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ABSTRACT
TITLE : DEVELOPMENT OF A RECORDING SYSTEM FOR
ELECTROCHEMICAL SIGNAL FROM VOLTAMMETRY
AUTHOR : WATCHARIN PERMWONG
DEGREE : MASTER OF SCIENCE
MAJOR : PHYSICS
ADVISOR : SOMKID PENCHAREE, Ph.D.

KEYWORDS : ELECTROCHEMICAL ANALYSIS, CYCLIC VOLTAMMETRY
POTENTIOSTAT, MICROCONTROLLER

This study aimed to reduce the production cost of a potentiostat and minimize its
size compared to conventional devices. A STM32 Nucleo32 was used as the main
controller unit to achieve the purpose of the study. Additionally, a smartphone
application in was created to record data, display an experimental signal and control the
parameters of the experiment. It was found that the production cost of the developed
potentiostat and the smartphone application was quite cheap while its size remained
compact. In term of its usage, this device can apply voltage to electrochemical systems
in the range of -2 to 2 VDC with 1 mV resolution. The measurement of the maximum
current can proceed -0.25 mA on its negative side and 0.25 mA on its positive side. The
lowest current detected was 2 pA. The developed potentiostat presented satisfactory
results for sensitivity, stability and accuracy and can be used with a smartphone for real-

time measurement.
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CHAPTER 1
INTRODUCTION

In the 21* century, science and technology development are mainly altering the
way of people lives, connect, communicate and transact, with deep effect on economic
development. Moreover, science and technology are key drivers to the economic
development because technological and scientific revolutions underpin economic
advances, improvements in health systems, and infrastructure [1]. Also, in education,
science and technology have been encourage as one of the main subjects for teaching
and learning at all level of student. One of the methods that using for studying science
and technology is the design of scientific experiments and the development of
equipment for experimenting with students themselves. Therefore, in the recent years,
there are many research developments about scientific instruments that do not require
advance technology in the design. The most common purpose for research is to provide
researchers the assessable instrument that good efficiency, low cost and more compact.

Electrochemistry is one of the major in chemistry which involves the relation of
the electrical and the chemical reaction. The principle of electrochemistry has always
been applied in studying and researching of the various chemical properties. The use of
electrochemistry in the analytical chemistry such as the determination of amount or
concentration of substance was called in a specific name that electroanalytical chemistry
or electrochemical analysis. The analytical method of electrochemical analysis is related
to the measurement of electrical response affected by chemical reaction [2].

One of the interesting sub techniques in the electrochemical analysis is cyclic
voltammetry. The analytical method of this technique is detecting current from a
chemical reaction occurred from stimulating with an electrical potential in a cycle form.
Cyclic voltammetry was used to study an electrochemical process under various
conditions such as detection of the intermediate of the redox reaction, The reverse
ability of redox reaction, determination of electron saturation within the system and
determination of diffusion coefficients of various substances, etc. [3]. Therefore, cyclic

voltammetric technique is very useful in the development of electrochemical research.



There are three main components in electrochemical analysis system which consist
of electrolyte, electrodes and the electrical signal detection device [4]. In general, the
measurement device is called a potentiostat. The potentiostat is very important for
electrochemical analysis. It was used to control the voltage between a working electrode
and a reference electrode and detect the electrical current signal that occurred from
electrochemical reaction [3]. Because of the electrical signal from electrochemical
reaction is relatively low and have a lot of noise, so the potentiostat must have high
efficiency and high stability. For this reason, it results in the price of potentiostat is quite
expensive. The cost barrier of potentiostat is one of a limitation in the development of
an electrochemical research. Therefore, the electrochemical research will be developed
and more widespread if the price problem is resolved.

In this scope, the potentiostat used for cyclic voltammetric technique will be
designed and constructed by using a microcontroller as a main controller unit. The
recording system will be developed in form of application on smartphone. Bluetooth

signal will be used as a communication protocol.

