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Nanotechnology is a new and exciting area of research
that is investigating, among other things, the use of nano-
sized particles in technological applications. Zinc oxide par-
ticles less than 100 nm in diameter, for example, are optically
clear (transparent in visible light) but opaque to UV light
and are being touted as the sunscreen of the future (7). The
nanoparticles provide an excellent barrier to UV light, are
non-allergenic, and can be incorporated into many cosmet-
ics. Zinc oxide is also a semiconductor and fluoresces in both
the UV and visible regions. The peak in fluorescence shifts
as a function of particle size (2). These properties make ZnO
nanoparticles an interesting system to study with many dif-
ferent applications.

Unfortunately, students are rarely introduced to current
topics of scientific interest. Flinders University started one
of the first undergraduate degrees specializing in nanotech-
nology (3). Part of the program involves using examples of
new technology and new materials applications in the labo-
ratory course to spark the interest of students who are al-
ready focused on these current topics in their lectures. Several
experiments from this journal have been used for this pur-
pose (4, 5). This laboratory aims to highlight key features of
nanoparticulate systems and introduces a model that students
can manipulate to try to understand the different parameters
affecting absorption properties. The laboratory can also be
used in undergraduate inorganic or physical chemistry courses
to introduce colloid chemistry and growth kinetics and would
stimulate discussion in a number of related areas. Our nano-
technology students have a strong physics background, so
concepts such as band-gap energy and effective mass are cov-
ered in courses on solid-state physics. When adapting this
laboratory for chemistry students an appropriate discussion
on these concepts should be included (6).

This experiment is based upon an article by Wong et al.
(7) that used the spectroscopic properties of quantum-sized
zinc oxide to study growth kinetics using a method initially
developed by Bahnemann et al. (2). The technique for pro-
ducing quantum-sized ZnO particles is much safer than a
technique previously published in this Journal (8) that used
hydrogen sulfide gas to produce cadmium sulfide and zinc
sulfide nanoparticles. A further advantage of this method is
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the ability to sample the solution over time and hence deter-
mine the growth kinetics. The procedure was incorporated
into the third-year laboratory program for nanotechnology
and introduced particularly relevant concepts such as growth
kinetics and measurement of the size of nanoparticles. Stu-
dents measured the absorbance of ZnO colloids over time
and determined the band gap energy. From this data they
calculated the diffusion coefficient of the particles in etha-
nol using both the Ostwald model and Stokes—Einstein equa-
tion. The laboratory was extended by applying a general
model for absorption by small particles (9).

Theory

In a semiconductor such as ZnO, light is only absorbed
if it has a frequency (and hence energy) that is greater than
the energy required to excite an electron from the valence
band to the conduction band of the material. This promo-
tion of the electron to the conduction band creates a posi-
tively-charged hole in the valence band. There is a strong
attraction between the negatively-charged electron and the
positively-charged hole, causing them to orbit each other.
They form a stable species called an exciton. In bulk semi-
conductors, the electron and hole orbit each other at a dis-
tance that depends on the semiconductor’s dielectric constant.
When semiconductor particles are synthesized with dimen-
sions smaller than the natural exciton radius (called the Bohr
radius) quantum-size effects occur. For instance, ZnO nano-
particles smaller than 20 nm absorb light at a shorter wave-
length than bulk particles. This is because energy is now
required to confine the exciton within the nanoparticle. In
fact only particular (discrete) exciton energies are allowed.
Exciton confinement induces quantization of energy. For this
reason semiconductor nanoparticles are also called quantum
dots.

