National Research Council/National Academy of Engineering report (2003) on the hydrogen 
economy lists the primary barriers to full fuel cell adoption as: (1) cost, efficiencies, and lifetime 
of current systems, and (2) the lack of H2 infrastructure and production.  In order for an 
alternative energy technology to be competitive with conventional power sources, a target goal 
of $500/kW and twice the current efficiency must be achieved.  Nanotechnology could make a 
dramatic impact by improving the performance and by fulfilling materials requirements.  
 
The basic principles behind fuel cells have been known for quite a long time, and the first 
demonstration of fuel cell was performed in the late 1830s by Sir William Robert Grove. Since 
then, there have been significant developments and demonstrations of various types of fuel cells. 
Commercialized units have been realized in some types of fuel cells (e.g., phosphoric acid fuel 
cells and molten carbonate fuel cells), but wider market penetration has not been achieved due to 
their high cost. Thus, the fate of conventional fuel cells depends not on the feasibility, but rather 
on cost effectiveness of the systems and their operation.  While the total cost per unit of 
electricity generated is the ultimate metric of the issue, there are several metrics that directly 
influence it.  These are: 

1. energy conversion efficiency 
2. durability of the fuel cell system 
3. material cost 
4. manufacturing cost 
5. operation and maintenance cost (other than fuel) 
6. fuel cost 



Which of these sources hinder the success of fuel cells depend on the type of the fuel cell.  There 
are many conventional fuel cell approaches, and not all of them are discussed here.  Of those, the 
solid oxide fuel cells (SOFCs) for large-scale power generation and the proton exchange 
membrane fuel cells (PEMFCs, also known as the polymer electrolyte fuel cells) for smaller 
scale applications are considered to be promising approaches. The sources of high cost of these 
two types of fuel cells are quite different.  For example, a SOFC has a disadvantage of very high 
operation temperature, requiring expensive components especially in interconnects.  A PEMFC, 
on the other hand, must rely on highly efficient, expensive catalysts.  The issues associated with 
the SOFCs are reviewed first, followed by those of the 
PEMFCs. 
 
Solid Oxide Fuel Cells  

 
The SOFCs are fuel cells with solid, nonporous electrolyte of 
metal oxide such as yttria-stabilized zirconia.  They have 
advantages over other types of fuel cells, including their solid 
construction allowing design simplicity, ability to directly use 
unreformed fuel, and potential for very high efficiency. Thus, 
significant research and development efforts are underway to 
bring this technology to commercial reality (see, for example, 
Kendall (2005) and Holtappels, Vogt, & Graule (2005) for the 
overview).  DOE’s Solid State Energy Conversion Alliance 
(SACA) Program is aiming to develop a market-ready SOFC 
with $400/kW cost by 2010 (Solid State Energy Conversion 
Alliance, 2005), a factor of ten reduction during the ten-year 
program.  Although sub-MW systems are possible (Minh, 
2004), the SOFC technology is most advantageous in large-
scale power generation because a very high efficiency (up to 
70%) can be achieved when a gas turbine is combined with 
the fuel cell system.   
 
The major disadvantage of the SOFCs is the high operating 
temperature, which increases the materials cost and shortens 
the cell life, resulting in a high overall cost.  The currently 
demonstrated SOFC systems typically operate around 1000˚C, 
barring the use of inexpensive metal-alloy interconnects.  
Therefore, the major effort has been geared toward lowering 
the operating temperature. The main reason for this high operating temperature stems from the 
low ionic conductivity of the ion-conducting materials and decreased cathodic reaction rate at 
low temperatures.  To address the conductivity, nanostructured fuel cell materials have recently 
been shown to possess enhanced conductivities of both ions and electrons at much lower 
temperatures (Kosacki et al., 2005).  Nanostructured electrodes are also advantageous because 
they provide larger reactive regions (i.e., three-phase boundaries and surface/interfacial areas).  
For example, it has been demonstrated that nanostructured electrodes have increased transport 
efficiencies and decreased energy loss (Liu, Zha, & Liu, 2004; also see Fig. X-2.).  Thus, 
nanostructured composites are a promising alternative to standard electrodes.  In order to 

 
Fig. X-2.  This nanostructured 
composite cathode was made 

using combustion chemical vapor 

deposition.  The interfacial 

polarization resistance was 

measured and shown to be 

superior to those fabricated using 

conventional methods.  From Liu 

(2004). 



optimize the electrochemical performance, the relationship between the composite structure and 

the electrochemical performance must be identified.  To this end, electrochemistry at the 

nanoscale and the effects of microstructural characteristics on electrochemical kinetics must be 

understood.  Furthermore, fabrication methods must provide sufficient control of the 

microstructure such that desired nanoscale structures can be manufactured at a reasonable cost. 

 

While nanocomposite electrodes offer significant benefits, these benefits are accompanied by 

enhanced diffusivity and reduced characteristic length scale of the composite structure.  This will 

likely affect the stability of the nanostructures during operation, and performance degradation 

over the expected long lifetime is still a major concern even at lower temperatures.  Therefore, 

various diffusion mechanisms occurring in these nanostructured materials (i.e., surface diffusion, 

grain boundary diffusion, etc.) must carefully be characterized, and their consequences 

understood.  Simulations of microstructural evolution play an important role in this area due to 

experimental difficulties associated with long-term usage.  Such simulations must be 

accompanied by experiments for validation.  Furthermore, either experiments or first principle 

calculation may be necessary in order to obtain realistic material properties needed in the 

calculation.   

 

Proton Exchange Membrane Fuel Cells 

 

The PEMFCs have proton conductor membranes made of fluorinated sulfonic acid polymer or 

another similar polymer as the electrolyte.  This type of fuel cells is attractive for both 

transportation and smaller-scale stationary applications due to its high efficiency, low operation 

temperature, low pollutant emission, and relatively compact size.  In particular, for consumers, 

the PEMFCs with power output in the range of one to a few hundred kW are ideal alternatives 

for distributed power for either industry or residential buildings.  They are also well suited for 

applications where quick start-up and quick response to load changes are required (e.g., auxiliary 

power systems), and where high power density and low operating temperature (permitting 

intermittent operation without significant energy loss) are beneficial.  

 

Despite the apparent benefits offered by the PEMFC technology, it requires affordable solutions 

for its key components.  The high capital cost for PEM fuel cells is by far the largest factor 

limiting market penetration.  Exploration of novel material alternatives could result for lower-

cost components (cost reduction), higher power density output (increased efficiency), as well as 

increased durability.  Nanostructured materials, including nanoparticle catalysts, have played an 

important role in advancing the PEMFC technology.  However, achieving the goal of a practical 

PEMFC system will require further investigations of nanoscale materials for producing the 

membrane-electrode assembly unit, including nanocomposite-based proton-exchange 

membranes, low cost nanoscale low/non-Pt alloy catalysts, and nanostructured electrodes 

optimized for high performance, cost-effective PEMFC systems.  A variety of recently 

engineered nanostructured materials useful in these areas are reviewed by Malinauskas, 

Malinauskiene, & Ramanavicius (2005).  Fundamental understanding of nanoscale physics, 

especially in the area of electrochemistry and catalysis, is essential in these investigations.  First 

principle calculations and other types of simulations are often useful in research for catalytic 

materials.  For example, Kandoi et al. (2004) applied the periodic density functional theory 



combined with a microkinetic model to explain the selectivity of various catalysts for CO 

oxidation.    

 

Both hydrogen and hydrocarbon fuels may be used for PEMFCs.  Direct hydrocarbon fuel cells, 

such as those using methanol, are a relatively new development and face problems absent in 

hydrogen-fueled PEMFCs.  For example, methanol crossover through the electrolyte is a major 

problem especially since blocking the methanol transport can also hinder proton conduction.  

Nanocomposite membranes containing nanoparticles have been intensively investigated in the 

recent years (see for example Choi, et al., 2004 and references therein).  While hydrogen-fueled 

PEMFCs do not suffer from this problem, they face challenges in hydrogen fuel generation and 

storage.  There are various approaches to hydrogen production, including those using nuclear 

energy, coal, and natural gas.  Since producing hydrogen from hydrocarbons then using the 

hydrogen as fuel introduces significant inefficiency, electrolysis using solar energy, and possibly 

wind energy to a limited scale, is likely the most environmentally friendly method, eliminating 

direct and indirect emission of carbon dioxide from hydrogen-fueled fuel cells.  In the short term, 

however, alternative sources must be identified.  The detailed examination of the technologies 

associated with hydrogen production is beyond the scope of this report.  A few examples of 

nano-based approaches are catalytic synthesis of H2 from hydrocarbons, hydrogen production 

based on biological systems, and nano-photoelectrochemical systems for solar-energy based 

production.  The opportunities in new materials for hydrocarbon processing were reviewed by 

Farrauto, et al. (2003).  The solar energy technology is discussed elsewhere in this report.  The 

challenges associated with bio-based hydrogen generation were discussed by Angenent, et al. 

(2004).  Possible hydrogen storage methods range widely from pressurized gas or cryogenic 

liquid cylinders to absorbers using novel materials such as carbon nanotubes (Terrones, 2003 and 

references therein), metal-organic frameworks and metal hydrides (Fichtner, 2005 and references 

therein).  The development of a practical system is extremely challenging due to the high 

diffusivity, low density, and high flammability of hydrogen.  The absorber-based storage 

technology is still in its exploratory phase, and its feasibility has yet to be determined.  While the 

success of research in this area remains to be seen, nanoscience impact on novel storage material 

can be the breakthrough required for the success of hydrogen-fueled fuel cells, especially for 

transportation applications, where hydrogen safety must meet higher standards. 

 

Non-Conventional Fuel Cells  

 

While exploratory, there has been research toward developing novel types of fuel cells.  As 

examples, two possibilities where nanoscience may play a significant role are discussed below. 

 

Micro Fuel Cells  

 

Most ongoing fuel cell research and development are targeted at the types of fuel cell 

technologies discussed above, which are limited to large-scale applications such as generation of 

industrial and residential power or automotive power. At much smaller scales, devices are 

currently powered by batteries.  The disadvantage of battery power is the need for electricity for 

recharging, which may not be available in some instances, and relatively large weight for both 

rechargeable and non-rechargeable batteries.  For micro fuel cells, possible fuels such as 

methanol or alcohol have high power per unit mass and per unit volume and may easily be 



carried.  Furthermore, micro fuel cells may offer significantly higher power densities.  The 

possible applications may include powering much smaller devices (such as 

microelectromechanical devices and “labs on chips”), as well as standard hand-held electronic 

devices (such as cell phones).   

