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Section 1:
What is SHArK?

SHArK is an acronym for Solar Hydrogen Activity research Kit. It was established in
2007 by Professor Bruce Parkinson at Colorado State University in order to enable high
school and undergraduate-level students to discover new materials (photoelectrocatalysts)
that can split water into hydrogen fuel (and oxygen) using sunlight. Students prepare new
materials test them for photoelectrocatalytic behavior using the SHArK scanner.
Over 60 sites (high schools and undergraduate colleges) across the USA used the
original SHArK scanner. Students at one of these sites, Gonzaga University, discovered a
promising photoelectrocatalyst, and a scientific journal article detailing the material’s
discovery and properties has since been published in an academic journal.[1] We hope
though the continued development of the SHArK project, and continued research of new
materials through the SHArK project, we can continue to have such successes.
As with all equipment, there is always room for improvement of SHArK.
Improvements to SHArK 3.0 include more reliable scans, a new raster pattern, increased scan
options under “advanced scan,” and new ways to save and retrieve information about your
sample. The original SHArK scanner took approximately 4 hours to scan a single sample.
SHArK 3.0 takes less than one hour to complete a “basic scan.”

[1] “Combinatorial Discovery Through a Distributed Outreach Program: Investigation of the
Photoelectrolysis Activity of p-type Fe, Cr, Al Oxides” J. G. Rowley, T. D. Do, D. A. Cleary
and B. A. Parkinson
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Section 2:
Motivation

To get you inspired to explore new photocatalysts, this section includes background
information about photocatalysts and why they’re important to us.
2.1. An Introduction to the Energy Crisis and Climate Change
Since the industrial revolutions of 1870s in Europe, mankind has been burning coal,
oil, and gas to produce useful mechanical and electrical energy. These fuels, known as fossil
fuels, were formed millions of years ago when living plants and animals died and were
buried in prehistoric oceans and swamps. Over millions of years, the dead material was
covered and trapped at high pressures and temperatures, eventually transforming the material
into fossil fuels.
Today, we burn fossil fuels at power plants to release heat energy. This energy is used
to boil water, producing steam, which is then used to turn turbines that generate electricity
(check Michael Faraday’s work for more details). Fossil fuels have such a high concentration
of energy that they are also the primary source for powering transportation vehicles. Today,
approximately 75% of the world’s energy consumption is supplied by fossil fuels; however,
there are major disadvantages to producing our electricity this way. Firstly, fossil fuels are
known as a non- renewable energy resource because one day they will run out. This is
because it took the fossil fuels we use today over 300 million years to form, and we are
burning fossil fuels at a much faster rate than they are being replenished. Additionally,
burning fossil fuels releases carbon dioxide (CO2) and other gases such as sulfur dioxide
(SO2) and nitrogen oxides (NO) into our atmosphere. These gases cause health issues, smog,
and most significantly, global warming.
2.2. Renewable Energy Resources
There are two steps humans can take to mitigate our planet’s dependence on nonrenewable energy resources; firstly, decrease our demand (use less energy), and secondly,
increase our renewable energy supply. Renewable energy is energy that comes from
sources that are abundant and will not run out such as the sun, wind, rivers, lakes, tides,
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biomass, and geothermal. If you measure how much energy each of these resources
contains in the world, you can compare their total abundances of these energies. Table 1
lists renewable energy resources and their corresponding total energy flux (flux means it is a
continual flow of energy) on Earth. Note that the most abundant energy resource is solar
(Question: why do you think solar is the highest? Hint, where do all the sources, except
geothermal, originate from?).
If we could harvest all of the Earth’s incident sunlight then in just one hour we could
power the world for an entire year! Why don’t we do that? You have probably seen solar
panels on the roofs of houses; why don’t we cover all roofs with them? Unfortunately, the
solar panels you see on roofs convert sunlight to electricity at around 15% efficiency, so we
lose 85% of the light energy. Additionally, solar panels are currently a more expensive route
of producing electricity than burning fossil fuels. Another problem with solar energy is that it
can only be generated during daylight hours, yet humans use energy throughout the night. In
fact, one of the primary problems with many
Power Source
Total Energy
renewable energy sources is that they are
Flux (TWatt)
intermittent. A final concern with renewable
energies is that they are not transportable. Most
of our transportation network is powered by
gasoline (a fuel), not electricity– we need a
Tidal
4
substitute for gasoline. Today some vehicles
Rivers and Lakes
7
are utilizing batteries as a route to store
Geothermal
32
electrical energy; however, these batteries
Ocean Waves
60
currently have low energy densities and are
Photosynthesis
90
expensive. If our society is going to replace
Wind
810
fossil fuels with a clean and renewable fuel, we
need an efficient and effective route of
Solar
43000
producing it.
One possible fuel is hydrogen (H2) gas.
Hydrogen is the most abundant element in our Table 1: The total energy flux of
universe, and is most commonly found on planet renewable energy sources.
Earth in the form of water (H2O) in our oceans.
Unfortunately, hydrogen in water molecules is in its oxidized (burned) form and so cannot be
burned to produce electricity like fossil fuels cab. If, however, we could produce hydrogen
(H2) (eqn. 1), which when burned in the presence of oxygen (O2), releases water (H2O) and
energy (eqn. 2), we would have a fuel. Hydrogen gas can be burned like natural gas to power
vehicles. Alternatively, the energy in hydrogen can be extracted more efficiently by using a
hydrogen fuel cell– a technology that has already been developed. Scientists are currently
exploring new routes of producing hydrogen using renewable energy sources.
2H2O(l) à 2H2(g) +2O2(g)
2H2(g) +2O2(g) à 2H2O(l)
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One promising route currently being developed by scientists is using sunlight to drive eqn. 1,
known as “water splitting.” To do this, a type of catalyst (a catalyst is a material that helps a
reaction go more quickly to products) that uses light energy to drive an electrochemical
reaction (electro- refers to electricity) is required. This type of catalyst is known as a
photoelectrocatalyst. To date, we haven’t found a stable photoelectrocatalyst that can split
water cheaply and efficiently. That is a job for SHArK!

Figure 1: Periodic Table of the Elements. The faded boxes represent elements that are
not suitable for use in a photoelectrocatalyst.
The periodic table is a chart that contains every known element– there are over 118
elements in total. As scientists, we are able to study combinations of elements from the
periodic table that, when bound together by chemical bonds, could produce a material that
works as a photoelectrocatalyst. However, if we are going to design a material that is suitable
for photoelectrocatalytic (PEC) water splitting, there are several properties of the material we
must first consider. Of particular importance, we want our material to work for a long period
of time, be safe, inexpensive, and made from abundant elements. Stability is crucial for a
material to be practical, but equally important the material should not be very expensive, and
so should not contain expensive elements such as platinum or other noble metals. Some
elements, such as indium, are particularly rare on our planet, and so, it would not be practical
to use these in our photoelectrocatalyst materials. Finally, our material needs to be safe for
the environment and humans, and we therefore avoid any radioactive or extremely poisonous
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elements. If we eliminate the non-earth abundant, gaseous, toxic and/or expensive elements
from our periodic table, we are left with approximately 50 possible candidates, as highlighted
in Figure 1. However, scientists have already checked these materials and none of them fit all
of our criteria. Scientists can, however combine different elements together to make materials
known as alloys. To calculate the number of possible alloys that can be generated we need a
mathematical equation:
Number of combinations = N! / a!(N - a)!

