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Silver Nanoparticles and their Role in Energy
Applications

Subject Area(s): Algebra
Associated Unit: NanoTech: Insights into a Nano-Sized World

Lesson Title: Analyzing and Interpreting UV/Vis Graphs and Accompanying TEM
Images of Ag Nanocubes

Image 1
ADA Description: TEM Image of Ag Nanoparticles
Source/Rights: Copyright © Carol Zavarella

Caption: TEM Image of Ag Nanocubes taken from
Research Sample

Grade Level 10-12
Lesson # lofl
Lesson Dependency: None
Time Required: 75 minutes
Summary:

Noble-metal nanocrystals are the subject of increasing interest due to their unique
physicochemical properties. Silver nanocrystals, in particular, are being intensely studied due to
their excellent performance in an increasing array of exciting applications involving areas such
as photonics, electronics, catalysis, sensing and biomedicine. It has been established that the
physicochemical properties of Ag nanocubes is highly dependent on their size and shape. This
lesson will focus on a general discussion of nanotechnology and how size and shape of the Ag
nanocubes can be controlled through synthesis. Graphs from UV/Vis spectroscopy and TEM
images of the Ag nanocubes will be discussed and analyzed.
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Engineering Connection :

Structured metal nanoparticles, particularly silver, due to its plasmonic properties, are being
increasingly studied for applications involving photonics, electronics, plasmonics, and catalysis.
The materials, namely silver and ruthenium, that were tested during the research project
conducted at the University of South Florida, and discussed in this lesson plan are being studied
to gain a more thorough understanding of how shape, size, and structure determine their
combined catalytic capabilities. The long term goal is to enhance conversion capabilities with
respect to photocatalysis, fuel cell, and hydrogen economy applications.

Engineering Category
1. Relating science and/or math concept(s) to engineering

Keywords:

Nanotechnology, Nanomaterials, Nanoparticles, Nanocubes, Catalysis, Plasmonics, UV/Vis
Spectroscopy, TEM

Educational Standards (List 2-4)
State STEM Standard (required)

MAFS.912.A-REI.4.10 Understand that the graph of an equation in two variables is the set of all
its solutions plotted in the coordinate plane, often forming a curve (which could be a line).

MAFS.912.F-IF.1.1 Understand that a function from one set (called the domain) to another set
(called the range) assigns to each element of the domain exactly one element of the range. If f
is a function and x is an element of its domain, then f(x) denotes the output of f corresponding to
the input x. The graph of f is the graph of the equation y = f(x).

MAFS.912.N-Q.1.2 Define appropriate quantities for the purpose of descriptive modeling.

MAFS.912.5-ID.1.1 Represent data with plots on the real number line (dot plots, histograms, and
box plots).

MAFS.K12.MP.4.1 Model with mathematics. Mathematically proficient students can apply the
mathematics they know to solve problems arising in everyday life, society, and the workplace. In
early grades, this might be as simple as writing an addition equation to describe a situation. In
middle grades, a student might apply proportional reasoning to plan a school event or analyze a
problem in the community. By high school, a student might use geometry to solve a design
problem or use a function to describe how one quantity of interest depends on another.
Mathematically proficient students who can apply what they know are comfortable making
assumptions and approximations to simplify a complicated situation, realizing that these may
need revision later. They are able to identify important quantities in a practical situation and map
their relationships using such tools as diagrams, two-way tables, graphs, flowcharts and
formulas. They can analyze those relationships mathematically to draw conclusions. They
routinely interpret their mathematical results in the context of the situation and reflect on
whether the results make sense, possibly improving the model if it has not served its purpose.

ITEEA Standard (required)

Standard 3. Students will develop an understanding of the relationships among technologies
and the connections between technology and other fields of study.