 

Micro fuel cells may be based on PEM fuel cell technology or similar, which are discussed 

above.  However, the design cannot simply be scaled down since additional challenges will result 

from much smaller construction (Maynard & Meyers, 2002).  Additionally, most of the portable 

applications will be for the end-users, and therefore the design requirements include a light, 

compact, stand-alone package that is user-friendly.  Thus, fuel, waste, and thermal management 

(FWTM) transparent to the users is important in this case (Cowey, Green, Mepsted, & Reeve, 

2005).  Similarly, for microscale applications such as those for the lab-on-chip technology, 

FWTM devices, including pumps and heat exchangers, must also be designed, fabricated, and 

operated at the microscale.  Nanoscience will certainly play an important role in such devices. 

 

As in the standard PEM fuel cells, fuel cells of this type will likely depend on highly efficient 

catalysts that enable the utilization of liquid fuels.  Nano-derived materials will likely be the 

answer to the quest for such material, as discussed earlier.  Furthermore, successful development 

of micro fuel cells will require fundamental understanding of fluid flow, as well as 

electrochemical transport, at very small scales.  For example, small-scale geometries can result in 

new phenomena in fluid flow (Stone, Stoock, & Ajdari, 2004 and references therein), such as the 

reduction of friction resulting from surface roughness of the flow boundary (Cottin-Bizonne, et 

al., 2003).  Consequently, the validity of the standard descriptions of underlying physics must be 

examined.  Although electrochemisty at the nanoscale is universally important in predicting the 

performance of such novel devices, the knowledge has not been fully developed.  Thus, testing 

and modifying the standard continuum equations and boundary conditions against experiments in 

micro/nanofluidic devices are essential in this endeavor.  Furthermore, understanding of electro-

osmotic flows is important since removing wastewater, which is in liquid form in the low 

temperature environment that these systems must operate, is difficult.  As for other nanoscale 

devices, fabrication of nanofluidic devices poses a challenge, and both top-down and bottom-up 

methods of nanostructural assembly should be given considerations.  A combination of top-down 

and bottom-up approaches, where a top-down approach such as lithography is used to control a 

bottom-up self-assembly, may be particularly promising (Mijatovic, Eijkel, & van den Berg, 

2005).  

 

Bio-Based Fuel Cells 

 

Continuous and long-term power supply generated directly from biological organisms will have 

great impact for systems of all dimensions, starting from nanotechnology, to microsystems, and 

to macro scale devices.  Nano and micro systems, such as sensors or actuators, requires power 

for operation.  In futuristic applications, for example, diagnosing medical problems and 

delivering drugs from inside the body has been a dream of doctors since Isaac Asimov's 1966 

science fiction classic “Fantastic Voyage,” in which a group of doctors were miniaturized and 

injected into a patient to remove a blood clot.  Doctors cannot be shrunk, but any future 

engineering device that resembles the “fantastic voyage” will require power supply.  On the 

other hand, in the macro scale, implantable medical devices such as spinal cord stimulator and 



drug delivery devices used in spinal drug infusion therapy for pain relief applications require 

battery power.  All of the above current and future systems from nano to macro size will benefit 

from the generation of renewable power sources from biological processes.   

 

Photosynthesis in green plants

Light (energy)

Aerobic respiration in living things

CO2, H2O

C6H12O6, O2Photosynthesis in green plants

Light (energy)

Aerobic respiration in living things

CO2, H2O

C6H12O6, O2

 
Figure X-3. Harness power from nature.  Photosynthesis process in green plants converts CO2 and H2O into glucose 

(C6H12O6) with the assistance of light.  The aerobic respiration process in living things such as the butterfly shown in 

the figure consume and convert glucose and oxygen into CO2 and H2O. One possibility is to learn from nature and 

apply engineering approaches to generate and extract energy from the natural processes as the power sources for 

artificial machinery or systems. 

 

We can take the lesson from the energy cycle from “nature” as illustrated in Figure X-3.  The 

energy of light coming from the Sun assists the photosynthetic process in green plants to convert 

carbon dioxide (CO2) and water (H2O) into glucose as:  

 OHOHCOlightOHCO
26126222

66126 ++!++  (1) 

Glucose is the common energy source for living things, including human, and can be considered 

as the “large” energy storage unit.  Animals take green plant as the food for glucose support and 

convert glucose and oxygen into carbon dioxide, water and ATP (adenosine triphospate) in the 

aerobic respiration process.  This can be conceptually expressed as:  

 ATPOHCOOHCOOHC 3212666
22226126

++!++  (2) 

ATP is considered as the “small” energy storage unit and acts as “currency” in all energy 

transformation in cells.  Both the photosynthesis and aerobic respiration processes happen every 

second and everywhere on earth from living things as big as a whale to as small as a single cell.  

They are not only the very fundamental processes for energy conversion but also indispensable 

processes for the supply of oxygen for living animals.  One energy possibility is to extract energy 

from these energy translation processes by building up artificial fuel cells to interact with living 

bacteria cells for engineering applications, such as to power nano or micro devices.  Moreover, 

because these processes actually occur at the cellular level, they are perfect for potential power 

sources for nano and micro systems and even for large systems.  

 

Enzymatic fuel cells use enzymatic break down of fuels such as glucose rather than the 

metabolic activity of live microorganisms but otherwise perform the same function as microbial 

fuel cells (Halme, Zhang, & Ranta, 2000).  Researchers have used glucose, lactate, and even 

sewage as organic fuels, and glucose oxidase and lactate dehydrogenase as the enzyme 

biocatalyst (Liu, Ramnarayanan, & Logan, 2004; Wiltner & Katz, 2000).  Although diffusional 

redox mediators have been used, more recent research has centered on enzymes and redox 

mediators covalently linked to each other and to the anode (Katz, Shipway, & Wiltner, 2003; 

Wiltner & Katz, 2000; Chen, et al., 2001).  This “bioelectrocatalytic wiring” of enzymes and 

mediators to the electrode (versus diffusional enzymes and mediators) has produced current 

densities as high as hundreds of microamperes per square centimeter (Katz, Shipway, & Wiltner, 



2003).  A complementary bioelectrocatalytic enzyme system at the cathode accepts the 

electrodes from the anode to complete the circuit.   

 

In both cell- or enzyme-based bio fuel cells, two principle factors are limiting output and 

efficiency: (1) the “slow” and “random” diffusional transport of active substances and redox 

mediator in solution and (2) sensitivity of the redox mediator to oxidation by O2.  

Nanotechnology could provide a unique solution to at least the diffusion-limited process.  In 

order to reduce the current-limiting effects of using a diffusional electron mediator in 

conjunction with the cells or enzymes that are also in a diffusional state in solution, one concept 

is to immobilize cells or enzymes onto a gold electrode functionalized with biological self-

assembled monolayers – nanotechnology by nature.  It is postulated that such “bio-wiring” of 

cells/enzymes to the electrode would facilitate direct transfer of electrons from cells/enzymes to 

the electrode, which would remedy both the current-limiting issues.  The improvement in 

efficiency has been demonstrated in the case of enzymatic fuel cells.  Figure 2 shows the 

possible architecture based on “nanotechnology” that could improve the efficiency of cell-based 

fuel cells.  This architecture adopts a surface technique pioneered by Katz and Willner (Wiltner 

& Katz, 2000; Wiltner, 2002): covalently linking the electron mediator pyrroloquinoline quinone 

(PQQ) to a gold electrode functionalized by a monolayer of cystamine as illustrated in Fig. 2.  

The PQQ monolayer is anchored to the gold electrode by sulfur.  We recognize that this is 

merely one example that nanotechnology could be used in fuel cell development; there could be 

many other possibilities that should be further explored. 
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Figure X-4. Bioelectronic wiring of cystamine/PQQ/NADP

+
 and cystamine/thylakoids the gold electrode; thylakoids 

are not shown to scale relative to PQQ, NADP
+
, and cystamine.  Interpreted and adapted from (Wiltner, 2000; 

Wiltner, 2002) for use with PFC. 

 

Batteries  

 

Batteries represent a critical component of almost any advanced energy strategy, whether for 

transportation or baseline energy from non fossil fuel sources (e.g. solar).  In addition, batteries 

enable mobile applications such as cell phones, lap top computers, and a host of others.  We also 

look to batteries to enable a new generation of technologies that include autonomous 

microsensing systems and micro implants for biomedical applications.   In applications for which 

they are the enabling factor, batteries are often the limiting factor, and frequently represent the 



largest and/or heaviest component of the system.  This report explores ways in which 

nanoscience and technology can be used to enhance battery performance.   

 

In order to understand the potential contributions of nanoscience to battery technology, it is 

important to understand the physical processes that determine battery performance.  Figure 

harb1 is a schematic diagram that illustrates a Li-ion battery.  Lithium batteries represent the 

largest segment of the portable battery industry and dominant battery in the computer, cell 

phone, and camera markets (Whittingham, 2004).  In the charged state, the amount of lithium is 

low in the cathode and high in the anode.  Upon discharge, lithium ions are released from the 

active material in the anode (typically carbon) and move through the electrode and separator to 

the cathode where they are incorporated into the cathode material.  The release of lithium ions at 

the anode during discharge is accompanied by the concurrent release of electrons, which travel 

through the conductive network to the anode current collector and from there to the external 

circuit.  Similarly at the cathode, electrons travel from the current collector through the 

conductive network to the active material where they are “consumed” in the reduction reaction as 

lithium ions are incorporated into the cathode active material (e.g. CoO2).   Some of the physical 

phenomena important to this process as well as to the opposite (charging) process include: 

• Electronic conduction 

• Ion transport in the electrodes and separator 

• Heterogeneous electrochemical reaction 

• Interfacial area and behavior at interfaces 

• Material structure, chemistry and stability during charge and discharge (cycling) 

Although their relative importance varies from system to system, the same general physics are 

operative for all battery systems.  As we examine ways in which nanoscience can influence 

battery behavior, we will look for nanoscale behavior that influences the physical processes 

listed above. 

 

Battery performance metrics include the specific energy (Wh/kg), energy density (Wh/l), specific 

power (W/kg) and power density (W/l).  Values of these metrics for common primary (single 

use) and secondary (rechargeable) battery systems are shown in Figs harb2 and harb3, 

respectively (Winter, 2004).  As a rule of thumb, the practical energy density of a battery is 

approximately 25-50% of its theoretical value owing to the mass/volume of the inert components 

in a practical system, irreversible losses and incomplete utilization of the active material in the 

battery (Winter, 2004).   Other relevant performance characteristics include cycle life, shelf life 

and cost. 

