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Abstract	
  
In 2001, it was discovered that ordered array TiO2 nanotubes can be synthesized cost effectively
through a process of electrochemistry. However, one of the fundamental flaws of the pre-existing model
is controlling the environment, i.e. relative humidity. This will affect the uniform growth of the
nanotubes. Other issues of the pre-existing model that required attention were a uniform solution mixture,
constant temperature, and placement of the electrodes. By constructing a new and more effective
container and adding a magnetic stir plate and electrode placement holder, the problems posed by the
environment can potentially be eliminated. The humidity within the new system design achieves 2.9%
relative within the container with a water source present. Using a water bath design for the reactor, a
temperature difference less than 3oC between the reactor solution and the chiller unit was achieved.
Having more control over the reactor’s solution temperature and environment, the synthesized nanotubes
can have a more uniform growth and provide a better end result.

Nomenclature	
  
A = Area of Heat Transfer
C = Heat Capacity (KJ/ Kg K)
D = Interior of Beaker Dimension
D = Outer Diameter of the tube
H = Height of beaker
I = Current (A)
L = Length of Coils
P = Pressure (atm)
P = Power (W)
Q = Heat (J)
Q = Heat Produced by Electrodes
R = Gas constant (J/ mols K)
R = Resistance produced from water
T = Temperature ( K)
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U = Internal Engery (J)
U= Overall Heat Coefficient
V = Voltage (V)
V = Volume (ft )
W = Work (J)
de/dt = Change of energy
dx = Thickness of wall
h = Heat of Convection (Ethylene Glycol)
h = Heat of Convection (water)
k = Heat of Conduction
m = Mass (kg)
n = Number of Moles
ΔH = Heat of reaction
ΔT = Change in Temperature ( K)
e

3

o

e

w

rxn

Copyright © 2012 Rochester Institute of Technology

o

Introduction	
  
Titania (TiO ) nanotubes are the next
generation of nanotechnology. An electrochemical
reactor for titania nanotube synthesis needs to be
designed and built wherein the temperature of the
liquid electrolyte can be controlled. A fixed
temperature can also be chosen by the operator. The
reactor needs to be designed so that the ambient
humidity and any other external factors do not
change the water concentration of the electrolyte.
TiO nanotube arrays can be seen from the
side and from above. The nanotubes are fabricated
using electrochemistry and imaged with a Scanning
Electron Microscope. Due to their small diameters, a
1 in nanotube sample contains more than ¼ trillion
nanotubes.
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biggest concerns with controlling the environment
are the humidity in the reactor and heat produced by
the reaction. Sensors were chosen to monitor both
and the system was purged with inert N (g). Mixing
the electrolyte was a way to control the heat created.
LabVIEW was decided as the best way to supply the
electricity.
2

System Portion
To further understand the requirement of the
reactor and the customer needs one must understand
the reaction that is taking place.
Overall Reaction
𝑇𝑖 + 2𝐻! 𝑂 ↔ 𝑇𝑖𝑂! + 2𝐻!
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(1)

Step Reaction

Process	
  
A pre-existing TiO reactor was used as a
benchmark design. It was comprised of a reactor
container made out of Plexiglass, with a semi-press
fit front door entrance. There were pre-set holes in
the ceiling for the electrode placement. The solution
for the reaction was placed in a store bought plastic
cup, sitting on a manual lift to adjust the height of
the electrodes in the solution. There was no mixing
mechanism used in this set up. To control the
humidity, the system was occasionally purged with
N (g). The data acquisition was made with a basic
LabVIEW program.
Since this system was not optimal,
improvements were discussed and Pugh diagram was
used to make a final decision. Areas that could be
changed were the entrance location, the locking
mechanism, reading instruments, data acquisition,
electrode placement, solution container, reactor
material, stirring mechanism, and inert gas. Four
concepts were created and compared to the existing
reactor model. Three types of grades were given: +
for better, - for worse, and S for same. From this
analysis the optimal reactor was chosen as Plan A.
There were also Plans B & C created as backups.
The next step in creating the reactor was a
functional
decomposition.
A
functional
decomposition is a flowchart of what needs to be
done to meet the ultimate goal. In this case the goal
is growing TiO nanotubes. The three main tasks that
have to be completed are control the environment,
utilize the solution, and supply electricity. The