1.1 Cyeclic voltammetry

Cyclic voltammetry (CV) is possibly the most multipurpose electroanalytical
technique for the study of electroactive species. Its versatility combined with ease of
measurement has resulted in extensive use of CV in the fields of electrochemistry,
inorganic chemistry, organic chemistry, and biochemistry. Cyclic voltammetry is often
the first experiment performed in an electrochemical study of a compound, a biological
material, or an electrode surface. The effectiveness of CV results from its capability for
rapidly observing the redox behavior over a wide potential range. The resulting
voltammogram is analogous to a conventional spectrum in that it conveys information
as a function of an energy scan [5].

CV consists of cycling the potential of an electrode, which is immersed in an
unstirred solution, and measuring the resulting current. The potential of this working
electrode (WE) is controlled versus a reference electrode (RE), normally used a
saturated calomel electrode (SCE) or a silver/silver chloride electrode (Ag/AgCl). The

controlling potential which is applied across these two electrodes can be considered an



excitation signal. The excitation signal for CV is a linear potential scan with a triangular

waveform as shown in Figurel.l
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Figure 1.1 Excitation signal for cyclic voltammetry a triangular potential
waveform with initial potential at 0.8 V and switching potential

at-0.2 V versus RE [5]

The excitation signal sweeps the potential of the electrode between two values,
sometimes called the initial voltage and the switching voltage. The potential is firstly
scanned negatively from +0.8V to -0.2V versus RE at which point the scan direction is
reversed, causing a positive scan back to the original potential of +0.8V. The slope of
signal indicates the scan rate value.

A cyclic voltammogram is obtained by measuring the current at the counter
electrode (CE) meanwhile the potential scan. The voltammogram is a display of current
(vertical axis) versus potential (horizontal axis). A typical cyclic voltammogram is
shown in Figure 1.2 which using potassium ferricyanide/ferrocyanide (Ksfe(CN)g) as a

redox4 couple.
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Figure 1.2 A typical cyclic voltammogram [5]

Figure 1.2 shows the initial voltage was set at 0.8 V and applied at "a”, label in
figure 1.2 and the switching voltage was set at -0.2V. When the electrode is switched
on, the potential is scanned negatively, called forward scan. When the potentiial is
sufficiently negative to reduce the potassium ferricyanide (K3Fe(CN)6), cathodic

current is occurred at ’b” due to the electrode process as follows:
Fe(CN); +e" — Fe(CN);" (1.1)
The electrode is now a sufficiently strong reductant. The cathodic current increases

rapidly from “b” to “d” until the concentration of the potassium ferricyanide at the

electrode surface is substantially diminished, causing the current to peak “d”. The



current then decays from “d” to “g” as the solution surrounding the electrode is depleted
of the potassium ferricyanide due to its electrolytic conversion to the potassium
ferrocyanide (K3Fe(CN)s). The scan direction is switched to positive at “f”’ for the
reverse scan. The potential is still sufficiently negative to reduce potassium ferricyanide,
so cathodic current continues even though the potential is now scanning in the positive
direction. When the electrode becomes a sufficiently strong oxidant, potassium

ferrocyanide can now be oxidized by the electrode process as follows:

Fe(CN);” —— Fe(CN)) + e~ (1.2)

(13444 (13444

The anodic current rapidly increases, from “i1” to “‘j” until the surface concentration

of potassium ferrocyanide is diminished, causing the current to peak “j”. The current
then decays from “j” to “k™ as the solution surrounding the electrode is depleted
potassium ferrocyanide. The first cycle is completed when the potential reaches initial
voltage. Now, the cyclic voltammogram is obtained.

The important parameters of a cyclic voltammogram are the magnitudes of the
anodic peak current ipa and cathodic peak current ip, and the anodic peak potential Eja
and cathodic peak potential E,c.. These parameters are labeled in Figure 1.2 A redox
couple in which both species rapidly exchange electrons with the working electrode is

termed an electrochemically reversible couple. The formal reduction potential (E’) for

a reversible couple is centered between Epa and Ep..