(Grades K —12)
CCSS Standard (strongly recommended)

Analyze functions using different representations
(Grades 9 - 12)
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Learning Objectives
After this lesson, students should be able to:
e General understanding of nanotechnology and nanoparticles

e General understanding of what a UV/Vis spectroscopy is and how it functions

e General understanding of how the graphs from the UV/Vis spectroscopy relate to the
TEM images of the Ag nanopatrticles

Introduction / Motivation (5E — Engage)

Students will gain an understanding of how nanoparticles are being used in chemical
engineering research and how these particles may be applied to enhance catalysis and
ultimately applied to energy applications and aid in solving societal issues related to energy
applications including controlling/reducing air pollution and greenhouse gases.

Lesson Background & Concepts for Teachers (5E — Explain)

For a general overview of nanotechnology, please visit the unit on this topic at
http://www.teachengineering.org/view curricularunit.php?url=collection/uoh /curricular
units/uoh nano/uoh nano_unit.xml. Synthesis of Ag nanocubes of a particular size and
shape stand out from other nanostructures because of their sharp corners and edges that allow
for more surface area for light/energy transfer. There are many applications for shape-
controlled synthesis of Ag nanocubes and all of these applications require high quality in terms
of size and shape and of a sufficient quantity. The overall goal of the research project that was
conducted in the Chemical Engineering and Biomedical laboratory at the University of South
Florida was to grow small ruthenium particles onto larger silver nanocubes in order to take
advantage of the unique properties provided by both metals. The ruthenium patrticles are
excellent and activating CO; and allowing for easier conversion while the silver nanocubes have
excellent plasmonic properties allowing for the energy input/transfer from the light absorption to
occur. This lesson plan focuses on the first step toward the overall goal; the creation of the Ag
nanocubes of 50 nm in edge length and the methods used to verify size and characteristic of the
Ag nanoparticles. See Attachment #1 for detailed information on the synthesis of Ag Nanocubes
of 30 to 70 nm in length.

Vocabulary / Definitions:

Word \ Definition
Nanometer One billionth of a meter (10 ° meter)
Nanomaterials Material of which a single unit is sized between 1 & 1000 nanometers
UV/Vis Spectroscopy | Ultraviolet-visible Spectroscopy
TEM Microscopy Transmission Electron Microscopy

Associated Activities (5E — Explore):
Students will view a short video on nanotechnology for a general overview. Click here for video:
https://www.youtube.com/watch?v=rQukKOMGagl o

The focus of the research project from which this lesson is derived involves nanostructures of a
particular size and shape which have been shown to improve catalytic activity and selectivity.
The nanocube, due to its sharp corners and edges and of a particular size (30-70nm), have
shown promise in a variety of applications including plasmonics and catalysis due to its unique
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optical properties. This lesson focuses on the very first and most important step of the study.
The first step as part of the research project to synthesis bimetallic particles, was to create the
core synthesis of Ag of a uniform size and shape to take advantage of the surface area and the
resultant light absorption of the silver needed for catalysis. The Ag nanocubes were formed
using a precursor of trifluroacetate (CF3COOAg), sodium hydrosulfide (NaSH),
poly(vinylpyrrolidone) (PVP), and a trace amount of hydrogen chloride (HCI). The NaSH, PVP &
HCI work together to aide in the formation of single-crystal seeds to form nanocubes over the
production of other less desirable shapes.

Image 2
ADA Description: Image of Ag synthesis before washing and collection.
Source/Rights: Copyright © Carol Zavarella
Caption: Ag nanocube solution before washing and collection.

Before analyzing the size and shape of the nanocubes from the graphs, students will
view a short video describing what a UV/Vis is and how it is used to measure the
solution. Click here for the video:

https://www.youtube.com/watch?v=039avevqndU&list=PLAF6H-GFZIAhCeT505viTVpabgZEQzVpx

Finally, students will view a one-minute video of the TEM microscope to gain an understanding
of how the images were created. Click here for the video:

https://www.youtube.com/watch?v=fToTFjwUc5M

At this point, the handouts can be distributed and students will work in pairs to match the UV/Vis
graphs with the appropriate TEM images of the Ag nanoparticles.
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Assessment (5E — Evaluate)

Pre-Lesson Assessment:
What is nanotechnology?