The position of the exciton transition of a colloidal sys-
tem depends on the particle size and shape, solvent or adsor-
bate refractive index, and the interparticle distance. For ZnO
particles about 3 nm in diameter, the absorbance maximum
(M) is around 365 nm. For smaller colloids, a slight (few
nanometer) blue shift is expected, whereas for larger colloids,
red-shifting of this band is observed. The peak width gives
information about the polydispersity of the colloidal solu-
tion, with broader peaks indicating a greater distribution in
particle size.
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In the Laboratory

Particle-Size Determination

The particle size can be determined experimentally from
the absorption spectra using the effective-mass model (70)
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where £ g* is the band gap energy for the particle, Egb“"‘ is the
bulk band gap energy (for ZnO, EgbLllk =3.4¢eV), 7 1s Planck’s
constant (h/2m), 7 is the particle radius, m.* is the effective
mass of electrons, m;,* is the effective mass of holes, 7, is the
free electron mass, e is the charge on an electron, g is the
permittivity of free space, and € is the relative permittivity of
the solid. The particle size can be obtained from the band
gap energy inferred from the optical absorption spectra. The
band gap energy, E,*, can be determined from the cut-off
wavelength (£,* = he/\). The particle size (sphere with a ra-
dius of about 3 nm) obtained from this method is slightly
larger than that determined by other techniques such as trans-
mission electron microscopy (TEM) or X-ray diffraction
(XRD) (about 2 nm). This is possibly because the cut-off
wavelength is related more to the size distribution of particles
and hence the estimated size appears slightly larger than the
average particle size. A tight-binding model can also be used
and has been shown to give closer agreement to experimental
data (10) but requires understanding of quantum systems at
a higher level than most chemistry students attain.

Growth Kinetics

Initially, a solution will contain a large number of small
particles or crystals. Because of surface tension (and surface-
to-volume ratios), small particles are much more soluble than
large particles. The small particles will be precipitated onto
larger particles. The small particles therefore act as “nutri-
ents” for bigger particles and the average particle size will in-
crease. The rate of this process, called Ostwald ripening,
decreases as the particles grow and the particle size distribu-
tion becomes narrower.

This spontaneous process occurs because larger particles
are more energetically favored than smaller particles. While
the formation of many small particles is kinetically favored,
(i.e., they nucleate more easily) large particles are thermody-
namically favored. This is because small particles have a larger
surface area-to-volume ratio than large particles and are con-
sequently easier to produce. Molecules on the surface are en-
ergetically less stable than the ones already well ordered and
packed in the interior. Large particles, with their greater vol-
ume-to-surface area ratio, therefore represent a lower-energy
state. Hence, many small particles will attain a lower-energy
state if transformed into large particles and this is what we
see in Ostwald ripening.

The rate law can be derived (7) from the Gibbs—

Thomson equation and Fick’s law, but the main result is:
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and 7 is the average particle radius, C, is the equilibrium
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concentration at a flat surface, y is the interfacial energy, V,,
is the molar volume of the solid (mol cm™), D is the diffu-
sion coefficient, R is the gas constant, and 7is the tempera-
ture (K). Hence a plot of particle size cubed versus time
should be linear if the particle growth follows Ostwald rip-
ening. The diffusion coefficient from the Stokes—Einstein
equation for ionic diffusion can be compared to the Ostwald
model by comparing the diffusion coefficient obtained from
the graph to that obtained from

kg T
6mMa
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where 4 is the hydrodynamic radius of the solute, 1 is the
viscosity of the solvent, and 4y is Boltzmann’s constant.

It should be noted that if access to a particle size ana-
lyzer is possible, complementary results can be obtained. Since
many of these instruments measure the diffusion of particles
and estimate the hydrodynamic radius from the Stokes—Ein-
stein equation, the results would illustrate the differences be-
tween the models used in each case.