(eqn. 3)

Where; ‘N’ is the total number of elements, ‘a’ is the number of elements we are
using in a sample, and ‘!’ is the symbol for factorial [e.g. 4! = 4 x 3 x 2 x 1].
For combinations of 2 elements (out of the 50), there are therefore 50! / 2!(50-2)! =
1,225 possibilities. These combinations have, however, mostly been checked by scientists
and none seem to work. Therefore, we have started to search for combinations of 3 or more
elements that might perform photoelectrocatalysis. How many possibilities are there? With
just 3 element combinations, there are over 19,000 combinations. If we choose 4 elements,
there are over 220,000 combinations, and that’s just assuming a 1:1:1:1 ratio (equal number
of atoms of each element)! Clearly these numbers are too large for scientists to manage
alone. Therefore, we ask students like you to help us perform these experiments using
SHArK.
Once you have chosen your 3 or 4 elements to investigate, the chemical mixtures you
prepare must be cast into films that will then be heated to a high temperature (e.g. 500°C) in
air. The oxygen in the air will oxidize the elements (e.g. 2Ni + O2 à 2NiO) to form oxides
(like what most rocks are made of); just like rocks, these oxides should show high stability.
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Section 3:
The Science

SHArK is, after all, a science project. In this section we outline some of the basic science that
will help you successfully run, understand, and contribute to the SHArK project. Depending
on your education level (high school, undergraduate or teacher), you may wish to refer to our
reading list on page 29.
3.1. Electrochemistry
Electrochemistry is the study of the
interconversion of chemical and electrical
energy. An electrochemical reaction
involves the flow of electrons between two
electrodes, an anode and a cathode, in an
electrical field. The reaction takes place in
an electrochemical cell, as shown in
Figure 2. An electrochemical reaction is
also referred to as a reduction-oxidation
reaction or redox reaction. Oxidation is the
process by which a species loses electrons
to form an oxidized species. Oxidation
occurs at the anode. Reduction is opposite
of oxidation where a species gains an
electron to form the reduced species.
Reduction occurs at the cathode. Just
Figure 2: Schematic of an electrochemical
remember: “An Ox, Red Cat!”
An electrochemical cell is a device cell.
that can either utilize redox reactions (chemical energy) to produce electrical energy, or
utilize electrical energy to drive chemical reactions. For example, a battery uses chemical
reactions to generate electrical energy. Similar to a battery is a fuel cell; however, unlike a
battery, a continual fuel supply (e.g. hydrogen gas) is used to produce constant electrical
energy. When a rechargeable battery has discharged, electrical energy can be used to reverse
the chemical reaction in the battery regenerating the chemical reactants needed for the battery
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to produce electricity again.
An electrochemical cell is comprised of two electrodes (anode and cathode)
immersed in an electrolyte. The electrodes connect externally by a wire to facilitate the flow
of electrons (electrical current) from the anode to the cathode. Charged chemical species
(ions) in the electrolyte transport charge across the cell from the cathode to anode, as shown
in Figure 2, thereby completing the electrical circuit.
3.2. What Type of Material are We looking for?
Solid-state materials can be divided into three categories: insulators, conductors and
semiconductors. While you are probably aware of the distinction between insulators and
metals, (insulators cannot conduct electricity whereas metals can) it is important to
understand the structural and electronic properties of these materials. It is also critical to
understand the properties of a semiconductor, as these are the materials that are used in the
SHArK project.
To understand the distinction between insulators, semiconductors and metals, the
basics of “band theory” need to be outlined. Band theory describes the electronic structure of
“bulk” material. “Bulk” material refers to a large group of molecules or atoms (> 10,000)
rather than a single, isolated atom or molecule. However, to fully understand bulk properties
the, the electronic properties of a single, isolated atom must be understood.
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Figure 3: Schematic showing the evolution of energy levels from an atom
(number of atoms is 1), to a bulk material (number of atoms approaches
infinity). Note that as the number of atoms increase, the number of allowed
energy states also increases until becoming a continuum when we reach a bulk
material.
An atom is composed of a nucleus (containing protons and neutrons) surrounded by a
cloud of electrons. The electronic properties of an atom involve the energy of electrons. An
isolated atom (free from external interactions such as electric fields) has what are known as
energy levels. These are separate (discrete) levels that represent the amount of energy an
electron is allowed to have. Unlike gravitational potential energy (e.g. on a ski slope a skier
can be at any point on a mountain) the electronic energy levels in an atom are separated by
forbidden energy gaps (e.g. climbing a stairway a person can only stand on the steps, not
between the steps). The energy levels that electrons are allowed to fill are represented on
paper with a straight, horizontal line, as shown in Figure 3.
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Figure 3 also illustrates how as more atoms bind together (left to right), there are
more possible energy levels for electrons to occupy. As the number of atoms in the material
approaches infinity, each atom is still contributing its own energy levels, however the point is
reached where there is no separation between some levels and rather than discrete levels
there is a continuous region of acceptable energy levels (back on the ski slope rather than the
staircase). When the atoms gathered together to form a material reaches the size of an object
you can see with the eye, e.g. a grain of sand, there are over 5 x 1019 (or infinite) atoms
leading to the formation of continuous “bands” or acceptable energy levels. This is known as
“band theory”.
In an atom, energy levels can be completely filled with electrons, partially filled with
electrons,
or
empty.
Similarly, in a bulk material
bands can be completely
full, partially full or empty
of
electrons.
The
conductivity of a material is
determined
by
a
combination
of
the
electronic population of
bands (how full a band is)
and the spacing between the
bands (forbidden energy
gaps). Figure 4 shows the
typical representation of
energy bands in metals,
semiconductors
and
insulators.
At
low
temperatures (absolute zero)
the “valence band” is
completely filled with the
electrons used for bonding
the atoms together that form
the material. On the other
Figure 4: Schematic of the band structures of a metal,
hand,
the
“conduction
semiconductor and insulator. Both semiconductors and
band” does not contain any
insulators have a band gap (space between valance and
electrons
at
low
conduction bands), however metals do not.
temperature.
Insulators do not conduct electricity because the valence band is full of electrons, and
the conduction band is empty. Metals also have a full valance band; however, unlike in an
insulator, there is an overlap between the conduction band and valance band of a metal
allowing some electrons to partially fill its conduction band. This partial filling of the
conduction band makes metals highly conductive. These electrons are free to move under the
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influence of an electric field and hence a metal can conduct electricity. A semiconductor is
rather similar to an insulator; the valence band is full, the conduction band is empty, and
there is a forbidden region (band gap) between the two. However, the band gap in a
semiconductor is much smaller than in an insulator, and therefore electrons can be promoted
(“excited”) from the valence band to conduction band. The energy required to excite an
electron in a semiconductor from the valance band to the conduction band can be provided
by either heat (thermal) energy or light energy. Because of these electronic properties the
SHArK project is searching for new semiconductor materials.
There are two types of semiconductors, known as intrinsic and extrinsic. Intrinsic
semiconductors, as described above, can use light or thermal energy to excite electrons from
the valence band to the conduction band, and hence enable conductivity in the material. An
example of an intrinsic semiconductor is pure silicon. As a semiconductor, silicon can absorb
light energy to excite an electron from the lower energy (valence band) to a higher energy
band (conduction band).
Defects in semiconductor crystal structures also influence the band structure (and
hence conductivity) of a material. Defects can be a missing atom in the crystalline structure,
and/or additional atoms known as dopants. Let’s look at an example. Pure silicon’s atoms are
arranged such that each silicon atom is chemically bound to four other silicon atoms. Silicon
is in Group IV on the periodic table, and so we know each silicon atom has four valance
electrons. Each chemical bond between neighboring silicon atoms uses two electrons and
hence all four of the valence electrons of silicon are used to create four chemical bonds. If a
silicon atom is missing, there will be a missing bond to one of the surrounding four silicon
atoms. Rather than a missing atom, if a silicon atom is replaced by a phosphorous atom
(group V, so 5 valance electrons) there will now be an additional free electron in the crystal
lattice (Figure 5). Another example is if the silicon atom is replaced with boron (group III, so
3 valence electrons) atom. Here, the dopant atom (boron) has one less electron than silicon to
form chemical bonds (Figure 5). One of the adjacent silicon atoms will therefore be left with
an unpaired electron (unable to form its fourth chemical bond). Boron has a higher
electronegativity (pulls harder on electrons) than silicon and so this unpaired electron is
accepted by a boron energy level leaving behind a hole (the opposite of an electron) on the
silicon atom that is free to move in the crystal lattice.
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If the crystal contains sufficient dopant atoms (like phosphorous or boron), these
dopant atoms introduce additional electron energy levels within the band gap forming an
extrinsic semiconductor. There are two types of extrinsic semiconductors: n-type and p-type.
Semiconductors that contain free electrons (e.g. silicon doped with phosphorous) are known
as n-type semiconductors. Semiconductors that have free holes (e.g. silicon doped with
boron) are known as p- type semiconductors.