What size is a nanometer?
What are some of the applications of nanotechnology?

Post-Introduction Assessment:

Conduct a question and answer session following the UV/Vis video to ensure that students
understand how it works so that they can gain an understanding of the graphs from the UV/Vis
spectroscopy.

Lesson Summary Assessment:
See worksheets under Attachment 2.

Homework
None

Lesson Extension Activities (5E — Extension):

Encourage students to research bimetallic nanoparticles and discuss ways that coating or
growing one type of metal on another might enhance or aid in the application. What are the
advantages and disadvantages, if any, on the bimetallic synthesis?

Additional Multimedia Support:

General Overview of Nanotechnology:
http://www.teachengineering.org/view _curricularunit.php?url=collection/uoh /curricular units/uoh nano
/uoh _nano_unit.xml

Video describing UV/Vis Spectroscopy:
https://www.youtube.com/watch?v=039avevgndU&list=PLAF6H-GFZIAhCeT505vfTVpabgZEQzVpx

Video describing TEM Microscope:
https://www.youtube.com/watch?v=fToTFjwUc5M
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Facile Synthesis of Ag Nanocubes of 30 to 70 nm in Edge Length with

CF;COOAg as a Precursor

Qiang Zhang,™" Weiyang Li,"' Long-Ping Wen,"”! Jingyi Chen,™ and Younan Xia*!*!

Abstract: This paper describes a new
protocol to synthesize Ag nanocubes of
30 to 70 nm in edge length with the use
of CF;COOAg as a precursor to ele-

per batch for the 70 nm Ag nanocubes.
The Ag nanocubes were found to grow
in size at a controllable pace over the
course of synthesis. The linear relation-

ship between the edge length of the Ag
nanocubes and the position of localized
surface plasmon resonance (LSPR)
peak provides a simple method for

mental silver. By adding a trace
amount of NaSH and HCl to the
polyol synthesis, Ag nanocubes were
obtained with good quality, high repro-
ducibility, and on a scale up to 0.19¢g

control

Introduction

In recent years, there has been a continuous, strong effort in
shape-controlled synthesis of silver nanostructures because
of their remarkable properties and exciting applications in
areas such as photonics, electronics, catalysis, sensing, and
biomedicine.™® Silver nanocubes stand out from various
types of Ag nanostructures”” (e.g., spheres, rods, bars, belts
and wires) due to their sharp corners/edges, uniform size,
and superior performance in a range of applications involv-
ing localized surface plasmon resonance (LSPR),!'*'? sur-
face-enhanced Raman scattering (SERS),*'” biosens-
ing."1%! Silver nanocubes have also been used as a sacrificial
template to generate gold, palladium, and platinum nano-
boxes or nanocages,” which have started to show great po-
tential in catalysis,*!! contrast enhancement in biomedical
imaging,?*%! photothermal therapy® and drug delivery.””)
All of these applications require us to produce Ag nano-
cubes in high quality and relatively large quantity. In order
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Department of Biomedical Engineering, Washington University
St. Louis, Missouri 63130 (USA)
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finely tuning and controlling the size of
the Ag nanocubes by monitoring the
UV/Vis spectra of the reaction at dif-
ferent times.

nanostruc-

to meet this challenge, we and other groups have developed
a number of methods to produce Ag nanocubes, with nota-
ble examples including polyol reduction,?*2* hydrothermal
process,? ¥ epitaxial growth on Au octahedronal seeds,!!
and ATP-mediated reduction in a polymer matrix.’”) How-
ever, most of these protocols have shortcomings in terms of
reaction time, size control, yield, quantity, as well as repro-
ducibility.

