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The National Nanotechnology Initiative has motivated substantial growth in
nanoscience and nanotechnology research in the United States and beyond. One of the central
goals of the National Nanotechnology Initiative is the development and education of future
generations of nanoscience researchers. This Nano Focus provides a brief history of nanoscience
education, including curricula that have been implemented successfully into secondary and
college institutions, as described in the symposium “Integrating Nanoscience into the College
and High School Classroom” at the 237th American Chemical Society National Meeting in March

2009.
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anoscience education is still in its

infancy, and unlike other areas of

science education, the under-
standing and research on how to teach the
core ideas of nanoscience and nanotechnol-
ogy are still emerging. The area of nano-
science and nanotechnology education
took on greater importance with the incep-
tion of the National Nanotechnology Initia-
tive (NNI) in 2001. With the NNI came the
commitment from the United States to be
a world leader in nanoscale science and en-
gineering research. To meet this goal, it
will be imperative to develop a strong pipe-
line of nanoscale researchers. One of the

One of the central missions of
the National Nanotechnology
Initiative is to “develop and
sustain educational resources,
a skilled workforce, and the
supporting infrastructure and
tools to advance

nanotechnology”.
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central missions of the NNI is to “develop
and sustain educational resources, a skilled
workforce, and the supporting infrastruc-
ture and tools to advance nanotechnolo-
gy”." The NNI provides considerable fund-
ing to support the development of
nanoscience education materials as well as
research into how students best learn nano-
science concepts. We are now building the
knowledge base to propel nanoscience
education forward. In this Nano Focus, a
brief history of the growth of nanoscience
education will be presented, as well as high-
lights of several nanoscience education
projects as presented at the “Integrating
Nanoscience into the College and High
School Classroom” symposium at the 237th
American Chemical Society National Meet-
ing held March 2009.2

The Need for Nanoscience Education. Accord-
ing to Mihail C. Roco, the senior advisor for
Nanotechnology at the National Science
Foundation (NSF), “a key challenge for nan-
otechnology is the education and training
of a new generation of skilled workers”.® He
estimates that by 2015 there will be a need
for a workforce of approximately 2 million
scientists and researchers in nanoscience.?
To meet these needs and prepare the next
generation of leaders in nanotechnology,
education must be a priority. To address the
issues of education, a sizable portion of the
NNI budget has gone to support programs
that promote nanoscience education. The
2009 NNI budget provides funding of $40.7
million toward nanoscience education,
most of which is available through educa-
tion programs supported by the NSF (Fig-
ure 1).* These funds support a variety of
nanoscience projects ranging from the
Nanoscale Informal Science Education Net-
work (NISE Net), a network of science muse-
ums with the common goal of promoting
informal nanoscience education projects,
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Planned 2009 Agency Investments by Program Component Area
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Figure 1. The 2009 NNI budget listed by program category and funding agency. Reproduced from ref 4. Public domain work for domes-

tic uses in the U.S.

tothe National Center for Learning and
Teaching in Nanoscale Science and En-
gineering, a national center to support
all aspects of learning and teaching of
nanoscience and engineering.

National Center for Learning and Teaching
in Nanoscale Science and Engineering. Since
the late 1990s there has been consider-
able growth in interest in nanoscience
education by education and science re-
searchers. The first article in the Journal
of Chemical Education that includes nan-
otechnology as a topic appeared in
1995.% For the seven-year period from
1995 to 2001 there were a total of 28 ar-
ticles published in Journal of Chemical
Education with a topic of nanotechnol-
ogy; over roughly the next seven years

Figure 2. The “Big Ideas” in nanoscience
for grades 7—12 based on the National
Center for Learning and Teaching in Nano-
scale Science and Engineering.”
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there were 94 nanotechnology articles
published in the same journal, an in-
crease greater than 3-fold. To help the
discipline move forward, the NSF estab-
lished The National Center for Learning
and Teaching in Nanoscale Science and
Engineering (NCLT) in 2004 under the
direction of Professor Robert Chang of
Northwestern University. The multi-
institution NCLT is divided into five core
areas: °

1. Learning Research,

2. Nano Concept, Course, and Learning
Technology Development,

3. Professional Development,

4. Resource Dissemination, Networking
and Community Building, and

5. Evaluation and Assessment.

The work of the NCLT has been in-
strumental in helping to build and
guide a community of nanoscience
educators, particularly at the
7th—16th grade range. Through an-
nual workshops, weekly web semi-
nars, and teacher professional devel-
opment programs, the NCLT has
helped to define learning goals for
nanoscience education (Figures 2 and
3).” These goals serve as a framework
for development of nanoscience