𝐻! 𝑂𝐻 ↔ 𝑂𝐻!
(2)
𝑇𝑖 + 2𝑂𝐻! ↔ 𝑇𝑖𝑂! + 2𝐻! + 4𝑒 ! (3)
4𝐻! ↔ 4𝑒 ! + 2𝐻
(4)
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From the step reactions, the amount of heat being
produced due to the movement of the electrons
through the system and the heat of reaction can be
calculated.
∆𝐻!"# = ∆𝐻!"#$%&'( + ∆𝐻!"#$%#&%' (5)
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The amount of heat produced of TiO is 373.34
KJ/mol and from the step reaction there are 4 moles
of e being produced. From Figure 1, the number of
moles of e that are being produced can be calculated
using the average of the currents. From the molar
balances the amount of TiO being produced can be
found. The total heat produced from the reaction is
6.692e-6 KJ/s.
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Figure 1: Data from previous model
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trying to resolve this issue. The first plan chosen
from the above mentioned Pugh diagram, was called
Plan A or Percolation Design. The major
improvement made in this plan was to use inert N
gas as both a cooling and stirring agent. To test the
percolation feasibility, energy balances were
performed at the extreme voltage and current
conditions requested by the customer. Assumptions
made were the reaction is at steady-state, heat of the
reaction and resistance in the water drag are
negligible compared to the heat given off of the
electrodes, and the change in temperature is ~2 K. At
the most extreme values (5A and 200V), to cool the
solution by 2 K,
2

Figure 1: Data from the previous experiments with the previous
model. From the data the total current was calculated and with the
current, the heat produced was calculated.

Figure 2:Pugh Diagram of design concepts

o
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𝑃! = 𝐼𝑉
(6)
= 𝑈! + 𝑄 − 𝑊
(7)
!"
𝑈! = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 + 𝑅! + ∆𝐻!"#
!
𝑚 = ! ∆!
(9)
!"

(8)
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It was found that the flow rate of 240,000 L/s N gas
would be needed. Since the beaker being used is
only 250mL, Plan A is not a probable design for the
high end values. Further analysis was performed to
see if this design was valid for a less intense
scenario. The values chosen were 100uA and 150V,
resulting in the flow rate of the N gas needed as 0.9
L/s. The change in temperature assumption of 2 K
was then changed to 10 K, to see if this would help
decrease the flow rate. However, when using 1A and
150V with a temperature change of 10 K the flow
rate was still extremely high, 9027 L/s. With this
additional analysis, it was concluded that the
percolation design was not probable.
The second plan was a Heated Coil (Plan B)
design. The cooling process consisted of placing a
tube within the beaker and wrapped on the edges
spiraling down. A stirrer bar was added to keep the
solution well mixed since there was no longer a self
mixing solution – percolation. There were several
elements that needed to be considered in order for
this design to work. The heat transfer coefficients of
the plastic that the tubing was made out of and the
solution, ethylene glycol. The dimensions of the
beaker were also an important factor in deciding how
much tubing would fit in the beaker.
2

2

o

o

o

Figure 2: The diagram above is a Pugh diagram where we can
compare different design concepts. The "S" is the standard or
benchmark and a positive sign is what deemed better than the
standard and the minus is what we deem inferior than the
standard.

Process Plans
First addressed was the temperature issue
because there needs to be a constant solution
temperature. The following design concepts were
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𝐴 = 𝜋𝐷! 𝐻

(10)

The overall heat transfer for this process was
calculated to be 170.6 W/m K and it was assumed
that the temperature difference would be 5 K.
2o

o
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!

(11)
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The amount of heat that needed to be
removed from the system was calculated using the
average current and voltage resulting in 5.44J/s.
!

𝐿 = !"

