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Introduction
Welcome to the second issue of Material Matters™ for 2011, Rare 
Earths—Crucial Elements of Advanced Technologies. This issue highlights 
the Rare Earth Elements (REE), which are essential components of 
modern technology and find use in numerous applications such as 
data storage devices, lasers, phosphors for advanced displays, catalysts, 
permanent magnets, and petroleum refining.1-5 Rare Earth Elements 
have contributed to the digital revolution and have enabled a variety 
of emerging technologies, including hybrid electric vehicles and 
miniaturized devices and electronics.

The Rare Earth Elements are comprised of the fifteen members of the 
lanthanide series (lanthanum through lutetium) and yttrium. Due to 
similarities in chemical behavior and mineralogical occurrence, scandium is also usually 
included in this classification. It should be noted that the term “Rare Earth” is somewhat 
misleading, as these elements are not really scarce in the context of crustal abundance, 
especially when compared to precious metals such as gold and platinum.6 The extraction 
of REEs, however, is hardly a trivial matter: these elements are rarely observed in highly 
concentrated, minable deposits. Furthermore, REEs are commonly found together—thus the 
term “fraternal fifteen” (lanthanide elements)—in rock-forming minerals, which necessitates 
quite sophisticated processes for separations.7

Sigma-Aldrich® has a long history of expertise in REE processing and offers a range of 
different grade materials to serve a variety of customers. In 1996, Sigma-Aldrich was 
identified by the U.S. Geological Survey as a key producer of high-purity scandium metal, 
oxide, and fluoride.8 In the following years, however, in-house processing of REE oxides and 
metals has been reduced due to the broad availability of very inexpensive materials from 
international markets. We have recently resumed our operations to meet rising demand for 
REEs, which is expected to grow continuously through the next several years.9

The current issue of Material Matters™ begins with an article by Karl Gschneidner, Jr. (Ames 
Laboratory, U.S. Department of Energy), who discusses the historical production of REE 
materials and their current shortage in the global market. In the following article, Julia Chan 
(Louisiana State University) describes highly correlated lanthanide intermetallics, providing 
an overview of material properties and a brief analysis of the molten metal flux technique 
used for single crystal growth. Finally, Dhanesh Chandra (University of Nevada, Reno) reviews 
REE-based battery materials, highlighting structures and properties of hydride-forming 
metal alloys as well as the role of lanthanide substitutions in optimizing their performance in 
nickel-metal hydride electrodes.

Each article in this issue is accompanied by a list of relevant materials available from Aldrich® 
Materials Science. This issue also includes a comprehensive list of REE products suitable 
for electronics and energy-related research. For additional product information, visit us at 
Aldrich.com/matsci. We welcome your comments, questions, new product suggestions, 
and custom requests (matsci@sial.com).
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The Rare Earth Crisis—The Supply/Demand Situation for 2010–2015

K.A. Gschneidner, Jr.
Ames Laboratory, U.S. Department of Energy and
Department of Materials Science and Engineering
Iowa State University, Ames, Iowa 50011-3020, USA
Email: cagey@ameslab.gov

Introduction
The rare earth elements impact nearly everyone in the world. All of the
people living in advanced technological countries and almost all those
living in third world countries utilize the rare earths in their everyday
living—the car that one drives (gasoline is refined from oil using rare
earth catalysts and catalytic converters reduce the polluting emissions
from the automotive exhaust), watching the news on TV (the red and
green colors in TV screens), the telephones and computers we use to
communicate (the permanent magnets in speakers and disc drives), just
to name a few examples. For a more complete listing, see Table 1 (on
pages 34–35). The only way you can avoid the rare earths is to grab your
sleeping bag and go into the deep forests or caves in the desert far from
civilization without your cell phone or even lighter flints (which are
made of iron and cerium-rich rare earths). In addition to the impact on
our personal lives, the military security of the USA (and the rest of the
world, likewise) is very dependent on the rare earths (permanent
magnets in electric motors, computers, and guidance systems): this is
also the case for our energy security (electric motors, batteries, wind

turbines, petroleum refining, and fluorescent lighting). Today, 97% of the
rare earths used in commerce come from mines in China (primarily the
bastnäsite Bayan Obo mine, Inner Mongolia), about 2% from India, and
about one-half percent or less each from Brazil, Malaysia, and the USA.
This precarious situation does not bode well for the technological future
of the USA and the rest of the non-Chinese world (ROW). Although the
ROW can get most of the rare earths needed, the prices for Chinese-
produced elements have increased by about 100% over the past year,
and as much as 900% for a selected one or two rare earths—surprisingly
La and Ce.

As seen in Figure 1 the rare earth elements are reasonably abundant
and lie between the 25th and 75th percentiles of natural abundance of
the elements, with cerium being the most abundant rare earth and
lutetium the least. The commonly mined rare earth minerals are given
in Table 2. It is not that the rare earths are only found in China; viable
deposits are known to be located in almost any corner of the world.
China has about 31% of the known reserves, while the USA has one of
the best minable deposits in the world—Mountain Pass, California,
which is about 75 miles west of Las Vegas on Interstate 15, about 5 miles
inside the California/Nevada border. If this is the situation, how did we
(the ROW) get into this dilemma? And how will the ROW extract itself?
Some of the answers follow in the succeeding paragraphs.

Table 2. Commonly processed ores containing rare earth elements, composition, and
rare earth content (by weight). Data from USGS SIR10-5220.

Mineral Composition %wt REO

Monazite (Ce,La,Nd,Y,Th)PO4 35-71

Bastnäsite (Ce,La,Y)CO3F 70-74

Xenotime YPO4 52-67

Laterite clays Ion-absorption clays –

Loparite (Ce,Na,Ca) (Ti,Nb)O3 32-34
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Figure 1. Relative abundance of rare earths (highlighted in red). Figure courtesy of Gordon Haxel, USGS.
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History
The production of the rare earths was ~2 ktons per annum before 1960,
and it grew at a rate of about 10% per year, up to 124 ktons in 2010. The
discovery of the intense red luminescence of Eu when excited by
electrons, which was quickly utilized in color TV in the early 1960s, was
the start of the growth process of the rare earth industry. Production of
rare earth oxides from Molycorp′s Mountain Pass, California bastnäsite
deposit started in 1964, and within two years the company supplied
50% of the rare earth oxides consumed in the world, continuing to do
so until 1984. In 1985, China began to export mixed rare earth
concentrates, and by 1990, its production exceeded that produced in
the USA. In the early 1990s, China began to export separated rare earth
oxides and metals, and reduced the amount of mixed rare earths
supplied to the rest of the world. By the late 1990s, the Chinese
continued to move up the supply chain to higher value products such
as magnets, phosphors, and polishing compounds. Since the turn of the
century, China has supplied finished products including electric motors,
computers, batteries, liquid crystal displays (LCDs), mobile phones, and
portable music devices. More details concerning these changes can be
found in recent articles published in Science,1 Chemical and Engineering
News,2 and Bloomberg/Business Week.3

In 1970, China had 75% of the known rare earth reserves and, based on
this, started to demonstrate a strong presence in the rare earth markets.
However, in the subsequent 30 years, the percentage of Chinese
reserves dropped to about 30% because of the discovery of new
deposits all over the world, even though the absolute amount of the
known Chinese reserves grew by about 290%. Recently, China has
changed its approach to the rare earth market, and they have
introduced production quotas, export quotas and export taxes, enforced
environmental legislation, and granted no new rare earth mining
licenses. Furthermore, China has stated that they will no longer export
rare earth-finished products, because of rapid growth of internal markets
and limited reserves, especially the heavy rare earths (Gd through Lu). As
a result, the price for rare earth materials and products containing rare
earths has risen to a level at which the ROW mining companies and
producers can be competitive and make a profit. The non-Chinese
production of rare earth oxides (REO) per year was estimated to be 4
ktons in 2009. There is another important source of rare earth materials:
those that are smuggled out of China; most of which are the highly
valued heavy lanthanides and yttrium coming from South China′s
xenotime and laterite clays deposits. The black market was estimated to
be 30-40 ktons in 2007, i.e., about 20% of the officially published
numbers. Naturally, the Chinese government is trying to stop this
leakage, and they seem to be successful since the latest estimate
decreased to about 15-20 ktons in 2010.

The various applications for the mixed and the individual rare earths are
presented in the fourth column of Table 1. Also listed are the estimated
current demand (column 3) and the percentage of a given rare earth
commodity relative to the entire market (column 2 and Figure 2).
The market situation for each rare earth—balanced, surplus, tight
(shortage)—is also noted in Table 1 (column 3). The largest markets are
Ce (30% of the total by weight), mixed rare earths (28%), La (25%),
Nd (16%) and Pr (5%). Of the ten remaining other markets, three are 2%
or less (Sm, Gd and Dy), and the other seven account for less than a half
of a percent each. It is noted that only about 43% of the cerium mined
today is utilized, and if it were completely utilized cerium′s share of the
market would be nearly 50%. Even though cerium is relatively
inexpensive to separate compared to the other rare earths—a simple
oxidation/reduction process—it must be first removed from the flow
stream in order to begin the processing of the other rare earths by a
counter current liquid/liquid extraction process.

There is also a second penalty: it must be stored (about 50 kton per
year). The rare earth industry would greatly welcome new, large (tens of
ktons) cerium applications. If the cerium market were balanced, it would
significantly reduce the costs of the other rare earth elements. The rare
earth usage by various applications is shown in Figure 3. Shown in
Figure 4 are some high purity (research grade) rare earth metal, oxide,
and fluoride samples produced at the Ames Laboratory′s Materials
Preparation Center.4

Ce 30% REO 28%

La 25% Nd 16%

Y 6% Pr 5%

Sm 2% Gd 1.5%

Dy 1% Er 0.5%

Eu 0.3% Tb 0.3%

Yb 0.2% Ho 0.1%

Tm 0.1% Lu 0.1%

REO  (% Total Volume Produced)

Figure 2. Distribution of rare earths by percentage of total volume produced. REO
reflects mixed metal rare earth oxides.

Chemical catalysts - 22%

Metallurgy - 21%

Petroleum refinement - 14%

Automotive catalytic converters - 13%

Ceramics and glasses - 9%

Phosphors - 8%

Permanent Magnets - 7%

Electronics - 3%

Other - 3%

Rare Earth Usage by Application

Figure 3. End use distribution of rare earth elements by application in 2009. Data from
USGS Mineral Commodity Summaries.

Figure 4. Rare earth metals (arc-melted buttons and a cast rod), oxides (powders), and
fluorides (crystals). Source: Ames Laboratory

33For questions, product data, or new product suggestions, contact Aldrich Materials Science at matsci@sial.com.

The
Rare

Earth
C
risis—

The
Supply/D

em
and

Situation
for

2010–2015



Table 1. Uses and Markets of the Rare Earth Elements

RE Element 
% of Total Volume 
of REO Produced Current Demand Uses

Mixed Rare Earth Oxides REO 28 Balanced; 40 kton REO Petroleum cracking catalyst
Mischmetal 
   steels (refi ning)
   ductile iron 
   lighter fl ints
   alloying agent – Mg, Al, cast iron
   Ni metal hydride batteries
Polishing compounds
Condensers, BaTiO

3

Fertilizers

Lanthanum    La 25 Balanced; 36 kton REO Nickel metal hydride batteries (Prius, forklifts)
Hydrogen storage alloys   LaNi

5
 

Alloying agent – Mg, Al, cast iron, superalloys 
Sputtering targets
Optical
   lenses (increase index of refraction)
Host for phosphors
   fl uorescent lamps
   X-ray intensifying screens
Petroleum cracking catalyst
Condensers, BaTiO

3
 

Heavy metal fl uoride glasses
   fi ber optics
Night vision goggles 

Cerium    Ce 30 Surplus; 42 kton REO
(supply 55 kton REO) 

Catalysts
   automotive 3-way emission catalysts
   petroleum cracking
   water purifi cation
Glass additives
   decolorizer 
   UV  light absorption (protection of contents from deterioration)
Polishing media
   glass, lenses, face plates of monitors
   semiconductors
Ce-stabilized ZrO

2
 

   structural ceramics
   synthetic gems (pale yellow)
Phosphors
   fl uorescent lamps
   scintillation counters
Condensers, BaTiO

3
 

Alloying agent – Mg, Al, cast iron, superalloys 
Steels (refi ning)
Sputtering targets

Praseodymium    Pr 5 Balanced; 7 kton REO Ad ditive to Nd
2
Fe

14
B (reduces amount of Nd used)

Pr-stabilized ZrO
2
 (synthetic gems – light green)

Coloring agents
   glass – light green
   ceramic tile – yellow
Condensers, BaTiO

3
 

Scintillators for x-ray tomography
Glass blower’s and welder’s goggles (with Nd)

Neodymium    Nd 16 Tight (slight shortage); 
23 kton REO; 2.8 kton
Nd metal for wind turbines (USA)

Nd 
2
Fe

14
B permanent magnets

   el ectric motors (largest), spindles for computer hard drives (second largest), 
cell phones, iPods®, direct drive, wind turbines, actuators

