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Future NASA missions aimed at ex-
ploring Mars, the Moon, and the outer
planets require rechargeable batteries
that can operate over a wide tempera-
ture range (–60 to +60 °C) to satisfy the
requirements of various applications.
In addition, many of these applications
will require improved safety, due to
their use by humans. Currently, the
state-of-the-art lithium-ion (Li-ion) sys-
tem has been demonstrated to operate
over a wide range of temperatures (–40
to +40 °C); however, abuse conditions
can often lead to cell rupture and fire.
The nature of the electrolyte can
greatly affect the propensity of the
cell/battery to catch fire, given the
flammability of the organic solvents
used within.

Li-ion electrolytes have been devel-
oped that contain a flame-retardant ad-
ditive in conjunction with fluorinated
co-solvents to provide a safe system with
a wide operating temperature range.
Previous work incorporated fluorinated
esters into multi-component electrolyte
formulations, which were demonstrated
to cover a temperature range from –60
to +60 °C. This work was described in
“Fluoroester Co-Solvents for Low-Tem-
perature Li+ Cells” (NPO-44626), NASA

Tech Briefs, Vol. 33, No. 9 (September
2009), p. 37; and “Optimized Li-Ion
Electrolytes Con tain ing Fluor inated
Ester Co-Solvents” (NPO-45824), NASA
Tech Briefs, Vol. 34, No. 3 (March 2010),
p. 48.

Other previous work improved the
safety characteristics of the electrolytes
by adding flame-retardant additives such
as triphenyl phosphate (TPhPh), tri -
butyl phosphate (TBuPh), triethyl phos-
phate (TEtPh), and bis(2,2,2-trifluo-
roethyl) methyl phosphonate (TFMPo).
The current work involves further inves-
tigation of other types of flame-retardant
additives, including tris(2,2,2-trifluo-
roethyl) phosphate, tris(2,2,2-trifluo-
roethyl) phosphite, triphenylphosphite,
diethyl ethylphosphonate, and diethyl
phenylphosphonate added to an elec-
trolyte composition intended for wide
operating temperatures.

In general, many of the formulations
investigated in this study displayed good
performance over a wide temperature
range, good cycle life characteristics,
and are expected to have improved
safety characteristics, such as low flam-
mability. Of the electrolytes studied, 1.0
M LiPF6 in EC+EMC+DEP (20:75:5 v/v
%) and 1.0 M LiPF6 in EC+EMC+DPP

(20:75:5 v/v %) displayed the best oper-
ation at low temperatures, whereas the
electrolyte containing triphenylphos-
phite displayed the best cycle life per-
formance compared to the baseline so-
lution. It is anticipated that further
improvements can be made to the life
characteristics with the incorporation of
a SET promoters (such as VC, vinylene
carbonate), which will likely inhibit the
decomposition of the flame-retardant
additives.

This work was done by Marshall C. Smart,
Kiah A. Smith, and Ratnakumar V. Bugga
of Caltech and G. K. Surya Prakash of the
University of Southern California for NASA’s
Jet Propulsion Laboratory. For more informa-
tion, contact iaoffice@jpl.nasa.gov. 

In accordance with Public Law 96-517,
the contractor has elected to retain title to this
invention. Inquiries concerning rights for its
commercial use should be addressed to:

Innovative Technology Assets Management
JPL
Mail Stop 202-233
4800 Oak Grove Drive
Pasadena, CA 91109-8099
E-mail: iaoffice@jpl.nasa.gov
Refer to NPO-46599, volume and number

of this NASA Tech Briefs issue, and the
page number. 

Lithium-Ion Electrolytes Containing Phosphorous-Based, Flame-
Retardant Additives 
This technology can enhance the safety of lithium-ion batteries for portable electronic devices
and hybrid electric vehicles. 
NASA’s Jet Propulsion Laboratory, Pasadena, California

A new solar-cell structure utilizes a
single, ultra-wide well of either gallium
arsenide (GaAs) or indium-gallium-
phosphide (InGaP) in the depletion re-
gion of a wide bandgap matrix, instead
of the usual multiple quantum well lay-
ers. These InGaP barrier layers are ef-
fective at reducing diode dark current,
and photogenerated carrier escape is
maximized by the proper design of the

electric field and barrier profile. With
the new material, open-circuit voltage
enhancements of 40 and 100 mV (ver-
sus PIN control systems) are possible
without any degradation in short-circuit
current.

Basic tenets of quantum-well and quan-
tum-dot solar cells are utilized, but instead
of using multiple thin layers, a single wide
well works better. InGaP is used as a bar-

rier material, which increases open cur-
rent, while simultaneously lowering dark
current, reducing both hole diffusion
from the base, and space charge recombi-
nation within the depletion region. Both
the built-in field and the barrier profile
are tailored to enhance thermionic emis-
sions, which maximizes the photocurrent
at forward bias, with a demonstrated volt-
age increase.