E_+E
E=+-_F% 1.3
> (1.3)
The number of electrons transferred in the electrode reaction (n) for a reversible

couple can be determined from the separation between the peak potentials.

0.059
n

AE,=E,,-E, = (1.4)



Slow electron transfer at the electrode surface, “irreversibility”, causes the peak
separation to increase. The peak current for a reversible system is described by the

Randles-Seveik equation shown in equation 1.5. for the forward sweep of the first cycle.
1,=(2.69x10°)n>2AD"/2Cv!/2 (1.5)

where I, is peak current (A), n is electron stoichiometry, A is electrode area (cm?),
D is diffusion coefficient (cm?/s), C is concentration of substance (mol/cm?) and v is
scan rate (V/s).

Accordingly, peak current increases with square root of scan rate and is directly
proportional to concentration. The relationship to concentration and scan rate is
particularly important in analytical applications and in studies of electrode mechanisms.

The electrochemical analysis system consists of 3 important parts as follows : the
recording system, The potentiostat and the electrochemical cell. In this research, an
application on a smartphone was developed as software for recording, display and
storage the electrochemical signal. This application communicates with potentiostat by
using Bluetooth protocol. Potentiostat was used as a device for controlling voltage and
detecting current from an electrochemical reaction. The electrochemical cell part
consists of an electrode and a redox couple. There are 3 electrodes in cyclic voltammetic
technique as follows: a working electrode (WE), a counter electrode (CE) and, a
reference electrode (RE). A redox couple consists of electrolyte and sample. The testing

setup is shown in the figure 1.3.
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Figure 1.3 Equipment setup for an electrochemical analysis system testing

1.2 Related research

Voltammetry is a kind of electrochemical analysis that the result comes from the
relation between a current generated by a chemical reaction. This technique is important
for the study about an elementary process of redox reaction in various state, the reverse
ability of sample in a redox reaction, the electron stoichiometry of a system, the
diffusion coefficient of a substance , and the formal reduction potential. Polarography
is the first technique in a group of voltammetric analysis. This technique was invented
by Jaroslav Heyrovsky, the Czechoslovak Republic chemist, in 1922 caused him to win
the Nobel Prize in 1959 [6]. Heyrovsky measured the result of current occurred from
chemical reaction after stimulated by electric power. The mercury drop electrode was
used as a working electrode in his experiment. The results were analyzed by using the
relationship between the current from a reaction and the stimulation voltage. The results
indicated that there is a lot of current flow through the working electrode at some
stimulation voltage which varies in each substance. After the studies more, he concludes
that the current has come from a chemical reaction between a sample substance and
electrode. This invention is very useful in analytical chemistry and it was called that
Polarography. The plot between the stimulation voltage and current is called
polarogram. After that, there are several techniques in voltammetry group that were
studied and developed. However, the education is quite inconvenient, because the

equipment is not as modern as it should be. In 1942, Archie Hickling developed the