 

The balance of this section will examine ways in which nanoscience/technology can be used to 

enhance battery performance.  Strategies include: 1) the development of new materials whose 

properties are derived from unique nanoscale physics, 2) the use of nanofeatures and structures 

to improve the performance of existing materials, 3) enhancement of our fundamental 

understanding of nanoscale processes to enable optimization of existing energy storage devices 

and the development of new devices, 4) the development of new nano-derived methods for 

manufacturing and assembly of energy storage materials and devices, and 5) the development of 

multifunctional engineering materials designed for specific applications that involve 

electrochemical energy storage (see Section xx.xx).    

 



Materials 

One opportunity for the improvement of batteries through nanoscience/technology is the 

exploitation of unique nanoscale physics to yield materials with improved performance and/or 

reduced cost.   For example, Xu et al. demonstrated qualitatively different behavior of electrode 

materials at the nanoscale (Xu, 2005).  In one case they demonstrated markedly improved 

electrochemical behavior for nanostructured a-Fe2O3 relative to microscale samples of the same 

material, where the amount of intercalated lithium increased from 0.03 Li per formula (micro) to 

0.47 Li per formula (nano).   In another example, electrochemically inactive Li2MnO3 was made 

active by creating a nanostructured material.   These examples illustrate how phenomena at the 

nanoscale can lead to a wider selection of suitable materials, including materials that are less 

expensive and more environmentally friendly. 

 

The unique characteristics of nanomaterials have been used in other ways to improve battery 

performance.  Lin and Harb used carbon nanotubes as the conductive filler in the cathodes of 

lithium ion batteries (Lin, 2004).  They found that the resistance of electrodes fabricated with 

single-walled nanotubes was significantly lower, even without compression, than that of 

electrodes made with a traditional carbon black filler, (Fig. harb4).  The performance 

enhancement due to nanotubes was attributed to the high aspect ratio of the conductive tubes 

which facilitated the formation of a conductive network, and the small size of the nanotubes that 

allowed them to surround and make multiple contacts to the larger microsized active material.  

Unfortunately, the cost of nanotubes prohibits their use in large commercial batteries.  However, 

they may be useful for microbatteries where the materials cost is not the driving issue, and where 

the enhanced performance without compression is of particular benefit.  Because of the very high 

cost of nanotubes, the opportunity exists for the development of a low cost, highly conductive, 

high aspect ratio, nanosized material for use in batteries of all sizes. 

 

The above materials examples were focused on improvement of today’s best technology.  In 

addition, it may be possible to use nanoscience/technology to develop completely new types of 

battery materials or even new types of battery systems.   

 

Nanostructures 

While the previous section examined the use of materials whose unique properties were derived 

from the nanoscale, this section examines the use of nanofeatures or nanostructures where the 

physics are essentially the same as for the larger material, but the performance is enhanced due 

to the structure.   An example of the impact of structure on battery performance is found in the 

microbattery work by Humble (2001, 2003).  Optimization of deposition conditions for the 

cathodic material increased the capacity and rate capability of the cell by well over an order of 

magnitude. 

 

Sides et al. (2002, 2005) prepared nanostructured electrodes for lithium-ion batteries with use of 

a porous template.  The resulting electrodes were highly porous, had a very high surface area, 

and showed dramatically improved performance on a per mass basis over traditional electrodes 

(Fig. harb5).    In particular, it was possible to discharge the electrodes at a very high rate 

relative to the amount of active material present.  Unfortunately, template synthesis is tedious 

and likely expensive on the large scale.  In addition, the capacity per area is small owing to the 



thin porous layers that are formed.  Efforts to increase the capacity have resulted in significant 

improvements (Sides, 2002), but have yet to reach levels practical for large cells. 

 

A novel 3D nanostructured battery was recently proposed by Long et al. (2004) where a very 

thin electrolyte layer is formed around a random 3D network of electrode material (Fig. harb6) 

(see also Rhodes, 2004).   The other electrode would then fill the space that surrounds the 

electrolyte (see Fig. harb6).  All battery components- anode, cathode and electrolyte- are 

continuous throughout the “sponge-like” structure.   A key advantage of the 3D battery is the 

short transport distance between the anode and cathode.   However, there is likely a practical 

limit to how thick such a battery may be fabricated.   Effective distribution of current throughout 

the 3D structure will also be challenging for some battery chemistries.  In spite of the challenges, 

this type of battery structure represents a departure from traditional battery fabrication and, if 

enabled by the appropriate nanostructures, may make a significant impact.  Other types of 3D 

batteries with micro rather than nano structures have also been proposed (Ryan, 2003; Long, 

2004). 

 

The are other examples of nanostructured battery materials in the literature (e.g., Fey, 2005; 

Treger, 2005).  For example, LiFePO4 is a relatively new active material for Li-ion batteries 

whose viability depends on its nanostructure in order to overcome significant transport 

limitations in the solid phase (Treger, 2005).   

 

In summary, nanostructures can be used to significantly enhance battery performance.   The cost 

and limited capacity per area represent formidable challenges for the application of some 

structures to large commercial markets.   

 

Fundamental Understanding at the Nanoscale 

Another way in which nanoscience/technology can help advance energy storage technologies is 

through the development of improved understanding of the nanoscale processes that impact the 

behavior of practical systems.  A fundamental understanding of these processes will lead to new 

strategies to enhance battery performance. 

 

An example of an area where additional understanding is needed is the solid electrolyte interface 

(SEI) that forms primarily in the anode of lithium ion batteries (Christensen, 2004; Aurbach, 

2005).  This layer forms by reaction with the electrolyte and grows until electrons can no longer 

effectively get to the reaction site due to the insulating nature of the layer.  Although 

electronically insulating, the layer readily conducts lithium ions.  Thus, lithium ions are 

transferred from the electrolyte, through the SEI, to the electrode where they are reduced during 

charging.  Failure to form a stable SEI greatly reduces the cycle life of the battery.  Changes to 

the SEI during cycling also reduce the battery lifetime.  A fundamental understanding of the 

processes that control the formation and stability of the SEI will lead to the formation of 

improved SEI layers, and perhaps to the development of an artificial SEI nanolayer. 

 

There are other aspects of batteries where our fundamental understanding at the nanoscale is 

lacking.  In addition, fundamental understanding of new types of electrochemical systems that 

may contribute to energy storage in niche areas is needed (e.g., see Long, 2004).    

 



Nanofabrication 

One of the reasons that nanotechnology has received so much attention recently is the promise 

that it holds for efficient cost-effective manufacturing techniques (Schulte, 2005).  The 

application of such techniques to battery fabrication has the potential to make a significant 

impact.   For example, it may be possible to utilize nanotechnology to fabricate active materials 

for lithium batteries.  However, the performance of these active materials not only depends on 

the composition of the material, but also on the material structure (Whittingham, 2004).   Thus, 

care must be taken to produce a material with a structure suitable for battery use. 

 

Kawamura et al. (2005) used nanofabrication to produce nanostructured LiCoO2 particles (Fig. 

harb7), and were able to produce particles with an active crystalline phase.  As a result, they 

observed a two-fold increase in capacity at high rates, and significantly improved voltage 

profiles.   It seems possible that nanofabrication can be used to both reduce fabrication costs and 

enhance the performance of some battery materials. 

 

Multifunctional Materials 

A final area where nanotechnology may influence energy storage is in the creation of 

multifunctional materials.  An example of such a material is an airplane wing that also serves as 

the battery to store energy.  The vision of this multifunctional material is that it is more than just 

a wing that contains a battery.  Rather, the same materials used to form the battery are also the 

structural components of the wing.  There are undoubtedly other multifunctional concepts to be 

developed, and examples of such materials are yet to be found. 

 

Summary 

An understanding of the processes that govern battery behavior can be combined with recent 

advances in nanoscience/nanotechnology to create new and improved energy storage devices for 

the next generation.  Opportunities exist in at least five different areas as described above.   

 

 



Figure harb1.  Schematic diagram of lithium-ion battery.  Black- conductive carbon filler, Red 

Outline- anode active material, Blue Outline- cathode active material (binder not shown). 
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Figure harb2.  Energy storage capability of common commercial primary battery systems 

(Winter, 2004). 

 

 

 

 

 
 

 

 



Figure harb3.  Energy storage capability of common rechargeable battery systems (Winter, 

2004). 

 

 
 

 

 



Figure harb4.  Influence of carbon nanotubes on internal resistance of a lithium-ion cathode (Lin, 

2004). 
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Figure harb5.  Scanning electron micrograph of a template-synthesized V2O5 electrode prepared 

from 50-nm pore diameter polycarbonate template membranes (Sides, 2002). 

 

 
 

 



Figure harb6.  “Sponge” architecture for 3D nanobattery (Long, 2004). 

 

 

 
 

 



Figure harb7.  Nanostructured LiCoO2 powders for lithium ion batteries (Kawamura, 2005). 
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Section 5: Nanoelectronics for energy conversion 

 

by Stuart Lindsay 
 

The problem: Energy conversion, light to electricity, electricity to fuels and light to fuels 

involves electron and hole transfer at the nanoscale.  When light is part of the system, optical 

processes at the mesoscale (wavelength of light) have 

to be coupled to charge transfer on the nanoscale.  This 

problem is illustrated in Fig. 1.  The charge gathering 

electrodes have to far enough apart (ca. !) so that most 

of the incident light is absorbed, but charge ‘sinks’ 

must be located near (xh) to chromophores so that 

charge is separated before recombination occurs. 

 This problem is solved, at a significant cost, in 

high-mobility semiconductor devices where a (large) 

depeletion region is used both to generate and separate 

charges.  In molecular photovolataics, one successful 

approach (the Graetzel Cell
1
) is based on filling the 

absorbing space with a TiO2 aggregate that acts as an 

efficient sink for electrons generated by dyes attached 

to the particles.  Surprisingly, the injected electrons can 

diffuse from particle to particle quite efficiently.  Holes 

are collected by means of a dissolved redox couple.  

This approach requires some loss of potential (i.e., 

there is a significant voltage drop along the charge collection pathway) in order to drive rapid 

charge separation.  Yet another approach is to nanostructure electrodes so that they are 

filamentous.  This is done either by interspersing nano-filaments of hole-conducting and electron 

conducting polymers, or by nanotexturing an electrode so that its surface consists of filaments 

that protrude out into the light-gathering region.
2
  In all of these devices, the chromophore  is, at 

best, placed close to one electrode, but remains remote from the other. This ‘gap’ is illustrated 

schematically by the red arrow in Fig. 1. Another limitation of the complex arrangements 

(nanowires, aggregates) currently used to put chromophores close to one electrode make the job 

of collecting the other carrier much harder.  That is because the complex structure of the one 

electrode precludes a simple ‘wiring scheme’ for 

connection to the other. 

Photonic collection:  

New approaches can do much more than just solve the 

optical absorption/charge transfer issue described above.  