(12)

Using equation (10), (11), and (12) the total length of
the tubing was calculated. Since a 250mL beaker is
being used for the generation of the nanotubes, it
was concluded that this design was also not feasible
due to the length of the tubing being 0.639m and
number of revolutions at 3.1.
The third design plan was a Water Bath (Plan
C). To cool the solution, water is sent through a
chiller and into an acrylic bath that the cup sits in.
The calculation of the overall heat transfer through
the plastic cup was calculated to be 90.2W/m K,
equation (11), with the assumption that the heat
convection of the ethylene glycol was negligible.
The heat transfer was also calculated without the
assumption above and came out as 69.3W/m K.
Further analysis of heat generation was calculated. It
was determined that the steady-state condition had
the most relevant data since it was the area that the
customer wanted to focus on.
Another critical customer requirement was
monitoring the H gas production and maintaining
the percentage below the lower explosive limit (4%).

enough to run throughout the given temperature
range, without risk of surpassing the lower explosive
limit.
Results	
  and	
  discussion	
  	
  
Several tests were run on the equipment
parameters and on the proposed design of the
environment control. To meet the required customer
need of temperature control of the solution a chiller
unit was implemented attached to a water bath
design. The chiller’s parameters were tested on the
heating and cooling capabilities and the amount of
time was required to reach a steady state. Placing a
NI-TC01 thermocouple in a beaker filled with water,
the temperature within the solution compared to the
set point of the on board computer of the chiller unit
was compared.
Table 1: Results of the Chiller’s Parameters
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𝑃𝑉! = 𝑛𝑅𝑇

(13)
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On the heating element portion the difference
of the solution and the on board was 3 C. The on
board was set to 55.2 C and the temperature within
the reactor was 52.5 C. The time required for the
change from the first set point steady state to the
final steady state took 35 minutes. For the chilled
aspects of the parameter, the difference was much
smaller, 0.5 C. The set point of the on board was
7.2 C and the temperature within the solution was
7.72 C. The time required to change from the first set
point to the second set point required 55 minutes.
This result illustrates that when the reactor is
running it will be easier to heat the solution than to
chill. However, the customer will require the chilling
aspect more than the heating due to keeping the
o

o

o

Calculations were performed for a running
time period of 4 days to obtain an amount of 0.0124
moles H gas produced. Taking into consideration the
pressure inside and the temperature, the ideal gas law
was used to find the volume of the H gas at the
given temperatures. The two end values of the given
range to run the experiment were used to find the
percentage of H gas in the volume of the reactor. At
25 C the H gas is 1.1% and at 70 C the H gas is
1.3%. These results show that the reactor is safe
o

Table 1: Shows the amount of time required to change from one setpoint
to the next. We can observe that the heating is much faster than cooling
while using water as the coolant.
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solution at a constant temperature. The time required
to chill to the needed set point may be overcome by
utilizing a better chilling agent. The further
investigation can be a task for future groups to
accomplish.
A key test that needed to be run was the
magnetic stirrer test. A prototype water bath was
used to place the plastic cup, which will contain the
solution and the magnetic stirrer, in. The prototype
was placed on a stir plate. After adjusting the stir
plate level settings, between 1-5 was determined to
be the best range to work in. Setting 3 was decided
to be the most ideal due to the agitation seen with
higher setting that would disturb the electrodes. The
only downfall with this magnetic stirrer set up is that
if the stirrer was interrupted or the reactor was
moved, the stirrer may become out of line from the
magnetic field.
The positioning of the electrodes was also a
main customer need. A design was developed to be
able to hold several sets of electrodes at one time and
be able to move the electrodes to any spacing
between 1-5 cm. There was one main hole to hold
the platinum electrode and 3 tracks for up to three
titanium electrodes. Cardboard pieces were used to
mimic the electrodes and a ruler was used to measure
the exact range each slit contained. For the center
slit, the closest spacing measured was 3.50 cm and
the furthest was 5.10 cm. The wing slits spacing’s
for closest measurement was 1.20 cm and the
furthest was 4.85 cm. With this analysis it was
determined that the design matched the customer’s
spacing requests.
Another main key test that the customer
required was the ability to control the environment
so minimize or prevent any changes to the solution
for an optimum test result. For this to be
accomplished a container was designed and built to
be airtight so when the system is purged with dry air
there will be a controlled environment. The vessel
was assembled and utilizing a squirt bottle, a bubble
test was conducted on the container. There were
points of failure on the container. The top and
bottom of the upper hinge, the bottom of the lower
hinge, a slit on the top of front panel, and on the side
of the front panel. Despite these fail points the test
was giving a conditional pass.
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One of the most important tests conducted
was the humidity test where the customer requested
that the controlled environment to have less than
15% relative humidity. When testing the humidity
there were two separate incidents, one without a
water source and one with. First testing the
environment with a water source proved that the
container will purge the humidity down to 0.0 within
5 minutes even with varying air speed. With a high
flow the purge took 30 seconds to reach 0.0% and
with the lowest air flow the system was purged to 0.0
in 5 minutes.
When a water source was present within the
system, this is a key aspect due to the solution
containing 3% water, and a dry air flow of medium
flow rate the humidity within the system reached a
steady state of 2.9% within 3 minutes. A final
humidity test was conducted with the entire setup
and the pyschrometer was reading 5.1% relative
humidity with a low air flow.
Table 2: No Water Source