In the pursuit of a superior method, we recently started to
switch to a new silver precursor, CF;COOAg, instead of
AgNO;, which has widely been used in previous work. Our
argument was that the nitrate group may decompose at an
elevated temperature typical of a polyol synthesis to gener-
ate ionic and/or gaseous species, making the synthesis more
difficult to understand and control. In comparison, the tri-
fluoroacetate group is more stable. With this new precursor,
we found that the presence of trace amounts of NaSH and
HCI were necessary for the production of high-quality Ag
nanocubes with sizes ranging from 30 to 70 nm. Compared
with the previously reported methods for the preparation of
Ag nanocubes,” this new protocol offers at least three
significant advantages: i) the reaction rate is in an appropri-
ate range, allowing us to control and fine-tune the size of
Ag nanocubes by following the synthesis with UV/Vis spec-
troscopy; ii) the synthesis becomes essentially not sensitive
to the manufacturing source of ethylene glycol (EG), im-
proving both the robustness and reproducibility of the
polyol synthesis; and iii) it is relatively simple and straight-
forward to scale up the synthesis to produce Ag nanocubes
in relatively large quantities and with high quality.

Chem. Eur. J. 2010, 16, 10234 -10239



Results and Discussion

Figure 1 shows transmission electron microscopy (TEM)
images of the Ag nanocubes obtained at different stages of
a typical synthesis: 15, 30, 60, and 90 min, respectively, after
the addition of CF;COOAg. During this period of time, the
edge length of the nanocubes was increased from 30 to 42,
50, and 70 nm. The relatively slow growth rate allowed us to
conveniently control and thus routinely tune the size of the
Ag nanocubes by quickly taking UV/Vis spectra from small
aliquots sampled from the reaction solution. This new capa-
bility is a significant advantage over previously reported
methods. For example, with respect to the NaSH-mediated
polyol synthesis, the reaction was typically completed in 8-
10 min and it only took about 2 min for the Ag nanocubes
to grow from 25 to 45 nm.”*¥ This short period of time
makes it very difficult to follow the increase of size using a
UV/Vis spectroscopic method. As a result, we could only
obtain Ag nanocubes of different sizes by monitoring the
color changes associated with the nanocubes as they were
growing,***! which was too vague to obtain Ag nanocubes
having specific sizes. On the other extreme, the HCl-mediat-
ed polyol synthesis usually took 16 to 25h to complete,*”
making it less practical to control the size of the Ag nano-
cubes by constantly monitoring the changes to UV/Vis spec-
tra.

Figure 1. TEM images of Ag nanocubes at different reaction times for a
standard synthesis: A) 15, B) 30, C) 60, and D) 90 min. The nanocubes
have an edge length of A) 30, B) 42, C) 50, and D) 70 nm.

In the present synthesis, the Ag nanocubes grew from 30
to 70 nm when the reaction time increased from 15 to
90 min. As a result, we could easily take a small amount
(several drops) of the reaction solution with a glass pipette,
diluted with DI water in a cuvette, followed by recording of
its UV/Vis extinction spectrum. All of these could be com-
pleted in 1-2 min, during which the Ag nanocubes grew
very little in size. Significantly, we also found that the syn-
thesis was sufficiently robust so that frequent removal of the
stopper from the flask had a minor impact on the path and
yield of the reaction. Taken together, we could finely control

Chem. Eur. J. 2010, 16, 10234 -10239
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the sizes of resultant Ag nanocubes according to their LSPR
peak positions. To better understand the relationship be-
tween the sizes and the LSPR peak positions of Ag nano-
cubes, we analyzed the UV/Vis spectra of Ag nanocubes
with different edge lengths that were obtained from the syn-
theses described in Figure 1. As shown in Figure 2 A, the
major LSPR peaks of the Ag nanocubes displayed a contin-
uous red-shift along with the size increase. When the edge
length of the Ag nanocubes was increased from 30 to 42, 50,
and 70 nm, the positions of the major LSPR peaks were lo-
cated at 420, 436, 449, and 474 nm, respectively. The plot in
Figure 2 B suggests that there was a more or less linear rela-
tionship between the LSPR peak position and the edge
length of the Ag nanocubes. The equation for describing the
calibration curve was A, =1.3927xI + 37825 (R*=0.99),
where 4., and [/ are the peak position and edge length, re-
spectively. In practice, this calibration curve should allow
one to obtain Ag nanocubes of a specific edge length by
monitoring the UV/Vis spectra of the reaction solution.