There are radical new approaches to light gathering based 

on structuring materials at the nanoscale.  To see why this 

is important, one has to realize that capturing light with 

molecules is not easy at the nm-scale, because the optical 

 
Fig. 1: The meso-nano lengthscale 
problem in photovoltaics.  Light is 

absorbed over long distances, !, but 

hopping distances for charge, xh, must 
be small so that charge is extracted 
from a chomophore before it 
recombines. 

 
Fig. 2: Color scale shows relative 
electric field strength in the vicinity 
of three metal spheres (blue) 
illuminated at their plasmon 
resonance.  The field is 
concentrated between the two 
smaller spheres. 



absorption cross-section of molecules is much smaller than their physical size.  To take a 

concrete example, the extinction coefficient for the Q-bands of porphyrin (a prototypical 

chromophore) is 2x10
4
M

-1
cm

-1
. Given the maximum possible packing density of these molecules 

in a monolayer (2.5x10
13

 molecules/cm
2
), a stack of 2,400 monolayers would be required to 

adsorb 99% of the light incident at the Q-band wavelength of 650nm.  This is one source of the 

length-scale problem described above.  

Photonic assemblies rely on resonant antennas that have much larger optical cross-

sections than their physical dimensions.  These can, in principle, capture light with enormous 

efficiency (essentially complete absorption in a monolayer) focusing the field to hot spots on the 

array where chromophores could be placed. Thus a complex light-gathering medium could be 

replaced with a designed medium that leaves space for the connection of charge carrying wires.  

An example of such a photonic concentrator was proposed by Li et al.
3
 and it is illustrated in Fig. 

2.  It consists of a chain of self-similar spheres, each having the same plasmon resonance 

frequency, but, because their size changes, essentially all the energy trapped by the larger 

spehere becomes concentrated in the space between the smaller spheres.  The original simulation 

was based on a solution of the Laplace equation (a static approach) and the simulation shown in 

Fig. 1 was reworked using a full-physics Maxwell Equation solver (Rudy Diaz – unpublished).  

The enhancement is reduced compared to the original calculations, but the central point remains 

valid:  light may be gathered much more ‘intelligently’ using engineered nanophotonic 

structures.  But a way is needed to make such structures. 

Goals for new research 

Can rationally-designed systems be assembled with critical dimensions at both nano- and meso-

scale?  This is a key problem in self-assembly.
4
  We illustrate one approach based on DNA-

directed self-assembly in Fig. 3.  DNA self-assembly uses the specific base-paring of 

complementary strands of DNA, combined with DNA’s ability to form three- and four-way 

junctions to assemble three dimensional nanostructures that can cover macroscopic volumes.
5, 6

  

The proposed technology outlined in Fig. 3 mimics the bacterial photoreaction center (Fig. 3a) 

by using an antenna structure to gather light, coupling it to a charge-separation device.  In this 

case, the antenna structure consists of a resonant ring of metal spheres, located precisely in space 

by attachment to a DNA hexagonal lattice (Fig. 3b).  The charge separation molecules (detailed 

 
Fig. 3: (a) The bacterial photosynthetic complex. Rings labeled LH are the antennas. (b) A synthetic, 
self-assembled electrode-coupled analog based on a hexagonal, addressable DNA array.  Metal 
spheres (red) are part of a plasmonic antenna system that concentrates light at molecular 
photovoltaics coupled to a conducting, transparent electrode as shown in (c). Holes are transported to 
a second electrode by an appropriate redox couple, or possibly by a self-assembled array of hole-
conducting polymers (red arrows in b). 

 



in Fig. 3c) are located by the same DNA lattice so that they sit at high field points in the antenna 
structure.  At first sight it might be thought that DNA self-assembly is an outlandish and 
expensive approach to problems like this.  However, even at today’s lab prices, a 100nM 
synthesis of DNA (costing about $40) would tile twenty four square meters    
 DNA self-assembly is just one approach, used here to illustrate the possibilities. We list 
below some of the targets for nanoelectronics in this area: 

• Find reliable means for self-assembly at the meso scale (for light gathering) with 
simultaneous assembly at the nanoscale (for charge gathering). 

• Develop materials for more efficient charge transport.  Hopping (electrochemical 
transport) requires significant driving potential for rapid charge separation, so better 
molecular ‘wires’ (with enhanced ballistic transport) are needed. 

• Develop rational architectures for collecting electrons and holes:  Could electrochemical 
mediators be replaced with organized ‘wires’ that carry electrons or holes directly to 
electrodes? 

• Use nano-scale self-assembly to incorporate photonic light-gathering elements into the 
photovoltaics. 

 
Molecular photovoltaics hold out the prospect of low-cost, chemistry-based approaches to energy 
conversion, but there has been little progress in the 14 years since the first device with significant 
conversion efficiency was introduced.1  It is time to take a look at fresh approaches in light of 
recent advances in nanoscience. 
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Section 6: BioNano Techniques for Energy Applications 

 

T.H. LaBean, D. Feldheim, H. Yan, T. Lin, N. Seeman 
 
 
The State of Energy Usage. 

 The following energy facts were taken from [Maugeri, Science, 2004, 304, 1114.]. 
The current global rate of energy consumption is 400,000 PetaJoules per year, equal to 4 
million nuclear bombs. Twenty-five percent of that is consumed by the US, and eighty-
five percent is generated from fossil fuels. This leads to a total carbon output per year of 
7 GigaTons (109 Tons), which is enough CO2 to fill Lake Michigan every year. Global 
energy demand by the year 2050 will exceed 1 Million PetaJoules (1021 J), and the 
amount of CO2 in the atmosphere will double, causing a global temperature rise of up to 
4 ºC. Further calculations by major sources claim that current world oil reserves equal 1 
trillion barrels, and since the current global consumption rate is 28 billion barrels per 
year, we have a maximum of 35 years of oil remaining. 
 
Alternative Sources of Energy. 

Examination of the usual list of alternative energy resources shows that we could 
potentially produce approximately 150,000 PJ from biomass, 40,000 PJ from wind, 
20,000 PJ from hydroelectric. So allowing for growth in consumption, we would need 
something like 250,000 PJ from nuclear, which could only be provided if one new power 
plant is opened every 2 days until 2050. Instead, we must turn to alternative methods for 
exploiting solar power. In fact, more energy is available from the sun in one hour than we 
use in one year. Harvesting solar energy is a $7 Billion Industry that is growing at a rate 
of 32% per year. Besides active (photovoltaic) solar energy harvesting and passive solar 
designs for lighting and heating, we can finally follow the lead of visionary Jules Verne, 
who in 1874 commented, “Water will be the coal of the future.”  
 
Photocatalytic Water Splitting (Energy Storage) 
Hydrogen Oxidation (Energy Release) 
Without catalysts these reactions are useless! 
 
New catalysts are needed to produce and utilize alternative fuels. Catalyst design is 
exceedingly difficult; catalyst discovery relies largely on serendipity.  We now know that 
RNA can evolve in response to selection pressures (magnetism) to catalyze the formation 
of materials with a desired property. Can biomolecule evolution be used to discover new 
catalysts for alternative energy and CO2 sequestration? 
 
 
BioNano Assembly and Selection Approaches. 



Bionanomaterials can help on at least two different fronts: 

1). Nanofabrication of photovoltaic, thermoelectric, and nanoelectronic materials by 

biomolecule-guided self-assembly  

2). Biomolecule-driven evolution of inorganic catalysts for energy applications. 

 

 

 

 Bionanoassembly makes use of biological inspiration and biomacromolecules for 

fabrication of specific nanostructures via molecular recognition reactions.  Assembly of a 

variety of nanoscale materials into complex structures have been accomplished by 

programmable assembly using DNA and viral particles.  Using DNA tile building blocks, 

objects have been created with sizes between microns and millimeters and having feature 

resolution less than 5-10 nanometers.  We hope to apply these achievements to solve 

problems in photovoltaics, thermoelectrics, nanophotonics, battery, fuel cell, and fuel 

conversion areas which would benefit from the ability to organize nanomaterials into 

designed structures with low nanometer resolution. 

 

 Directed evolution of biomolecules capable of templating the deposition of 

diverse inorganic materials into specific nanocrystalline forms holds great promise for 

finding useful catalysts for a wide range of chemical reactions critical to energy 

applications. 

 

 

Current Nanopatterning Methods.   

 Conventional techniques for fabrication of nanostructures include electron-beam 

lithography (EBL), dip-pen lithography (DPL), nanostamping, molecular beam epitaxy 

(MBE) and vapor-liquid-solid (VLS) growth. These methods offer several positive 

aspects for high-efficiency thermoelectric and nanoelectronic materials fabrication.  

EBL and DPL are extremely useful for fabrication of complex two-dimensional 

nanoelectronic patterns, however they are quite slow and limited to writing single copies 

or at best a fairly small number of simultaneous copies. Through the ability to deposit 

single atomic layers with high crystal quality, MBE and VLS are able to generate 

quantum-confined nanostructures with high mobility, leading to high Seebeck coefficient 

and high electrical conductivity (both of which are required for high thermoelectric 

efficiency). Recent work in MBE quantum well superlattices and self-organized MBE 

quantum dot superlattices (QDS) in the Stranski-Krastanov growth mode have led to 

some of the best thermoelectric materials to date [1,2], while VLS-grown nanowires 

show great promise for high thermoelectric efficiency [3]. 

 A main course for future improvement in these methods will be to study the 

mechanisms that lead to high thermoelectric figures-of-merit. As of now, a self-consistent 

picture of electrical and thermal transport in quantum-confined nanostructures (especially 

QDS nanocomposites) remains elusive. Current techniques for creating QDS materials 

lead to arrays with random spacing and much variation in dot size, making study of 

thermoelectric effects difficult. Pursuing these mechanisms to further increase efficiency 

will likely require the fabrication of regular, periodic arrays of quantum dots with 

consistent sizes and shapes using techniques such as direct matrix seeding [4]. In this 



way, mechanisms such as phonon band gaps [1], miniband formation [5], and acoustic 

phonon scattering off of inclusions [6] can be precisely understood. 
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opportunities in this area.  

4:30PM-6:00PM Fuel Cell and Battery 

Technology 

• John Harb 

• Katsuyo Thornton 

• Liewei Lin 

After presentations in the 

Fuel Cell and Battery area. 

The session will end with 

this panel of speakers and a 

few chosen experts in the 

Fuel Cell and Battery, 

nanoelectronics, nano-

assembly fields discussing  

opportunities in this area.  

6:00PM-7:30PM Reception & Banquet 
  

7:30PM Draft Report Writing  

• Photovoltaic panel 

• Thermoelectric panel 

• Fuel cell & Batteries panel 

Draft reports will be written 

by members of each panel and 

other experts and attendees. 