automatic voltage controller called a potentiostat [7]. This device was used for three
electrode systems which was an advancement for the field of electrochemistry.
However, the device still has many restrictions that need to be continuing to develop.
After the prototype of Archie Hickling, researcher interested continuously in the
development of potentiostat. In 2014, Andres Felipe Diaz Cruz et al. developed the
low-cost and miniaturized potentiostat to generate signal for cyclic voltammetry which
is one of technique in voltammetric analysis [8]. They used this device as a portable
healthcare monitoring device. The LMP91000EVM [9] was used as main potentiostat
module which was controlled by Beaglebone microcontroller. The result indicated
efficiency and sensitivity of developed potentiostat is quite great. Moreover, the
developed potentiostat is more compact and lower price compared with commercial
device. The analytical data was saved into SD card. Likewise, in 2015, the development
to improve the efficiency of the general potentiostat was studied by Karlheinz Kellner,
et al. [10]. This research used the LP097 as a potentiostat module, the ATMEGA328 as
a main controller unit and the POTCON as a software for user interface, display and
storage. The result shown the good stability and ability to manage noise. The 16-bit,
signal converter was used, so the potentiostat have more resolution and accuracy in
signal detection. Moreover, the developed device has a wide current detection range.
The experimental data was sent to computer in real time. The data was analyzed,
displayed and saved in a computer by using the POTCON software. In 2016, N. A.
Nordin, et al. design and implement a readout circuit that can capture redox reaction of
an electrolyte and sense small current changes in working electrode of 3-electrode
electrochemical biosensor measurement system by using operation amplifier
(OP-AMP), a standard amplifier device, low-cost and compact [11]. The developed
circuit consist of several circuit as follow: Difference amplifier, Voltage follower
amplifier, Voltage adder amplifier and Current to voltage converter. The testing result
found the percentage error of peak current measurement is 7.69% while the percentage
error of voltage at the point the current peak is 3.63% compared with the standard lab
potentiostat. In 2017, Sarika Bukkawar et al. developed the portable potentiostat for
using in Linear sweep voltammetry [12]. The aim of this research is to develop the high
efficiency, high resolution and low-cost potentiostat. The ATMEGA328 was used as
main microcontroller. The ADS1220, 24-bits analog to digital converter and the



DAC8574, 16-bits digital to analog converter were used as the converter unit for output
signal and input signal, respectively. The results indicated the resolution of input voltage
at 769 nA and the minimum current detected by device was 125 nA. the experimental
information was stored in form of text file (.txt) on computer.

Based on the research previously mentioned, all have to use computer to process
and store data. In the last few years, a smartphone is an electronic device that has been
developed to be a good processing ability and storage equivalent to a computer.
Advantage of smartphone compared to computer is size that smaller and it can
communicate by using wireless network. Therefore, researcher interested in the
development of devices used in scientific work by using a smartphone as devices to
process and store data instead of computer. In 2016, Diming Zhang and Qingjun Liu
developed biological measuring equipment by using various sensor on the smartphone
[13]. For the example, they used a camera to construct Microscopic bio-imaging,
Fluorescence biosensors and Colorimetric biosensors. In addition, they also developed
the electrochemical measuring device by using the smartphone as a data analysis device,
data collection and display device. The developed equipment can be used with many
techniques such as Amperometry, Potentiometry and Impedimentary. In 2017, Daizong
Ji, et al. developed the potentiostat for using in cyclic voltammetry by using the
smartphone as a display, storage and processing device [14]. Glucose detection was
used in device testing. The result indicated that the device has high efficiency and
stability when compared to standard equipment that is more expensive. When testing
by using Glucose sample in the human blood cell, found that the minimum
concentration of glucose that can be detected is 0.026 mM. The percent error compared

to the standard device is 4% .

1.3 The aim of research

In this research, potentiostat for using in 3-electrode cyclic voltammetry and the
recording system based on application on smartphone will be designed and fabricated.
The developed device must be the more compact size and low-cost. The working of
recording system together with potentiostat will be tested and demonstrated for the
performance of developed device such as the stability, the sensitivity and the accuracy

The scope of study includes:
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(1) The low-cost miniaturized potentiostat for using in 3-electrode cyclic
voltammetry will be designed and developed.

(2) An application on Android smartphone will be developed for using as a
recording system.

(3) The working of recording system together with potentiostat will be tested by
using the screen-printed carbon electrode (SPCE) as a working electrode, A silver
chloride electrode (Ag/AgCl) as a reference electrode, Stainless steel as a counter
electrode and potassium ferricyanide/ferrocyanide as a redox couple.

The developed system is useful for research and development in electrochemical

field in the future.