Extinction

300 400 500 600 700 800
Wavelength (nm)

460+
4501
4401
4304
420

Wavelength (nm)

30 40 50 60 70
Edge length (nm)
Figure 2. Fine control of the edge length of Ag nanocubes based on the
UV/Vis spectroscopy. A) UV/Vis spectra taken from the aqueous suspen-
sions of Ag nanocubes shown in Figure 1. B) Calibration curve showing
the linear dependence between the major localized surface plasmon reso-
nance (LSPR) peak position and the edge length of Ag nanocubes.

To achieve a better understanding of the growth mecha-
nism, aliquots were also taken from the early stages
(<15min) of a standard synthesis and then analyzed by
TEM and high-resolution TEM. Immediately after the addi-
tion of CF;COOAg, the solution went into a whitish color,
followed by the appearance of a slight yellow color in 1 min.
As shown by the TEM image in Figure 3 A, there were two
sizes of nanoparticles co-existing in the product sampled at
t=1 min; the big nanoparticles had an average size of 57 nm
while the small ones were around 13 nm in diameter. The
high-resolution TEM image taken from a small particle gave
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a lattice fringe spacing of 2.0 A (inset of Figure 3 A), which
is consistent with the {200} lattice spacing of face-centered
cubic (fcc) Ag.”¥ This information suggests that some of the
small particles were single crystalline and made of Ag,
which could serve as seeds and eventually grow into nano-
cubes under the influence of poly(vinyl pyrrolidone) (PVP).
As a capping agent, PVP is able to selectively bind to the
{100} facets of Ag nanocrystals, favoring the formation of
nanocubes when the seeds are single crystalline.”’) In the
present case, the molar ratio of PVP to CF;COOAg had to
be higher than 2:1 in order to obtain Ag nanocubes in high
yields. Energy-dispersive X-ray spectroscopy (EDX) analysis
of the big nanoparticles gave an Ag-to-Cl atomic ratio of
50:45, indicating that these particles were made of AgCl.
These results suggest that the formation of AgCl nanoparti-
cles and the birth of Ag nanocrystal seeds both occurred at ¢
<1 min. After this point, the color of the reaction solution
started darkening from slight yellow to deep orange. As
shown in Figure 3B-F, the number and size of AgCl nano-
particles decreased with the reaction time, accompanied by
an increase for Ag nanocrystals in terms of both density and
size. Eventually, Ag nanocubes started to appear in the solu-
tion around t=11 min (Figure 3E).

In order to obtain Ag nanocubes in high yields and with
good quality, we optimized the synthesis by adjusting the
concentrations of both NaSH and HCl. As shown in
Figure 4, each column showed the reactions performed
under the same concentration of NaSH; from left to right,
the concentration of NaSH was doubled from 0.125 to 0.25
and 0.50 um. Each row showed the reactions performed
under the same concentration of HCI; from top to bottom,

Figure 3. TEM images of six aliquots taken from different stages of a
standard synthesis: A) 1, B) 3, C) 5, D) 9, E) 11, and F) 15 min. HRTEM
image of the small Ag nanoparticles shown in the inset taken from the
sample at =1 min.

10236 ——
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the concentration of HCl was doubled from 0.105 to 0.21
and 0.42 mm. All reactions were stopped at t=30 min after
the introduction of CF;COOAg. It is clear that the concen-
tration of NaSH was a less important factor relative to the
concentration of HCl as Ag nanocubes of good quality
could be obtained in a range of NaSH concentrations (Fig-
ure 4 A-C). From top to bottom, the size of Ag nanocubes
became larger along with the increase of HCI concentration.
For both concentrations of 0.105 and 0.21 mM, we could
obtain Ag nanocubes of good quality (Figure 4A and D).
When the concentration of HCI was increased to 0.42 mm,
there were also some other types of particles in the prod-
ucts, including bipyramids, multiply twinned nanorods, irreg-
ular particles, in addition to the Ag nanocubes. Taken to-
gether, we found that the best result was obtained when the
concentrations of NaSH and HCI were 0.25 pm and 0.21 mm,
which represents the standard procedure used in this paper.