Three reports are called for: 

• Emerging 

Opportunities in 

Nano-Photovoltaics 

• Emerging 

Opportunities in 

Nano-

Thermoelectronics 

• Emerging 

Opportunities Fuel 

Cell & Batteries 

Tuesday Nov 22     

8:00AM Breakfast 
  



 

 

  

8:30AM-10:00AM Nanoelectronics 

• James R. Heath 

• Stuart Lindsay 

• George C. Schatz and Anne A. 

Lazarides 

Talks will center around 

developments in the 

nanoelectronics area. The 

focus will be on how these 

structures could be utilized 

in energy related fields. 
 

10:30AM-

12:00PM 
Nanoassembly 

• Tianwei Lin 

• Ned Seeman 

• Thomas LaBean & Hao Yan 

Talks will center around 

developments in the Nano-

structures and their 

assembly area.  The focus 

will be on how these 

structures could be utilized 

in energy related fields. 

12:00PM-1:00PM Lunch 
  

1:00PM-5:00PM Presentation of Panel Draft 

Reports & Discussions 

•  Photovoltaic panel 

• Thermoelectric panel 

• Fuel cell & Batteries panel 

Each of the three panels 

will present their draft 

reports, with open 

discussion and feedback by 

the audience. 

  

5:00PM Concluding remarks 

• John Monahan 

  



NSF Workshop on Emerging Opportunities of Nanoscience to Energy Conversion and 

Storage  
 

Appendix C: Abstracts of Workshop Speakers 



name = Thom LaBean 

affiliation = Duke University 

address = 329 Gross Chemistry Bldg, Duke University, Durham, NC 

phone = (919) 660-1565 

fax = (919) 660-1605 

email = thomas.labean@duke.edu 

hompage = www.cs.duke.edu/~thl 

title = Self-Assembling DNA Nanostructures and DNA-Based Nanofabrication 

abstract = DNA is well-known as the predominant chemical for duplication and storage of genetic 

information and has recently become important as an engineering material for construction of micron-scale 

objects with nanometer-scale feature resolution.  Properly designed synthetic DNA can be used as 

programmable building blocks that will, via specific hybridization of complementary sequences, reliably 

self-organize to form desired structures and superstructures.  Such engineered nanostructures are suitable for 

use as templates and scaffolds for imposing specific patterns on various other materials.  Given diverse 

mechanical, chemical, catalytic, and electronic properties of these specifically patterned heteromaterials, 

DNA self-assembly techniques hold great promise for bottom-up nanofabrication in wide ranging fields of 

technology. This talk will present recent results and potential approaches for using DNA nanostructures in 

energy related applications. 

presentation = www.cs.duke.edu/~thl/NSFEnergy.pdf 

homepage = www.cs.duke.edu/~thl 

technologyresults = Fixed-size, fully-addressable DNA nanoassemblies. 

Large area (mm
2
) DNA lattices. 

Active DNA/metal nanoparticle systems. 

 

relevantpapers = S.-H. Park, C. Pistol, S.- J. Ahn, J. H. Reif, A. Lebeck, C. Dwyer, and T.H. LaBean (2005)  

Finite-size, Fully-Addressable DNA Tile Lattices Formed by Hierarchical Assembly Procedures. (accepted 

for publication, Angew. Chem. Int. Ed). 

 

Kurt V. Gothelf and Thomas H. LaBean (2005) DNA-programmed assembly of nanostructures. Organic & 

Biomolec. Chem. 3, 4023. 

 

S-H. Park, P. Yin, Y. Liu, J.H. Reif, T.H. LaBean, and Hao Yan (2005) Programmable DNA Self-assemblies 

for Nanoscale Organization of Ligands and Proteins. Nano Letters 5, 729-733. 

 

S-H. Park, R. Barish, H. Li, J.H. Reif , G. Finkelstein , H. Yan, and T.H. LaBean (2005) Three-Helix Bundle 

DNA Tiles Self-assemble into 2D Lattice or 1D Templates for Silver Nanowires. Nano Letters 5, 693-696. 

 

Sung Ha Park, Hao Yan, John H. Reif, Thomas H. LaBean and Gleb Finkelstein (2004) Electronic 

nanostructures templated on self-assembled DNA scaffolds.  Nanotechnology 15, S525-S527. 

 

D. Liu, S- H. Park, J. H. Reif, and T.H. LaBean (2004) DNA nanotubes self-assembled from TX tiles as 

templates for conductive nanowires. Proc. Nat. Acad. Sci., USA 101, 717-722. 

 

H. Li, S- H. Park, J. H. Reif, T. H. LaBean, and Hao Yan, (2004) DNA Templated Self-Assembly of Protein 

and Nanoparticle Linear Arrays, J. Am. Chem. Soc. 126, 418-419. 

 



H. Yan, S.H. Park, G. Finkelstein, J.H. Reif, and T.H. LaBean (2003) DNA-Templated Self-Assembly of 

Protein Arrays and Highly Conductive Nanowires. Science 301, 1882-1884. 

 

comments =  

photovoltaics = yes 

submit = Submit 

 

 

 

==================== 



name = Theodorian Borca-Tasciuc 

affiliation = Rensselaer Polytechnic Institute 

address = 110 8th Street JEC 2030 Troy, NY 12180 

phone = 518 276 2627 

fax = 518 276 6025 

email = borcat@rpi.edu 

hompage = nanotec.meche.rpi.edu 

title = Thermoelectric Transport in Bismuth Telluride Nanoassemblies 

abstract = Highly efficient solid-state thermoelectric energy conversion requires materials with a large 

thermoelectric figure of merit. Engineering the electric and thermal transport in nanostructures by employing 

quantum and size effects has emerged as a candidate for factorial enhancements in the thermoelectric figure 

of merit. This work presents our exploratory investigations of thermoelectric transport in Bi2Te3 

nanostructured assemblies. Nanoparticles of 3-15nm diameter and rod-shaped nanocrystals of 20- to 85-nm-

diameter and ~1micrometer long are grown using wet chemistry methods. The nanostructures are 

functionalized with desired termini for dispersion in solutions and controlled assembly. Films were obtained 

by drop-casting and drying the dispersed nanostructures solutions on glass substrates instrumented with 

microelectrodes for electrical conductivity and Seebeck characterization in the 80-300K temperature range. 

The thermal conductivity measurement is performed u! 

sing a scanning hot probe technique, where the thermal resistance of a heated AFM thermal probe is 

measured when the probe is in contact with the film. The presentation will discuss the effect of the film 

structure, growth conditions, and temperature annealing on the thermoelectric transport.  

presentation =  

homepage = nanotec.meche.rpi.edu 

technologyresults = 1. thermal conductivity reduction in nanostructures 

2. theoretical models for thermoelectric transport in quantum dot arrays 

3. self-assembly  

4. growth of high quality crystalline nanostructures by wet-chemistry methods 

  

relevantpapers = Venkatasubramanian, R., Siivola, E., Colpitts, T., and O’Quinn, B., 2001 “Thin-film 

thermoelectric devices with high-room temperature figures of merit,” Nature 413, 597. 

Harman, T. C.; Taylor, P. J., Walsh, M. P., and LaForge, B. E., 2002, “Quantum dot superlattice 

thermoelectric materials and devices,” Science 297, 2229. 

Chen, G., Dresselhaus, M. S., Dresselhauss, G., Fleurial, J. P., and Caillat, T., 2003, “Recent developments 

in thermoelectric materials,” International Materials Reviews 48, 45. 

Balandin Alexander A. and Lazarenkova Olga L., “Mechanism for thermoelectric figure-of-merit 

enhancement in regimented quantum dot superlattices,” Appl. Phys. Lett. 82, 415 (2003) 

  

comments =  

thermoelectrics = yes 

submit = Submit 



name = John N. Harb 

affiliation = Brigham Young University 

address = 270 Clyde Building 

phone = 801-422-4393 

fax = 801-422-0218 

email = john_harb@byu.edu 

hompage =  

title = The Application of Nanotechnology to Electrochemical Energy Storage 

abstract = This presentation will begin with a brief description of the challenges and limiting factors 

associated with electrochemical energy storage, with a particular focus on batteries. A few applications that 

range in size from very large to nano will be considered and specific needs identified. The use of 

nanoscience and technology to address these needs will then be illustrated. Strategies include: 1) the 

development of new materials whose properties are derived from unique nanoscale physics, 2) the use of 

nanofeatures and structures to improve the performance of existing materials, 3) enhancement of our 

fundamental understanding of nanoscale processes to enable optimization of existing energy storage devices 

and the development of new devices, 4) the development of new nano-derived methods for manufacturing 

and assembly of energy storage materials and devices, and 5) the development of multifunctional 

engineering materials designed for specific applications that i! 

nvolve electrochemical energy storage. These strategies will be illustrated with examples from a variety of 

investigators. Future opportunities and potential obstacles will also be discussed. 

presentation =  

homepage =  

technologyresults =  

relevantpapers =  

comments =  

submit = Submit 



name = Katsuyo Thornton 

affiliation = University of Michigan 

address = 2300 Hayward Street, Ann Arbor, MI 48109 

phone = 734-615-1498 

fax = 734-763-4788 

email = kthorn@umich.edu 

hompage = http://msewww.engin.umich.edu/people/faculty/thornton 

title = Experiments and Simulations of Three-Dimensional Nanostructures of Solid-Oxide Fuel Cell 

Electrode 

abstract = Fuel cells are the focus of active research because they can provide a more efficient and pollution-

free method for converting chemical energy to electricity. Fuel cell electrodes typically have a complex 

nanostructure that determines their electrochemical efficiency and their lifetime. However, current methods 

for controlling electrode structure to achieve higher efficiency are very limited. Our ongoing collaborative 

research on solid-oxide fuel cell electrodes is described. The team brings together both experimental and 

modeling expertise to reconstruct and characterize the three-dimensional nanostructure, measure 

electrochemical performance, and model and simulate the nanostructural evolution and its consequence on 

fuel cell performance. The analyses of the results are expected to lead to new methods for improving the 

efficiencies of solid-oxide fuel cells.  

presentation = TBD 

homepage = TBD 

technologyresults =  

relevantpapers =  

comments = - Collaborative efforts consisting of experimental and modeling/simulation/theoretical work 

- Characterization of three-dimensional microstructures using computationally intensive methodologies 