CHAPTER 2
POTENTIOSTAT CONSTRUCTION AND DEVELOPMENT OF
RECORDING SYSTEM

2.1 Potentiostat construction
2.1.1 Principle of potentiostat

In this work, potentiostat is used to provide the voltage control between two
electrodes, working and reference electrodes as a constant value, in chemical and
biological analysis. Besides the voltage control, measurement of the current occurred
from chemical reaction is another function of the potentiostat [15]. In general
electrochemical analysis, the system is typically operated in a three electrode cell which
include abovementioned working and reference electrodes as well as a counter electrode
as shown in figure 2.1. The reference electrode’s role is to act as a reference in
measuring and controlling the working electrode potential, without passing any current.
The reference electrode should have a constant electrochemical potential at low current
density. The most common reference electrodes are the saturated calomel electrode and
the Ag/AgCl electrode. The working electrode is the electrode in an electrochemical
system on which the reaction of interest is occurring. Common working electrodes can
consist of materials ranging from inert metals such as gold, silver or platinum, to inert
carbon such as glassy carbon, boron doped diamond or pyrolytic carbon, and mercury
drop and film electrodes. Chemically modified electrodes are employed for the analysis
of both organic and inorganic samples. The counter electrode, often also called the
auxiliary electrode, is an electrode used in a three-electrode electrochemical cell for
voltammetric analysis or other reactions in which an electric current is expected to flow.
Auxiliary electrode is often fabricated from electrochemically inert materials such as

gold, platinum, or carbon [16].
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Figure 2.1 The three-electrode electrochemical system

The potentiostat component consists of signal generator, signal detector,

control amplifier and current detector as shown in Figure 2.2.

Control amplifier

Signal gencrator

' Signal detector [l

\V
/\

Current to voltage converter

N\

Figure 2.2 A schematic representation of a three electrode potentiostat

The signal generator creates the signal form requested from the user (e.g.,
constant value, ramp, sine wave) and sends it to the control amplifier. Before the signal
was applied to the electrochemical cell, the voltage will be optimized by the control

amplifier. The optimization is signal fusion between signal from signal generator and
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feedback signal from a reference electrode. The potential difference between reference
and working electrodes is measured at the signal detector. The current flow through the
cell is measured at the current detector. In this section, the current signal is converted
to a voltage signal. The voltage affected from current flow is detected by a signal
detector.
2.1.2 Design and fabrication of potentiostat
2.1.2.1 Signal generator

The signal generator is a part of electronic device that using for
generating the stimulus voltage for electrochemical cell. The signal generator is
controlled by microcontroller. Because of microcontroller is a digital device, it cannot
directly produce the stimulus signal for electrochemical cell which is an analog.
Therefore, the MCP4822 device is used to transform digital signal to analog signal.

The MCP4822 is dual 12-bit digital to analog converter. The device
operates from a single 2.7 V to 5.5 V supply with serial peripheral interface (SPI) and
have a high precision internal voltage reference (Vrer = 2.048 V). The full-scale range
of the device can be configured to be 2.048 V or 4.096 V by setting the gain selection
option bit (gain of 1 of 2). The user can select DAC (DAC a or DAC g ) channel by the
configuration channel selection bit [17]. The devices provide high accuracy and low
noise performance for consumer and industrial applications where calibration or

compensation of signals (such as temperature, pressure and humidity) are required.

Voo Voura
cs Vss

SCK Vours

SDI LDAC

Figure 2.3 The MCP4822 package type (8-pin PDIP) and pinout [17)
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Table 2.1 Pin function table for MCP4822 [17]

MCP4802/MCP4812/MCP4822
Symbol Description
MSOP/PDIP/SOIC
1 VpbD Supply voltage input (2.7 V to 5.5 V)
2 CS Chip select input
3 SCK Serial clock input
4 SDI Serial Data input
5 LDAC | Synchronization input
6 Vours | DACE output
7 Vss Ground reference
8 Voura | DACa output

The MCP4822 is available in the 8-pin PDIP package as shown in
Figure 2.3 The descriptions of pins are listed in Table 2.1.