AV . ,
L] .. o.‘..l..

AV a g0 e '..'Oo. BII.. % T Fwic ey i
*

— 100 nm

Figure 4. TEM images of Ag nanoparticles from a series of synthesis
when the concentration of NaSH was varied from 12 to 25 and 50 um
(from left to right), and the concentration of HCI was increased from
0.10 to 0.21 and 0.42 mm (from the top to bottom). Each row shows reac-
tions that were performed under the same concentration for HCl, and
each column under the same concentration for NaSH. All other parame-
ters were kept the same as the standard synthesis.

As shown in Figure 4, both NaSH and HCI had to be in-
troduced into the synthesis when CF;COOAg was employed
as a precursor to Ag nanocubes. In order to investigate the
roles that NaSH or HCI played in this new protocol, we per-
formed the synthesis with different combinations of re-
agents. The samples were collected at t=1 and 30 min after
the introduction of CF;COOAg, and then analyzed by
TEM. As shown in Figure 5 A, multiply twinned nanoparti-
cles were obtained in the sample taken at r=1 min of the
synthesis when both NaSH and HCI were absent, and these

Chem. Eur. J. 2010, 16, 10234 -10239
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particles then agglomerated into larger particles with irregu-
lar shapes at t=30 min (Figure 5B). Upon the addition of
NaSH (Figure 5C), there were 28 % single-crystal nanoparti-
cles with an average size of 14 nm co-existing with multiply
twinned nanoparticles in the sample taken at =1 min. In
this case, Ag,S clusters formed in the reaction solution
could serve as primary nucleation sites to catalyze the re-
duction of CF;COOAg and thus formation of single-crystal
Ag seeds.” The observation of single-crystal Ag seeds sug-
gested that NaSH played the same role as in the previous
work. After 30 min into the reaction (Figure 5D), the small
nanoparticles evolved into a mixture of agglomerated nano-
particles, nanorods, and a few single-crystal nanospheres and
bipyramids. If HCI instead of NaSH was present (Fig-
ure 5E), there were some cubic nanostructures with an aver-
age size of 57 nm observed in the sample. Our EDX analysis
suggested that the chemical composition of these nanocubes
was AgCl, which was consistent with the result reported in
the HCl-mediated synthesis of Ag nanocubes.””’ The prod-
uct sampled at t=30 min consisted of irregular nanoparti-
cles, nanorods, and a few nanocubes (Figure 5F). However,
if CF;COOAg solution was titrated into the reaction solu-
tion at a rate of 0.07 mL per min by using syringe pump, the
product mainly consisted of Ag nanocubes, together with
few nanorods and other irregular nanoparticles (Figure S1).
These results suggest that both NaSH and HCI are critical
to the successful synthesis of Ag nanocubes.

Our previous studies suggested that a combination of an
oxidant and a ligand could result in a powerful oxidative
etchant to selectively remove multiply twinned Ag seeds
from a polyol synthesis.*! The O, from air and CI~ ions
(from NaCl or HCI) has been validated as a typical example
for generating single-crystal seeds and thus Ag nanocubes.™
In order to verify this mechanism, we performed the synthe-
sis under argon, with other conditions being the same as the
standard procedure. As shown in Figure 5G, the product
sampled at r=1 min was similar to the sample taken from
the standard synthesis (Figure 3 A). However, after 30 min
into the reaction under argon, the majority of the product
was Ag nanocubes, together with a small amount of nano-
rods and irregular nanoparticles (Figure 5H). This observa-
tion suggests that oxidative etching only played a minor role
in the formation of single-crystal seeds and Ag nanocubes in
the presence of NaSH. In this case, the control over product
morphology was mainly provided by Ag,S seeds formed at
the very beginning of a synthesis. Of course, the presence of
CI™ and O, could help to remove the small number of twin-
ned seeds that might also form parallel to the Ag,S-mediat-
ed nucleation process. As shown in Figure 3C, there were
also some twinned seeds co-existing with single-crystal ones,
but the final product only consisted of single-crystal nano-
cubes, indicating that the oxidative etching by O,/Cl~ was
also involved in the synthesis conducted in air.

