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Functionalization and cross-linking of thermally exfoliated graphene 
(TEG) sheets were performed in chlorosulfonic acid and in oleum. 
The degree of functionalization in chlorosulfonic acid is higher 
than in oleum. Reproduced with permission from Chem. Mater. 
23 (4)(2011) DOI: 10.1021/cm1025188; p. 923. © 2011 American 
Chemical Society.  

Study on energy transfer 
in CdSe/CdS nanocrystals 
uncovers role of particle 
morphology

Energy Focus

Semiconductor heterostructures that 
have large absorption cross sections, 

high stability, and quantum yields as well 
as size-tunable electronic structures are 
good candidates for light-harvesting and 
energy conversion applications. Nano-
scale CdSe/CdS heterostructures have 
been reported to exhibit either Type I 
behavior, in which a photogenerated 
electron–hole pair remains in one of the 
materials, or Type II behavior in which 
the electron and hole separate between 
the materials. This distinction in carrier 
migration behavior determines for which 
applications a structure may be used, light 
emission (Type I) versus photovoltaics 
(Type II) for example. A detailed under-
standing of the origin of the electronic 
structure of such heterojunctions is not 
only crucial for engineering particles 

for the desired application, but can also 
lead to the ability to fi ne-tune the mate-
rial for optimal performance. N.J. Borys 
and M.J. Walter from the University of 
Utah, J. Huang and D.V. Talapin from the 
University of Chicago, and J.M. Lupton 
from the University of Utah and the Uni-
versität Regensburg, Germany, report 
on the morphological effects of CdSe/
CdS nanocrystals on interfacial energy 
transfer properties as published in the 
December 3, 2010 issue of Science (DOI: 
10.1126/science.1198070; p. 1371). 
 The researchers used single-particle 
light-harvesting action spectroscopy on 
a range of CdSe/CdS heterostructures 
to probe the electronic structure of the 
heterojunctions. Specifi cally they meas-
ured photoluminescence excitation 
(PLE) of absorbing CdS through emis-
sion from CdSe. The single-particle ap-
proach enables the detection of proper-
ties that might be obscured in ensemble 
measurements. Typically nanoscale CdS 
exhibits a peak in its PLE spectrum due 
to the quantum-confi ned exiton state. 

Intriguingly, results from single-particle 
spectroscopy showed this peak only oc-
curred in some fraction of the spectra 
collected from tetrapods, a CdSe core 
connecting four arms of CdS. 
 By studying other particle morphol-
ogies, including rods and spheres, the 
researchers were able to isolate struc-
tural features that seemed to control 
the presence or absence of the peak. 
A crucial part of this study was devel-
oping a method to correlate the single 
particle PLE with scanning electronic 
microscope images of the same particle 
to unambiguously show the connec-
tion to particle shape. Notably, spheres 
and rods with a bulbous coating around 
the CdSe particles did not show a 
peak. The researchers said that non-
uniform diameter in the arms of the tet-
rapods or overgrowth of the CdS shell 
around the central core broadens quan-
tum confi nement effects and is respon-
sible for the distinct spectra observed in 
the tetrapod population. 
 By spectrally resolving the emis-

cm1025188; p. 923), the researchers 
used a modifi ed procedure to make the 
TEG, in which most of the oxygen was 
removed by reduction at elevated temper-
ature. Dispersion and functionalization of 
the graphene sheets were achieved by re-
action with either a diazonium compound 
or t-butylaniline in the super acids chloro-
sulfonic acid or oleum (see Scheme). 
Cross-links between the graphene sheets 
were obtained with the diazonium reac-
tion in oleum (see Scheme). 
 The researchers monitored the degree 
of functionalization with x-ray photo-
electron spectroscopy, Fourier transform 
infrared spectroscopy, and thermogra-
vimetric analysis. Scanning electron 
micrographs of the functionalized TEG 
show that the aryl groups serve as spac-
ers, and open up nanometer-sized inter-
stitial gaps between the graphene planes 
where H2 can adsorb, in contrast to the 
original TEG sheets, which appear as 
disordered, fl uffy conglomerates. 
 Another factor leading to increased 
H2 adsorption is the charge transfer 

generated by the sul-
fonic acid groups. 
The H2 uptake and 
surface areas were 
measured for TEG 
and functionalized 
TEG with a custom-
built, high-precision 
system at NREL. The 
H2 uptake (measured 
as a weight-percent 
per 500 m2/g at 77 
K and 2 bar) for the 
functionalized TEG 
samples were higher 
than the H2 uptake 
for TEG by 60%, 
40%, 40%, and 10% 
for 1a, 1b, 2a, and 
2b, respectively (see 
Scheme). The re-
searchers said that they expect the H2 
uptake by the functionalized TEGs to be 
substantially higher at higher pressures, 
and that the “hydrogen uptake enhance-
ment of TEG by organic cross-linking 

demonstrates a possible route to further 
increase the hydrogen storage capacity 
of graphene materials.”

Steven Trohalaki
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J.A. Woollam Co. has the world’s widest variety of Spectroscopic Ellipsometers
with 8 different models to non-destructively characterize thin film thickness and optical 
constants. After twenty-four years, over 15,000 samples characterized in our lab, and 
over 140 patents – we are the Ellipsometry Experts. 

M-2000®

The M-2000 line of 
ellipsometers is engineered 
to meet the diverse demands 
of thin film characterization. 
An advanced optical design, 
wide spectral range, and fast 
data acquisition make it 
extremely powerful for in situ, 
in-line and ex situ applications. 