Supply voltage input pin (Vpp) is the positive input voltage ranged
from 2.7V to 5 V related to Ground reference (Vss). The power supply should be clear
voltage as much as possible for a good DAC performance. The guide is suggested to
use an appropriate bypass capacitor of about 0.1 uF (ceramic) to ground. An additional
10 uF capacitor (tantalum) in parallel is also recommended to further attenuate high
frequency noise presented in an application board [17].

Ground reference point (Vss) is the pin of analog ground reference
point. This pin must be faced with the ground plane by using a low impedance
connection.

Chip select input (CS), Serial clock input (SCK) and Serial data
input (SDI) are the serial peripheral interface pin which are the chip select input pin,
which requires an active low to enable serial clock and data functions, the SPI
compatible serial clock input pin and the SPI compatible serial data input pin,
respectively.

Latch DAC synchronization input pin is the pin that used for
transferring DAC setting to their corresponding DAC output register. Both of DAC
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output channel will be updated when this pin 1s low logic. If user require DAC output
updating at the rising edge of CS pin, user can joint this pin to ground (Vss).

Analog output pin (DACa and DACp) is the analog output pin A and
B. Each output has its own output amplifier. The full-scale range is determined by the
gain selection option (1x or 2x). The DAC analog output cannot go higher than the
supply voltage (Vo).

As the mentioned above, the MCP4822 12-bit digital to analog
converter has the serial peripheral interface (SPI) as a communication protocol. The SPI
is a type of short distance communication between devices. The devices that
communicated by using SPI were called master and slave. The master device is used to
handle all the communication. All of configuration in SPI communication such as the
format of data and frequency of serial clock were determined by master. In general, the
SPI has 4 wire of signal which are SCK, MOSI, MISO and CS. The SCK wire is used
to send serial clock from master to slave. The data from master is transmitted through
MOSI wire to slave device. In contract, the data from slave is sent to master by using
MISO wire. In case of more than one slave device, CS wire is used to enable

communication between the master and the required slave [18].

(0 N ) aaE™

s ::'. m Scx

. NSO

w0 NOSI

[ s

M .
S
\___ .

Figure 2.4 Serial peripheral interface (SPI) working diagram
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The MCP4822 is designed to directly interface with SPI port in
mode 0,0 and mode 1,1, available on many microcontrollers. Commands and data are
sent to the device via the SDI pin, with data being clocked-in on the rising edge of SCK.
The CS pin must be held low for the duration of a write command. The write command
consists of 16 bits and is used to configure the DAC’s control and data latches. Table

2.2 shows the write command for each device.

Table 2.2 Write command register for MCP4822 (12-bit DAC) [17]

W-x | Wx | W-x | W-0 W-x | Wex | Wex | Wex | Wex | Wex | Wex | Wex | Wx | Wx | Wx | Wx
A/B GA STDN D11 | DI0 | D9 D8 D7 D6 DS D4 D3 D2 D1 DO

bit 15 bit 0

Each of write command bit is used to configure the working of the
MCP4822 which consist of channel selection, gain selection and shutdown mode
control.

Bit 15 or A/B bit is a channel selection bit. DACa will be available
when bit 15 is active low. In contract, if user want to active DACg , bit 15 need to be
high logic.

Bit 14 is don’t care bit. This bit can be high or low logic. Its haven’t
affect about the configuration of the MCP4822.

Bit 13 or GA bit is the output gain selection bit. If logic was set to
be high, gain of DAC is 1x. if GA bit has low logic, gain is 2x.

Bit 12 or SHDN bit is used to control shutdown mode. Shutdown
mode of MCP4822 is useful for saving energy. Logic high of this bit is spend for active
mode operation, analog output is available. If this bit is low, shutdown mode will be
enabled, the selected channel is shutdown, Analog output is not available at the channel
that was shut down.