Figure 5: (left) Phosphorus dopant atom in a silicon crystal structure leading to a
mobile electron. (right) Boron dopant atom in a silicon crystal structure leading to a
mobile hole.
Under illumination n- and p-type semiconductors excite electrons into the conduction
band, leaving positively charged holes (h+) in the valance band, which are free to move
within the lattice and can take part in electrochemical reactions. In a photoelectrochemical
cell, the resultant electrons and holes are used to convert light energy into electrical or
chemical energy. Remember, the difference between n- and p-type semiconductors is that ntype materials have free electrons whereas p–type materials have free holes in the valence
band. N- and p-type semiconductors are the two types of materials that SHArK is looking for
to facilitate the photoelectrochemical splitting of water into hydrogen and oxygen.
3.3. Photoelectrochemistry
Photoelectrochemistry is an area of chemistry that combines photochemistry (photo =
light, so light-chemistry), electrochemistry, and semiconducting materials to study redox
reactions under illumination– particularly solar illumination. In other words, it is
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electrochemistry that occurs at a semiconductor electrode when driven, at least in part, by
light from the sun.
In the SHArK project, the goal is to identify semiconductor electrode materials that
are able to drive water splitting (Eqn. 1) when illuminated. The SHArK scanning station
systematically scans a laser (that simulates light from the sun) across the surface of a
semiconductor electrode while simultaneously recording the electrical current response.
SHArK measures current because it is the easiest-to-measure sign that a redox reaction is
occurring and potentially producing desirable fuels such as hydrogen from water.
In a photoelectrochemical cell, the semiconductor is called the working electrode and
is connected by an external wire to a counter electrode. Both electrodes are in contact with
the electrolyte solution. During the measurement, a small spot on the working electrode is
exposed to laser light. When the semiconductor electrode absorbs light, an electron-hole pair
can be formed, which can be used in a photoelectrochemical reaction. This type of current is
called photocurrent (current formed in the presence of light). If a semiconductor electrode
produces photocurrent, this means it may also be able to drive water splitting to produce
hydrogen fuel. Any photocurrent is a good sign! Equally, it is important to remember that
semiconductors also need to be noted and logged so they can be eliminated from the list of
materials not yet studied.
3.4. Photoelectrochemical Water Splitting
Electrolysis of water (electricity passed between two electrodes in water) produces
hydrogen and oxygen gas. Hydrogen gas is a promising fuel that could replace fossil fuels.
The chemical reaction used to produce hydrogen is known as water splitting (Eqn. 1).
Although water splitting can be written in one chemical reaction, it in fact takes place in two
separate steps:
(i) Firstly, water must be oxidized by holes, (h+, a missing electron) to produce oxygen gas
and hydrogen ions, H+ (Eqn. 5). This occurs at an illuminated n-type semiconductor where
the created electron-hole pairs are free to move within the lattice. As discussed earlier, n-type
semiconductors already have free electrons in the conduction band, so the addition of one
more makes very little difference to the material. The newly light-generated hole in the
valance band, however, is mobile, and is able to drive photoelectrochemical oxidation
reactions, i.e. the oxidation of water.
(ii) Secondly, the H+ ions must be reduced by electrons (e-) to produce hydrogen gas (Eqn. 6).
This will occur at a p-type semiconductor electrode where, under illumination, mobile
electron-hole pairs are generated. In this case there are already extra holes present, so the
mobile electrons (minority charge carrier) can drive photoelectrochemical reduction
reactions.
Therefore, the production of oxygen occurs at the photoanode (n-type semiconductor)
and the production of hydrogen occurs at the photocathode (p-type semiconductor).
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Photoanode:
2H2O(l) + 4H+(hv) à O2(g) + 4H+(aq)

E°Red = 1.23 V

(eqn. 5)

Photocathode:
4H+ + 4e-(hv) à 2H2(g)

E°Red = 0.00 V

(eqn. 6)

Cell Potential:
E°cell = E°cathode – E°anode = 0 V-1.23 V= -1.23 V

(eqn. 7)

The overall cell potential (voltage) necessary to drive this reaction is 1.23 V. While this
voltage could be applied using an electric power supply to produce hydrogen fuel, fossil fuels
would still be needed to operate the power supply. Instead, scientists are trying to use solar
energy in combination with semiconductor materials to create the necessary voltage in a
photoelectrochemical cell to drive the water splitting reaction. Here lies the motivation of the
SHArK project–– to find new, suitable semiconductor materials for the photoanode and
photocathode.
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Section 4:
Experimental Procedure