- Development of 3D microstructure-performance relationship 

fuelcellandbatteries = yes 

submit = Submit 



name = Kevin Stokes 

affiliation = University of New Orleans 

address = Dept. of Physics 

phone = 985-781-6085 

fax =  

email = klstokes@uno.edu 

hompage =  

title = One-dimensional Nanoparticle Composites for Thermoelectric Applications 

abstract = Engineered, nanometer-scale semiconductor materials are now being developed to increase 

thermoelectric efficiency. While current successes in low-dimensional thermoelectrics are attributed mainly 

to selective phonon scattering, much larger enhancements are predicted in systems in which the confinement 

of the carriers produces peaks in the density of states near the Fermi energy. To this end, we are producing 

quasi-one-dimensional structures containing semiconducting nanoparticles connected by conducting 

polymers. The Seebeck coefficient of the semiconductor component should be enhanced due to carrier 

confinement while the conducting polymer provides high electrical to thermal conductivity ratio 

interconnects between the particles. We present the chemical synthesis, assembly and properties these 

composites consisting of strands of lead telluride (PbTe) nanoparticles connected by polythiophene. The 

nanoparticles are made by high-temperature organometallic chemical ! 

synthesis. The nanoparticles are treated with various organic molecules to provide compatibility with the 

polymer and improve electrical connectivity. The nanoparticle/polymer solution is dispersed in a Langmuir-

Blodgett trough and rolled into strands through overcompression. The resulting nanoparticle-polymer strands 

contain a low-volume fraction of polymer (typically ~5%) and can be lifted of the water surface. We will 

discuss the details of the synthesis as well as the issues concerning electronic conduction in these materials 

and scale-up of the processes.  

presentation =  

homepage =  

technologyresults = The work of Alivisotos at UC Berkley is of particular note. This group is developing 

large-scale chemical synthesis techniques for high-quality, nanoparticle production. While applied to 

photovoltaics, large-scale synthesis of nanometerials is key to the realization of many energy-conversion 

technologies. 

relevantpapers = 1. Harman, T.C., Taylor, P.J., Walsh, M.P., and LaForge, B.E., Quantum dot superlattice 

thermoelectric materials and devices. Science 297, p. 2229 (2002). 

2.  

Venkatasubramanian, R., Siivola, E., Colpitts, T., and O'Quinn, B., Thin-film thermoelectric devices with 

high room-temperature figures of merit. Nature 413, p. 597 (2001). 

comments =  

thermoelectrics = yes 

submit = Submit 



name = Alexis Abramson 

affiliation = Case Western Reserve University 

address = 10900 Euclid Ave 

phone = 216-368-4191 

fax = 216-368-3007 

email = alexis.abramson@case.edu 

hompage =  

title = Novel Thermoelectric Materials for Improved Performance: Nanocomposites and Bio-Inspired 

Hydrogels 

abstract = Thermoelectric devices are attractive candidates for heat removal or energy production 

applications because they do not contain moving parts, are environmentally benign, and may be easily 

incorporated into small-scale technologies. The use of thermoelectric devices is not widespread today, but 

even marginal improvements in performance can have enormous impact on their future application. The 

work presented will specifically discuss two novel approaches to the development of thermoelectric 

materials. Nanocomposite systems comprised of conducting polymers and Bi nanoparticles are discussed. 

The high quality nearly mono-dispersed nanoparticles are synthesized via pyrolysis of reagents into a hot 

coordinating solvent. The nanocomposites are fabricated by combining the nanoparticles with a monomer 

solution of aniline, followed by polymerization upon spin coating of the solution on a substrate to form 

nanocomposite films. Thermal conductivity, electrical conductivity an! 

d Seebeck coefficient measurements of initial composites will be reported. The second approach to the 

development of novel materials comes from looking to nature for guidance. Some species of shark use 

thermoelectrics to sense temperature differentials in their surroundings by using electrosensing organs 

consisting of a nerve set at the end of a pore which is filled with an extracellular gel comprised of sea water 

and a small percentage of glycoprotein. Our experimental work has shown that the shark gel exhibits an 

unusually high Seebeck coefficient, and we have provided a qualitative explanation as to why an enhanced 

Seebeck coefficient results. These experiments have helped guide ongoing research towards synthesizing 

artificial gels with exceptionally high Seebeck coefficients by carefully choosing appropriate electrolyte 

solutions combined with a high concentration of macromolecules comprised of densely packed charged 

groups. As a result, a new class of bio-inspired ther! 

moelectric systems exhibiting superior Seebeck coefficients wi! 

ll be de 

monstrated. 

presentation =  

homepage =  

technologyresults = Nanoscale characterization of thermal and electrical properties 

relevantpapers =  

comments = The development of novel high performance thermoelectric materials will require very 

productive collaboration between the chemists who make the materials, and the engineers/scientists who 

design and characterize the materials. 

thermoelectrics = yes 

submit = Submit 



name = Kevin Pipe 

affiliation = University of Michigan 

address = 2146 G. G. Brown / 2350 Hayward St. / Ann Arbor, MI 48109-2125 

phone = 734-763-6624 

fax = 734-647-3170 

email = pipe@umich.edu 

hompage = http://me.engin.umich.edu/peopleandgroups/faculty/pipe_kevin.shtml 

title = Thermoelectric Energy Conversion in Active Devices 

abstract = Heating is a significant problem for electronic devices, leading to thermal rollover in the 

performance characteristics of nearly all such devices. As electronic device sizes shrink through large-scale 

integration, extreme heat fluxes well above 100 W/cm2 can be generated over microscale and nanoscale 

areas. This talk will cover the use of thermoelectric structures for energy harvesting in active electronic 

devices, at size scales ranging from the macroscale (in which nanostructured bulk thermoelectric materials 

can harvest energy over large areas) to the microscale (in which integrated thermoelectric structures can 

recover waste heat energy from individual electronic devices). Also discussed will be ways in which 

electronic devices themselves can make use of internal thermoelectric effects to achieve higher efficiency. 

presentation = http://www-personal.engin.umich.edu/~pipe/nanoenergy/ 

homepage = http://www-personal.engin.umich.edu/~pipe/ 

technologyresults = High-ZT thermoelectrics achieved through nanostructured materials 

Hybrid organic/inorganic nanostructured large-area photovoltaic devices with high efficiency 

  

relevantpapers = Harman, T. C., et al. (2002). "Quantum dot superlattice thermoelectric materials and 

devices." Science 297: 2229. 

  

Venkatasubramanian, R., et al. (2001). "Thin-film thermoelectric devices with high room-temperature 

figures of merit." Nature 413: 597. 

  

Bilc, D., et al., "Resonant States in the electronic structure of the high performance thermoelectrics 

AgPbmSbTe2+m: the role of Ag-Sb microstructures", Physical Review Letters, v 93, n 14, 1 Oct. 2004, p 

146403/1-4. 

  

comments = Important opportunities exist in the fabrication of hybrid organic/inorganic nanostructured 

thermoelectric devices, which can achieve high ZT over large areas with low cost. Such devices thus far have 

been difficult to achieve (A. R. Abramson et al., J. MEMS 13, 505 (2004) and capture a wide range of issues 

that are important for nano-energy research: the use of inorganic nanostructures to effectively increase 

carrier mobility in organic materials, energy transport across organic/inorganic interfaces, reliable electrical 

connections to nanostructures and the placement/alignment of these nanostructures, modeling the Seebeck 

coefficient in nanostructure superlattices, etc. 

thermoelectrics = yes 

submit = Submit 



name = James C. Ellenbogen 

affiliation = Nanosystems Group, The MITRE Corporation 

address = 7515 Colshire Dr., Mailstop H619, McLean, VA 22102 

phone = 703-983-5930 

fax = 703-983-5963 

email = ELLENBGN@mitre.org 

hompage = www.mitre.org/tech/nanotech 

title =  

abstract =  

presentation =  

homepage =  

technologyresults =  

relevantpapers =  

comments =  

fuelcellandbatteries = yes 

submit = Submit 



name = Josef Michl 

affiliation = University of Colorado, Department of Chemistry & Biochemistry 

address = 215 UCB, Boulder, Colorado 80309-0215 

phone = 303-492-6519 

fax = 303-492-0799 

email = michl@eefus.colorado.edu 

hompage = http://www.colorado.edu/chem/DEC/people/michlj.html 

title = Improving the Efficiency of Excitonic Solar Cells 

abstract =  The Graetzel cell, based on TiO<sub>2</sub> nanoparticles coated with a sensitive dye, 

is cheap to produced but its efficiency is only about 10%.  Some opportunities for increasing both the current 

and the voltage produce will be discussed and our present activities as well as future plans for implementing 

them will be outlined. 

presentation =  

homepage =  

technologyresults = controlled self-assembly, materials with controlled redox properties 

relevantpapers = Magnera, T. F.; Michl, J. “Two-Dimensional Supramolecular Chemistry with Molecular 

Tinkertoys”, Proc. Nat. Acad. Sci. USA 2002, 99, 4788. 

Varaksa, N.; Pospí!il, L.; Magnera, T. F.; Michl, J. “Self-Assembly of a Metal Ion Bound Monolayer of 

Trigonal Connectors on Mercury.  An Electrochemical Langmuir Trough”, Proc. Nat. Acad. Sci. USA 2002, 

99, 5012. 

comments = controlled self-assembly, materials with controlled redox properties 

photovoltaics = yes 

submit = Submit 



name = Shanhui Fan 

affiliation = Stanford University 

address = 801 Tolman Drive 

phone = 1-650-724-4759 

fax = 1-650-725-3890 

email = shanhui@stanford.edu 

hompage = http://www.stanford.edu/group/fan 

title = Nanophotonics and energy conversion 

abstract = In this talk, we will discuss some of our recent works related to solar and thermal photovotaics. 

presentation =  

homepage = http://www.stanford.edu/group/fan 

technologyresults = The intense efforts related to transmission through subwavelength metallic apertures, 

and the demonstration of blackbody radiation control in phtonic crystals.  

relevantpapers = Lin et al, APL, 83, 380 (2003) 

Shin et al, PRB, 72, 085436 (2005) 

comments = In the area of nanophotonics, interesting opportunities for energy related applications include 

enhanced photon transport through metallic structures; control of blackbody radiation; and field 

concentration and enhancement of light-matter interactions. 

photovoltaics = yes 

submit = Submit 



name = Thomas Renz 

affiliation = Air Force Research Laboratory 

address = AFRL/IFTC, 26 Electronic Parkway, Rome, NY, 13441 

phone = 315-330-3423 

fax =  

email = renzt@rl.af.mil 

hompage =  

title =  

abstract =  

presentation =  

homepage =  

technologyresults =  

relevantpapers =  

comments =  

photovoltaics = yes 

submit = Submit 



name = Peng Yin  

affiliation = Caltech 

address = MS 136-93, Caltech, Pasadena, CA 91125 

phone = 626-395-8839 

fax = 626-395-1701 

email = py@caltech.edu 

hompage = http://pengyin.org 

title = N.A. 

abstract = N.A. 

presentation = N.A. 

homepage =  

technologyresults =  

relevantpapers =  

comments =  

submit = Submit 



name = Morley O. Stone 

affiliation = DARPA / DSO 

address = 3701 N Fairfax Dr, Arlington, VA 22203 

phone = 571-218-4504 

fax = 703-807-1714 

email = morley.stone@darpa.mil 

hompage =  

title =  

abstract =  

presentation =  

homepage =  

technologyresults =  

relevantpapers =  

comments =  

submit = Submit 



name = Stuart Lindsay 

affiliation = Arizona State University 

address = Biodesign Institute, Tempe, AZ 85287-5601 

phone = 480 965 4691 

fax = 480 727 2378 

email = Stuart.Lindsay@asu.edu 

hompage = http://green.la.asu.edu 

title = Molecules and nano architecture for charge transport 

abstract = This talk will examine progress and possibilities for building 'moleular wires' for charge transport 

in molecular photovoltaics. 

presentation =  

homepage = http://green.la.asu.edu 

technologyresults = DNA nanotechnology for self-assembly of photonic structures 

Recent developments in "molecular wires"  

relevantpapers =  “Reproducible Measurement of Single-Molecule Conductivity” X. D. Cui, A. Primak, X. 