Modeling

The absorbance, 4, of a dilute solution of small particles
can be calculated from Mie theory (11)

4- = @

2.303
where C'is the absorption cross section, V is the number of
particles per unit volume and /is the optical path length (cm).
The absorption cross section is dependent on the dielectric
properties of the particle and the surrounding medium and
in the limit where the circumference of the particle is less
than the wavelength of light the cross section can be expressed
as (9)
3
24723 sm/z e”

C == ; (5)

(¢'+ 2e,,)" + &"

where 7 is the radius of the particle and €, is the dielectric
permittivity for the medium (constant). The dielectric per-
mittivity for the particle (¢) may be affected by a number of
factors; size quantization (in semiconductors), conduction
electron scattering (in metal particles as the particles become
smaller) or physicochemical effects. The dielectric permittivity
of the particle contains real and imaginary parts:

e =¢ +ig" (6)
The origin of a strong absorption peak in metallic colloids
can be clearly seen from eq 5, when & = -2¢,, (if &” small).

This generally occurs when € < 0 in the UV-visible part of
the spectrum (72). Hence, the peak can shift with particle
size and color changes may be observed if the peak absor-
bance is in the visible region (as with gold colloids).

The dielectric response of a metal can be described by
the simple Drude model where the dielectric permittivity is
dependent upon the frequency of the incident light, a damp-
ing constant, and a plasma frequency, which is dependent
on the material properties. At particle sizes smaller than the
mean free path of an electron, the conduction electrons are
scattered by the surface of the sphere and the damping con-
stant becomes size dependent.
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Figure 1. Absorption spectra for a colloid aged at 65 °C. The spec-
tra were recorded at O, 1, 3, 5, 11, 16, 30, 60, 90, and 120
min after immersion in the aging water bath.

For semiconductor particles no such theory exists.
Strong changes in € occur near the band edge of semicon-
ductors, but normally negative values are not encountered.
As such, the absorption spectrum of small, non-quantized
semiconductor particles resembles that of the bulk mate-
rial (12).

The dielectric data for ZnO are only available for par-
ticles greater than 6 nm (73). However, the absorption can
be calculated from the bulk dielectric data and compared to
the experimental spectrum and the effect of the dielectric me-
dium can be investigated.

Experimental

The students prepared solutions of 1 mM zinc acetate
and 0.02 M sodium hydroxide in isopropanol and chilled
both solutions to 0 °C. The solutions were then combined
at 0 °C while stirring and then placed in a water bath at 65
°C. The temperature of the water bath could be between 35
and 75 °C but to be able to see a significant change in two
hours of sampling, temperatures greater than 50 °C are sug-
gested.

The solution was sampled regularly and the absorption
spectrum was measured in a UV—vis spectrophotometer (Cary
50). Since the growth rate slowed over time, more samples
were analyzed initially. The suggested times were 0, 1, 3, 5,
10, 15, 30, 60, 90, and 120 minutes. A typical set of results
obtained by students is shown in Figure 1.

Hazards

Using isopropanol at this temperature can cause harm-
ful vapors so the procedure should be carried out in a well-
ventilated room and safety glasses worn at all times. Care must
be taken when handling hot liquids.

Results

The initial preparation of the colloid was allocated a
three-hour laboratory period. The modeling section was com-
pleted the following week in the next laboratory session but
could be assigned as homework. The particle size was deter-
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Figure 2. Cube of the particle radius versus aging time at 65 °C.

mined from the spectra (shown in Figure 1) and plotted
against time as shown in Figure 2 to determine the kinetics
of growth. The diffusion coefficient was estimated for
Ostwald ripening from the graph (from Figure 2, D = 1.96
% 107 m?s!) and compared to that for Stokes—Einstein dif-
fusion for isopropanol at the appropriate temperature (D =
1.04 x 102 m?s™ at 65 °C). The Stokes—Einstein diffusion
coefficient was calculated using a hydrodynamic radius of
0.51 nm and a viscosity of 0.465 mPa, which was extrapo-
lated to 65 °C from the CRC Handbook (14) values at lower
temperatures. The diffusion coefficients show there was good
agreement between the models. Typically, students obtained
diffusion coefficients within the same order of magnitude.