This section is divided into sections relevant to kit contents, safety, installing the software,
assembling your LEGO scanning station, preparing your sample, and running an experiment
with SHArK.
4.1 The Kit. What’s In It, and What’s Not.
Included :
Ø LEGO bricks (please refer to the Appendix A, the LEGO materials list and building
manual, for details)
Ø Two (2) blue SHArK electronics boxes– these contain the electronics that control the
movement and electrochemistry of SHArK. It is built at the University of
Wyoming.
Ø Two (2) linear actuators by Frigelli (model L12-100-210-12-P)– these actuators
enable the movement of the laser.
Ø One (1) laser– This is the light source for SHArK. It rasters across the surface
illumining a small area at a time.
Ø One (1) MyRIO by National Instruments– This is an advanced data acquisition card,
and enables photocurrent data collection from SHArK.
Ø Ten (10) FTO (conductive glass) substrates– This are used to prepare your sample
upon.
Ø Ten (10) strips of copper tape to adhere to your prepared samples
Ø One (1) 3D-printed sample holder with an FTO front-plate– This holds your sample,
the electrolyte and is the counter electrode of your scan station.
Ø One (1) flash drive containing installation software for SHArK
Ø One (1) ribbon cable– This connects your electronics box to your MyRIO
Ø One (1) power adaptor– This powers your MyRIO and an electronics box
Ø One (1) USB cable– This connects your MyRIO to your computer
Ø One (1) electrochemical connection wire– This connects your electronic box to your
sample during a scan via two alligator clips.
Ø One (1) pair laser safety goggles for a 523 nm laser.
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Not included:
Ø Windows computer– SHArK is designed to run on a Windows compatible computer.
Ø Chemicals– for your sample preparation (metal salts), as well as for the electrolyte
solution (sodium hydroxide) and cleaning solutions for the FTO plates (soap, ethanol
or methanol).
Ø To replenish your FTO– item #TEC 15, size: 2.5cm x 2.5 cm x 2.3 mm. Available
from Hartford Glass. Email: hartfordglass@live.com, Phone: 765-348-1282
Copper tape– used to help make a good electrical contact between the FTO plate and
the alligator clips for photoelectrochemical measurements. (e.g.
http://www.amazon.com/Copper-Conductive-Adhesive-WidthLength/dp/B009KB86BU/ref=sr_1_2?ie=UTF8&qid=1421257585&sr=82&keywords=copper+adhesive+tape)
Ø Additional pairs of laser safety glasses if desired.
4.2. Safety
Laser safety is paramount in SHArK. You must wear laser goggles while performing
experiments and remember, there may be other people in the room– you are responsible for
their eyes too. Lasers are powerful light sources and can easily reflect off surfaces and
damage eyes.
4.3. Downloads and Installing the Software
The software used to control SHArK is built using LabVIEW. The program has been
designed specifically for SHArK. Included in your kit is a flash drive that contains the
installer for SHArK version 3.0. If you have any previous versions of SHArK, please
uninstall them completely before proceeding. This can be done using the add/remove
programs feature of your computer. To install the software, insert the flash drive into a USB
port on your computer. Run the “Install.exe” file. You will need to be an administrator on the
computer to do this. Follow through the installation popups, clicking next and accepting the
licensing agreement when required. After the SHArK Viewer, SHArK Scanner, and
Firmware updater have been installer, the installer will install drivers needed to connect to
SHArK’s cloud database. The installer will install three programs that will be visible in the
Windows installed programs list: SHArK 3.0 (U of Wyoming), National Instruments
Software (National Instruments) and MySQL ODBC Connector (MySQL).
4.4. Preparing Your Samples
All samples need to be prepared on fluorine-doped tin oxide (FTO) glass substrates
(10 included). This is conductive glass that will enable a circuit to flow through the
electrochemical cell. Be careful not to scratch the surface when you are making your sample
as you can damage the conductivity of the FTO. Below are a few examples of how to prepare
samples using your chosen elements of interest. For these methods you will first need to
clean the FTO glass.
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Cleaning the FTO:
Ø Using hot soapy water and a sponge, gently wash the glass
Ø Rinse thoroughly to remove all soap from the surface with water (preferably
deionized water)
Ø Rinse with ethanol/methanol if you have access to this chemical
Ø Leave the samples to dry before continuing
Ø Take care not to touch the glass. Use tweezers and/or wear gloves to hold the glass
at the edges only from this point onwards.
Preparing the Sample:
There are currently several methods possible for preparing samples. Appendix B details each
method. A brief description of each method follows in this section.
Silk screen printing is a great technique suitable for preparing ternary gradients of metal
oxides. With this method a silk screen is prepared (only needs to be done once), and uses
to apply three overlapping gradients of metal salt solutions.
Spray pyrolysis uses an airbrush, glass atomizer, or any other type of spray bottle that
can deliver a fine mist. A mask is first created to control the shape of the deposition, and
then metal salt solutions are sprayed onto an angled (45º), hot (300 ºC) FTO glass plate.
Drop pipetting requires the use of micropipettes and a mask to deposit ~10 µL drops of
metal salt solutions onto a hot (~100 ºC) FTO sample.
Controlled evaporation changes the film thickness of a material in concentric rings
(much like coffee rings). This method is especially interesting for further exploring “hits”
to see how the thickness of the material affects the photocurrent.
Inkjet printing is useful for creative designs (like that in Figure 6), but can also be used
to control the thickness (number of layers) and composition of your sample. NOTE:
Because all inkjet printers are slightly different, detailed instructions are not given for this
method, however, if you have an inkjet printer available for your use, we encourage you
to explore this option.
Can you think of a better way to prepare samples? We’d
love to hear your ideas and see your results! Email us:
SHArKproject@gmail.com.

Figure 6: Printed sample after
being heated with copper tape
across the top.
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Pyrolysis:
1. Once the samples have been dried, they must be
heated to 500°C in an oven. If you don’t have an oven in
the lab, try the art department for a kiln.
2. Adhere a strip of copper tape across the top of
your FTO sample (as shown in Figure 6). This copper
strip is where you will attach an alligator clip to make an
electrical connection.
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4.5 Apparatus Setup
4.5.1 Electronics Assembly
The first step in
assembling the SHArK
electronics is to adjoin the
blue SHArK electronics
Figure 7: Larger blue electronics box is attached to the
boxes
to the National
MyRIO via the ribbon cable.
Instruments MyRIO box.
The longer box controls the
laser and the two linear actuators. It should be connected to the MyRIO first via the included
ribbon cable (as shown in Figure 7). Next, attach the two linear actuator extension cables to
the long electronics box, ensuring you match the colors-coded label on the electronics box, as
shown in Figure 9. Because the actuators are not attached at this point, and only the extension
cables, the x and y do not matter yet. Next, the laser can be attached to the blue box, as
shown in Figure 9.

Figure 9: The linear actuator cables are
attached to the electronics box, matching
the color-coded label on the box. In this
photo the orange cable is on the left and
the yellow cable is on the right.
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Figure 9: The laser cable is attached
to the electronics box.
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Figure 10: The smaller electronics box is attached
directly to the other side of the MyRIO using the
20-pin connector.

Figure 11: The cable with the alligator
clip terminals is inserted into the smaller
electronics box.

Once the larger electronics box is set up, the smaller electronics box can be attached,
as seen in Figure 10. To do this, the 20-pin connected is attached directly to the MyRIO. Be
sure to press the connector in all of the way. When completely attached, the connector pins
should not be visible. Next, the cable with the alligator clips can be inserted into the
electronics box, as seen in Figure 11.
Once both of the electronics boxes are attached to the MyRIO, the power chord can
be attached. You will notice that the power chord for SHArK 3.0 is Y-branched (Figure 12).
The bottom end of the “Y” goes to a standard plug for an electrical outlet and the two top
branches of the “Y” go to the SHArK electronics box and MyRIO (Figure 13).