Zarate, J. Tomfohr, O. F. Sankey, A. L. Moore, T. A. Moore, D. Gust, G. Harris and S. M. Lindsay, Science 

294, 571-574 (2001). 

“Electronic Decay Constant of Carotenoid Polyenes from Single-Molecule Measurements”  He, J.; Chen, F.; 

Li, J.; Sankey, O. F.; Terazono, Y.; Herrero, C.; Gust, D.; Moore, T. A.; Moore, A. L.; Lindsay, S. M.;  

J. Am. Chem. Soc.; (Communication); 2005; 127(5); 1384-1385. 

 “A Molecular Switch Based on Potential-Induced Changes of Oxidation State”  Fan Chen, Jin He, Colin 

Nuckolls, Tucker Roberts, Jennifer E. Klare, and Stuart Lindsay, Nano Letters, 5 503-506 (2005). 

comments = rational design and assembly of photovoltaics 

photovoltaics = yes 

submit = Submit 



name = Hao Yan 

affiliation = Arizona State University 

address =  

phone = 1-480-727-8570 

fax = 1-480-727-2378 

email = hao.yan@asu.edu 

hompage =  

title = DNA based self-assembly of hierarchical nanostructures 

abstract = DNA is an extraordinarily versatile material for designing nano-architectural motifs, due in large 

part to its programmable G-C 

and A-T base pairing into well-defined secondary structures.  DNA 

nanotechnology is further empowered by well-established methods for 

purification and structural characterization and by solid-phase 

synthesis, so that any designer DNA strand can be constructed. In this 

talk, I will  present our recent experimental progress to utilize novel 

DNA nanostructures for self-assembly as well as for templates in the 

construction of patterned protein and nanoparticle arrays. 

 

presentation =  

homepage =  

technologyresults =  

relevantpapers =  

comments =  

photovoltaics = yes 

submit = Submit 



name = David Carlson 

affiliation = BP Solar 

address = 630 Solarex Court, Frederick, MD 21703 

phone = (301) 698-4256 

fax = (301) 698-4305 

email = Dave.Carlson@bp.com 

hompage = http://www.bpsolar.com 

title = PV Technologies for the Future 

abstract = BP Solar is supporting research for future PV technologies at a number of universities and 

institutes.  This talk will provide an overview on these programs and discuss the challenges to developing 

efficient photovoltaic devices using nanotechnology. 

presentation =  

homepage =  

technologyresults = 1. Need to develop device structures that can efficiently absorb solar radiation and that 

allow efficient collection of the photogenerated carriers. 

2. Need to develop methods of creating nanocomposite solar cells with large built-in potentials. 

3. Need to develop nanocomposite materials that can be used in efficient solar cells and that can be produced 

at low cost and that are non-toxic. 

4. Need to develop contacts to nanocomposite materials that will have either form heterojunctions or low 

resistance contacts. 

5. Need to develop efficient nanocomposite solar cells that are stable and capable of > 20 years of 

operational life. 

  

relevantpapers =  

comments =  

photovoltaics = yes 

submit = Submit 



name = Nadrian C. Seeman 

affiliation = New York University 

address = Dept. of Chemistry, New York, NY 10003 

phone = 212-998-8395 

fax = 212-260-7905 

email = ned.seeman@nyu.edu 

hompage = seemanlab4.chem.nyu.edu 

title = DNA:  Not Merely the Secret of Life 

abstract =  Structural DNA nanotechnology uses the concept of reciprocal exchange between DNA 

double helices to produce branched DNA motifs, like Holliday junctions, or related structures, such as 

double crossover (DX), triple crossover (TX), paranemic crossover (PX) and DNA parallelogram motifs.  

We have worked since the early 1980's to combine DNA motifs, using sticky-ended cohesion, to produce 

specific structures. From branched junctions, we have constructed DNA stick-polyhedra, whose edges are 

double helices, and whose vertices are the branch points of DNA branched junctions. These include a cube, a 

truncated octahedron, and an irregular graph.  Recently, we have begun to template the topology of industrial 

polymers, such as nylon, with DNA-like scaffolds and to organize metallic nanoparticles. 

 Nanorobotics are key to the success of all activities in nanotechnology. PX DNA has been used to 

produce a robust sequence-dependent device that changes states by varied hybridization topology.  The 

sequence-dependent nature of this device means that a variety of them attached to a motif can all be 

addressed individually.  Recently, we have used this device to make a translational machine.  We have also 

built a sequence-driven nanobot. 

 A central goal of DNA nanotechnology is the self-assembly of periodic matter. We have 

constructed micron-sized 2-dimensional DNA arrays from DX, TX and two kinds of parallelogram motifs. 

We can produce specific designed patterns visible in the AFM from DX and TX molecules. We can change 

the patterns by changing the components, and by modification after assembly. 

 

presentation = seemanlab4.chem.nyu.edu 

homepage = seemanlab4.chem.nyu.edu 

technologyresults = Nanodevices, polymer and nanoparticle organization. 

relevantpapers = 1.S. Liao and N.C. Seeman, Translation of DNA Signals into Polymer Assembly 

Instructions, Science, in press (2004). 

2.L. Zhu, P.S. Lukeman, J. Canary & N.C. Seeman, Nylon/DNA:  Single-Stranded DNA with Covalently 

Stitched Nylon Lining, J. Am. Chem. Soc. 125, 10178-10179 (2003). 

3.H. Yan, X. Zhang, Z. Shen and N.C. Seeman, A Robust DNA Mechanical Device Controlled by 

Hybridization Topology, Nature 415, 62-65 (2002). 

4.W.B. Sherman and N.C. Seeman, A Precisely Controlled DNA Bipedal Walking Device, NanoLett. 4, 

1203-1207 (2004).   

5.W. Shen, M. Bruist, S. Goodman & N.C. Seeman, A Nanomechanical Device for Measuring the Excess 

Binding Energy of Proteins that Distort DNA, Angew. Chem. Int. Ed. 43, 4750-4752 (2004). 

 

comments = The capabilities that we are able to provide is the ability to organize chemical species on the 

nanometer scale.  These include polymers, nanoparticles, and biological components.  We expect that this 

capability will enable efficient assembly of electronic devices, and other species with the precision on the 

nanoscale now found only in the living cell. 

photovoltaics = yes 

submit = Submit 



name = George Schatz 
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title = Modeling the optical and structural properties of nanoparticle arrays and DNA-linked nanoparticle 

aggregates 

abstract = Arrays and aggregates of silver and gold nanoparticles have a variety of interesting optical and 

structural properties that have only begun to be explored.  In this talk I will describe theory and modeling 

studies of these properties, emphasizing two points:  how the electromagnetic coupling of nanoparticles in 

arrays and aggregates influence optical spectra, and how DNA hybridization that produces nanoparticle 

aggregates leads to materials with unusual structural and thermal melting properties.   

 

A key point of our work on the optical properties of nanoparticle arrays is that the dipolar coupling between 

nanoparticles can in some cases be extremely long range, leading to narrow lineshapes in plasmon 

resonances, and the ability to propagate excitation for 100 !m or more. 

 

Our work on DNA-linked aggregates has emphasized the narrow melting transitions that have proven 

important to the use of these materials in DNA sensing.  I will discuss recent work in understanding the 

mechanism of the narrow melting, as well as our work in understanding the effect of irreversibility in the 

hybridization kinetics on the aggregate structures. 

 

presentation =  

homepage = http://www.chem.northwestern.edu/~schatz 

technologyresults = 1. Plasmon enhanced absorption and photochemistry.  This has the capability of 

enhancing interfacial absorption and photochemical processes by orders of magnitude.  There have been a 

number of advances in our understanding of the conditions need to achieve useful results. 

 

2. Building useful structures involving metal, dielectric and semiconductor nanoparticles using DNA linkers.  

The technology for using DNA linkers to create aggregates of metal, semiconductor and dielectric 

nanoparticles is rapidly developing, with a number of recent reports in which different materials have been 

adapted to this approach.  The usefulness of this for photoabsorption and photochemistry remains to be 

demonstrated. 

relevantpapers = Controlling plasmon line-shapes through diffractive coupling in linear arrays of cylindrical 

nanoparticles fabricated by electron beam lithography,  E. M. Hicks, S. Zou, G. C. Schatz, K. G. Spears, R. 

P. Van Duyne, L. Gunnarsson, T. Rindzevicius, B. Kasemo, M. Kall, Nano Letters, 5, 1065-70 (2005). 

 

Plasmonic Materials for Surface-Enhanced Sensing and Spectroscopy, A. J. Haes, C. L. Haynes, A. D. 

McFarland, S. Zou, G. C. Schatz, and R. P. Van Duyne, MRS Bulletin, 30, 368-375 (2005). 

 

What Controls the Melting Properties of DNA-Linked Gold Nanoparticle Assemblies?, Rongchao Jin, 

Guosheng Wu, Zhi Li, Chad A. Mirkin, and George C. Schatz, J. Am. Chem. Soc., 125, 1643 1654 (2003). 

 

 



comments = Here are three ideas for research topics: 

 

1. Photophysical interactions of semiconductor and metal nanoparticles.  We really need to understand the 

tradeoff between enhanced absorption and quenching when semiconductor and metal nanoparticles are 

placed in close proximity. 

 

2. Using DNA structures to position semiconductor and metal nanoparticles for optimum photovoltaic 

performance.  