Bit 11-0 is DAC input data bit.
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config bits —— o} 12ceebits — |
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Figure 2.5 Write command timing diagram [17]

The write command is initiated by driving the CS pin low, followed
by clocking the four configuration bits and the 12 data bits into the SDI pin on the rising
edge of SCK. The CS pin is then raised, causing the data to be latched into the selected
DAC’s input registers. The MCP4822 devices utilize a double buffered latch structure
to allow both DACA’s and DACg’s outputs to be synchronized with the LDAC pin, if
desired. By bringing down the LDAC pin to a low state, the contents stored in the
DAC’s input registers are transferred into the DAC’s output registers (Vour), and both
Voura and Vours are updated at the same time. All writes to the MCP4822 devices are
16-bit words. Any clocks after the first 16th clock will be ignored. The most significant
four bits are configuration bits. The remaining 12 bits are data bits. No data can be
transferred into the device with CS high. The data transfer will only occur if 16 clocks
have been transferred into the device. If the rising edge of CS occurs prior, shifting of
data into the input registers will be aborted. The DAC input coding of this devices is
straight binary. The analog output voltage is shown in equation 2.1

2048V x D, |
Vour=———xG (2.1)

Where 2.048 is the internal voltage reference, D, is digital input
code, G is gain selection (1x and 2x) and n is DAC resolution which is 12-bit for
MCP4822.
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For an operation of signal generator, a very simple circuit as shown
in Figure 2.6 was fabricated to generate the stimulus voltage for electrochemical cell.

The voltage level was control by a microcontroller. The output voltage is followed

equation 2.1.

V)
o/
AL Vss Vould LOAC
v =
MCP4B77
Vod CS8 scx SO
{
illlllj | | I |
Vin GNO RST S5V A7 A8 AS AL A3 A2 A1 ap REF 33 D3
STM 32 Nuclen 32
foiTxpomx RST GND D2 ©O3 D4 D5 08 O7 D8 Do D0 D1 D12
¢t 1 r v 1 P i1 R |

Figure 2.6 The schematic design of the signal generator

In Figure 2.6, the microcontroller is a main device that used to
control voltage level and get command from user. The command from user have a 16-
bit format which consist of 4-bit configuration and 12-bit data. The maximum of output
voltage is 2.048 V, 0.5 mV of resolution for 1x of gain selection and 4.096 V, | mV of
resolution for 2x of gain selection. The range of 12-bit data is from 0 to 4096.

The control program flowchart is indicated in figure 2.7. The code
was generated and put into the microcontroller. The input data was sent through the
communication protocol from computer or smartphone to microcontroller. The data was
transformed into digital code for continuously sent to the MCP4822. The output
voltagel9 will change according to input digital code and its was measured by a

voltmeter.
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S

Input parameter :

/ Initial voltage Output voltage was measured

// Switching voltage,
Scan rate
i l . Data were transferred to the
| All data was transferred to 'MCP4822 with for loop as follows :
* | 2 ; P
| digital code, then send to for ! —> Start value = Initial voltage
L loop. . Stop value = Final voltage
: Step = Scan rate

Figure 2.7 The flowchart for signal generator program

The signal generator will be tested at various conditions, i.e. the gain
selection, the voltage range and exchange rate of voltage. Figure 2.8 shows the analog
output for signal generator testing in 1x gain selection. The result shows good linearity
signal at 10 Hz of frequency, 0 to 4095 of digital input range and 50 mV/s of exchange

rate. Moreover, it shows a maximum voltage which is about 2.00 V at 4096 digital input.

Figure 2.8 The analog output for signal generator at 1x gain selection
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The 2x gain selection testing was indicated in figure 2.9. All of
parameters were defined as the previous experiment. The results show the maximum

output voltage which is about 4.00 V at 4096 of digital input.