Alloying agent for Mg alloys
Lasers
   glass, YAG (yttrium aluminum garnet)
Metal halide lamps
Nd-stabilized ZrO

2
 synthetic gems   

   (pink/purple)
Coloring agent
   glass (pink to purple)
Condensers, BaTiO

3

Glass blower’s and welder’s goggles (with Pr) 

Samarium    Sm 2 Balanced; 2.8 kton REO Sm Cox permanent magnets (5 ≤ x ≤ 8.5) for above room temperature applications
Coloring agent glass (light yellow)
Phosphors
   monitors, TV screens 

Europium    Eu 0.3 Balanced; 0.4 kton REO Phosphors (red color)
   TVs
   fl uorescent lamps (CFL and LFL)
   scintillators for x-ray tomography
Phosphors (blue color)
LEDs 
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RE Element 
% of Total Volume 
of REO Produced Current Demand Uses

Gadolinium    Gd 1.5 Balanced; 2.1 kton REO Host for phosphors
   fl uorescent lamps
   scintillators for x-ray tomography
MRI contrast agents
Nuclear – poison, safety
X-ray intensifying screen
YGG (yttrium gadolinium garnet)
   communications (radio frequencies)
   phase shifters, tuners, fi lters, radar
Optical lenses

Terbium    Tb 0.3 Tight (shortage); 0.4 kton REO Phosphors (green color)
   fl uorescent lamps (CFL and LFL)
   monitors and TV screens
   LEDs 
X-ray intensifying screens
Tefernol-D (Tb

0.3
Dy

0.7
)Fe

2
 

   magnetostrictive alloy
Magneto-optic disks 

Dysprosium    Dy 1.0 Tight (shortage); 1.4 kton REO Ad ditive to Nd
2
Fe

14
B permanent magnets to improve high temperature 

performance, increase coercivity
Phosphors
Metal halide lamps
Tefernol-D (Tb

0.3
Dy

0.7
)Fe

2
 magnetostrictive alloy

Holmium    Ho 0.1 Surplus; 0.1 kton REO Research
Metal halide lamps

Erbium    Er 0.5 Balanced; 0.7 kton REO Fiber optics
   signal amplifi ers
Lasers
Coloring agent (pink)
Er-stabilized ZrO

2
 – synthetic gems (pink)

Thulium    Tm 0.1 Surplus; 0.1 kton REO X-ray intensifying screens
Metal halide lamps
Research

Ytterbium    Yb 0.2 Surplus; 0.3 kton REO Optical lenses (Yb2+)
Pressure sensors (metal)
Research 

Lutetium    Lu 0.1 Surplus; 0.1 kton REO Research
Host for scintillator detectors and X-ray  
   phosphors
Optical lenses

Yttrium    Y 6 Balanced; 8.5 kton REO Host for phosphors
   fl uorescent lamps (CFL and LFL) 
   monitors and TV and LCD screens
YAG (yttrium aluminum garnet)
   laser host material
Y-stabilized ZrO

2
 

   electronic (oxygen sensor; automobiles)
   structural (tough ceramics)
   synthetic gems (simulated diamonds)
   thermal barrier coatings (turbines,
   aircraft engines)
YGG (yttrium gadolinium garnet)
   communications (radio frequencies)
   phase shifters, tuners, fi lters, radar
YIG (yttrium iron garnet)
   communication (radio frequencies)
   radars, phase shifters, fi lters
YBa

2
CuO

7
 high temperature superconductor

   power transmission lines
   magnets for wind turbines
SiN ceramics – sintering aid (Y

2
O

3
)

Optical lenses
Alloying agent for
   superalloys – corrosion & oxidation resistant
   Mg (high temperature creep resistance) 

(REO = rare earth oxide equivalent)
Most important uses are in bold
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Future

Mining
The best forecast suggests that ROW mining companies need to
increase their output of 6 ktons in 2010 to 50 ktons in 2015 to meet the
growing demand. It is anticipated that the Mountain Pass mine will be in
full production in 2012, supplying 20 kton/year and doubling that
amount in the second phase of their expansion in 2013. The Mount
Weld monazite mine in Australia will start production in 2011 and will be
able to supply 21 kton/year in 2013. These two companies should be
able to make up most of the projected demand through 2014-2015.
These two deposits, however, contain predominantly the light rare earth
elements (La, Ce, Pr, Nd and Sm). The demand for Nd and the heavy rare
earths Tb and Dy will be tight for the 2011-2015 semi-decade. There are
a number of smaller deposits with a large fraction of these three
elements, which are expected to come on stream in the 2014-2015 time
frame, potentially easing the pressure for the heavy rare earth elements.

The two important non-Chinese mines in operation today are the Orissa
placer deposit (Toyota, India) and the bastnäsite Dong Pao mine (co-
owned by several Asian companies, Vietnam). Both are producers of the
light lanthanides and account for about 5 kton REO from the ROW. Five
additional light lanthanide rare earth mines are anticipated to become
operational in the 2013-2015 period. In addition to these ten sources,
there are between 100 to 150 deposits that have been promoted as
possible rare earth sources, but most will never become fully functioning
mines. If most of the promising new mines and the established ones
come on stream, there will be an excess of rare earth oxides in the
market in the 2015-2020 time frame, assuming the demand increases by
10% per year.

Mid-supply Chain and Original Equipment
Manufacturers
Although it appears that the mined ores, the processed rare earth
concentrates, and the separated individual rare earths should meet the
2011-2015 demand for these starting materials, the major problem will
be absence of ROW manufacturers in the supply chain to convert the
rare earth oxides into useful products, e.g., magnets, batteries,
phosphors. This also applies to the ROW original equipment
manufacturers (OEM) of the final products [such as computers, electric
motors, cell phones, compact fluorescent lamps (CFL), LCDs, and
batteries] since they were driven out of business in the 1990s. It does not
make much sense to mine and process the rare earth starting materials
in the U.S. and send them to Asia for final product production before
shipping them back to the United States.

The U.S. and ROW governments need to take vigorous action to re-
establish mid-supply chain and OEM industries which can effectively
compete on a global scale. The most direct way to invigorate the mid-
supply chain and OEMs is to establish long-term guaranteed loans to
these organizations to convert the mined rare earth oxides to metals for
magnets, batteries, and magnetic refrigeration systems, and to other
useful compounds for phosphors, optical components, catalysts, etc.
These companies need to modernize, using the latest available
technologies and automate the production processes—this is the only
way we will be able to effectively compete on a global scale.

Training Scientific and Engineering
Personpower
The lack of trained and experienced scientists and engineers, especially
those younger than 50 years old, to fill in these technological gaps in
the supply chain also contributes to the ROW′s dilemma. Many of the
older living scientists and engineers who were working for firms in the
rare earth supply train have either retired or moved on to new positions
and are not likely to come back into the rare earth industry. The lack of
an intellectual infrastructure can be addressed by establishing a National
Research Center for Rare Earths at an educational institution with
affiliations with other universities, colleges and research centers. This
was recently discussed in more detail by the author.5

Upon completion of their studies, the students will enter the workforce,
i.e., industry, educational institutions, government, non-profit laborato-
ries, etc. There is another five to ten years on the average before they
reach their full potential. This is the point, and beyond, where they
invent new products, design new and improved processes to make the
new and the old mature devices and products more economical (and
perhaps simultaneously by environmentally green technologies),
become our future educational leaders, and make other scientific and
technological contributions to society. These are the persons who will
help regain our technological leadership and inventiveness that we
once had in the 1980s and early 1990s. Thus, the Center′s mission
should be completed in a 10-to-15-year framework from the date it
starts—a long time, but a big pay off. This is a chance the U.S. and ROW
need to take.

Other Solutions
At the present time, there is little to no recycling of rare earth-containing
products, except in Japan, but some research efforts have been started,
at least in the U.S. It is likely that more research on this topic will be
funded by the ROW national governments. One of the major problems
is that although the rare earths are essential components of electronic
devices, etc., they only constitute a small fraction of weight/volume of
the final product (e.g., a computer). As a result, the percentage is about
the same as that of the poorer ore bodies (i.e., ~2%) which are mined
today. For cell phones and portable music devices it is much worse, the
rare earth magnets weigh less than 0.1% of the device.

Currently, there is a small effort to find substitutes for the rare earth
elements, but this is a difficult task due in part to their unique electronic
structure and the unique properties of the 4f electron orbitals. The major
high technological applications (optics, phosphors, fluorescent lighting,
electronic devices, magnets) of the rare earth (lanthanide)-based
materials depend upon the specific 4f electron configuration of each
element. Therefore, the applications are quite unique, making it difficult
to find other elements to substitute for the rare earth atom, even one
lanthanide for another. The odds of finding a substitute for a particular
rare earth range from slim to none depending on the application.
Scientists and engineers have been looking for substitutes from day one
when the new application became viable. For example, the red color in
TVs is due to Eu—it has been around for over 50 years and no substitute
has been found; likewise, over 30 years have passed for the Sm
permanent magnets (Aldrich Prod. Nos. 692859, 692840, 692832) and
the 3-way Ce automotive catalytic converter, and about 27 years for the
Nd-Fe-B (Aldrich Prod. Nos. 693790, 693782, 693820) permanent
magnets, and still no viable substitutes demonstrating identical
performances have been found. It is not that we should not try, but we
must realize that success is not very likely.
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However, partial substitution of one lanthanide by another may extend
the utilization of the parent lanthanide. For example, partial substitution
of Pr for Nd in the Nd-Fe-B permanent magnets is possible, but since
there are about 4 Nd atoms per 1 Pr atom in the original ore source, this
merely reduces the amount of Nd used in these permanent magnets,
but it has the additional advantage in that Pr is not a by-product which
must be stored. Another situation is the replacement or partial
substitution of La in the nickel metal hydride (Aldrich Prod. No. 685933)
battery by mischmetal (a metallic mixture of the naturally occurring rare
earth ore—50% Ce, 25% La, 15% Nd, 4% Pr). In both cases there is some
reduction of the performance of the magnet or the battery, but the
properties are still sufficient for some applications.

There is one possible viable substitution of the rare earth permanent
magnets in direct drive wind turbines and that is to use the high
temperature ceramic YBa2Cu3O7 (Aldrich Prod. No. 328626) super-
conductor operating at ~50 K to generate the magnetic field.6 This,
however, trades one rare earth (Y) for another (Nd), and this would put
pressure on the Y market, which is currently in balance, to relieve the
pressure in the Nd market. Is this a good trade-off?

One can always go back to the product that the rare earth replaced and
use it instead. But would the user accept the inferior performance? For
example, laptop computers would be about 50% bigger in size and
weigh twice as much. Similarly, the automotive industry would have to
return to heavier and bulkier electric motors, and as a result, reduce the
mileage one gets from a gallon (liter) of gasoline—this is not likely, since
automotive companies are striving very hard to meet government CAFE
(corporate average fuel economy) standards (35.5 miles per gallon in
2016) to increase the number of miles one gets from a gallon of fuel.

There is a great deal of uncertainty about the future rare earth markets
because of the size of China′s market share of rare earth supplies and
refining. Additionally, China claims that in a few years (by 2015) they will
no longer supply any rare earth materials to the ROW because they
expect their internal rare earth consumption will utilize all of the
domestically mined rare earths. The question is, will they begin to
import some rare earths, primarily the heavy lanthanides plus yttrium
after 2015? Or will they increase their internal production? The former is
the most likely scenario because Chinese mining companies are actively
trying to buy major ownership in global rare earth ore sources, especially
those that have a predominance of yttrium and heavy lanthanides. This
is because their ion absorption (laterite) clay deposits are expected to be
depleted by 2025 or earlier. This leaves them with only one known
xenotime deposit in Guangdong as their primary source of heavy
rare earths.

China appears to be continuing to control their share of the rare earth
market at the mining, beneficiation, and initial separation stages (i.e.,
they are no longer exporting these commodities). Using these materials
internally directly affects the supply of rare earth products further up the
supply chain, where the ROW is the weakest due to the demise of the
technical, scientific, and entrepreneurial rare earth infrastructure, which
deteriorated in the late 1990s and early 2000s.5

It is extremely unlikely that Chinese producers will lower their prices of
the entire rare earth market as they did initially to establish a strong
market presence (roughly 1992-2005). They may, however, lower prices
on selected rare earths for some economic advantages. Regardless, the
ROW can meet the growing demand for rare earth materials by re-
establishing mining, processing, and refinement capabilities; developing
the mid-supply chain and production of finished products; and training
the next generation of scientists to contribute to the rare
earth industry.
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Rare Earth Metal Salts
For a complete list of available salts, visit Aldrich.com/metalsalts

Rare Earth Halides

Name Formula Purity Physical Form Prod. No.