Figure 12: The SHArK power
chord. The plug for the electrical
outlet and the branched plugs for
the electronics box and MyRIO
can be seen.
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4.5.2 Placing your sample in the electrochemical
cell
1. Slide your sample into the slots of your 3Dprinted sample holder. Be sure that the side with the
printed metals is facing the FTO (glass) front-plate of
your 3D-printed sample holder.
2. Attach your sample to the SHArK electronics
box by clipping the alligator clip connected to the red
wire of the SHArK scanner (as shown in Figure 14).
Take note of the orientation of your sample relative
to the laser so that you can fully interpret your results
at a later date.
3. Attach the alligator clip attached to the black
wire to the front-plate of the 3D-printed sample holder.
Because the side of the glass facing your sample is
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conductive, this front plate is also
a counter electrode.
4. Fill the electrochemical
cell with 0.1M NaOH. You can do
this
without
wetting
any
electronics by pouring the NaOH
solution through the cylindrical
spout on the side of the sample
Figure 13: The power chord is attached to both the holder. The solution level should
MyRIO and the large electronics box. Note how
be 1.5 cm (or more) beneath the
the power chord is brought under the ribbon cable alligator clip such that the sample
for ease of connection.
is fully submerged in solution, but
so that the solution does not come
in contact with the either the alligator clips or the copper tape. If the solution comes
in contact with any of these, SHArK will give
false and noisy current readings. Be very
careful to prevent this. If you notice the
connection does come into contact with the
electrolyte solution, remove the sample and
use a paper towel to dry both the top of the
sample and the alligator clip. Then, carefully
re-submerge the dry sample into solution.
5. Attach your sample holder to the LEGO base.
Be sure to snap it into place to prevent it from
tipping over if accidently nudged.
6. You may choose to place the scanner
underneath a large cardboard box ensuring
nothing is knocked as you lower it over. Figure 14: 3D printed sample
Alternatively, you can turn off the lights in the holder with sample inserted into
room/shut blinds. The darker the room, the the grooves and alligator clips
better your data will be, however SHArK 3.0’s attached. Red wire to sample and
new internal corrections should account for white wire to FTO front glass.
most ambient light.

4.6 Using the SHArK Software
Before opening the SHArK software, please ensure all cables are properly connected
(see section 4.5.1 for instructions). When you plug the SHArK USB into your computer you
should see the National Instruments MyRIO USB monitor window pop up (Figure 15). You
can simply close this by pressing “Do Nothing.” The first time you attach your MyRIO to
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your computer, your computer may need to install
drivers. Please let this finish before continuing.
Before you start your SHArK software for the
first time you should activate your NI software. To
do this go to your Start Menu, and navigate to the
National Instruments folder. Open NI License
Manager in that folder. Under “Vision Acquisition
Software February 2016,” right click on “Vision
Acquisition Software,” and press “Activate…”
Automatically activate through a Secure Internet
Connection. Enter your activation code (located on
the back of the box your MyRIO came in. It is a 9digit code we’ve highlighted). Follow any additional
prompts.
To open the SHArK scanning program,
Figure 15: NI myRIO USB
double click on the SHArK icon, or navigate to it in
monitor window. You can
your programs and click to open. When the scanning
simply click "Do Nothing”
program opens, you will see a screen like that in
when this pop ups.
Figure 16. The very first time you open the SHArK
program you will be asked to enter the name of your
school/institution. Once this is completed, you will not be asked to enter this information
again. SHArK 3.0 has three ways to examine your sample, “Basic Scan,” “Advanced Scan,”
and “Single Point”; the following sections will explain in detail how to use these tabs. Also
in the scanning software are a photocurrent intensity graph (which shows your scan results in
real-time) and your raster progress.

Figure 16: Screenshot of the SHArK 3.0 Scanner software. Note the tabs for
"Basic Scan," "Advances Scan," and "Single Point."
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Photocurrent Intensity Graph: As SHArK scans the laser across the sample, it calculates
the integrated photocurrent, which is plotted on a photocurrent contour map. This enables
the user to visualize the data such that they can readily see if their sample produces any
photocurrent. To help visualize your data as it is collected, a set color scale is used. As
the collected photocurrents becomes more and more positive (more p-type) the color goes
from yellow to orange to red. As the photocurrent becomes more and more negative
(more n-type) the color goes from green to blue to purple. No photocurrent (0 on the
scale) is always black. Figure 16 is a screenshot of a scan that is clearly showing a
negative photocurrent response (green). During the scan, you are free to change the
image contrast. To do this, use the slider bar to the side of the photocurrent intensity
graph. Note how moving this slider changes the color scale. Also note that in SHArK
version 3.0 you can no longer manually change the color scale.
Additionally, there is a crosshair that can be used to determine the location of a point
of interest. To show the crosshair simple click the checkbox located to the right of the
photocurrent intensity graph. The position of the crosshair can be changed by clicking
and dragging the crosshair to a new location. The coordinates of the crosshair will be
displayed below the checkbox. We encourage you to use this feature when writing
comments about your sample when you save.
Raster Progress: This contains a progress bar and an estimate of how much time is
remaining in your scan. The total length of your scan will depend on the type of scan you
chose to perform.
Scan Controls: Sections 4.6.1-4.6.3 will detail how to use the three tabs that comprise the
scan controls. Please see these sections for more details.
4.6.1 Basic Scan
The basic scan feature will be most useful users new to the SHArK Project. This type
of scan starts in the center of the sample and spirals outward. No electrical bias is applied in a
basic scan, and each point is integrated for 250 ms (see section 4.6.2.3 for more information
on integration time). To run a basic scan, click on the Basic Scan tab, and press the green
“Start Raster” button. Like any SHArK scan, the basic scan be stopped at any point by
pressing the red “Stop Raster” button, and the results can be saved, however, once you stop a
scan you cannot resume a scan.
4.6.2. Advanced Scan
The Advanced Scan feature gives the user much more control over scan parameters.
To run an advanced scan, click the Advanced Scan tab. Within this tab you will see several
parameters (Figure 17), all of which can be changed by entering a value with the keyboard or
using the up and down arrows on the control. Sections 4.6.2.1-4.6.2.4 will explain what each
of these parameters does. Once the desired parameters are set, the user can begin the scan by
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pressing the green “Start Advanced Raster” button. Like any SHArK scan, the scan be
stopped at any point by pressing the red “Stop Raster” button, and the results can be saved,
however, once you stop a scan you cannot resume a scan.
4.6.2.1. Actuator Speed
You can change the speed of actuators from 0.1 – 0.9 (arbitrary units). There are advantages
and disadvantages of moving the actuators faster (larger value) and slower (smaller value).
By scanning more slowly, the actuators are more accurate and your image will be sharper and
clearer. However, slower speeds will cause the scan to take longer to complete. Therefore, if
this is your first scan of a sample, it is best to run a fast scan to save time and to see if your
sample is photoactive. If you see any photocurrent in this first scan, you could then repeat the
measurement at a slower speed to produce more accurate data. To get an idea of how
accurately your actuator are moving, you can look at the “Current Laser Position (mm):”
readout below the photocurrent intensity graph. Each point at should land on integer values
(e.g. (53.0, 21.0)). As you increase your actuator speed you are likely to see the actuators
“miss” slightly more often (e.g. (53.2, 20.9)).
4.6.2.2. Scan Bias
Another setting the user can alter is the scan’s bias voltage. This will apply a voltage
(also called a potential difference or bias) between the sample and counter electrode. Note:
you should always scan a sample at 0 V first. This is because ideally a photoelectrocatalyst
will require no additional energy to produce photocurrent. However, applying an external
voltage can increase the photoelectrocatalytic activity observed by a material, so it is
interesting to test your
materials at a range of
potentials after you have
tried at 0 V. If you see some
photocurrent
from
you
sample, then try a slow scan
speed with a cathodic bias (0.2 V) followed by another
slow scan speed at an anodic
bias (+0.2 V). The software
enables you to change the
bias over the range +0.5 to 0.5 V in steps of 0.01 V to
investigate the materials
photocurrent
voltage
Figure 17: The Advanced Scan tab. Note there are five
dependence.
parameters that can be altered in this tab: Actuator
Speed, Bias Voltage, Signal Integration time and the X
and Y coordinates of the desired center point.
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4.6.2.3. Signal Integration
To understand the importance of integration time, you must first understand how
SHArK collects data. In order to remove any background current, an averaged “dark
current” value (average signal with no laser illumination) is subtracted from a “light current”
value (signal with laser illumination) every 8 µs. These light current readings are then
integrated (summed) for a specified amount of time (in the “basic” scan this is 250 ms. 250
ms = 250,000 µs. 250,000 µs ÷ 8 µs/reading = 31,250 readings. So, each time the laser
flashes, 31,250 readings are integrated to get a photocurrent). By increasing the integration
time (thus increasing the number of readings), it is possible to measure smaller
photocurrents. However, this also increases your total scan time.
4.6.2.4. Center Point
SHArK scans are always a square. If you want to look at a square between 11 mm
and 21 mm on the x-axis and 1 mm and 11 mm on the y-axis you would begin the scan at the
center-point– in this case (16, 6). The advanced scan spirals outward until it reaches an edge
(0 mm or 75 mm on the x- or y-axis). If you desire to scan an area that does not extend out to
the edge (for example a 13 x 13 mm square centered at (25,30)) the raster would have to be
manually stopped by the user once the desired area has been scanned.
4.6.3. Single Point