VASE®

The VASE is our most 
accurate and versatile research 
ellipsometer for all types of 
materials: semiconductors, 
dielectrics, organics, metals, 
multi-layers, and more. Now 
available with the widest 
spectral range from ultraviolet 
to infrared.

alpha-SE®

A great solution for routine 
measurements of thin film 
thickness and refractive 
index. Designed for ease-of-
use: simply mount a sample, 
choose the model that 
matches your film, and press 
“Measure”. Results are yours 
within seconds.

AccuMap-SE®

Characterize thin film 
uniformity of large panels 
with ease. The AccuMap-SE 
combines a high-speed 
M-2000 ellipsometer, wide 
spectral range, and fast 
mapping for large panels. 
Perfect for photovoltaic or 
flat panel display thin films.

J.A. Woollam Co., Inc.
Ellipsometry Solutionssm for your Thin Film Characterization.

Ellipsometry Solutions

https://doi.org/10.1557/mrs.2011.51 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2011.51


156 MRS BULLETIN • VOLUME 36 • MARCH 2011 • www.mrs.org/bulletin

NEWS & ANALYSIS RESEARCH/RESEARCHERS

A confocal microscopy image of green fl uorescing yeast cells 
(~5 μm) that have been coated with polymer shells (labeled for red 
fl uorescence). Reproduced with permission from Soft Matter (2011)  
DOI: 10.1039/c0sm01070g. © 2011 Royal Society of Chemistry.

Correction
In the article by Browning et al. 35 (12)(2010) 
p. 1009, Figure 2 was devised and prepared by 
T. LaGrange at Lawrence Livermore National 
Laboratory as an extension of the previously 
published results cited in T. LaGrange, D.S. Grummon, 
B.W. Reed, N.D. Browning, W.E. King, G.H. Campbell, 
App. Phys. Lett. 94 (2009) 184101.

Modifying the surface of cells is
 a useful way of altering their 

functionality or protecting them from 
hostile environments. As living cells 
become increasingly exploited for uses 
in biomedicine and biosensing, the abil-
ity to tailor their external properties is of 
growing importance. In order to avoid 
the cytotoxicity of ionic polymer coat-
ings, the groups of V. Tsukruk from the 
Georgia Institute of Technology and M. 
Stone from the Air Force Research Labo-
ratory have developed a hydrogen-bond-

Hydrogen-bonded shell 
enhances cell survivability

Bio Focus

sion energies observed in tetrapods, a 
surprising dependence on the excitation 
energy was observed, primarily in tetra-
pods exhibiting an overall PLE signa-
ture indicating uniform morphology. The 
researchers said that this phenomenon 
is due to misalignment of the CdSe and 
CdS conduction bands, which should be 
more pronounced in a system with more 
narrowly defi ned energy levels. Because 
both the CdSe core exciton energy and 
the CdSe/CdS interfacial exciton energy 

are observed in the emission spectra, the 
research team asserts that an interfacial 
barrier preventing complete transfer of 
the electron to the lowest energy conduc-
tion band exists.
 The researchers conclude that unifor-
mity of morphology is directly related to 
the uniformity of quantum confi nement 
in the particles, and affects electronic de-
localization across the heterojunction. 
Band misalignment is more prevalent 
in morphologically uniform particles, 

and there appears to be a barrier to elec-
tron transfer between CdS and CdSe in 
these cases. 
 The researchers suggest that nano-
structures with uniform morphologies 
are desirable for light-emitting de-
vices while those with some structural 
variation are more suited for light-har-
vesting applications because the barrier 
to electron transfer across the junction is 
less prevalent. 

Alia P. Schoen

ed layer-by-layer coating for genetically 
engineered yeast cells, which offers high 
permeability and biocompatibility. 
 The research, published in the 2011 
online edition of Soft Matter (DOI: 
10.1039/c0sm01070g), looks at yeast 
cells (S. cerevisiae) engineered to ex-
press green fluorescent protein (GFP) 
(see Figure). These cells can be used 
as biosensors, as the production of the 
fl uorescent protein is triggered by cer-
tain inducer molecules. By dispersing 
them in aqueous solutions, the cells 
are coated in successive layers of poly
(N-vinylpyrrolidone) and tannic acid, in 
which the hydroxyl groups of the acid 
form a hydrogen bond to the carbonyl 

groups of the polymer. 
The properties of the 
polymer membrane 
are assessed with re-
spect to the number of 
bilayers applied and 
also compared with the 
commonly used poly-
electrolyte cell coating 
poly(allylamine hydro-
chloride)/poly(styrene 
sulfonate) (PAH/PSS). 
 Using the resazurin 
assay to test cell via-
bility shows that while 
three of the hydrogen-
bonded bilayers cause 
only 20% cell death, 
the same number of 
traditional polyelec-
trolyte layers results 
in over 80%. The to-
pography and perme-

ability of the coatings are studied on hol-
low polymer shells formed by coating 
silica particles and then removing the 
interior. The surface of the tannic-acid/
polymer structures appears grainy and 
porous in atomic force microscopy im-
aging, and correspondingly they have 
a much higher (up to fi ve times) diffu-
sion coeffi cient than PAH/PSS coatings. 
Most signifi cantly, the new coating has 
very little adverse effect on the sensing 
functionality of the cells, in which fl uo-
rescence from GFP is increased dramati-
cally by the introduction of galactose, 
whereas PAH/PSS layers cause almost 
complete suppression of it.
 Using nontoxic and biocompatible 
molecules such as these is an unintru-
sive route to cell encapsulation, as is evi-
denced by the yeast’s continued ability to 
bud new cells and reproduce. Not only 
do the porous hydrogen-bonded layers 
interfere very little with cell nutrition 
and sensing, they could also provide a 
way of adjusting membrane permeability 
with pH. The potential for environment 
responsive functionality will make these 
layer-by-layer membranes fertile ground 
for future cell modifi cation research. 

Tobias Lockwood
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