The synthesis was further optimized by adjusting the reac-
tion temperature. As shown in Figure 6 A and B, the synthe-
sis was also performed at both 130 and 170°C with other pa-
rameters being the same as the standard procedure. At
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Figure 5. TEM images of Ag nanoparticles obtained at =1 min (left
column) and =30 min (right column) for the syntheses with different
precursor combinations: A, B) C;FCOOAg; C, D) CFCOOAg +
NaSH; E, F) GGFCOOAg + HCI; and G, H) C;FCOOAg + NaSH +
HCI, but under argon atmosphere. All other parameters were kept the
same as the standard synthesis.

these two temperatures, we obtained a mixture of Ag nano-
cubes and other types of nanoparticles, suggesting that the
temperature of 150°C used for the standard procedure
seemed to be the optimal condition. To distinguish the roles
of proton and chloride ions, HCI was replaced by NaCl for
the standard synthesis. As shown in Figure 6 C, there was no
significant difference between the products obtained with
either HCI (standard procedure) or NaCl. This observation
indicates that protons were not a necessarily critical compo-
nent in this synthesis. This is not surprising because protons
are supposed to be generated during polyol reduction. To
evaluate the capability of this new protocol for potential
high-volume production of Ag nanocubes, we performed a
scale-up synthesis which used CF;COOAg at an amount of
20 times of the standard procedure, and we could still obtain
Ag nanocubes of good quality in high yield (Figure 6D).

For most applications, it is also important to find a simple
and reliable way to store Ag nanocubes with good preserva-
tion of morphology for a relatively long period of time. As
shown in Figure S2, freshly prepared Ag nanocubes could
be stored on a solid support (in a dry state) for three
months without losing their sharp corners and edges. In
comparison, the Ag nanocubes became rounded at corners
and edges when they were stored in de-ionized (DI) water
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Figure 6. TEM images of Ag nanocubes synthesized under different con-
ditions: A) at 130°C; B) at 170°C; C) addition of NaCl instead of HClI,;
and D) 20 x scale-up synthesis. All other parameters were kept the same
as the standard synthesis.

for three months. We also found that the Ag nanocubes
stored in the dry state could be easily re-dispersed in DI
water via brief sonication.

Conclusion

In summary, Ag nanocubes with edge length from 30 to
70 nm were synthesized in large quantities by introducing
CF;COOAg as a new silver precursor into the polyol synthe-
sis. It was found that both NaSH and HCI were necessary to
the production of Ag nanocubes with uniform shape, narrow
size distribution, and high reproducibility. The results indi-
cated that NaSH played an important role in the formation
of single-crystal seeds, and Cl™ ions acted as a ligand for oxi-
dative etching to eliminate twinned particles. The relatively
growth pace of Ag nanocubes over the course of synthesis
and the linear relationship between the position of the
LSPR peak and the edge length of the cubes make it easy
to control and finely tune the size of every batch of Ag
nanocubes by monitoring the UV/Vis spectra. Another ad-
vantage of this method is that the reproducibility of the re-
action and the quality of Ag nanocubes were not sensitive
to the manufacturing source of EG, which was usually a
major problem for the polyol synthesis of Ag nanocubes.