InGaP Heterojunction Barrier Solar Cells
Nanostructured cells could enhance the performance of terrestrial high-efficiency solar cells.
John H. Glenn Research Center, Cleveland, Ohio
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A novel, high-efficiency gas particu-
late filter has precise particle size screen-
ing, low pressure drop, and a simple and
fast regeneration process. The regenera-
tion process, which requires minimal
material and energy consumption, can
be completely automated, and the filtra-
tion performance can be restored within
a very short period of time.

This filter media may not be the com-
plete replacement for other filtration
technologies, but can be a key compo-
nent in a complete system. This design
removes the majority of airborne partic-
ulates, with its fast regeneration time al-

lowing a significant increase in the oper-
ating period of other filtration media (if
necessary) between replacement/re-
generation. 

Conventional filter media are based
on polymer/glass fibers, but this filter is
of a novel material composite that con-
tains the support structure and a novel
coating. The support structure gives the
filter good mechanical properties, while
the novel coating creates a unique re-
generation character. Also, this support
structure can be prepared by laser mi-
cromachining etching (i.e. a chemical
laser), or micro-molding technology. A

novel coating shell is then formed on
the support structure to further reduce
the pore diameter.

This work was done by Han Liu, Anthony
B. LaConti, Thomas J. McCallum, and
Edwin W. Schmitt of Giner Electrochemical
Systems, LLC for Glenn Research Center. Fur-
ther information is contained in a TSP (see
page 1).

Inquiries concerning rights for the commer-
cial use of this invention should be addressed
to NASA Glenn Research Center, Innovative
Partnerships Office, Attn: Steve Fedor, Mail
Stop 4–8, 21000 Brookpark Road, Cleve-
land, Ohio 44135. Refer to LEW-18498-1.

Straight-Pore Microfilter With Efficient Regeneration
John H. Glenn Research Center, Cleveland, Ohio

An InGaP heterojunction barrier solar
cell consists of a single, ultra-wide GaAs,
aluminum-gallium-arsenide (AlGaAs), or
lower-energy-gap InGaP absorber well
placed within the depletion region of an
otherwise wide bandgap PIN diode. Pho-
togenerated electron collection is unen-

cumbered in this structure. InGaAs wells
can be added to the thick GaAs absorber
layer to capture lower-energy photons.

This work was done by Roger E. Welser of
Kopin Corporation for Glenn Research Cen-
ter. Further information is contained in a
TSP (see page 1).

Inquiries concerning rights for the com-
mercial use of this invention should be ad-
dressed to NASA Glenn Research Center, In-
novative Partnerships Office, Attn: Steve
Fedor, Mail Stop 4–8, 21000 Brookpark
Road, Cleveland, Ohio 44135. Refer to
LEW-18393-1

A “simplified shear solution” method
approximates the through-thickness
shear stress distribution within a compos-
ite laminate based on an extension of lam-
inated beam theory. The method does
not consider the solution of a particular
boundary value problem; rather, it re-
quires only knowledge of the global shear
loading, geometry, and material proper-
ties of the laminate or panel. It is thus
analogous to lamination theory in that
ply-level stresses can be efficiently deter-
mined from global load resultants at a
given location in a structure and used to
evaluate the margin of safety on a ply-by-
ply basis. The simplified shear solution
stress distribution is zero at free surfaces,
continuous at ply boundaries, and inte-
grates to the applied shear load. The
method has been incorporated within the
HyperSizer® commercial structural sizing
software to improve its predictive capabil-
ity for designing composite structures.

The HyperSizer structural sizing soft-
ware is used extensively by NASA to de-

sign composite structures. In the case of
through-thickness shear loading on pan-
els, HyperSizer previously included a
basic, industry-standard, method for ap-
proximating the resulting shear stress
distribution in sandwich panels. How-
ever, no such method was employed for
solid laminate panels.

The purpose of the innovation is to
provide an approximation of the
through-thickness shear stresses in a solid
laminate given the through-thickness
shear loads (Qx and Qy) on the panel.
The method was needed for implementa-
tion within the HyperSizer structural siz-
ing software so that the approximated
ply-level shear stresses could be utilized in
a failure theory to assess the adequacy of
a panel design.

The simplified shear solution method
was developed based on extending and
generalizing bi-material beam theory to
platelike structures. It is assumed that
the through-thickness shear stresses
arise due to local bending of the lami-

nate induced by the through-thickness
shear load, and by imposing equilibrium
both vertically and horizontally, the
through-thickness shear stress distribu-
tion can be calculated. The resulting
shear stresses integrate to the applied
shear load, are continuous at the ply in-
terfaces, and are zero at the laminate-
free surfaces. If both Qx and Qy shear
loads are present, it is assumed that they
act independently and that their effects
can be superposed. The calculated shear
stresses can be rotated within each ply to
the principal material coordinates for
use in a ply-level failure criterion.

The novelty of the simplified shear so-
lution method is its simplicity and the
fact that it does not require solution of
a particular boundary value problem.
The advantages of the innovation are
that an approximation of the though-
thickness shear stress distribution can
be quickly determined for any solid lam-
inate or solid laminate region within a
stiffened panel. 

Determining Shear Stress Distribution in a Laminate
The simplified shear solution does not require solution of a particular boundary value problem.
John H. Glenn Research Center, Cleveland, Ohio
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