Cerium(III) bromide CeBr3 99.9% trace metals basis powder 449725-1G

Cerium(III) chloride CeCl3 · 7H2O 99.999% trace metals basis crystals and lumps 202983-10G
202983-100G

Cerium(III) chloride CeCl3 · 7H2O 99.9% trace metals basis crystals and lumps 228931-25G
228931-100G
228931-500G

Cerium(III) fluoride CeF3 99.99% trace metals basis powder 229555-2G
229555-10G
229555-50G

Cerium(IV) fluoride CeF4 99% powder 435937-5G

Cerium(III) iodide CeI3 ≥99.95% powder 456829-1G

Dysprosium(III) bromide DyBr3 99.99% trace metals basis powder 429376-1G
429376-5G

Dysprosium(III) bromide DyBr3 · xH2O 99.999% trace metals basis solid 575240-5G
575240-25G

Dysprosium(III) chloride DyCl3 99.99% trace metals basis powder 325546-5G
325546-25G

Dysprosium(III) chloride DyCl3 · 6(H2O) ≥99.99% trace metals basis solid 203173-10G

Dysprosium(III) chloride DyCl3 · 6(H2O) 99.9% trace metals basis crystals and lumps 289272-25G
289272-100G

Dysprosium(III) fluoride DyF3 99.99% trace metals basis powder 450847-25G

Dysprosium(III) fluoride DyF3 99.9% solid 372587-25G

Dysprosium(II) iodide DyI2 ≥99.9% trace metals basis powder 652423-1G

Dysprosium(III) iodide DyI3 99.99% trace metals basis flakes 429333-1G
429333-5G

Erbium(III) bromide ErBr3·xH2O 99.999% trace metals basis solid 575224-25G

Erbium(III) chloride ErCl3 99.9% trace metals basis powder 449792-5G
449792-25G

Erbium(III) chloride ErCl3·6H2O 99.995% trace metals basis solid 203211-20G
203211-100G

Erbium(III) chloride ErCl3·6H2O 99.9% trace metals basis crystals and lumps 289256-25G
289256-100G

Erbium(III) fluoride ErF3 99.99% trace metals basis powder 432156-5G

Erbium(III) iodide ErI3 99.9% trace metals basis powder 439789-1G
439789-5G

Europium(III) bromide EuBr3 · xH2O ≥99.99% trace metals basis solid 575259-5G

Europium(II) chloride EuCl2 99.99% trace metals basis powder and chunks 431850-1G
431850-5G

Europium(III) chloride EuCl3 99.99% trace metals basis powder 429732-1G
429732-5G

Europium(III) chloride EuCl3 ≥99.9% trace metals basis powder 238066-1G
238066-10G

Europium(III) chloride EuCl3 · 6H2O 99.99% trace metals basis crystals and lumps 203254-1G
203254-5G
203254-25G

Europium(III) chloride EuCl3 · 6H2O 99.9% trace metals basis crystals and lumps 212881-5G
212881-25G

Europium(III) fluoride EuF3 99.99% trace metals basis powder 449806-1G
449806-5G

Europium(II) iodide EuI2 99.9% trace metals basis powder 474770-1G
474770-5G

Gadolinium(III) bromide GdBr3 99.99% trace metals basis powder 485020-2G

Gadolinium(III) bromide GdBr3 · xH2O 99.99% trace metals basis powder and chunks 451118-10G
451118-50G

Gadolinium(III) chloride GdCl3 99.99% trace metals basis powder 439770-5G
439770-25G

Gadolinium(III) chloride GdCl3 · 6H2O 99.999% trace metals basis crystals and lumps 203289-1G
203289-5G
203289-25G

Gadolinium(III) chloride GdCl3 · 6H2O 99%, titration powder G7532-5G
G7532-25G
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Name Formula Purity Physical Form Prod. No.

Gadolinium(III) chloride GdCl3 · xH2O 99.99% trace metals basis solid 450855-10G
450855-50G

Gadolinium(III) fluoride GdF3 99.99% trace metals basis powder 432164-5G
432164-25G

Gadolinium(III) iodide GdI3 99.99% trace metals basis powder 466298-1G

Holmium(III) bromide HoBr3 99.99% trace metals basis powder 439762-5G

Holmium(III) bromide HoBr3 · xH2O 99.999% trace metals basis powder and chunks 575232-5G
575232-25G

Holmium(III) chloride HoCl3 99.9% trace metals basis powder 450901-1G
450901-5G

Holmium(III) chloride HoCl3 · 6H2O 99.9% trace metals basis crystals and lumps 289213-5G
289213-25G

Holmium(III) fluoride HoF3 99.99% trace metals basis powder 432075-10G

Lanthanum(III) bromide LaBr3 · xH2O ≥99.99% trace metals basis powder and chunks 575275-5G
575275-25G

Lanthanum(III) chloride LaCl3 · 7H2O 99.999% trace metals basis solid 203521-25G
203521-100G

Lanthanum(III) chloride LaCl3 · xH2O 99.9% trace metals basis powder and chunks 211605-100G
211605-500G

Lanthanum(III) fluoride LaF3 99.99% trace metals basis powder 449857-5G
449857-25G
449857-100G

Lanthanum(III) iodide LaI3 99.9% powder 466093-1G

Lutetium(III) bromide LuBr3 99.99% powder 587133-1G

Lutetium(III) bromide LuBr3·xH2O 99.999% - 545066-1G

Lutetium(III) chloride LuCl3 99.99% trace metals basis powder 450960-1G
450960-5G

Lutetium(III) chloride LuCl3 · 6H2O ≥99.99% trace metals basis crystalline 542075-1G
542075-5G

Lutetium(III) chloride LuCl3 · 6H2O 99.9% trace metals basis crystalline 298131-1G

Lutetium(III) fluoride LuF3 99.99% trace metals basis powder 432113-1G
432113-5G

Lutetium(III) iodide LuI3 99.9% trace metals basis powder 460575-5G

Neodymium(III) bromide NdBr3 99.9% trace metals basis powder 439711-5G
439711-25G

Neodymium(III) chloride NdCl3 ≥99.99% trace metals basis powder 449946-5G
449946-25G

Neodymium(III) chloride NdCl3 · 6H2O 99.9% trace metals basis crystals and lumps 289183-25G

Neodymium(III) fluoride NdF3 99.99% trace metals basis powder 449954-10G

Neodymium(II) iodide NdI2 ≥99.9% trace metals basis powder 652431-1G
652431-5G

Neodymium(III) iodide NdI3 99.9% powder 659215-1G
659215-5G

Praseodymium(III) bromide PrBr3 99.99% trace metals basis powder 439703-2G
439703-10G

Praseodymium(III) bromide PrBr3 · xH2O ≥99.99% trace metals basis chunks 575267-5G

Praseodymium(III) chloride PrCl3 99.99% trace metals basis powder 298298-5G
298298-25G

Praseodymium(III) chloride PrCl3 · xH2O 99.9% trace metals basis solid 205141-10G
205141-50G

Praseodymium(III) fluoride PrF3 99.99% trace metals basis powder 432091-5G

Samarium(III) bromide SmBr3 99.9% trace metals basis powder 416630-5G
416630-25G

Samarium(III) chloride SmCl3 99.9% powder 400610-2G
400610-10G

Samarium(III) chloride SmCl3 · 6H2O ≥99.99% trace metals basis crystalline 204277-5G

Samarium(III) chloride SmCl3 · 6H2O ≥99% powder and chunks 248800-10G
248800-50G

Samarium(II) iodide SmI2 ≥99.9% trace metals basis powder 409340-1G
409340-5G

Samarium(II) iodide SmI2 - liquid 347116-25ML
347116-100ML
347116-800ML
347116-4X10ML

Samarium(III) iodide SmI3 - powder 484032-1G

Scandium(III) bromide ScBr3 ≥99.99% trace metals basis powder 517526-1G

Scandium(III) chloride ScCl3 99.99% trace metals basis powder 451266-1G
451266-5G

39For questions, product data, or new product suggestions, contact Aldrich Materials Science at matsci@sial.com.
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Name Formula Purity Physical Form Prod. No.

Scandium(III) chloride ScCl3 99.9% trace metals basis powder 409359-1G
409359-5G

Scandium(III) chloride ScCl3 · 6H2O 99.999% trace metals basis powder 451274-1G

Scandium(III) fluoride ScF3 99.99% trace metals basis powder 432105-1G
432105-5G

Scandium(III) iodide ScI3 99.999% trace metals basis powder 439673-1G

Terbium(III) bromide TbBr3 99.99% trace metals basis powder 466344-1G

Terbium(III) chloride TbCl3 99.99% trace metals basis powder 451304-1G
451304-10G

Terbium(III) chloride TbCl3 99.9% trace metals basis powder 439657-2G
439657-10G

Terbium(III) chloride TbCl3 · 6H2O 99.999% trace metals basis powder and chunks 204560-1G
204560-5G

Terbium(III) chloride TbCl3 · 6H2O 99.9% trace metals basis solid 212903-5G
212903-25G

Terbium(III) chloride TbCl3·xH2O 99.99% trace metals basis solid 451312-5G

Terbium(III) fluoride TbF3 99.99% trace metals basis powder 432067-1G
432067-5G

Terbium(III) iodide TbI3 99.99% trace metals basis flakes 427098-1G
427098-5G

Thulium(III) bromide TmBr3 99.99% powder 439630-1G

Thulium(III) chloride TmCl3 99.9% trace metals basis powder 439649-1G
439649-5G

Thulium(III) chloride TmCl3 · 6H2O 99.99% trace metals basis powder 204668-1G
204668-5G

Thulium(III) fluoride TmF3 99.99% powder 432148-1G
432148-5G

Ytterbium(III) bromide YbBr3 99.99% trace metals basis powder 451320-1G
451320-5G

Ytterbium(III) bromide YbBr3 · xH2O - pellets 544965-5G

Ytterbium(III) chloride YbCl3 99.99% trace metals basis beads 450073-5G
450073-25G

Ytterbium(III) chloride YbCl3 99.9% powder 439614-5G
439614-25G

Ytterbium(III) chloride YbCl3 · 6H2O 99.998% trace metals basis powder and chunks 204870-10G
204870-50G

Ytterbium(III) chloride YbCl3 · 6H2O 99.9% trace metals basis crystals and lumps 337927-10G
337927-50G

Ytterbium(III) fluoride YbF3 99.98% trace metals basis powder 432121-10G
432121-50G

Ytterbium(II) iodide YbI2 ≥99.9% trace metals basis powder 494372-1G
494372-5G

Yttrium(III) chloride YCl3 99.99% trace metals basis powder 451363-10G
451363-50G

Yttrium(III) chloride YCl3 · 6H2O 99.999% trace metals basis solid 204919-10G
204919-50G

Yttrium(III) chloride YCl3 · 6H2O 99.99% trace metals basis powder 464317-25G
464317-100G

Yttrium(III) chloride YCl3 · 6H2O 99.9% trace metals basis crystals and lumps 211648-50G
211648-250G

Yttrium(III) fluoride YF3 99.99% trace metals basis powder 451371-10G

Yttrium(III) iodide YI3 99.9% trace metals basis flakes 413011-1G

Rare Earth Nitrates

Name Formula Purity Physical Form Prod. No.

Ammonium cerium(IV) nitrate Ce(NH4)2(NO3)6 ≥99.99% trace metals basis crystalline 229547-10G
229547-50G
229547-250G

Cerium(III) nitrate Ce(NO3)3 · 6H2O 99.999% trace metals basis crystals and lumps 202991-25G
202991-125G

Cerium(III) nitrate Ce(NO3)3 · 6H2O 99.99% trace metals basis crystals and lumps 392219-25G
392219-100G

Cerium(III) nitrate Ce(NO3)3 · 6H2O 99% trace metals basis crystals and lumps 238538-100G
238538-500G

Dysprosium(III) nitrate Dy(NO3)3·xH2O 99.9% trace metals basis crystals and lumps 298158-25G
298158-100G

Erbium(III) nitrate Er(NO3)3·5H2O 99.9% trace metals basis crystals and lumps 298166-25G
298166-100G

Europium(III) nitrate Eu(NO3)3 · 5H2O 99.9% trace metals basis crystals and lumps 207918-1G
207918-10G
207918-50G

Europium(III) nitrate Eu(NO3)3 · xH2O 99.99% trace metals basis solid 254061-1G
254061-10G

40 TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit Aldrich.com/matsci.Aldrich.com
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Name Formula Purity Physical Form Prod. No.