VOL.3 =

education lessons at the secondary
and college education levels.
Integrating Nanoscience into the High
School Classroom. The idea of integrating
what is perceived by many secondary
educators to be a new science into the
secondary school classroom is a difficult
task. Where do educators and curricu-
lum developers begin? From a teaching
and curriculum perspective, should
nanoscience be considered a new disci-
pline, or can it be spread throughout
the secondary science education cur-
riculum based on its interdisciplinary
nature? As nanoscience researchers, we
understand nanoscience as an interdis-
ciplinary field that is at the interface of
different scientific and engineering dis-

Big Ideas in Nanoscale Science: Grades 13-16

1. Size and Scale

2. Size Dependent Properties

3. Tools & Instrumentation/
Characterization

. Models & Simulations

. Surface-Dominated Behavior

. Societal Impact/Public Education

. Self-Assembly

. Surface-to-Volume Ratio

9. Quantum Mechanics

0 N UL b

Figure 3. The Big Ideas in nanoscience for grades
13—16 based on the National Center for Learning
and Teaching in Nanoscale Science and Engineer-

ing.”
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Transitional Concept

range of e

Flow from Standard to Transitional
Concept to Big Idea

Standard: Physical Science, Motion and Forces Grades 9-12

“The electric force is a universal force that exists between any two
charged objects. Opposite charges attract while like charges repel.”

—excerpt National Science Education Standards, page 180

v “The attractive intermolecular forces between and within molecules
cause the gecko to adhere to a vertical surface.”
—derived from NanoLeap Physical Science Module Objective, Lesson 8

Big Idea in Nanoscience: Electrical Forces
“All interactions can be described by multiple types of forces, but the
relative imract of these forces changes with scale. On the nanoscale, a
ectrical forces with varying strength tends to dominate
the interactions between objects.”
— excerpt from Big /deas of Nanoscience, page 28

Nanol-€ap

Figure 4. Example of how the concept of intermolecular forces as used in the NanoLeap
unit of Physical Science can be used to connect standard core concepts to one of the Big
Ideas in Nanoscience. Reproduced with permission from ref 10. Copyright 2008, Midconti-

nent Research for Education and Learning.

ciplines. We can build on these connec-
tions to make interesting and ground-
breaking discoveries. Yet, for a high
school teacher, these connections are
not always as apparent and require well-
designed curricula and professional de-
velopment to help bridge the connec-
tions and make integration into their
classrooms a less daunting task.

A number of nanoscience education
projects are designed to enable success-
ful integration of nanoscience into the
secondary classroom. A brief descrip-
tion and outcomes of some of the
projects presented at the “Integrating
Nanoscience into the College and High
School Classroom” symposium at the

Should nanoscience be
considered a new
discipline, or can it be
spread throughout the
secondary science
education curriculum
based on its

interdisciplinary nature?

237th national meeting of the Ameri-
can Chemical Society in March 2009 are
presented below.

In 2004, the NSF funded two large-
scale 7th—12th grade curriculum de-
velopment projects, NanoLeap® and
NanoSense.® Each of these projects
had the goal of developing, imple-
menting, and evaluating nanoscale
science and engineering content for
the secondary school STEM curricu-
lum. The NanoLeap project, under the
direction of John Ristvey at the Mid-
Continent Research for Education and
Learning, had two goals related to
the development of two 3-week com-
prehensive STEM lessons to replace
existing classroom lessons.®

+ To explore where nanoscale science,
technology, engineering, and math-
ematics concepts can fit into high
school physical science and chemistry
classes in a manner that supports stu-
dents in learning core science
concepts.

To determine a viable approach for in-
structional materials development in
the areas of nanoscale science, tech-
nology, engineering, and mathema-
tics.

The NanolLeap team’s approach to de-
velopment was to design their lessons
to meet four desired student outcomes.

A‘“t\i/al\\@) VOL.3 = NO.4 = GREENBERG

1. Outcome no. 1: support inquiry-based
teaching and learning.

2. Outcome no. 2: increase levels of in-
terest and engagement in learning
science.

3. Outcome no. 3: increase understand-
ing of core science concepts.

4. Outcome no. 4: increase understand-
ing of nanoscale science, technol-
ogy, engineering, and mathematics
concepts, applications, and careers.