Figure 2: This test was run without a water source with varying speed of
dry air. With High Flow rate the humidity with the container dropped
instantly. With the Low flow the duration took a little longer however it
still reached 0%.

Table 3: Water Source Present

Figure 3: This test is with a water source present and with a set flow rate.
The flow rate was set since we know that varying the flow will only change
the time but our concern is the humidity. We reached equilibrium of 2.9%.

Along
customer had
improvement
experiment’s
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with a functioning reactor, the
requested to have a significant
on the ability to control the
temperature,
voltage,
current

measurement, and a preventive measure to stopping
a runaway reaction. The original LabVIEW program
was rudimentary and the user interface was not easy
to work with. It did not have the ability to watch and
control the solution temperature or kill the system
when it reaches a certain temperature to prevent a
runaway reaction.
The LabVIEW program quality has been
improved by adding features and making the user
interface friendlier. The ultimate goal of the features
added were having a way of control the temperature
of the solution via chiller, monitor temperature via
thermocouple, and having a kill system function
when temperature rises above desired temperature
for the solution. The features that have been added
successfully are a way to monitor and record the
temperature over time with a thermocouple. Also, a
kill system function has been placed into the code for
when the experiment’s temperature rises above
desired temperature. The feature that has not been
implemented into the LabVIEW code is the ability to
control the solution’s temperature by dictating the
desired temperature to the chiller. This feature has
not been implemented due to time constraints and
complexity of programming specific commands.
The chiller has to be controlled manually and the
user has to wait a designated time before the chiller
and solution reaches steady state.
The LabVIEW user interface has also been
improved so it is easier to use. The user interface
now has better aesthetics so when the user inputs
constraints, it is easier to find. The stop button was
made large for better usability. Also, the graphs
were place on top of the variables.
If there was more time, the chiller could have
been programmed to function through LabVIEW.
Also, more safety measures could have been
programmed. For example, when the kill system due
to high temperature takes effect, the power supply
does not turn off which is dangerous for the user.
They must turn off the power supply manually
before accessing their sample.
Conclusions	
  
Taking the previous reactor and building
upon it with new design some of the key problems
were addressed – humidity and temperature. The
new container when purged with dry air will reduce
the relative humidity down to 5.1% within the final
setup and everything running. The chiller will be

able to meet the requirement of the customer to have
the range (0 – 70oC). A suitable fluid that can be
used is water, but would need to change to Ethylene
Glycol to achieve the colder temperature regions.
With these new improvements, certain
parameters can be isolated and each individual effect
on the TiO2 nanotube growth can be seen. One of the
customer’s requests that have not been met is to
control the chiller remotely. However, a program is
being used that controls the chiller via the computer.
The design, in the end, was a success. The
humidity control was improved to be less than 15%
and the container is large enough for the
Psycrometer to produce live data. The LabVIEW
program now provides more information that just the
current flow for this, which makes data analysis
easier on the user. The reactor is clear with a water
bath, so the customer can observe the interaction
between the electrodes and hold the temperature
constant when the reactions takes place.
If there was more time, a design where the
beaker is clamped down would have been
implemented. This would allow the user to vary the
speed of the pump and see the effects on the growth
of the nanotubes. A design for an easier chiller link
from the internal to the external of the reactor could
also be created in case the equipment needed to be
moved. The chiller could be controlled through
LabVIEW and have all the parameter changes be
localized. If possible and within the budget the
addition of a humidity detector, that can be linked to
LabVIEW, could be purchased so there are data
records. Analysis of this data could be done to see if
there is link between the growth and the humidity
required. A final future plan could be to install a dry
are flow regulator for when the system is purged, to
determine if there is a set humidity range that could
optimize the growth.
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