Gadolinium(III) nitrate Gd(NO3)3 · 6H2O 99.99% trace metals basis solid 451134-10G
451134-50G

Gadolinium(III) nitrate Gd(NO3)3 · 6H2O 99.9% trace metals basis crystals and lumps 211591-25G
211591-100G

Holmium(III) nitrate Ho(NO3)3 · 5H2O 99.9% trace metals basis solid 325732-10G
325732-50G

Lanthanum(III) nitrate La(NO3)3 · 6H2O ≥99.0%, titration crystalline 61520-100G-F
61520-500G-F

Lanthanum(III) nitrate La(NO3)3 · 6H2O 99.999% trace metals basis solid 203548-25G
203548-100G
203548-500G

Lanthanum(III) nitrate La(NO3)3 · 6H2O 99.99% trace metals basis solid 331937-5G
331937-100G
331937-500G

Lanthanum(III) nitrate La(NO3)3·xH2O 99.9% trace metals basis powder and chunks 238554-100G
238554-500G

Lutetium(III) nitrate Lu(NO3)3·xH2O 99.999% trace metals basis solid 542067-5G

Lutetium(III) nitrate Lu(NO3)3·xH2O 99.9% trace metals basis crystals and lumps 436429-1G
436429-5G

Neodymium(III) nitrate Nd(NO3)3 · 6H2O 99.9% trace metals basis crystalline 289175-25G
289175-100G

Praseodymium(III) nitrate Pr(NO3)3·6H2O 99.9% trace metals basis crystalline 205133-10G
205133-50G
205133-250G

Samarium(III) nitrate Sm(NO3)3 · 6H2O 99.9% trace metals basis powder and chunks 298123-25G
298123-100G

Terbium(III) nitrate Tb(NO3)3 · 5H2O 99.9% trace metals basis solid 325945-5G
325945-25G

Terbium(III) nitrate Tb(NO3)3 · 6H2O 99.999% trace metals basis crystals and lumps 217212-2G
217212-10G

Ytterbium(III) nitrate Yb(NO3)3 · 5H2O 99.999% chunks 217220-5G
217220-25G

Ytterbium(III) nitrate Yb(NO3)3 · 5H2O 99.9% trace metals basis crystals and lumps 209147-10G
209147-50G

Rare Earth Acetates and Acetylacetonates

Name Formula Purity Physical Form Prod. No.

Cerium(III) acetate Ce(CH3CO2)3 · xH2O 99.9% trace metals basis powder and chunks 367753-50G
367753-250G

Cerium(III) acetylacetonate Ce(C5H7O2)3 · xH2O - crystalline powder 381403-50G
381403-250G

Europium(III) acetate Eu(CH3CO2)3 · xH2O 99.9% trace metals basis powder 325627-5G
325627-25G

Gadolinium(III) acetate Gd(CH3CO2)3 · xH2O 99.9% trace metals basis crystalline powder 325678-25G
325678-100G

Gadolinium(III) acetylacetonate Gd(C5H7O2)3 · xH2O 99.9% trace metals basis powder 331716-5G
331716-25G

Lanthanum(III) acetate La(CH3CO2)3 · xH2O 99.9% trace metals basis crystalline powder 306339-100G
306339-500G

Lanthanum(III) acetylacetonate La(C5H7O2)3 · xH2O - powder 325759-10G
325759-100G

Terbium(III) acetate Tb(CH3CO2)3 · xH2O 99.9% trace metals basis crystals and lumps 325929-5G
325929-25G

Ytterbium(III) acetate Yb(C2H3O2)3 · 4H2O 99.9% trace metals basis powder and chunks 326011-10G
326011-50G

41For questions, product data, or new product suggestions, contact Aldrich Materials Science at matsci@sial.com.
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contact us at matsci@sial.com

Name Formula Purity (Trace Metals Basis) Prod. No.

Cerium(III) chloride, anhydrous CeCl3 99.9% 298190

Cerium(III) chloride, anhydrous CeCl3 ≥99.9% 450731

Cerium(III) chloride, anhydrous CeCl3 ≥99.99% 429406

Cerium(III) bromide, anhydrous CeBr3 99.99% 563226

Cerium(III) iodide, anhydrous CeI3 99.99% 466085

Lanthanum(III) chloride, anhydrous LaCl3 99.9% 298182

Lanthanum(III) chloride, anhydrous LaCl3 ≥99.99% 449830

Lanthanum(III) bromide, anhydrous LaBr3 ≥99.99% 449822

Lanthanum(III) iodide, anhydrous LaI3 99.9% 413674

Praseodymium(III) chloride, anhydrous PrCl3 99.99% 451215

Neodymium(III) bromide, anhydrous NdBr3 99.99% 466115

Samarium(III) chloride, anhydrous SmCl3 99.99% 449997

Samarium(III) bromide, anhydrous SmBr3 99.99% 451231

Ytterbium(III) chloride, anhydrous YbCl3 99.99% 450073

Yttrium(III) chloride, anhydrous YCl3 99.99% 450103
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Discovery and Single Crystal Growth of Lanthanide
Intermetallics—Interplay of Synthesis and Physical Properties

Devin C. Schmitt, Michael J. Kangas, Julia Y. Chan*
Louisiana State University, Department of Chemistry
232 Choppin Hall, Baton Rouge, LA 70803
*Email: jchan@lsu.edu

Correlated Systems
Solid state and materials chemistry have made a tremendous impact
and have experienced growth in recent years, particularly for rare earth-
containing materials. This is motivated by the potential applications
impacting a vast number of areas in materials research. Materials
containing f-orbital electrons are ubiquitous in technological applica-
tions involving electronic, magnetic, thermal, and optical properties. We
have been able to exploit the self-flux growth techniques1,2 to grow
single crystals over the last several years. Synthesis of solid-state
materials by flux growth has made a significant impact in both
fundamental and application-driven research and is part of the National
Academy of Science grand challenge,3 specifically highly correlated
materials, a class of materials with strong electron-electron interactions.
A Physics Today article highlighted the need for high quality single
crystals necessary for the discovery of novel materials with interesting
properties.4 A good read is also “Fishing the Fermi Sea”, which describes
the importance of making highly correlated materials in single
crystal form.5

To understand the chemistry and physics of compounds with
f-electrons, it is vital that materials be made in single crystal form so
intrinsic properties can be studied. This involves methods such as
self-flux growth, Czochralski, hydrothermal, and microwave methods.
Our work has been motivated by the various functional classes of
materials. In this review, we will highlight several classes of materials,
including highly correlated and energy materials containing lanthanide
elements—specifically synthesized by flux growth.

The focus of our research over the last several years has primarily been
crystal growth of highly correlated intermetallics with Group 13-15 main
group elements (Figure 1).6 We have discovered and worked on
compounds that show heavy electron mass behavior (containing Ce)
and compounds that exhibit unusual magnetism. While most materials
are serendipitously discovered, systematic and rational methods must
be developed.6

CenMIn3n+2
Ln-M-Al

(n=1,2,8)

CeSn2

LnNiSb2

CeNiSb3

Ce3M4Sn13

LnMGa4

CeMGa6

Ce2MGa10

Ce2MGa12

Ln(M,Ga)12

Ln(M,Ga)13–δ

Ln4MGa12

Ln - M - X

Figure 1. Representative lanthanide intermetallic materials illustrating the range of
stoichiometries obtainable through molten metal flux growth. Lanthanide metals,
transition metals, and flux elements are denoted in blue, red, and green, respectively.

Highly correlated systems have generated much interest, especially in
the search for quantum materials, unconventional superconductors, and
magnetic materials. Many of the compounds and systems discovered in
this group are also highly field dependent, exhibiting large magneto-
resistance, and showing unusual anisotropic magnetic behavior. While
Ce-containing intermetallics have attracted much attention in the past,
these unusual phenomena have also been extended to Pr- and
Yb-based intermetallic phases. The skutterudites PrM4Pn12 (M = Fe, Ru, or
Os; Pn = P, As, Sb), Pr(Cu,Ga)13, and PrAgIn2 have been studied because
of diverse behavior such as superconductivity, unusual magnetic ground
states and heavy electron behavior. Only with high quality single crystals
can the origin of these properties be elucidated.

More recently, magnetization measurements of the ultrapure
f-electron-based superconductor β-YbAlB47 demonstrate zero field
quantum criticality without tuning external parameters such as high
magnetic fields and pressures in a metal.8 These properties can only
be determined with clean and high-quality materials.

Energy Applications
Lanthanide-containing compounds are not only interesting for
fundamental science but can have direct implications in device-level
applications. On the energy front, fields such as refrigeration and power
generation have traditionally been dominated by mechanical phase-
change technologies with relatively low efficiencies. A general drive in
the materials and engineering community has been to replace these
devices by thermoelectric and magnetocaloric solid-state materials with
equal or higher efficiencies and much lower failure rates. Due to
interesting magnetic properties and high atomic weight, lanthanide-
containing compounds, or rare earths, are excellent candidates for
thermoelectric and magnetocaloric materials, respectively.

Thermoelectric Materials
Thermoelectrics are materials with the ability to convert thermal energy
to electrical energy or use electrical energy to produce a temperature
gradient. Their efficiency is measured by the dimensionless figure of
merit ZT, which has components of electrical conductivity, Seebeck
coefficient, and thermal conductivity. Characteristics of an ideal
thermoelectric material include low thermal conductivity similar to a
glass and high thermoelectric power factor (the product of electrical
conductivity and Seebeck coefficient squared). To date, the best
thermoelectric materials have ZT between 1 and 2, but a ZT ~4 is
needed for competitive cooling and power generation.

YbAl3 is an example of the potential for rare earth-based intermetallic
compounds for thermoelectric materials. YbAl3 has a thermoelectric
power factor of 180 μW/K2-cm at 300 K due to Yb valence fluctuations;
the highest known value for any thermoelectric material. However, due
to very high thermal conductivity at room temperature, YbAl3 is not a
suitable thermoelectric material.9 We can visualize this by considering
thermal conductivity as a parasitic value. The higher the thermal
conductivity, the more heat is allowed to leach through the system
without contributing to voltage generation. In cooling applications, high
thermal conductivity translates into a relatively small temperature

43For questions, product data, or new product suggestions, contact Aldrich Materials Science at matsci@sial.com.
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gradient that can be established between the hot and cold sides of the
device. If, however, we were able to keep the power factor of YbAl3
constant and reduce the thermal conductivity to as low as a glass
(~1 W/m-K), we would find a ZT of 5.4 at room temperature—
competitive with residential-grade refrigeration devices but with greatly
increased longevity. Alternatively, as a power generating device, a ZT of
5.4 would correspond to >40% higher fuel efficiency in an automobile
(using similar estimates to that of Bell).10

Rare earth-containing thermoelectrics not only have the benefit of
potential valence instabilities, but they can form complex structures and
have high atomic masses, both of which contribute to a significant
reduction in thermal conductivity, which can improve performance as a
thermoelectric. Substitution of the isovalent, but much higher atomic
mass Yb for Ca in Ca14MnSb11 led to Yb14MnSb11.11 Yb14MnSb11 is a
complex Zintl intermetallic material with a high thermoelectric power
factor at elevated temperatures and a low room temperature lattice
thermal conductivity of ~0.45 W/m-K, partly due to the high average
atomic mass of the material. Optimized Yb14MnSb11 is the highest
performing elevated temperature p-type thermoelectric material to
date, with a ZT >1 at 1,200 K.12

Rare earths can be used to tune the electronic structure of a material.
The Co4Sb12 skutterudite (Figure 2) is a small bandgap semiconductor
with a large thermoelectric power factor. The thermal conductivity of
Co4Sb12 is far too high for thermoelectric applications (>10 W/m-K), but
the skutterudite structure contains voids large enough for rare earth
atoms to reside. Rare earth ions act as both charge donors to modify
electronic properties and phonon scattering centers to significantly
reduce thermal conductivity. Iron can then be substituted for Co to
return the compound to a semiconducting state. The filled skutterudite
Ce(Co,Fe)4Sb12 has a large thermoelectric power factor, partly due to
f- and d-electron hybridization, and a greatly reduced thermal
conductivity, leading to ZT ~1 at room temperature.13

Figure 2. Crystal structures of the unfilled (A) and filled (B) skutterudite structure
illustrating the filling of voids by lanthanide elements (example: Co4Sb12 and
Ce(Co,Fe)4Sb12). Blue spheres represent the transition metal (Co or Fe). Grey and red
spheres represent Sb and Ce, respectively

The goal of a ZT >4 in order to provide competitive materials for
cooling/power generation in bulk materials is not unrealistic, as
Goldsmid proposes.14 This “limiting” factor was set using the best values
of the parameters in ZT (ρ, S, and κ) found for bulk materials. Indeed,
these values are conservative, and the estimation will likely increase as
new thermoelectric materials are discovered. The high atomic masses
and potential valence instabilities of rare earth containing intermetallic
compounds make them ideal candidates for reaching the goal
of ZT >4.

Magnetocaloric Materials
The magnetocaloric effect offers the possibility of an efficient and
environmentally friendly refrigeration technology, and is based on
utilizing the entropy changes (ΔSm) due to magnetic spins aligning in an
applied field. This effect is caused by the coupling of the magnetic
sublattice with the magnetic field, leading to the change in the
magnetic part of the entropy of a solid. Cooling based on the
magnetocaloric effect has already been demonstrated, but research is
needed to find magnetocaloric materials with improved properties. An
ideal magnetocaloric material should possess (1) a large magnetic
moment so the entropy change will be large when the spins order and
(2) a magnetic ordering temperature in the relevant temperature range.
Other properties include high thermal conductivity, good mechanical
properties, low cost and low toxicity. Rare earth compounds are
excellent candidates because they not only possess large magnetic
moments but can be easily optimized via substitution with other rare
earth elements. Gd metal and its alloys show a large magnetocaloric
effect near room temperature and are frequently used as benchmark.