 

3. Photophysical properties of dye molecules interacting with metal/semiconductor nanoparticle structures. 
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title = Bioelectric PEM Fuel Cells 

abstract = Continuous and long-term power supply generated directly from biological organisms could have 

great impact for nano, micro to macro systems.  In futuristic applications, for example, diagnosing medical 

problems and delivering drugs from inside the body has been a dream of doctors since Isaac Asimov's 1966 

science fiction classic ``Fantastic Voyage,'' in which a group of doctors were miniaturized and injected into a 

patient to remove a blood clot.  Doctors can't be shrunk, but any future engineering device that resembles the 

“fantastic voyage” will requires power supply.  In large-scale system applications, implantable medical 

devices such as spinal cord stimulator and drug delivery devices used in spinal drug infusion therapy for pain 

relief applications also require power.  Micro power generation is an important element for small-scale 

systems and two types of power systems will be discussed in this talk: disposable micro batteries and 

microbial fuel cells.  The motivation of the microbial fuel cells came from the observation of the energy 

cycle from “nature” - energy in the form of light coming from sun assists the photosynthesis process in green 

plants that convert carbon dioxide and water into glucose.  Animals take green plant as the food for glucose 

support and in the aerobic respiration process, convert glucose and oxygen into carbon dioxide, water and 

ATP (adenosine triphospate).  We propose to extract energy from these energy translation processes by 

building up artificial fuel cells to interact with living bacteria for engineering applications, such as to power 

nano or micro devices.  

presentation =  
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technologyresults =  

relevantpapers =  

comments = microbial/photosynthetic energy generation 
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title = Adding Functionality to Self-assembled 3D Nanophotonic Materials 

abstract = Three-dimensional photonic crystals offer interesting opportunities for scientific exploration and 

formation of functional materials and structures. Simple periodic photonic crystals, such as formed through 

colloidal crystallization have some interesting optical properties, however, many devices, such as lasers, 

waveguides, and chemical sensors will require the incorporation of new materials and aperiodic defect 

structures within the photonic crystal.  After a brief discussion on the optical properties of photonic crystals 

and photonic band gap materials, I will present our results on the use of multiphoton polymerization, 

electrochemistry, and chemical vapor deposition to enhance the functionality of colloidal photonic crystals. 

Through multiphoton polymerization we can incorporate aperiodic defects with dimensions on the order of 

the wavelength of light within photonic crystals. The defect structures formed include 3-D waveguides with 

sharp bends and embedded optical cavities. Critical to formation of an optical device is a direct pathway to 

enhance the refractive index contrast of the structure without disrupting the 3D periodicity. Most polymers 

simply do not have a sufficiently high refractive index to form a photonic band gap structure, and thus 

strategies to enhance the refractive index contrast will be presented. 

presentation =  
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technologyresults = In photonic nanosystems, the materials science for creating complex structures at the 

nanoscale has finally reached the point where one can just about create any structure of anything.  The 

theoretical tools for simulating the properties of complex structures at the nanoscale is now also fairly well 

developed.  Now it is often the question as to what structures one should form.  This requires very close 

coupling between theory and experiment, which we are beginning to see, but needs to be emphasized to a 

greater extent. 

relevantpapers =  

comments = Although one can create a truly well defined complex nanoscale structure of about any material, 

at least over a limited lengthscale, it remains a major challenge to form these structures over large areas, or 

even into bulk materials.  This to me represents a major, and generally unaddressed challenge and 

opportunity for future research into nano-energy.  Energy by its very nature often requires materials at the 

macroscale, so as long as we can only create nanostructures at the nanoscale, there will be limited impact for 

real world energy systems. 
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title = Assembly of Nano-Materials on the Scaffold of an Icosahedral Virus 

abstract = Introduction 

A quintessential tenet of nano-technology is the self-assembly of components in nanometer scale to devices.  

While small molecules with special properties can be synthesized, functional connectivity among different 

components in a predetermined pattern is generally difficult to achieve.  Biological macromolecule systems, 

with their versatility, programmability through genetic engineering and propensity to form arrays, are 

generally more amenable for self-assembly, either for direct use as devices or as templates for patterning 

small molecules.  Additionally, biocompatibility, which is essential for biological applications, is an inherent 

property of the macromolecules.  The ideal properties of a biological system for nano-applications include 

high yield, structural definition to atomic resolution and high degree of stability to heat and organic solvents.  

We exploit icosahedral viruses, especially a Cowpea mosaic virus (CPMV), for applications in nano-

medicine and -technology.  In addition to the above properties, the icosahedral virus particles are associated 

with high symmetry, polyvalency, the capacity to carry large cargos and extensive surfaces for functional 

engineering.   

 

Self-assembly through position-specific chemistry 

CPMV as the scaffold for thiol chemistry 

There are no free sulfhydryl groups on the exterior CPMV surface as shown in the crystal structure. Thiol-

addressable CPMV mutants with cysteines on the exterior surface were generated by insertion of Cys-

containing peptides or oligonucleotide-directed mutagenesis.  A mutant, vEFa, with the Cys residues placed 

between positions 298 and 299 of the bE-bF loop in the large subunit was the most extensively characterized 

and the labeling of the 60 reactive thiol groups per particle can be driven to near completion. The mutant 

virus was reacted with monomaleimido-Nanogold® (Nanoprobes, Inc.) and the derivatized particles were 

imaged by cryo electron microscopy and image reconstruction. The gold particles were clearly visible at the 

positions of the inserted cysteine residues in the electron density map, demonstrating that a virus could 

function as a convenient and programmable platform for chemical reactions.   

 

Amine reactivity for the assembly of supramolecues 

For directional and controlled heterologous attachment, at least two types of reactive groups would be 

required.  In addition to thiol groups, amine groups are also highly reactive in proteins. Amine groups can be 

contributed by either the N-terminus of a polypeptide or by the side chains of Lys residues.  Since the N-

termini of both CPMV coat proteins are in the capsid interior, the only reactive amine groups on the virus 

exterior surface will be the exposed Lys side chains.  There are 5 Lys residues per asymmetric unit on the 

capsid exterior. Successive mutations resulted in virus particles with different combinations of Lys residues.  

Two mutants, vK138 and vK299, were generated by retaining the single reactive lysine residues, Lys138 and 

Lys299, and mutating the other 4 Lys residues to Arg.  These two mutants were treated with monosulfo NHS 

NANOGOLD® (Nanoprobes, Inc.) to generate metal-decorated virus particles. Structural analysis of the 

conjugates by cryo electron microscopy and image reconstruction showed specific labeling of the targeted 

lysine residues.  There were striking differences in the presentation of the gold on different mutants, 



suggesting that the local environment of the targeted lysine residue influenced the presentation of the 

attached ligand. 

 

Potential applications 

Fabrication of photonic band gap materials  

CPMV can be crystallized in at least 3 space groups.  These are 3D arrays with ordering to near atomic 

precision.  CPMV crystals were used as prefabricated molds for infiltration of metals to generate metallic 

blocks with uniformed cavities, which could find applications as photonic band gap materials and catalysts. 

 

Molecular electronics  

Nano-wires were assembled on the surface of CPMV with thiol groups in designed patterns. The 

conductance was measured by scanning tunneling microscopy 

 

H2 evolution 

We have shown that the virus can be attached with porphyrin, a light-harvesting compound, and be 

metallized with Pd, a catalyst for hydrogen evolution. A future possibility is to produce a light-driven device 

for H2 evolution by assembly of porphyrin molecules and Pd at the designated positions on a single virus 

particle. 
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comments = Assembly of nano-devices for H2 evolution on a virus scaffold 
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title = Fundamental Physics of Multiexcitons in Semiconductor Nanocrystals from the Prospective of Solar 

Energy Conversion 

abstract = Recently, we demonstrated that PbSe nanocrystal quantum dots can efficiently produce multiple 

electron-hole pairs (excitons) in response to a single absorbed photon (Schaller & Klimov, Phys. Rev. Lett. 

92, 186601, 2004). To address the generality of this carrier-multiplication phenomenon to other materials, 

we perform a comparative study of multiexciton generation in PbSe and CdSe nanocrystals that have 

distinctly different electronic structures. We find that both materials exhibit high-efficiency carrier 

multiplication and, as expected from simple effective-mass arguments, the activation threshold for this 

phenomenon is lower in CdSe nanocrystals than in PbSe nanocrystals (ca. 2.5 vs. 2.9 energy gaps). 

Interestingly, the efficiencies of multiexciton generation are nearly identical for both materials despite a vast 

difference in both energy structures and carrier relaxation behaviors, strongly suggesting that this 

phenomenon is general to quantum-confined semiconductor nanocrystals. Further, to study the mechanism 

for carrier multiplication we perform detailed analysis of ultrafast buildup dynamics of multiexciton 

populations in CdSe and PbSe nanocrystals (Schaller, Agranovich & Klimov, Nat. Phys. 2005). We observe 

that the generation of multiexcitons occurs on extremely short, sub-200 femtosecond time scales, and 

appears to be an instantaneous event. To explain this result, we propose a new model, in which direct 

(instantaneous) photo-generation of multiexcitons occurs via virtual single-exciton states. This process relies 

on confinement-enhanced Coulomb coupling between single excitons and multiexcitons and also takes 

advantage of a large spectral density of high-energy single- and multiexciton resonances in nanosized 

semiconductor crystals. 

presentation =  
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technologyresults = 1. High-efficiency carrier multiplication in nanocrystals for applications in solar-

electricity and solar-fuel producing technologies. 

 

2. High-efficiency color conversion via nonradiative energy transfer for solid-state lighting applications. 

 

relevantpapers = 1. R. D. Schaller and V. I. Klimov, High efficiency carrier multiplication in PbSe 

nanocrystlas: Implications for solar-energy conversion, Phys. Rev. Lett. 92, 186601 (2004). 

 

2. M. Achermann, M. A. Petruska, S. Kos, D. Smith, D. D. Koleske, and V. I. Klimov, Energy-transfer 

pumping of semiconductor nanocrystals via nonradiative energy transfer using a quantum well, Nature  429, 

642 (2004). 

 

comments = The observed phenomenon of high-efficiency carrier multiplication has the potential to 

dramatically increase the performance of photovoltaic cells and can greatly advance solar-fuel producing 

technologies. Specifically, based on measured spectral dependence of multiexciton production, carrier 

multiplication can produce power conversion efficiencies of 65% in a single gap (low cost) device, which is 

almost 50% higher than the Shockley-Queisser limit calculated under an assumption that one photon 



produces one exciton. In addition to photovoltaic technologies, the observed phenomenon can find a wide 

rage of other applications ranging from high-efficiency splitting of water molecules to low-threshold lasing 

and generation of entangled photon pairs. 
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