Figure 18: Screenshot of the Single Point tab. In this tab you
can monitor a single point on your sample by entering its
coordinates or by going to the crosshair position if the
crosshair is enabled (not shown).
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After you have
completed a scan, there
may be an area of your
sample
that
has
significant
photocurrent, or maybe there
is a spot you expected
would
give
better
photocurrent than it did.
This is when looking at
a single point can be
useful! To perform
analysis of a single
point, click on the
Single Point tab (Figure
18). To go to the
desired point enter in
the x- and y-axis
positions of the point. If
the crosshair on your
photocurrent intensity
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chart is visible, you can also go to the crosshair location by clicking the “Go to Crosshair
Position” button (NOTE: this button is only visible when your crosshair is also visible,
and is not visible in Figure 18. Once the desired values have been entered in the available
fields, click the green “Start Bias, Pulse” button. To stop the laser from pulsing, press the
red “Stop” button. This is a great way to see how a bias voltage affects your
photocurrent!
Live Photocurrent Chart: This chart gives a live readout of the photocurrent being
collected by SHArK. This can be useful for troubleshooting your system.
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4.6.4 Saving Data
To save the data, click on the “Save Data” button on the bottom right-hand side of the
scan software (Figure 16). This will cause a new window to open (Figure 19). The fields to
the left are where you can record information about your sample. The grayed-out fields have
been auto-filled by the program based on your scan parameters. The fields with an asterisk
(*) must be completed. The program will not let you save the data until you complete these
fields. This is to ensure we have all the necessary information regarding a sample.
Remember, other students will be able to see what you write, and they may try and repeat
your work if it looks good– give them as many details as you can. All the other fields are
optional, but we recommend filling out as much information as you can in order to facilitate
information sharing, and for your own records.

Figure 19: Screenshot of the Save Data window. This window appears after
you click the "Save Data" button on the scanner software. There are several
grayed-out fields that are automatically filled by the software based on your
scan parameters, and several mandatory fields marked with asterisks (*).
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More about the fields:
Bias Voltage: This is the bias that was applied to your sample during the scan. This field
is auto-populated by the program based on your scan parameters. NOTE: basic scans
have a bias of 0.000 V.
Actuator Speed: This is an arbitrary value describing how quickly the actuators moved
from one point to the next. This field is auto-populated by the program based on your
scan parameters. NOTE: basic scans have an actuator speed of 0.7.
Time Averaged: This is how long the program integrated the signal coming from the
sample. This field is auto-populated by the program based on your scan parameters.
NOTE: basic scans have a value of 250 ms.
Your Location: This field helps us organize what site the data is being generated from.
This field is auto-populated from the information your provided the first time you
launched SHArK. If you need to change this for some reason please contact us, and we
will happily walk you through the process.
User Name or Group Name: This field is used to sort results by who performed the
experiment. Please try to be consistent with what you enter in this field! Even small
differences in the name will cause the database to think two different people/groups
gathered the data. For example “The Parkinson Group” and “Parkinson Group” would be
considered different. We recommend writing down what you use the first time to be able
to enter it exactly in the future.
User First Name: This is an optional field where the user can enter his/her first name.
Date: This is generated from your computer so if the date is not showing correctly please
check your computer’s clock.
Chemicals Used: This is where you can enter what chemicals you used. You can enter
either the full name (i.e. iron (III) nitrate, Cobalt (II) Chloride) or the chemical formula
(i.e. Fe(NO3)3 or CoCl2), but please don’t simply put the metal (i.e. just “Iron” or “Fe”).
Preparation: This is where you can out details about how you deposited your chemicals
(i.e. silk screening, pipetting, …).
Processing Temperature: This is where you can record what temperature you “baked”
your samples at during pyrolysis.
Do You See Photocurrent?: This is where you can let the world know if you got a “hit”.
This should not include any controls that you knew would give signal, but instead only if
the materials you’re testing did.
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Plate Number: This is an optional field for your own sample organization and records.
This gives you a specific field to enter the information you used to label your samples in
your lab.
Additional Comments: There’s not right or wrong way to use this field. You could use it
to describe the orientation of your sample, write if something “weird” happened during
your experiment, or really anything else someone looking at your data may find useful.
Remember, SHArK is collaborative, and so you will not be the only person seeing your
data!
Photograph of the sample: New in version 3.0 is the ability to add a photograph of your
sample. When you click the “Yes” button under “Add Photograph of Sample?”, the
program will access your computer’s webcam. If your computer does not have a webcam,
or if your computer’s webcam is not compatible with LabView, this feature will be
unavailable to you. We recommend holding a white sheet of paper behind your sample
before taking your photograph to increase the contrast in your photograph. Feel free to
write labels either directly on your sample or on the white sheet of paper you are holding
behind your sample. To capture the image, click “OK”. A preview of the photo that will
be saved with your data will be displayed. If you would like to take a different photo,
simply press the “OK” button again, and the photo will update. If you decide you do not
want to take a photo, you can click the “Cancel” button.
When you click the “Save” button two files will be written to two separate locations:
locally on your computer and on the SHArK databse. The two files that are saved on your
computer will have the name of the date and time of the scan. One file will be the image data
(.txt), the other will contain the information you have input in the “Save Data” tab as well as
the scanning settings you have selected (.info.txt). This data will be saved locally to the C
drive in a folder called “SHArK Data”. If your computer is connected to the Internet, your
data will also upload to the SHArK database on Amazon’s RDS server. It is important to the
SHArK project that you are connected to the Internet so that we can use your data to help
solve the energy crisis!
4.7. Plotting Your Data (Image J)
Most data plotting software enable users to plot the raw data (SHArK saves data as a
text file) as a contour plot. However, we recommend the free to download software Image J.
http://rsb.info.nih.gov/ij/download.html.
Once Image J is installed on the computer you must open Image J. Then click file >
import > text image. Then navigate to the location of your data file and click plot. The image
will appear in black and white. You can change the color schemes by clicking on image >
look up table and then selecting your preferred colors. Once the colors are selected you may
wish to adjust the brightness and contrast. Do this by clicking image > adjust >
brightness/contrast.
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4.8. Data Viewer
Additional to the scanning software, when you install SHArK, you will also install
“SHArK viewer.” SHArK viewer enables you to view the results from all of SHArK’s users.
The program displays the photocurrent intensity plots alongside the information users have
provided such as the elements, solutions and temperature used. If you are unsure which
elements to study yourself, perhaps you can take inspiration from another students’ work and
change either one of the elements, chemicals and/or conditions they used (e.g. temperature).
You will need Internet access for this program to run. To use the software, locate the
SHArK viewer program, and open it by double clicking. Once the program has loaded it will