A great number of binary, ternary, and quaternary rare earth-containing
intermetallics have been investigated and reviewed recently.15,16

The materials range from being active at a few tens of Kelvin to above
room temperature and exhibit many types of magnetic transitions.
Magnetocaloric properties in Gd5Si4 and Gd5(SixGe1-x)4 alloy (Aldrich
Prod. Nos. 693510, 693502) based materials have been reviewed.17

These compounds order ferromagnetically near room temperature. In
these materials, the magnetic entropy change is enhanced due to the
combination of the magnetic ordering at the desired temperature
coinciding with a structure change.

La(Fe1-xSix)13 alloys have been shown to be effective magnetocaloric
materials near room temperature. The magnetic properties can be
tuned by doping both the Ln and Fe/Si sites, as well as through the
incorporation of light elements into interstitial sites. In these com-
pounds, the ordering temperature increases linearly with lattice
expansion. Interestingly, in this structure type, the magnetic transition
can be first order or second order depending on composition.18

Anisotropic properties are also important in magnetocaloric materials.
In the oxide ErAlO3, orienting the crystal along the c axis more than
doubles the magnetic entropy change compared to the a or b axes,
with ΔSm of approximately -180, -70 and -80 mJ/cm3-K for a 2T
change.19 In addition to optimizing the magnetocaloric effect by
orienting single crystals along select crystal axes, changing the
orientation of single crystals in a fixed magnetic field can exhibit the
magnetocaloric effect. This effect is termed the anisotropic magneto-
caloric effect. In DyNi2, the effect is slightly larger for a change from
[001] - [110] in a constant field of 2 T than for a polycrystalline sample in
a field change of 0-2 T, with ΔSm values of approximately -132 and
-110 mJ/ cm3-K, respectively.20
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Synthesis
The majority of samples characterized for magnetocaloric and thermo-
electric applications are polycrystalline and have been synthesized
through arc-melting or other high temperature methods. Arc-melting
allows precision doping and tuning of magnetic and electronic
properties by stoichiometric weighing of reactants. Polycrystalline
samples contain many crystallites oriented in all directions, providing an
average of the magnetocaloric effect and an overall reduction in thermal
conductivity for thermoelectric applications due to boundary scattering.
However, the growth of single crystals through flux growth or other
techniques presents a number of advantages that include more
complete structural characterization and determination of anisotropic
magnetic and electrical properties. Single crystals can be oriented to the
direction that maximizes the magnetic entropy change or the carrier
mobility in anisotropic materials.

For example, we have grown high quality single crystals of CePdGa6,
Ce2PdGa10, and Ce2PdGa12 using the self-flux method by reacting high
purity Ce (Aldrich Prod. No. 263001) and Pd (Aldrich Prod. No. 203939)
in excess Ga (Aldrich Prod. No. 203319) as a reactive flux in a 1:1:20
ratio. Elements are placed in an alumina crucible, sealed in an evacuated
fused silica tube, then heated to a maximum dwell temperature of
1,423 K. They are then slowly cooled to the desired spin temperature,
centrifuged, and subsequently etched to remove residual Ga flux. The
reaction products, in this case, depend solely on the spin temperature
selected (Figure 3). Larger crystals of CePdGa6 were grown using an
alternate temperature profile and a reaction ratio of 2:3:30.6

Spin Temperatures

300 °C

170 °C/hr

1150 °C

7 hrs 8 °C/hr

? Spin

450

350

CePdGa6 
Ce2PdGa12

500

Ce2PdGa12

400 CePdGa6400

Ce2 PdGa10

Figure 3. Heating profiles for the synthesis of single crystalline Ce-Pd-Ga phases.
Different spin temperatures yielded different stoichiometries, as indicated by varying
spin/quench temperatures.

High quality single crystals of each ternary phase were characterized by
single-crystal X-ray diffraction. As shown in Figure 4, each compound
adopts a distinct tetragonal structure. CePdGa6, a heavy-fermion
material, crystallizes in space group P4/mmm with a = b = 4.350(3) Å and
c = 7.9230(5) Å. Ce2PdGa10 adopts a different tetragonal structure
(I4/mmm) with lattice constants a = b = 4.3230(3) Å and c = 26.536(3) Å.
Finally, Ce2PdGa12, an antiferromagnetic material, crystallizes in space
group P4/nbm with lattice parameters a = b = 6.1040(2) Å and
c = 15.5490(6) Å.

CePdGa6

Ce

Pd

Ga

Ce2PdGa10 Ce2PdGa12

Figure 4. Crystal structures for CePdGa6, Ce2PdGa10, and Ce2PdGa12. Blue, orange, and
green spheres represent Ce, Pd, and Ga atoms, respectively.

Starting stoichiometry also plays a key role in determining the structure
of the final product, as seen in the case of Cu-containing lanthanide
intermetallics. By changing the initial reaction ratio from 1:1:20 to 1:5:20,
three different structure types are stabilized (Figure 5), yielding phases
that exhibit properties ranging from heavy-fermion behavior to large
positive magnetoresistance. By controlling both the reaction/spin
temperatures as well as the starting stoichiometries, a wide range of
possible structures are accessible through the metal flux technique.

Y

Cu

Ga

Y

Cu

Ga

NaZn13   type (Cubic)

PrPrPr

Cu

Sm1

Sm2

C
Cu

Sm1

Sm2

C
Cu

Sm1

Sm2

C

Ln = La-Nd, EU Sm Ln = Y, Gd-Er, Yb

SmZn11  type ThMn12   type

Figure 5. Changing the reaction ratio of Ln:Cu:flux to 1:5:20, three additional structure
types are stabilized: NaZn13 type, SmZn11 type, and ThMn12 type (left to right).

Conclusions
The search is just beginning—the lanthanides are a truly functional
toolbox for the discovery of novel materials with properties that are just
yet to be discovered and understood.
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High-Purity Metals for Molten Flux Growth
For a complete list of available materials, visit Aldrich.com/periodic

Name M.P. (°C)
Purity
(Trace Metals Basis)

Form,
Approx. Piece Size Prod. No.

Gallium 29.8 99.9995% (metallic liquid or solid
(ambient temp dependent))

203319-1G
203319-5G
203319-25G

Gallium 29.8 99.999% (metallic liquid or solid
(ambient temp dependent))

263273-10G
263273-50G

Gallium 29.8 99.99% (metallic liquid or solid
(ambient temp dependent))

263265-10G
263265-50G

Indium 155-158 99.999% beads 264113-5G
264113-25G

Indium 155-158 99.999% powder, −60 mesh 203432-5G
203432-25G

Indium 155-158 99.99% pieces, 1=4 - 2 in. 326615-50G

Indium 155-158 99.99% powder, −100 mesh 264032-5G
264032-25G

Tin 231.9 99.999% shot 204692-10G

Lead 327.4 99.995% shot, 1 - 3 mm 695912-25G

Lead 327.4 99.95% powder, −100 mesh 391352-100G

Aluminum 660.37 ≥99.999% pellets, 3 - 8 mesh 326941-25G

Aluminum 660.37 99.99% pellets, 3 - 8 mesh 338788-50G

Aluminum 660.37 ≥99.95% powder, <75 μm 202584-10G

Aluminum 660.37 99.99% flakes, 1 mm 518573-500G

Intermetallics and Alloys for Magnetic Refrigeration
For more information, visit Aldrich.com/magnetocaloric

Name Chemical Composition Physical Form Curie Temperature Prod. No.

Dysprosium-Erbium-Aluminum alloy Dy0.8Er0.2Al2 powder below 60 K 693499-1G

Gadolinium - ingot 293 K 691771-10G

Gadolinium-silicon-germanium alloy Gd5Si2Ge2 powder and chunks ~270 K 693510-1G

Gadolinium-silicon-germanium alloy Gd5Si0.5Ge3.5 powder and chunks ~70 K 693502-1G

Rare Earth-based Permanent Magnets
For more information, visit Aldrich.com/magnetic

Name Composition Form Properties Prod. No.

Samarium-cobalt alloy 18 Cobalt 62.75 wt. %
Samarium 37.25 wt. %

disc, 10 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 140 kJ/m3 (18 MGsOe)
Residual Induction (Br): 0.87 T (8.7 kGs)
Coercive Force (Hc): 680 kA/m (8.5 kOe)
Intrinsic Coercive Force (Hci): 2390 kA/m (30.0 kOe)

692859-3EA

Samarium-cobalt alloy 24 Cobalt 49.05 wt. %
Iron 17.25 wt. %
Samarium 25 wt. %
Zirconium 2.75 wt. %
copper 5.95 wt. %

disc, 10 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 190 kJ/m3 (24 MGsOe)
Residual Induction (Br): 1.00 T (10.0 kGs)
Coercive Force (Hc): 740 kA/m (9.3 kOe)
Intrinsic Coercive Force (Hci): 2070 kA/m (26.0 kOe)

692840-3EA

Samarium-cobalt alloy 30 Cobalt 48.1 wt. %
Iron 19.25 wt. %
Samarium 25 wt. %
Zirconium 2.75 wt. %
copper 4.9 wt. %

disc, 10 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 240 kJ/m3 (30 MGsOe)
Residual Induction (Br): 1.13 T (11.6 kGs)
Coercive Force (Hc): 840 kA/m (10.6 kOe)
Intrinsic Coercive Force (Hci): 1910 kA/m (24.0 kOe)

692832-3EA

Neodymium-iron-boron, alloy
30/100

Aluminum 0.8 wt. %
Boron 1.1 wt. %
Dysprosium 3.6 wt. %
Iron 65 wt. %
Neodymium 29 wt. %
Niobium 0.5 wt. %

disc, 13 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 239 kJ/m3 (30 MGsOe)
Residual Induction (Br): 1.14 T (11.4 kGs)
Coercive Force (Hc): 820 kA/m (10.3 kOe)
Intrinsic Coercive Force (Hci): 1114 kA/m (14.0 kOe)

693790-5EA

Neodymium-iron-boron alloy
30/150

Aluminum 0.8 wt. %
Boron 1.1 wt. %
Dysprosium 3.6 wt. %
Iron 65 wt. %
Neodymium 29 wt. %
Niobium 0.5 wt. %

disc, 13 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 247 kJ/m3 (31 MGsOe)
Residual Induction (Br): 1.13 T (11.3 kGs)
Coercive Force (Hc): 844 kA/m (10.6 kOe)
Intrinsic Coercive Force (Hci): 1595 kA/m (20.0 kOe)

693782-3EA

Neodymium-iron-boron, alloy
30/200

Aluminum 0.8 wt. %
Boron 1.1 wt. %
Dysprosium 3.6 wt. %
Iron 65 wt. %
Neodymium 29 wt. %
Niobium 0.5 wt. %

disc, 13 × 6 mm Magnetic parameters/properties:
Maximum Energy Product (BH): 248 kJ/m3 (31 MGsOe)
Residual Induction (Br): 1.14 T (11.4 kGs)
Coercive Force (Hc): 835 kA/m (10.5 kOe)
Intrinsic Coercive Force (Hci): 2400 kA/m (30.0 kOe)
Maximum Temperature rate: 200°C

693820-3EA
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Metal Hydrides for NiMH Battery Applications

Dhanesh Chandra*, Wen-Ming Chien, and Anjali Talekar
University of Nevada, Reno, College of Engineering
Reno, NV 89557
*Email: dchandra@unr.edu

Introduction
Rechargeable solid-state batteries are becoming increasingly important
due to wide-spread use in computers, portable electronics, and
vehicular applications. The Partnership for a New Generation of Vehicles
(PNGV), a collaboration between the U.S. government and auto industry,
was initiated in 1996 to promote the development of hybrid electric
vehicles (HEVs) with significantly increased fuel economies. As shown in
Figure 1, metal hydride and Li-ion batteries have high energy densities
and are the most promising classes of modern rechargeable batteries.1

Li-ion batteries are very attractive for modern portable electronic
devices, and nickel metal hydride (NiMH) batteries are a significant
component of modern hybrid automobiles. Based on 1996 prices, the
estimated cost of these materials was <$1/gH produced (Table 2).2-4

Although both NiMH and Li ion batteries are equally important for
various applications, the cradle-to-gate (ctg) life Ectg/kg basis is
somewhat higher than that of other batteries (Figure 2).5 This article is
a summary of rare earth intermetallic compounds and their structures,
properties, technologies, and applications, particularly with regard to
rechargeable batteries.
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Figure 1. Comparison of volumetric and gravimetric energy density of the important
NiMH, lead-acid (PbA), Ni-Cd, Na/S, and Li–ion batteries1
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Figure 2. Average cradle-to-gate life (Ectg) per watt hour basis with one standard
deviation for NiMH, lead-acid (PbA), Ni-Cd, Na/S, and Li–ion batteries.5

Metal hydrides have been widely investigated over the years, with
significant interest developing in the 1960s. The majority of research
activities prior to 1960 are reported in Metal Hydrides, a book by Mueller,
Blackledge, and Libowitz.6 More recent work is covered in several good
reviews by Schlapbach,7 Sandrock,8 Yvon,9 Fukai,10 Walker,11 and others.
In general, metastable binary or higher-order alloys that reversibly
absorb/desorb hydrogen are preferred in applications due to their
metastable nature: pure elements tend to form comparably stable
hydrides. The precursor alloys that are used for hydrides are broadly
classified into six categories based on A-B component systems.