During the development process the
NanoLeap team worked with 16 middle
and high school teachers who assisted
with content development and pilot
testing of the two units. The project de-
liverables included units on physical sci-
ence and chemistry.

1. Exploring the Mystery of the
Gecko—Physical Science “What fac-
tors affect force measurements be-
tween interacting surfaces?”

2. Nanoscale Materials and their
Properties—Chemistry “How and why
do the chemical and physical proper-
ties of nanosamples differ from those
of macrosamples of the same
substance?”

The NanoLeap curriculum units were
designed to include transitional con-
cepts that connect core science con-
cepts as found in the National Science
Education Standards and those as de-
fined in the Big Ideas in Nanoscience
(Figures 4 and 5). Evaluation of the
NanoLeap project found that the cur-
riculum that was developed was suc-
cessful with meeting outcomes 1, 3, and
4 with large increases in outcomes 3
and 4 and no statistically significant in-
crease in outcome 2.'°

The NanoSense project, under the
direction of Patty Schank and Tina
Stafford at SRI International, builds on
the success of their ChemSense

Figure 5. Schematic showing how the
NanoLeap curriculum bridges the gap be-
tween core learning concepts and Big Ideas
in Nanoscience. Reproduced with permis-
sion from ref 10. Copyright 2009, Midconti-
nent Research for Education and Learning.

Core Transitional

www.acsnano.org
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Figure 6. Size and Scale poster developed as part of the NanoSense project. The poster connects objects, tools, models, and forces to
different length scales. Reproduced with permission from ref 12. Copyright 2007, SRI International.

project."’ The SRI team developed four  riculum”.'? The constructivist lessons general the students had a difficult

curriculum units for incorporation into  are centered around exciting applica- time providing the underlying scientific

the 7th—12th grade classroom.” tions to hook students. principles that lead to properties at the
Classroom evaluation of the nanoscale."® More general conclusions

+ Size Matters (size and scale)

« Clear Sunscreen (nanoparticles)
+ Clean Energy (nanosolar cells)

« Fine Filters (nanofiltration)

NanoSense units showed that students  from the NanoSense evaluation in-
were able to learn simple nanoscience  cluded the difficulty teachers experi-
and engineering concepts, such as nam-  enced in implementing enough nano-

ing properties that changed at the scale science and technology material
Unlike the NanoLeap project, the units ~ nanoscale (Figure 6), using correct vo- to produce deep understanding of
developed by the NanoSense team cabulary when describing the nano- nanoscience concepts. For instance, it
were designed “to integrate in an op- scale, and providing superficial descrip-  was not possible for students to learn

portunistic manner with the regular cur-  tions of nanotechnology applications.In  nanoscience concepts without a firm
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understanding of the model of the
atom, fundamental particles, and small

clusters of ionic compounds, and finally

students did not understand the domi-
nant forces at different size scales.’
Professional Development for 7th—12th
Grade Teachers. To integrate any new cur-
riculum into a middle and secondary
school classroom effectively, it must be
embraced by the science teachers at
those grade levels. Teachers must feel
confident in their understanding of the
content areas that they are to teach to
their students. Nanoscience provides a

challenge for teachers as many of them
have not encountered nanoscience con-
cepts in their science coursework. Effec-

tive teacher professional development
programs for inclusion of nanoscience
into the curriculum are paramount. A

number of current projects focus on de-

veloping and evaluating innovative
nanoscience professional development
programs for teachers, several of which
are outlined below.

One of the core areas of the NCLT is
professional teacher development pro-
grams for teachers. The NCLT has five
major goals of their professional devel-
opment activities:'*

Effective teacher
professional development
programs for inclusion of
nanoscience into the

curriculum are paramount.

Figure 7. (A) Picture of an inexpensive working model of a scanning tunneling microscope (STM). The model
was developed for the University of Wisconsin-Madison Nanoscale Science and Engineering Center by May-
nard Morin. (B) A sample of a surface made of a CD case and plastic eggs that is analyzed with the model

STM. (C) The output of the analysis of surface in from the model STM. Photos courtesy of The Nanoscale Sci-
ence and Engineering Center at the University of Wisconsin-Madison.