Figure 20: Screenshot of the data viewer software. On the left are data filters,
allowing the user to sort through the database. In the second column is a list of the
file names meeting the filter parameters. On the right is the information
corresponding to the highlighted file name.
display all of the data that have been collected using SHArK! Because there is a lot of data,
we have also included a “Data Filters” section, which allows the user to limit what files they
are seeing. To look at a specific file, simply click on its name in in the “Select File” column,
or simply use the up and down arrows on your keyboard. See some data you think is really
interesting? You can download the raw data of anyone’s scan by clicking the “Save As”
button in the top right of the viewer window. If the user has provided an image of the sample,
you will also have the option of saving the photograph.
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5.1. The Science
Ø Journal of Chemical Education, Volume 60, Issue 4, April 1983. This
entire
issue contains a lot of short, introductory papers to the science
introduced
in the SHArK manual.
Ø “Solar Water Splitting Cells” M. G. Walter, E. L. Warren, J. R.
McKone,
S.
W. Boettcher, Q. X. Mi, E. A. Santori and N. S. Lewis, Chemical
Reviews,
2010, 110, 6446-6473
Ø "Photo-electrochemical hydrogen generation from water using solar
energy.
Materials-related aspects" Bak, T., Nowotny, J., Rekas, M.,
Sorrell, C.C. Int.
J. Hyd. Ener.2002, 27, 991
Ø "High-Throughput Screening System for Catalytic HydrogenProducing
Materials" Jaramillo, T.F., Ivanovskaya, A.,
McFarland, E.W.J. Comb.
Chem. 2002, 4, 17
Ø "Combinatorial Approach to Identification of Catalysts for the
Photoelectrolysis
of Water" Woodhouse, M., Herman, G.S.,
Parkinson, B.A. Chem. Mater.
2005, 17, 4318
Ø "A Road Map to U.S. Decarbonization" Shinnar, R., Citro, F. Science
2006,
313, 1243
5.2. SHArK Publications
Ø “Involving Students in a Collaborative Project To Help Discover Inexpensive,
Stable Materials for Solar Photoelectrolysis”
Anunson,
P. N.; Winkler, G.
R.; Winkler, J. R.; Parkinson, B. A.; Schuttlefield
Christus, J. D. J. Chem.
Educ. 2013.
Ø “Combinatorial Discovery Through a Distributed Outreach Program: Investigation
of the Photoelectrolysis Activity of p-type Fe, Cr, Al Oxides” J. G. Rowley, T.
D. Do, D. A. Cleary and B. A. Parkinson
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If you have any questions or ideas of how to improve SHArK, or require technical assistance
you can contact:
SHArKproject@gmail.com
The University of Wyoming
Chemistry department
1000 E. University Ave
Laramie, WY
82071-2000
(307) 766-4844
If you require information regarding the distribution of SHArK or have any issues with any
of your components please contact Professor Jenny Schuttlefield at schuttlj@uwosh.edu.
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Meet the Team

Professor Bruce Parkinson

Professor Parkinson is the brains behind and creator of the SHArK
project! He originally had the idea back in 2008. Professor
Parkinson leads a research group at the University of Wyoming and
teaches in the Chemistry Department and School of Energy
Resources.

Professor Jenny Schuttlefield

Professor Schuttlefield is coordinator of the Solar Army (SHArK,
SEAL and HARPOON projects). She is also an assistant professor
of Chemistry at the University of Wisconsin Oshkosh.
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Professor John Rowley
During his time as a postdoctoral researcher at the University of
Wyoming, Professor Rowley led the upgrade from the original
SHArK project to SHArK II. Currently an assistant professor at
Carroll College Montana, he now leads a small research group of
students dedicated to utilizing SHArK for discovering new
photoelectrochemical materials.
Dr. Lenore Kubie
Dr. Lenore Kubie is the newest postdoctoral researcher to work on
the SHArK Project. Taking over SHArK II from Dr. King, Lenore
has developed the SHArK 3.0 you are using today! She is also in
charge of coordinating research sites.

Dr. Laurie King

Currently a postdoctoral researcher at Stanford University, Dr. King
took over from Dr. Rowley in leading the development of SHArK II
project at the University of Wyoming in August 2013.
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Dr. Meghan Kern

Dr. Kern has helped with the final stages of SHArK II
development at the University of Wyoming.

Mr. Marvin Perry
Marvin is the general manager and systems engineer in the
Division of Research Support at the University of
Wyoming. He is a certified LabVIEW developer, which is
why he was in charge of building the software we use to
run SHArK from your computer.

Mr. Cody Barritt

Cody is a Senior Engineer at the University of Wyoming’s
Division of Research Support. He designed all of the
custom circuit boards used on the SHArK Project!
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Your Lego Kit includes:

Name

Picture # Included

Classic 2x3 Brick

8

Classic 2x4 Brick

56

Classic 1x16 Brick

4

Technic 1x10 Brick

6

Technic 1x12 Brick

2

Technic 1x16 Brick

8

Classic 1x6 - 1x12 Plate

2

Technic 9M Beam

4

Technic 11M beam

2

Tehnic 13M beam

2

Technic 15M beam

18
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Name

Picture # Included

Connector Peg With Friction

47

Bush for Cross Axil

10

Long Connector Peg with Friction

12

Cross Axil 10M

2

Beam 3M with 4 Snaps

6

Angular Beam 90º With 4 Snaps

6

Base Plate 32x32

1

LEGO Shark

1

Half Bushings
1
After you have confirmed you have all the necessary LEGO parts, begin
assembly.
Step 1:
Make four stacks of four (4) 2x4 bricks
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Step 2:
Add one (1) 2x3 brick to the top of each stack

Step 3:
Bridge pairs of stacks with a classic 1x16 brick. Connect the classic 1x16 bricks
to the topmost 2x4 bricks. One side of the pair will have both studs covered by
the 1x16 brick while the other will only have one stud covered. NOTE: from
this step to step 30, all building will be done with two sides mirroring each
other.
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Step 4:
Add five (5) additional 2x4 bricks to the top of each stack.

Step 5:
As in Step 2, add a 2x3 brick to the top of each stack. Be sure to add this
directly over the 2x3 brick added in step 3.
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Step 6:
As in step 3, add a classic 1x16 brick across the pairs. For added stability, cover
both studs on the side you previously covered only one stud and vise-versa.

Step 7:
Add five (5) more 2x4 bricks to the top of each stack.
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Step 8:
Lay the stacks to the side while you construct the top-bars in steps 8-20.
Remember, all building in these steps will be done with two sides mirroring one
another. Begin by taking two 1x10 technic bricks, and placing short pegs in the
second and last holes (holes 2 and 9).

Step 9:
With the ends flush and using the pegs added in step 8, attach a 1x16 Technic
brick to each 1x10 Technic bricks. The pegs should be through the second and
ninth holes of the 1x16 brick.
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Step 10:
Take another 1x16 Technic brick and add short pegs to the first, seventh and
last holes (holes 1, 7 and 15). Using the first of these pegs, attach the new 1x16
brick to the other 1x16 brick, such that the new brick is flush with both the 1x16
brick and 1x10 brick, and the two other pegs are still protruding on each.
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Step 11:
Using the pegs added in step 10, attach a 1x10 brick to the 1x16 brick. This
should in essence form a 2x26 technic brick on each side.
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Step 12:
On the inside side of the two rails (the sides facing one another), add short pegs
to the holes 1, 8, 10, and 15.