Examples of simple binary systems, with no substitutions, are:

(1) AB (HfNi, FeTi)
(2) AB2 (Mn2Zn, TiFe2)
(3) A2B (Hf2Fe, Mg2Ni)
(4) A2B7 (Pr2Ni7, Ce2Co7)
(5) AB3 (NdCo3, GdFe3)
(6) AB5 (LaNi5, CeNi5)

The AB5-type, LaNi5H6.7 hydrides have high volumetric capacities
(~130 kgH2/m3), low gravimetric capacities (~2 wt.% H2), and operate
near room temperature. To help understand the development of these
hydrides, the unsubstituted A-B hydrides will be discussed first in terms
of hydrogen capacities. The following discussion will focus on the effect
of one component substitution in the A-B systems. Finally, this article
will address more practical hydrides, some of which are commercialized.
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Thermodynamics and Crystal Structures
of NiMH Battery Materials

Thermodynamics
Metal hydrides were first used for storage of hydrogen in the solid state.
The alloys used for metal hydrides in NiMH battery applications are
mainly AB5- and AB2-type; other alloy structures may be under
consideration but will not be addressed here. Table 1 describes
some important properties of these model structure types.

Table 1. Intermetallic Compounds and their Hydrogen Storage Properties.12

Type of
Hydride

Metal/
Alloy Hydride Structure

Wt.%
Hydrogen Peq., T(K)

Elemental Pd PdH0.6 Fm3m 0.56 0.02 bar @ 298K

AB5 LaNi5 LaNi5H6 P6/mm 1.37 2 bar @ 298K

AB2 ZrV2 ZrV2H5.5 Fd3m 3.01 10-8 bar @ 323 K

A2B Mg2Ni Mg2NiH4 P6mm 3.59 1 bar @ 555 K

AB FeTi FeTiH2 Pm3m 1.89 5 bar @ 303 K

BCC TiV2 TiV2H4 BCC 2.6 10 bar @ 313 K

The most important properties for battery applications are the hydrogen
capacity, isotherm pressure, hysteresis, volumetric expansion/contrac-
tion, enthalpies, and hydriding/dehydriding temperatures. Additional
properties are important for practical applications. These include the
activation of alloys, decrepitation, kinetics, heat transfer, gaseous
impurities in H2, cyclic ability, safety, metallurgical fabrication of the
alloys in large scale, cost, and recycling.

Thermodynamic properties are obtained by measuring volumetric
isotherms using a Sieverts apparatus; these are now commercially
available. Typically, we obtain isotherms at a constant temperature,
yielding the H/M ratio and wt.% H. As the alloy starts to absorb
hydrogen, a solid solution region is observed, called the α-phase. As
more hydrogen is absorbed, the α→β phase transition occurs, giving the
hydride phase in the plateau region. A schematic of this is shown in
Figure 3; the x- and y-axes represent the hydrogen/metal ratio and
pressure, respectively. Next, we measure many isotherms at different
temperatures and obtain mid-plateau pressures. One generally observes
hysteresis in the isotherms between desorption/absorption. Plotting
ln P vs. 1/T(K) yields the van′t Hoff plot, and the slope of the van′t Hoff
line gives ΔH/R. The enthalpy of formation is given by (-ΔH/R). The
desired properties of the hydrides are estimated by creating a window
of operation, f(p,T). van′t Hoff plots for many of the important hydrides
are shown in Figure 4; these will be discussed later in the following
sections. The α→β phase transition for AB5 materials is described by the
equations given below:
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Here, M = metal or alloy (ex: LaNi5), which first forms a solid solution
phase with hydrogen, MHy, designated as the α-phase. Then, this
α-phase forms a hydride, MHx. In the case of LaNi5 (Aldrich Prod.
No. 685933), the LaNi5-H phase forms first and then the LaNi5H7 forms.

There is only a solid solution region beyond a certain temperature
(Tcritical). The most important metal hydrides include several rare earth
materials, which are listed in Table 1.3,4
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of hydriding.18
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Figure 4. A compilation of the van’t Hoff plots of selected elemental, classical, and
complex hydrides. The boxed area represents the desired temperature and pressure
range of operation for vehicular applications.2,12,13,14,18

As will be discussed later, there are many substituted compounds that
effect thermodynamic properties. Some simple examples of cycling
effects from our work on substituted LaNi5 show significant dispro-
portionation after 10,000 cycles (~1 h each) suggesting loss of hydriding
properties (Figure 5). Simple Ni-site substitutions with small amounts of
Sn improved cycle life significantly; even after 10,000 cycles there is no
significant loss in hydrogen capacity in LaNi4.8Sn0.2 (Figure 6). Further
details on thermal cycling and aging of substituted LaNi5 alloys can be
found in Lambert et al.,15 Chandra et al.,16 and Percheron-Guegan et al.17

The knowledge of long-term cycling and thermal aging behavior of
hydrides is essential to evaluate the hydrogen storage performance over
a period of time. Thus, proper substitution of A or B in AB5 or AB2 can
enhance cycle life, corrosion resistance properties, hysteresis, and
electrochemical properties. Optimal stoichiometry battery alloys will be
discussed in the following sections.

49For questions, product data, or new product suggestions, contact Aldrich Materials Science at matsci@sial.com.
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Crystal Structures of Battery Materials
Important properties for the MH battery are durability/cycle life,
hydrogen capacity, and charge/discharge efficiency. From this stand-
point, rare earth AB5 and AB2 metal hydrides are most desirable for long-
range use in plug-in-hybrid-electric vehicle (PHEV) and electric vehicle
(EV) applications. These are referred to as NiMH batteries and operate
around ambient temperature. For example, the Toyota™ Prius (II-V
models) use sealed NiMH batteries, which are estimated to have a
150,000 mile battery life based on the manufacturer′s laboratory bench
testing.19 With further developments in the cycle life and energy
densities of NiMH batteries, the upcoming electric vehicles may use
these reliable high energy density batteries. These types of hydrides are
now called “Classical Hydrides,” but they have remarkable battery
properties that are achieved by micro-alloying both A and B
components, increasing the electrochemical and cycle life of
the batteries.

Crystal Structure of AB5 and AB2 Hydride Materials

The crystal structures for the AB5 and AB2 compounds are listed in
Table 2. The AB5 compounds are line intermetallic compounds. AB2 are
intermetallic or intermediate compounds (with a small homogeneity
range of compositions) and may not have the exact 1:2 stoichiometric
composition.

Structure of AB5 Compounds

Many NiMH batteries are made out of AB5-type structure materials. The
main base alloy materials are LaNi5 and MmNi5 (mischmetal-nickel alloy,
Aldrich Prod. No. 685976), and the A and B components are invariably
substituted in these materials to improve properties. The model
compound, LaNi5, has a hexagonal crystal structure, Strukturbericht D2d
(CaCu5-type, P6/mmm, a = 5.0228 Å, and c = 3.9826 Å). In the LaNi5
structure, there is one site for La (1a site) and two different sites for Ni.
The first Ni-site (2c site) is surrounded by La atoms and the other Ni-site
(3g site) is located in the middle layer of the hexagonal structure with
only Ni atoms. In many cases there is excess Ni (e.g., LaNi5.2) and this
varies the c/a ratio.20 The structures of both the intermetallic LaNi5 and
the hydride are shown in Figure 7.20-22

a a

c

La
Ni 2c

Ni 3g

La H

Ni 2b Ni 6c

Figure 7. Crystal structure LaNi5
20,21 and LaNi5H7.

22

The hydride is LaNi5H7, which is generally ordered and is a line
compound. Latriuge reported the structure to be a hexagonal double
cell with a space group P63mc, a = 5.409 Å, and c = 8.6 Å.21,22 Joubert
et al.,23 Thompson, Reilly and Hasting,24 and many other groups have
also reported this structure.

Practical battery materials are based on the AB5 model. In one of the
optimum commercial alloys, the A-site of LaNi5 is substituted with
mischmetal (Mm), which is a mixture of many elements ranging from
atomic number 51 to 71. The B-site is substituted with Co-Al-Mn.
Manufacturers of batteries have their variation of substitutions that are
proprietary, but some promising alloys are listed in Table 2 (Nos. 1
through 8). The alloy MmNi3.5Co0.7Al0.8 (shown in Figure 4 and Table 2)
appears to be appropriate for battery properties and has the highest raw
materials cost normalized to reversible capacity. Due to cost and other
considerations, Co is not very desirable but is alloyed in small quantities
for corrosion resistance.
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Table 2. Selected classical hydrides with their hydrogen capacities and plateau pressures (Prices basis: mid-1996).3,4,8

No. Type Selected Hydride
Temperature (K)
@ 1 atm. pH2 (des.)

pH2  (des.)
(atm.) @ 298K

Wt.%
Hyd.

Density
(g/cc)

ΔH °
kJ/mol

ΔS °
kJ/mol.K

Raw Materials Cost 
$/kg / $/gH

1 AB
5

MmNi
5

217 23 1.46 8.6 21.1 0.097 7.94/0.64

2 AB
5

MmNi
4.1

5Fe
0.85

241 11.2 1.14 8.1 25.3 0.105 7.12/0.79

3 AB
5

MmNi
4.5

Al
0.5

267 3.8 1.20 8.1 28.0 0.105 7.17/0.79

4 AB
5

LaNi
5

285 1.8 1.49 8.3 30.8 0.18 9.87/0.77

5 AB
5

LaNi
4.8

Sn
0.2

312 0.5 1.40 8.4 32.8 0.105 9.69/0.78

6 AB
5

CaNi
5

316 0.5 1.87 6.6 31.9 0.101 7.56/0.76

7 AB
5

MmNi
3.5

Co
0.7

Al
0.8

346 0.11 1.24 7.6 39.8 0.115 13.25/2.50

8 AB
5

LaNi
4.25

Al
0.75

377 0.024 1.13 7.6 44.1 0.117 9.68/1.24

9 AB
2

TiCr
1.8

182 182 2.43 6 20.1 0.111 8.64/1.02

10 AB
2

TiZr
0.02

V
0.43

Fe
0.09

Cr
0.05

Mn
01.5

245 11 1.90 5.8 27.4 0.122 4.82/0.37

11 AB
2

TiMn
1.5

252 8.4 1.86 6.4 28.7 0.114 4.99/0.44

12 AB
2

ZrFe
1.5

Cr
0.5

263 4 1.50 7.6 25.6 0.097 10.90/1.21

13 AB
2

TiMn
1.4

V
0.62

268 3.6 2.15 5.8 28.6 0.016 29.40/2.67

14 AB
2

ZrMn
2

440 0.0001 1.77 7.4 53.2 0.121 11.29/1.25

15 A
2
B Mg

2
NiH

4
528 0.00001 3.60 - 43.2 0.14 6.26/0.19

16 AB TiFe 265 4.1 1.86 6.5 28.1 0.106 4.68/0.31

17 AB TiFe
0.85

Mn
0.15

276 2.6 1.90 6.5 29.5 0.107 4.83/0.32

18 AB TiFe
0.8

Ni
0.2

346 0.1 1.30 6.5 41.2 0.119 5.5/0.68

19 SS* (V
0.9

Ti
0.1

)
0.95

Fe
0.05

309 0.5 3.70 6.0 43.2 0.140 10.63/0.59

Structure of AB2 Compounds

Materials of the AB2-type are generally Laves phase structures
(Strukturbericht C14 and C15). This is another class of NiMH batteries;
some important materials are listed in Table 2 (Nos. 8 through 14). These
materials also charge/discharge at near ambient temperatures like the
AB5 hydrides. The C14 materials may have cubic, orthorhombic, or
hexagonal structures. Figure 8 shows two types of common structures
for C14 and C15 phases. An important example of C14 is ZrMn2, which
has a hexagonal structure with Z = 4 (ZrMn2/formula unit) in the unit
cell and is used for gas separation applications. The C15 structure of AB2
has Z = 8/formula unit in the unit cell, as seen in ZrV2-type materials;
Yvon reported that H atoms occupy the A2B2 tetrahedral interstices.27

Examples of AB2 compounds include GdMn2, HfV2, CeNi2, and TiCr1.8.