+ provide secondary science teachers
with enhanced content knowledge of
nanoscale science and engineering
(NSE) concepts

introduce teachers to inquiry-based
methods for teaching NSE

provide secondary teachers with NSE
lessons applicable to their classrooms
assist teachers in developing and inte-
grating their own NSE lessons
enhance teachers’ awareness of the
interdisciplinary nature of NSE

To help meet these goals the NCLT
hosts annual intense two-week sum-
mer institutes for teachers. During their
two-week experiences, teachers per-
form nanoscience lessons, attend semi-
nars from nanoscience researchers, and
participate in relevant nanoscience ex-
periments. As a capstone to their two-
week experiences, the teachers develop
a nanoscience lesson for inclusion in
their classrooms. During the following
school year, participating teachers re-
ceive follow-up with NCLT professional
developers in the form of classroom ob-
servations, focus groups with other par-
ticipating teachers, and weekend inter-
views. An evaluation of the 2007 cohort
of 12 teachers found that teachers were
more likely to develop a lesson related
to topics already taught in their class-
rooms. In the 2007 cohort 5 of the 12
lessons designed were on the topic of
intermolecular forces. Several themes
emerged from the evaluations of the
2007 cohort as to what limited the inte-
gration of nanoscience lessons into
classrooms.'® Teachers were less likely
to implement a nanoscience lesson if
they found the material to be of little
relevance to course content or if the
teacher did not feel she/he had a strong

WTANY ] ;
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enough background in
nanoscience content. In
some cases, the curriculum
their school district used
was inflexible to addition of
new material. Some teach-
ers noted a lack of student
interest in the topic and in-
sufficient staff support for
proper implementation of
nanoscience lessons in their
classrooms, all of which con-
tributed to low levels of
integration.

The Online Nanoscience Course for
Teachers is a novel professorial develop-
ment project originating at the Univer-
sity of Wisconsin-Madison and now con-
tinued at Central Michigan University.
Designed by Janice Hall Tomasik as a
graduate student with the University of
Wisconsin-Madison Nanoscale Science
and Engineering Center and Institute for
Chemical Education, the innovative
course was developed with the goal of
building a virtual community of nano-
science educators.'> Teachers from
around the country participate in the
eight-week distance-learning course,
which includes weekly online chats be-
tween nanoscience researchers and
educators about current nanoscience
research topics. The teachers learn
about topics ranging from “Properties
of Nanomaterials” to “Societal Impacts
of Nanotechnology”. Throughout the
course, teachers use the knowledge
they gain to develop a new nanoscience
lesson for use in their classroom. One
of the highlighted lessons developed
was a creative usable model of a scan-
ning tunneling microscope (STM) devel-
oped by Massachusetts high school
teacher Maynard Morin (Figure 7).

The Center for Biological and Envi-
ronmental Nanotechnology (CBEN) at
Rice University has developed and
taught a graduate course for teachers
that uses virtual laboratory tours as a
means to teach current trends in nano-
science research.'® The simple but effec-
tive videos feature CBEN graduate stu-
dent and postdoctoral researchers
discussing and demonstrating their re-
search. Throughout the course, teachers
use the videos to supplement more tra-
ditional classroom formats. At the end

www.acsnano.org
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Figure 8. (A) Image of the setup developed by Nicholas Fang at University of lllinois, Urbana—Champaign for 3D printing using nanos-

cale optical imaging. (B) Cost effective model developed by Joseph Muskin for use in college and high school classrooms. (C) Samples of

3D objects that can be made using the apparatus shown in part B with a UV active polymer. Photo used in part A courtesy of Professor

Nicholas Fang/University of lllinois, Urbana—Champaign. Graphic used in part B and photo used in part C courtesy of Joseph Muskin/Uni-

versity of lllinois, Urbana—Champaign.

of the course, each teacher develops a
nanoscience lesson to take back to their
classroom.

Integrating Nanoscience into the College
Classroom. The nature of the college class-
room makes for easier integration of
nanoscience concepts than the second-
ary classroom. Undergraduate students
have a greater scientific understanding
compared to high school students, and,
in most cases, college course instruc-
tors are better pre-
pared to teach the un-
derlying scientific
concepts than their
secondary school coun-
terparts. The explosion
of discoveries at the
nanoscale has led to
considerable impact on
the undergraduate
chemistry curriculum.
A quick search of the
recent chemical educa-
tion literature finds pa-
pers on individual labo-
ratory exercises that
are integrated in chem-

www.acsnano.org

istry courses'” to whole courses on
nanoscience.'® Below are descriptions
of some of the exciting nanoscience
laboratories developed based on cur-
rent nanoscience research and a course
that utilizes the current nanoscience lit-
erature to teach students basic chemis-
try concepts.