Experimental Section

Sythesis of Ag nanocubes: In a standard synthesis, ethylene glycol (5 mL,
EG, J. T. Baker, lot no. G32B27) was added into a 100 mL round bottom
flask (ACE Glass) and heated under magnetic stirring in an oil bath pre-
set to 150°C. NaSH (0.06 mL; 3 mm in EG, Aldrich, 02326AH) was
quickly injected into the heated solution after its temperature had
reached 150°C. Two minutes later, a 3 mm HCI solution (0.5 mL) was in-
jected into the heated reaction solution, followed by the addition of
poly(vinyl pyrrolidone) (PVP, 1.25 mL, 20 mgmL " in EG, My, ~ 55,000,
Aldrich). The HCI solution was prepared by adding HCI (2.5 pL, 38 % by
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weight) into EG (10.30 mL). After another 2 min, silver trifluoroacetate
(0.4 mL, 282 mm in EG, Aldrich, 04514TH) was added into the mixture.
During the entire process, the flask was capped with a glass stopper
except during the addition of reagents. After the addition of CF;COOAg,
the transparent reaction solution took a whitish color and quickly
became slightly yellow in 1 min, indicating the formation of the Ag seeds.
The reaction was allowed to proceed for different periods of time and its
color went through three stages of dark red, reddish grey, and brown as
the edge length of the Ag nanocubes increased. The reaction solution
was quenched by placing the reaction flask in an ice-water bath. All the
samples were collected by centrifugation and then washed with acetone
once to remove the remaining precursor and EG, and then DI water four
times to remove excess PVP. We controlled the sizes of the Ag nano-
cubes monitoring their main LSPR peak positions using a UV/Vis spec-
trometer from 15 to 90 min with an interval of 15 min. Briefly, a small
amount (a few drops) of the reaction solution was taken out from the
flask using a glass pipette and diluted with 1 mL DI water in a cuvette,
followed by recording its extinction spectrum and compared with the cal-
ibration curve for wavelength versus edge length.

Scale-up synthesis of Ag nanocubes: The scale-up synthesis of Ag nano-
cubes was carried out by following the procedure for the standard synthe-
sis, except that the amounts of all reagents were increased by 20 times
(or other different times). For example, EG (100 mL) was added into a
250 mL round bottom flask (ACE Glass) and heated under magnetic stir-
ring in an oil bath pre-set to 150°C. After the temperature of the oil bath
had reached 150°C, the 3 mm NaSH solution (1.2 mL) and 2 min later,
the 3 mm HCI (10 mL) was injected, followed by the addition of the PVP
solution (25 mL). After another 2 min, the CF;COOAg solution (8 mL)
was introduced. The flask was capped with a glass stopper except during
the addition of reagents. The procedures for size control and sample col-
lection were the same as the standard synthesis.

Instrumentation: The samples for transmission electron microscopy
(TEM) were prepared by dropping 1.5 uL of the aqueous suspension
onto a carbon-coated copper grid. The TEM images were captured using
a microscope (FEI G2 Spirit Twin) operated at 120 kV. High-resolution
TEM images were obtained using a JEOL 2100F operated at 200 kV. The
energy-dispersive X-ray (EDX) spectra were captured using a field emis-
sion microscope (FEIL Nova NanoSEM 230) operated at accelerating vol-
tages of 10-20 kV. The UV/Vis spectra were taken using a Cary 50 spec-
trophotometer (Palo Alto, CA).
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Attachment #2

WHICH GRAPH BELONGS TO WHICH TRANSMISSION ELECTRON
MICROSCOPE IMAGE?

Points to consider as you analyze and interpret the TEM pictures and their respective
UV/Vis graphs:

e The literature suggests that nanocubes of a uniform size is desired as the sharp
corners and edges have the most useful surface area to reflect light.

e The narrower the peak of the UV/Vis graph, the more uniform the shape. The
wider the peak, the more varied are the shapes and sizes of the nanoparticles.

e When viewing the UV/Vis graph, a shoulder signifies the shift to a cubic shape.

Uv/Vis Graphs of Ag Synthesis with CF3CO0OAg Precursor
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TEM Image #1
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TEM Image #3
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The blue graph belongs to TEM Image # ___ Justify your answer:

The orange graph belongs to TEM Image # ____ Justify your answer:

The gray graph belongs to TEM Image # ____ Justify your answer:
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ANSWER KEY
TEM Image #1 belongs to the orange graph
TEM Image #2 belongs to the blue graph

TEM Image #3 belongs to the gray graph
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