A) B)

A-atom
B-atom

a a

c

origin

Figure 8. (A) One of the structures of the C14 Laves phases25 and (B) one of the
structures of the C15 Laves phases.26

In this AB2 case, the common elements for A are Ti, Zr, Hf, and other rare
earths (excluding Lu). Common B-site elements are Cr, V, Fe, and Mn.
Many substitutions may be made for A and B to improve battery
performance. Daimler Benz developed TiZr0.02V0.43Fe0.09Cr0.05Mn01.5
(Table 2, No. 10, Aldrich Prod. No. 685941), a commercial alloy that has
a reasonable price.28

The third class of materials that may have potential in NiMH batteries are
AB hydrides. These generally have "CsCl"-type structures (Strukturbericht
B2, space group Pm-3m). Libowitz29 first reported ZrNi hydrides that
hydrided around 100 °C, and in 1974, Reilly30 developed an FeTi alloy
(Table 2, No. 17) that formed FeTiH and FeTiH1.5 and exhibited two
plateaus at 30 °C. Reilly31 also discovered TiFe0.7Mn0.2, which shows an
H/M = 1 at 40 °C, and, Sandrock32 developed TiFe1-y Aly (y = 0.04 to 0.10),
TiFe0.85Mn0.15, and TiFe0.8Ni0.2 (Table 2, Nos.17 and 18).32

Substitutions of A and B in AB5 and AB2 Compounds

The line compound hydrides are LaNi5, YNi5 (Aldrich Prod. No. 693928),
CeNi5, MmNi5, and others. The A and B components are generally
substituted to yield the most desirable properties. For example, the
isotherm properties are modified to give a desirable plateau pressure,
in some cases nearly two orders of magnitude near operating
temperature. The LaNi5 is a model compound that has a plateau
pressure of 1.5 atm; NdNi5, CeNi5, and others also have high plateau
pressures. A-site substitutions involve commercial mischmetal alloy
mixtures (La, Pr, Ce, Nd). In this case hysteresis is increased but the
hydrogen storage capacity is not reduced. Partial substitutions are also
possible, in compounds such as Mm1-xCaNi5, which yield reduced
plateau pressures as well as hysteresis. B-site substitutions of Ni with Pt,
Cu, and others have not led to useful compounds. Partial substitution of
the B-site, on the other hand, has led to many changes in
thermodynamic properties. For battery applications, it is important that
there is minimum volume change during hydriding/dehydriding; it was
shown that addition of Co reduces volumetric change. Sakai reported
that fully substituted MmNi5, used in battery electrode applications, has
some Co content to improve electrode life.37 There are other patents
and citations that have not been included in this review for brevity. The
commercial B-substituted MmNi5 alloys containing Co, Al, and Mn
exhibit plateau pressures below 1 bar and good corrosion resistance. It is
suggested that the commercial electrode alloy composition is
approximately MmNi3.5Co0.8Mn0.4Al0.3. This alloy has great commercial
value for battery applications as well as other hydrogen storage alloys
for fuel cell and other stationary hydrogen storage applications. Partial
B-site substitutions with Sn, Mn, In, and Si have also yielded superior
performing hydrides. The most interesting ones that produced the
optimum hydriding properties are Al and Sn. The well-known LaNi4.5Al0.5
has been used for Tritum applications. An example of single B-element
substitution is shown for LaNi5.2 and LaNi4.8Sn0.2 (Figures 5 and 6). It can
be seen that thermal cycle life is profoundly affected by changes in
alloying element. Bowman improved the properties of these alloys,
which have been used for heat pumps in space applications.33 In
addition, it was found that cycle life improvements are possible with
these substitutions.34 Rare earths are also substituted in AB2 compounds;
compounds such as MmMnAl, LaMnAl, TiZr0.02V0.43Fe0.09Cr0.05Mn01.5, and
TiMn1.4V0.62 are equally important for our applications. Sandrock and
Goodell also performed ambient pressure cycling on Fe0.85Mn0.15Ti0.5
and showed the effect of gas impurities upon cycling.35
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Electrochemical Reactions in
NiMH Batteries
A schematic of a NiMH battery is shown in Figure 9, where the metal
hydride is the negative electrode, NiO(OH)/Ni(OH)2 is the positive
electrode, and KOH is the electrolyte. On the positive side, the Ni(OH)2
electrode oxidizes to NiO(OH) during charging and reduces back to
Ni(OH)2 during discharging. At the negative electrode, the metal hydride
reduces to the alloy during discharge. The charge-discharge redox
equations are also shown in Figure 9. It should be noted that there is no
precipitation mechanism in this type of battery, as seen in Ni/Cd and
others; the charge/discharge mechanism proceeds via proton transfer
between Ni hydroxide and the metal hydride.

Over the years, these AB5 compounds have been optimized for long
cycle life, structural integrity, corrosion resistance, and low cost. It should
be noted that substitution of AB5 or AB2 hydrides has a profound effect
on the hydride properties, which have been optimized by battery
manufacturers. The decrepitation of AB5 electrodes was improved by
addition of Co, Mn, and Al to LaNi5 (Aldrich Prod. No. 685968).
Koriyama reported the electrochemical durability of the electrodes due
to substitution of various elements in LaNi5 electrode, and these are
listed in Table 3.36
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Figure 9. Charge-discharge mechanism in a NiMH battery.36

Typically, Mm(Ni,Co,Mn,Al)5 powders or closely related compositions are
used for batteries. The driving range for Mitsubishi® Libero EV has been
established at 220 miles at 28 kwH battery storage energy based on
1999 report.3 The cycle life of NiMH batteries is generally >1,000 with
(practical) specific charge of 70-80 Wh/kg, although the theoretical
charges are in the range of 220 and 230 Wh/kg for AB5 and AB2,
respectively.37 For the MmNi3.6Al0.4Co0.7Mn0.3 alloy, the discharge
capacities of the alloy remain at 250 mAh/g with a nominal fading in
capacity (to the extent of ~20 mAh/g) after prolonged cycling. Studies
have also been performed on complex substituted alloys (from Sweden)

of MmNi5 [(La0.58Ce0.29Nd0.08Pr0.05) (Ni3.6Co0.7Mn0.3Al0.4)] that showed
improved activation and a high rate of discharge capacity by using
sintered hydride electrodes.38 Another example of cycle life of
LaNi4.7Al0.0.3 as compared to Mm0.95Ti0.05Co0.45Mn0.35Al0.15 is shown in
Figure 10.39 Another example of electrochemical cycling of
LaNi4.8Sn0.1+x showed that LaNi4.8Sn0.2 had better cyclic stability than the
off-stoichiometric alloys such as LaNi4.8Sn0.1 and LaNi4.8Sn0.4 (Figure 11).

Table 3. Effects of substitution of La in LaNi5-based alloy with other rare earths.37

Alloy
C(0),
mAh•g-1

C(100)/
C(0), %

LaNi5 371 45

LaNi2Co3 292 90

LaNi2Co2.9Al0.1 289 98

LaNi3.55Co0.75Mn0.4Al0.3 316 87

La0.8Ce0.2Ni3.55Co0.75Mn0.4Al0.3 327 93.6

La0.5Ce0.5Ni3.55Co0.75Mn0.4Al0.3 278 94.6

Mm(1)Ni3.55Co0.75Mn0.4Al0.3 283 92.2

Mm(2)Ni3.55Co0.75Mn0.4Al0.3 231 96.5

C(0): The capacity extrapolated to the 0th cycle, C(100): Capacity after 100 cycles.
Mm(1): Synthetic mishmetal [La:26%, Ce:52%, Nd:16%, Pr:6% (in atom%)]
Mm(2): Bastnasite (natural mishmetal) [La:18-28%, Ce:50-55%, Nd:12-18%, Pr:4-6%, and
others: <2% (in atom%)]
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Societal Impacts of the Use of
NiMH Batteries
NiMH hydride batteries are used in hybrid automobile batteries, electric
razors, toothbrushes, cameras, camcorders, mobile phones, pagers,
medical instruments/equipment, and numerous other applications.
Because Li-ion battery technology is developing at an accelerated rate,
development of NiMH battery materials must continue in order for this
technology to remain competitive. NiMH batteries, however, appear to
have slightly better life cycles than Li-ion batteries (Figure 2) on a
MJ/Wh basis. It should be noted that the 2010 Toyota™ Prius uses
Sanyo® Electric Co. NiMH batteries.

Metal hydrides have several other applications besides battery
technology. Among them is hydrogen storage for vehicular fuel cell
and internal combustion (IC) engine applications. These have great
environmental implications, as the hydrogen vehicles emit water rather
than CO2. Many companies have made prototype hydrogen/fuel cell
operated automobiles; Frank Lynch at HCI in Colorado developed metal
tanks in the 1970s for the operation of Caterpillar® tractors using these
hydrides. The main issue for practical modern automobiles is the
development of reliable light-weight hydrides that are reversible and
have approximately 10 wt.% H storage capacity. With additional
development and optimization, it is hoped that some of the battery
alloys listed in Table 2 may someday be used for this purpose.
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Rare Earth Metal Alloys for Hydrogen Storage and Battery Applications
For a complete list of available battery and hydrogen storage materials, visit Aldrich.com/energy

Name Composition Hydrogen Storage Capacity Prod. No.

Lanthanum-nickel alloy LaNi5 1.5-1.6 wt.% @25°C 685933-10G

Lanthanum-nickel-cobalt alloy La2Co1Ni9 1.4-1.5 wt.% @25°C 685968-10G

Mischmetal-nickel alloy (Ce, La, Nd, Pr)Ni5 1.5-1.6 wt.% @25°C 685976-10G

Yttrium-Nickel alloy YNi5 - 693928-5G

Zirconium-scandium-iron alloy Zr4Sc1Fe10 - 693804-1G

Rare Earth Metals
For a complete list of available rare earth materials, visit Aldrich.com/periodic

Metal Powders

Name Symbol Purity Physical Form Prod. No.

Cerium Ce 99.9% trace metals basis powder 263001-10G

Erbium Er 99.9% trace metals basis powder 263044-5G

Gadolinium Gd 99% trace metals basis powder 263060-5G

Lanthanum La 99.9% trace metals basis powder 263109-25G

Lutetium Lu 99.9% trace metals basis (Purity excludes ~2-3% Ta
inherent in manufacturing process)

powder 263125-1G

Neodymium Nd ≥99% trace metals basis powder 460877-10G

Praseodymium Pr 99.9% trace metals basis powder 263176-5G

Samarium Sm 99% trace metals basis (powder or filings) 261203-1G
261203-10G
261203-50G

Samarium Sm - powder 84433-10G
84433-50G

Scandium Sc 99.9% trace metals basis powder 261262-250MG
261262-1G

Thulium Tm 99.9% trace metals basis powder 263222-1G
263222-5G

Ytterbium Yb ≥99.9% trace metals basis powder 466069-2G

Ytterbium Yb 99.9% powder (under oil) 261297-2G
261297-10G

Yttrium Y 99.9% trace metals basis powder 261327-5G
261327-25G

Metal Foils

Name Symbol Purity Prod. No.

Dysprosium Dy 99.9%, metals basis (rare earth) 693707-1EA

Erbium Er 99.9%, metals basis (rare earth) 693685-1EA

Gadolinium Gd 99.9%, metals basis (rare earth) 693723-1EA

Holmium Ho 99.9%, metals basis (rare earth) 693693-1EA

Lanthanum La 99.9%, metals basis (rare earth) 694908-1EA

Lutetium Lu 99.9%, metals basis (rare earth) 693650-1EA

Neodymium Nd 99.9% (rare earth metals basis) 693758-1EA

Samarium Sm 99.9%, metals basis (rare earth) 693731-1EA

Terbium Tb 99.9% (rare earth metal basis) 693715-1EA

Thulium Tm 99.9%, metals basis (rare earth) 693677-1EA

Ytterbium Yb 99.9%, metals basis (rare earth) 693669-1EA

Yttrium Y 99.9%, metals basis (rare earth) 693642-1EA
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Bulk Metal Ingots and Chips

Name Symbol Purity Physical Form Prod. No.

Cerium Ce 99.9% trace metals basis chips
chunks

461210-50G

Cerium Ce 99.9% trace metals basis ingot 261041-25G
261041-100G

Dysprosium Dy ≥99.5% pieces (small) 44640-5G

Dysprosium Dy 99.9% trace metals basis chips 263028-5G
263028-25G

Dysprosium Dy 99.9% trace metals basis ingot 261076-10G
261076-50G

Erbium Er 99.9% trace metals basis chips 263052-10G

Erbium Er 99.9% trace metals basis ingot 261084-10G

Europium Eu 99.9% trace metals basis chips in mineral oil 457965-5G

Europium Eu 99.9% trace metals basis ingot 261092-1G

Gadolinium Gd 99.9% trace metals basis chips 263087-10G
263087-50G

Gadolinium Gd 99.99% (REM) ingot 691771-10G

Gadolinium Gd 99.9% trace metals basis ingot 261114-10G

Holmium Ho 99.9% trace metals basis chips 457957-5G

Lanthanum La 99.9% trace metals basis ingot (under oil) 261130-25G

Lanthanum La 99.9% trace metals basis pieces 263117-25G

Lutetium Lu 99.9% trace metals basis ingot 261149-1G

Neodymium Nd 99.9% trace metals basis chips 263141-25G
263141-100G

Neodymium Nd 99.9% trace metals basis ingot 261157-25G

Praseodymium Pr 99.9% trace metals basis ingot 261173-10G
261173-50G

Samarium Sm 99.9% trace metals basis chips 261211-10G

Samarium Sm 99.9% trace metals basis ingot 263184-10G
263184-50G

Scandium Sc 99.9% trace metals basis dendritic pieces 261246-250MG
261246-1G

Terbium Tb 99.9% trace metals basis chips 263206-1G
263206-5G

Thulium Tm 99.9% trace metals basis chips 262978-1G

Ytterbium Yb 99.9% trace metals basis chips 262986-5G

Ytterbium Yb 99.9% trace metals basis chunks 548804-5G

Ytterbium Yb 99.9% trace metals basis ingot 261300-5G

Yttrium Y 99.9% trace metals basis chips 262994-5G

Yttrium Y 99.9% trace metals basis dendritic pieces 451347-1G
451347-5G

Yttrium Y 99.9% trace metals basis ingot 261319-10G
261319-50G
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Rare Earth Oxides
For a complete list of available oxide materials, visit Aldrich.com/oxides

Bulk Metal Oxides

Name Formula Purity Physical Form Prod. No.