Research on three-dimensional (3D)
printing at the nanoscale at the Center
for Nanoscale Chemical —Electrical—

Mechanical Manufacturing Systems at
the University of lllinois-Urbana—
Champaign (UIUC) has led to a novel in-
expensive laboratory suitable for use in
college and high school classrooms. The
lesson, developed by Joseph Muskin, is
based on the work of UIUC professor
Nicholas Fang. Fang's research focuses
on the development of a 3D printing
process using nanoscale optical imag-
ing with a photoactive polymer to make

Figure 9. (A) Students in Chemistry 150: Nanochemistry at Beloit College synthesizing nanoparticles. (B) Stu-
dents in Chemistry 150: Nanochemistry at Beloit College preparing a presentation on a current nanoscience
research topic. Photos courtesy of George Lisensky/Beloit College.
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3D structures.'® The cost of his labora-
tory setup for the printing process is ap-
proximately $500,000 (Figure 8), far
more than a typical undergraduate
laboratory can afford. To mimic the pro-
cess, Joseph Muskin developed a por-
table system that utilizes a computer
projector, simple computer drawings,
and an easy to build elevator system
(Figure 8). Using a photosensitive
monomer and a UV light absorber,
Muskin and colleagues can produce in-
tricate 3D structures and accurately
model the process being developed in
his research center (Figure 8).

Another example of modeling nano-
science research for integration into the
undergraduate classroom comes from
Professor Thomas Ticich at Centenary
College in Louisiana. Ticich was seeking
a safe and suitable method to synthe-
size carbon nanotubes in his under-
graduate laboratory. The most com-
mon method from the chemical
education literature for making carbon
nanotubes required a tube furnace to
be heated to 1000 °C.>° Having recently
read in the literature several methods
for making carbon nanotubes in etha-
nol flames,'?? Ticich developed an un-
dergraduate laboratory for the synthesis
of carbon nanotubes using a simple eth-
anol burner.?®

An excellent example of how to inte-
grate an entire nanoscience course into
the undergraduate chemistry curricu-
lum effectively was presented by Profes-
sor George Lisensky of Beloit
College.?*?* Lisensky developed two
nanoscience courses offered at Beloit
College, a first-year seminar®® that has
evolved into a full chemistry course?”
designed for first-year undergraduates.
Professor Lisensky effectively integrates
current literature with numerous labora-
tory experiments into the course de-
sign. Students participating in the
course prepare weekly literature re-
ports from current papers published in
nanoscience and nanotechnology jour-
nals (Figure 9). The papers are selected
by students who present an overview of
the research to their peers. To augment
the current research literature and lec-
ture in the course, students have a
weekly laboratory assignment taken

from the online video laboratory
manual from the University of
Wisconsin-Madison Materials Research
Science and Engineering Center.?®
Sample laboratory exercises include
“Preparation of Cadmium Selenide
Quantum Dot Nanoparticles”,*® “Syn-
thesis of Nickel Nanowires”,*® and “Syn-
thesis of Gold Nanoparticles”.’

The future looks very bright for
nanoscience education. As the field ma-
tures and we gain a better understand-
ing of how students conceptualize the
properties of nanoscale materials, edu-
cators and developers of nanoscience
curricula will be better able to design
educational materials that assist stu-
dents in learning these concepts. Chal-
lenges still exist for the integration of
nanoscience into both high school and
college classrooms. One of the most im-
portant challenges we face is with inte-
gration into the secondary school class-
room and proper professional
development of our science teachers.
Until we have a generation of science
teachers who are exposed to nano-
science concepts during their college
classes, we will need to rely on profes-
sional development opportunities to
enable teachers to understand nano-
scale concepts needed for proper imple-
mentation of nanoscience-focused edu-
cational materials. One of the chal-
lenges to integration into the college
classroom is the need to keep the mate-
rial current. With new discoveries ad-
vancing the field on a continual and
rapid basis, there is the possibility that
nanoscience educational materials used
in the college classroom can quickly be-
come out of date. It is important that
college educators continue to develop
new and exciting courses and labora-
tory exercises that capture the imagina-
tion of their students.
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