The main problem students had was in estimating the
cut-off wavelength from the absorption spectra.
Nedelijkovic et al. (8), introduced a method where the slope
of the peak was estimated and the cut-off wavelength mea-
sured from where the tangent crossed the A axis. This
method, while not perfect, was simple for students to use
and gave reasonable results. An alternative method whereby
the tangent was determined at half the peak maximum was
trialled but the results were, on average, too small. This
method for determining particle size can be used as an ad-
ditional analytical technique when working with colloids
or nanoparticles and can be used in combination with XRD
or particle size analyzers. In fact, later versions of this practi-
cal used a particle size analyzer' as well as a UV—vis spec-
trometer so that comparisons could be made.

If no modeling was required the laboratory could be left
at that point, with a brief understanding of colloids and their
growth. This would be suitable for most chemistry students
and would only require one laboratory session (three hours).
Since the nanotechnology students have a strong physics
background a more comprehensive investigation of colloid
properties was completed in the modeling section. To allow
chemistry students to complete this section a more appro-
priate introduction to semiconductors similar to Kippeny et
al. (6) should be included.

Students were required to look up tables of constants
for the different parameters (15, 16) and use them in their
respective equations to calculate absorbance. A table of the
zinc oxide dielectric data was supplied and is included in the
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Figure 3 Absorption spectra from a model for 6-nm zinc oxide par-
ticles in isopropanol compared with experimental spectra of 3-nm
particles in isopropanol.

Supplemental Material.” The constants used in calculations
are also supplied. The key parameters that students were asked
to investigate were the particle size and the effect of the sol-
vent. The resulting theoretical curves were compared to ex-
perimental curves (Figure 3) and students were asked to
explain the reasons for differences. The main differences are
in the position and width of the peak and the background
shape. Since the model is based on 6-nm particles, the peak
is expected to be redshifted with respect to the experimental
curve. The second peak about 270 nm can be attributed to
smaller particles in the solution. The distribution of particle
sizes will contribute to the peak width and solvent effects are
most likely to produce the large background. Filtering the
solutions with microporous filters may reduce this back-
ground.

The choice of program to set up and manipulate these
equations was left to the student. It has been achieved in
Microsoft Excel as is shown in Figure 3, but students have
also used more mathematical programs such as Maple. Simple
software could also be written so students could simply en-
ter the parameters to get the final absorption spectra but this
was outside the scope of the experiment and was not tried.

Conclusions

There are a number of ways to extend this experiment.
The theory given is for upper-level undergraduate students
but could be extended to include the whole Lifshitz—Slyozov—
Wagner (LSW) method of modeling particle growth. The
assumptions of this model do not always hold for colloidal
suspensions and several corrections can be made (2). Other
models, such as the tight-binding model could also be ex-
plored. These are certainly issues that can be discussed dur-
ing a complementary lecture course. Other extensions could
include investigating the mechanism of formation of nano-
particles from the chemical perspective (17) or completing
the experiment at different temperatures.

The student response to this experiment was encouraging.
Their ability to link theory and experiment was developed us-
ing the modeling section and students became more aware of
the parameters affecting absorption in nanoparticle suspensions.
The use of concepts and constants from solid-state theory al-
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lowed students to make links between the physics and the chem-
istry and realize the value of each approach. These outcomes
were realized from the students’ answers to the questions at the
end of the laboratory (as presented in the Supplemental
Material¥) and from their questions to demonstrators.

An ideal extension of this laboratory would be to investi-
gate more thoroughly the dielectric model for metallic colloids
and to use this model to identify the size of a gold or silver
colloid (9). An attempt to use the model for zinc metal par-
ticles was not successful, as some critical parameters are not
well known. Gold and silver are some of the more widely stud-
ied colloids and hence accurate data are widely available (5).

YSupplemental Material

Instructions for the students, including lab questions,
experimental constants, and dielectric data, and notes for the
instructor are available in this issue of JCE Online.
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Note

1. High Performance Particle Sizer from Malvern Instruments,

United Kingdom (Model Number HPP5001).
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