Step 13:
Using the pegs added in step 12, attach two 9M Technic beams to each side,
such that the first beam protrudes past the end of the bricks slightly, and each
beam has two pegs through it.
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Step 14:
Add short pegs to the first, fourth and sixth holes past the beam (holes 18, 21
and 23)

Step 15:
Using these pegs add an 11M Technic beam to each side. It will protrude past
the bricks some.

SHArK Manual

43

Appendix A: LEGO Assembly

Step 16:
Take six (6) H-shaped 3M beams with 4 snaps and place long pegs through
each of the holes of their sides. 12 long pegs will be used in total.

Step 17:
Insert the 3M beams with four snaps into the main rails as shown. The snaps
should be through the pairs of holes 1 and 3, 15 and 17, and 23 and 25.
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Step 18:
Add two 15M rails to the inside of each side, such that the first rail lines up
with the protruding 9M beam, and the second rail extends just past the
protruding 11M beam.

Step 19:

SHArK Manual

45

Appendix A: LEGO Assembly
Add two more 15M beams to the top of each side using the longs pegs that were
added in step 16. These 15M beams should be added so their ends line up with
the beams added in step 18.

Step 20:
Place the two sides of top rails onto the stacks built before, and place the entire
system onto your LEGO base plate.

Step 21:
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We will now begin to assemble the top carriage. Attach eight 15M beams
together in pairs (four sets of two) using pegs in the first, eighth and fifteenth
(last) holes.

Step 22:
Make two sets of these pairs, again mirror imaged, using 90º beams with pegs
in the second, seventh, and twelfth holes.

Step 23:
Stack two sets of two 1x16 Technic blocks on top of one another
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Step 24:
Attach a 1x10 and 1x12 Technic block to the bottom of each of these sets, with
the 1x12 block protruding outward.

Step 25:
Attach the bars from step 23 to the bricks in step 25 using the 90º beams with
pegs.

Step 26:
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Attach a flat brick to the bottom of each side. This helps to keep the top carriage
on its rails. Note that the length of these flat bricks does not matter and so yours
may be slightly longer or shorter than the ones imaged.

Step 27:
Attach a 15 M beam to the top row of bricks using the pegs in the first holes.
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Step 28:
Attach a 13M beam to the 90º beam with pegs farthest from the peg added in
step 27.

Step 29:
Place an axil in the sixth hole of the 16M beam. Use 5 bushels (one on each end
and three in the middle) to secure.

Step 30:
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We will now attach the y-axis actuator. For this you will need the top carriage,
four short pegs, the y-axis actuator (with the laser cradle) and the red-capped
metal rod.

Using the short pegs (one on each side of the beams on both sides) to secure the
rod, slide the rod through the last holes of each beam at the apex of the carriage,
with actuator in the center.
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Step 31:
We will now secure the y-actuator using a crossbar. For this we will need a
LEGO axil and four bushes.

Slide the axil through the holes in the sides of the Technic Bricks and holster on
the actuator, securing with bushes. Be sure the actuator is perpendicular to the
bottom rails of the carriage.
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Step 32:
Using the black-capped metal rod, a bush, a half bush and two short pegs,
secure the x-axis actuator to the main frame of the scan station. Note that this
actuator is not centered, as to let the y-axis actuator fit to one side of it.

Step 33:
Using three short pegs, attach the blue-capped metal rod to the main scan
station through the fourth hole in on the technic bricks.
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Step 34:
Secure the laser to the y-axis actuator. Be sure all of the screws are tight so that
the laser cannot shift during a scan.
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Sample Preparation
Methods

Silk Screen: This method was developed by Dr. John Rowley at Carroll
College. Detailed instructions about this technique and a YouTube video can
be found at this website: http://www.carroll.edu/jrowley/film.cc

For this method, a silk screen must first be made. We recommend using the
Speedball brand kit. You will need:
1. Three 100 dpi triangle image patterns printed out on an overhead
transparency (See below)
2. One 6-inch diameter Embroidery hoop
3. One yard of 230 tpi monofilament polyester silk screen mesh (tpi =
threads per inch)
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4. One Speedball diazo photo emulsion kit that contains: 7 oz of photo
emulsion, 1 oz of photo emulsion sensitizer, and 8 oz of photo emulsion
remover.
5. One 4-inch Squeegee
6. One standard overhead projector with a 360W halogen bulb (Remove the
Fresnel lens from the projector)
7. Three different metal ink solutions plus the two ink solutions for your Fe
and Cu internal standards.
o The ink solutions are 0.5 M metal nitrate salts dissolved in "ink
base" solution
o To make 500 ml of Ink base solution for silk screening: Add 150
mL of ethylene glycol and 12.89 g of
polyethylene glycol
into a 500 mL volumetric flask. Then add distilled water to the
500 mL volumetric flask until the final volume of the mixture is
500 mL (i.g. dilute to volume).
8. Fluorine doped Tin Oxide (FTO) glass plates (3”x3")(TEC15)
9. Objects to lift up the silk screen to provide off-contact (to be explained
later in the video-- having a few extra FTO glass plates will suffice)
10. One Sharpie pen
11. One glass scribe pen
12. Tape or Staples
13. Heat Gun or Blow Dryer
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Spray pyrolysis
For this method you will need
1.
2.
3.
4.

An airbrush, glass atomizer or other sprat bottle capable of a fine mist.
A hot plate
A template/mask to control your deposition
Your clean FTO 3”x3” plates (TEC15)

Mask your sample:
The templates consist of aluminum metal masks with varying cut-out portions,
which are mounted on the hotplate over the glass substrate to allow only small
areas of the glass to be exposed at a time. Concentrations of the precursor
solutions are generally in the 0.25-0.35 M range.
With your sample at a 45º angle, heat it to about 300º. This allows the
solutions to dry quickly on the FTO substrate without pooling. The metal salt
solutions should be sprayed onto an angled (45º), hot (300 ºC) FTO glass plate,
and applied using quick passes of the sprayer, approximately three inches away
from the glass substrate. The application technique may need to be adjusted to
achieve the desired thickness and coverage depending on the precursor being
deposited. Typically, thin films are desired because they tend to exhibit higher
photocurrents.[4,6]

[4] Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q.;
Santori, E. A.; Lewis, N. S. Chem. Rev. 2010, 110, 6446–6473.
[6] Lewis, N. S. J. Phys. Chem. B 1998, 102.
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Drop pipetting involves the least amount of setup. For this method you will
need:
1. Micropipettes capable for making your desired solutions of
combinations of metals and dispending ~10 µL drops.
2. A metal mask/template for wells to prevent your drops from bleeding
into one another and to help give equally thick layers
3. Clean 3”x3” FTO (TEC15)
Prepare your desired metal mixtures by carefully mixing known volumes of
known concentrations of metal solutions together. Apply 10 µL of each
sample to your preheated (100ºC) glass FTO plate in drops in your template.
Controlled Evaporation: This method was developed by Dr. Steven
Drew at Carleton College. New to SHArK is the use of controlled drying.
This method is excellent for exploring how film thickness affects the
photoelectrochemistry of films. To accomplish this place a hard, unreactive,
round surface (for example a glass marble) into a small drop of your sample.
Secure the hard, round surface so it does not move while the solution is
drying. The rings should form as the solution dries overnight.
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