Cerium(IV) oxide CeO2 99.9% trace metals basis fused
pieces

342955-50G

Cerium(IV) oxide CeO2 99.995% trace metals basis powder 202975-10G
202975-50G

Cerium(IV) oxide CeO2 99.9% trace metals basis powder 211575-100G
211575-500G

Cerium(IV) oxide CeO2 90% powder 348341-100G

Cerium(IV) oxide CeO2 ≥99.0% solid 22390-100G-F
22390-500G-F

Dysprosium(III) oxide Dy2O3 ≥99.99% trace metals basis powder 203181-5G
203181-25G

Dysprosium(III) oxide Dy2O3 99.9% trace metals basis powder 289264-25G
289264-100G

Erbium(III) oxide Er2O3 ≥99.99% trace metals basis powder 203238-5G
203238-25G

Erbium(III) oxide Er2O3 99.9% trace metals basis powder 289248-25G

Europium(III) oxide Eu2O3 99.999% trace metals basis powder and chunks 323543-1G
323543-5G

Europium(III) oxide Eu2O3 99.99% trace metals basis powder 203262-5G
203262-25G

Europium(III) oxide Eu2O3 99.9% trace metals basis powder 289221-5G
289221-25G

Gadolinium(III) oxide Gd2O3 ≥99.99% trace metals basis powder 203297-5G

Gadolinium(III) oxide Gd2O3 99.9% trace metals basis powder 278513-25G
278513-100G

Holmium(III) oxide Ho2O3 ≥99.9% (rare earth content, expressed as Ho2O3) powder H9750-10G
H9750-50G

Holmium(III) oxide Ho2O3 99.999% trace metals basis powder 229679-1G
229679-10G

Lanthanum(III) oxide La2O3 99.999% trace metals basis powder 203556-100G

Lanthanum(III) oxide La2O3 99.99% trace metals basis powder 199923-100G
199923-500G

Lanthanum(III) oxide La2O3 ≥99.9% powder L4000-100G
L4000-250G
L4000-500G
L4000-1KG

Lanthanum(III) oxide La2O3 ≥99.9% trace metals basis powder 289205-50G
289205-250G

Lanthanum(III) oxide La2O3 99.98% (La) solid 61550-100G-F
61550-500G-F

Lutetium (III) oxide Lu2O3 99.99% trace metals basis powder 203661-5G

Lutetium (III) oxide Lu2O3 99.9% trace metals basis powder 289191-5G

Neodymium(III) oxide Nd2O3 99.99% powder 203858-10G
203858-50G

Neodymium(III) oxide Nd2O3 99.9% trace metals basis powder 228656-25G
228656-100G

Praseodymium(III) oxide Pr2O3 99.9% trace metals basis powder 558249-10G

Praseodymium(III,IV) oxide Pr6O11 99.999% trace metals basis powder 204145-2G
204145-10G

Praseodymium(III,IV) oxide Pr6O11 99.9% trace metals basis powder 205176-50G
205176-250G

Samarium(III) oxide Sm2O3 99.999% trace metals basis powder 394394-5G
394394-25G

Samarium(III) oxide Sm2O3 99.99% trace metals basis powder 392537-25G

Samarium(III) oxide Sm2O3 99.9% trace metals basis powder 228672-10G
228672-100G

Scandium(III) oxide Sc2O3 99.999% trace metals basis powder 294020-500MG
294020-5G

Scandium(III) oxide Sc2O3 99.9% trace metals basis powder 307874-1G
307874-5G
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Name Formula Purity Physical Form Prod. No.

Terbium(III) oxide Tb2O3 99.99% trace metals basis powder 590509-2G
590509-10G

Terbium(III,IV) oxide Tb4O7 99.999% trace metals basis powder 204579-2G

Terbium(III,IV) oxide Tb4O7 99.9% trace metals basis powder 253952-10G

Thulium(III) oxide Tm2O3 99.99% trace metals basis powder 204676-1G

Thulium(III) oxide Tm2O3 99.9% trace metals basis powder 289167-1G
289167-5G

Ytterbium(III) oxide Yb2O3 99.99% trace metals basis powder 204889-10G

Ytterbium(III) oxide Yb2O3 99.9% trace metals basis powder 246999-10G
246999-50G

Yttrium(III) oxide Y2O3 99.999% trace metals basis powder 204927-10G
204927-50G

Yttrium(III) oxide Y2O3 99.99% trace metals basis powder 205168-10G
205168-50G
205168-250G
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Oxide Nanomaterials

Name Formula Description Form Prod. No.

Aluminum cerium oxide AlCeO3 99% trace metals basis, particle size <50 nm (BET) nanopowder 637866-10G
637866-50G

Cerium(IV) oxide CeO2 particle size <25 nm (BET) nanopowder 544841-5G
544841-25G

Cerium(IV) oxide CeO2 >99.95% trace metals basis, particle size <50 nm (BET) nanopowder 700290-25G
700290-100G

Cerium(IV) oxide-calcium
doped

- particle size <100 nm nanopowder 572403-25G

Cerium(IV) oxide, dispersion CeO2 avg. part. size 10 - 20 μm dispersion 289744-100G
289744-500G

Cerium(IV) oxide, dispersion CeO2 particle size <25 nm dispersion
nanoparticles

643009-100ML
643009-250ML

Cerium(IV)-zirconium(IV) oxide (CeO2)·(ZrO2) 99.0% trace metals basis, particle size <50 nm (BET) nanopowder 634174-25G
634174-100G

Dysprosium(III) oxide Dy2O3 ≥99.9% trace metals basis, particle size <100 nm (BET) nanopowder 637289-25G

Dysprosium(III) oxide, disper-
sion

Dy2O3 ≥99.9% trace metals basis, particle size <100 nm (BET)
particle size <50 nm (XRD)

dispersion 639664-25ML

Erbium(III) oxide Er2O3 ≥99.9% trace metals basis, particle size <100 nm (BET) nanopowder 637343-10G
637343-50G

Europium(III) oxide Eu2O3 99.5% trace metals basis, particle size <150 nm (TEM) nanopowder 634298-25G

Gadolinium(III) oxide Gd2O3 99.8% trace metals basis, particle size <50 nm (XRD)
particle size <100 nm (BET)

nanopowder 637335-10G
637335-50G

Holmium(III) oxide Ho2O3 ≥99.9% trace metals basis, particle size <100 nm (BET)
particle size <50 nm (XRD)

nanopowder 637327-10G
637327-50G

Lanthanum(III) oxide La2O3 99% trace metals basis, particle size <100 nm (TEM) nanopowder 634271-25G

Neodymium(III) oxide Nd2O3 99.9% trace metals basis, particle size <100 nm (BET) nanopowder 634611-5G
634611-50G

Nickel(II) oxide NiO 99.8% trace metals basis, particle size <50 nm (BET) nanopowder 637130-25G
637130-100G
637130-250G

Samarium(III) oxide Sm2O3 ≥99% trace metals basis, particle size <100 nm (BET) nanopowder 637319-10G

Terbium(III,IV) oxide Tb4O7 99.5% trace metals basis, particle size <50 nm (XRD)
particle size <100 nm (BET)

nanopowder 634255-25G

Ytterbium(III) oxide Yb2O3 ≥99.7% trace metals basis, particle size <100 nm (BET) nanopowder 637300-10G

Yttrium(III) oxide Y2O3 particle size <50 nm nanopowder 544892-25G

Yttrium(III) oxide, dispersion Y2O3 ≥99.9% trace metals basis, particle size <100 nm (BET)
particle size <50 nm (XRD)

nanoparticles 641901-100ML

Yttrium(III) oxide, dispersion Y2O3 ≥99.9% trace metals basis, <100 nm (DLS) dispersion
nanoparticles

702048-100G
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Solid Oxide Fuel Cell Materials
Fuel cells are battery-like systems that use hydrogen and oxygen to transform 
chemical energy into electricity. Similar to conventional batteries, fuel cells are 
composed of two electrodes (anode and cathode) and a conductive electrolyte. 
SOFCs are a distinct sub-class of fuel cell technology that operate at elevated 
temperatures (>773 K) and can potentially operate on carbon monoxide and 
hydrocarbons instead of solely hydrogen gas. Aldrich® Materials Science is 
pleased to offer a wide range of materials for use in SOFC applications.  e-

e-
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For detailed product information, view our technology spotlights at Aldrich.com/sofc

Solid Oxide Fuel Cell Electrolyte Materials
Name Additives Composition Prod. No.

Cerium(IV) oxide, praseodymium doped Praseodymium 20 mol% as dopant Ce0.8Pr0.2O2 729191

Cerium(IV) oxide-calcium doped Calcium 10 mol% as dopant Ce0.9Ca0.1O2 572403

Cerium(IV) oxide-gadolinium doped Gadolinium 20 mol% as dopant Ce0.8Gd0.2O2 572357

Cerium(IV) oxide-gadolinium doped Gadolinium 10 mol% as dopant Ce0.9Gd0.1O2 572330

Cerium(IV) oxide-samaria doped Samaria 15 mol% as dopant Ce0.85Sm0.15O2 572365

Cerium(IV) oxide-yttria doped Yttria 15 mol% as dopant Ce0.85Y0.15O2 572381

Zirconium(IV) oxide-yttria stabilized Yttria 0-10 mol% as stabilizer (ZrO2)1-x(Y2O3)x 544779

Zirconium(IV) oxide-yttria stabilized Yttria 3 mol% as stabilizer (ZrO2)0.97(Y2O3)0.03 572322

Zirconium(IV) oxide-yttria stabilized Yttria 8 mol% as stabilizer (ZrO2)0.92(Y2O3)0.08 572349

Zirconium(IV) oxide-yttria stabilized Yttria ~8 mol% as stabilizer (ZrO2)0.92(Y2O3)0.08 464228

Zirconium(IV) oxide-yttria stabilized Yttria ~5.3 mol% as stabilizer (ZrO2)0.947(Y2O3)0.053 464201

Solid Oxide Fuel Cell Electrode Materials
Name Description Composition Prod. No.

Lanthanum nickelate, strontium doped La1.6Sr0.4NiO4 729183

Lanthanum nickelate La2NiO4 729175

Lanthanum strontium cobalt ferrite,  
Cerium gadolinium oxide

LSCF/GDC composite cathode powder Ce0.9Gd0.1O2 50 wt.%, 
La0.6Sr0.4Co0.2Fe0.8O3 50 wt.% 

704253

Lanthanum strontium cobalt ferrite LSCF 6428 La0.6Sr0.4Co0.2Fe0.8O3 704288

Lanthanum strontium manganite LSM-35 La0.65Sr0.35MnO3 704261

Lanthanum strontium manganite LSM-20 La0.8Sr0.2MnO3 704296

Lanthanum strontium manganite,  
Cerium gadolinium oxide

LSM-20/GDC10 composite cathode powder Ce0.9Gd0.1O2 50 wt.%,  
La0.8Sr0.2MnO3 50 wt.% 

704237

Lanthanum strontium manganite LSM-20/YSZ composite cathode powder (Y2O3)0.08(ZrO2)0.92 50 wt.%, 
La0.8Sr0.2MnO3 50 wt.% 

704245

Nickel oxide - Cerium samarium oxide NiO/SDC for coatings (CeO2-Sm2O3) 40 wt.%,  
NiO 60 wt.% 

704210

Nickel oxide - Yttria-stabilized zirconia NiO/YSZ general applications NiO 60 wt.%,  
Y2O3-ZrO2 40 wt.% 

704229

Nickel oxide - Yttria-stabilized zirconia NiO/YSZ for coatings (Y2O3-ZrO2) 34 wt.%,   
NiO 66 wt.% 

704202
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Free Fax: 1800 800 096 
Tel: (+61) 2 9841 0555 
Fax: (+61) 2 9841 0500

Austria
Tel: (+43) 1 605 81 10 
Fax: (+43) 1 605 81 20

Belgium
Free Tel: 0800 14747 
Free Fax: 0800 14745 
Tel: (+32) 3 899 13 01 
Fax: (+32) 3 899 13 11

Brazil
Free Tel: 0800 701 7425 
Tel: (+55) 11 3732 3100 
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