Figure 2.9 The analog output for signal generator at 2x gain selection

2.1.2.2 Signal detector

In electrochemical analysis, after the electrochemical cell is-
activated then the electrochemical reaction occurs, there will be an electric current flow
through an electrode. The relation of peak current and the stimulus voltage can point
out the properties of electrode and sample substance. In this project, the signal detector
has 2 functions. Firstly, the signal detector was used to detect input signal which is the
stimulus signal for electrochemical cell. Secondly, it was used for the measuring of
current that occurred from electrochemical reaction. The main control unit of signal
detector is microcontroller which is responsible for controlling the operation of the
signal detector and receiving the information obtained from the measurement to be sent
to the display device. In term of the working characterization of the signal detector,
because of the output signal which is current from an electrochemical reaction is an
analog signal, but the microcontroller cannot directly receive an analog signal,
therefore, the signal must be transformed to a digital signal. For that reason, the

MCP3202 which is 12-bit analog to digital converter is used in this work.
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The MCP3202 is a successive approximation 12-bit
analog-to-digital (A/D) converter which can be programed to provide a single pseudo
differential input pair or dual single-ended inputs. The communication of this device is
done by using a simple serial peripheral interface (SPI). The conversion rate of the
MCP3202 is capable at 100 ksps and 50 ksps at 5.0 V and 2.7 V of supply voltage,
respectively. Low-current design permits operation with typical standby and active
currents of only 500 nA and 375 pA for 2.7 V and 5V power supply, respectively. The
MCP3202 that used in this work is offered in 8-pin PDIP packages [19] as shown in
Figure 2.10.

CS/SHDN Vob
CHO SCK
CH1 SDo
Vss SDI

Figure 2.10 The MCP3202 packages type (8-type PDIP) and pinout

Table 2.3 Pin function table for the MCP3202 [19]

Mera0 Symbeol Description
MSOP/PDIP/SOIC
1 CS/SHDN | Chip select and shutdown input
2 CHO Channel 0 analog input
3 CH1 -Channel 1 analog input
4 Vss Ground reference
5 SDI Senial Data input
6 SDO Serial Data output
7 SCK Serial clock
8 Voo/Vrer | 2.7 V to 5.5 V Rower supply and Reference
voltage input
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The CS/SHDN pin is used to initiate communication with the device
when pulled low and will end a conversion and put the device in low power standby
when pulled high. The CS/SHDN pin must be pulled high between conversions.

The CHO and CH1 pin are an analog input channel 0 and channel 1,
respectively. These channels can be programmed to be used as two independent
channels in single ended-mode or as a single pseudo-differential input where one
channel is positive input (IN+) and one channel is negative input (IN-). The information

in Table 2.4 is shown the programming of the channel configuration.

Table 2.4 The channel and mode configuration bit for MCP3202 [19]

Config Bits Channel Selection
: ; GND
Sgl/Diff | Odd/Sign CHO CH1
Single Ended Mode 1 0 + Shutdown -
1 1 Shutdown + -
Pseudo-differential 0 0 IN+ IN-
Mode 0 1 IN- IN+

The information in Table 2.4 shows the configuration choice of
using the analog input channels configured as two single-ended inputs or a single
pseudodifferential input. Configuration is done as part of the serial command before
each conversion begins. If the single ended mode is required to used channel 0 as an
input channel, the config bit must be 1 and 0 for Sgl/Diff and Odd/sign, respectively. In
contrast, if user want to used channel 1 as an input channel, both of config bits must be
1. When used in the pseudo-differential mode, CHO and CH1 are programmed as the
IN+ and IN- inputs as part of the command string transmitted to the device. The IN+
input can range from IN- to Vrer (Vpp + IN-). The IN- input is limited to £100 mV
from the Vss.

The SCK pin is a serial clock pin for the serial peripheral interface.
This pin is used to initiate a conversion and to clock out each bit of the conversion as it

takes place.
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The SDI and SDO pin are a serial data input and output pin. The SDI
was used to clock in input channel configuration data. The SDO was used to shift out
the results of the A/D conversion.

Figure 2.11 shows the function block diagram of the MCP3202
12-bit analog to digital converter. The operation of MCP3202 is as follows : The input
channel was selected by the input channel mux according to configuration bit from the
control logic. the input signal was sent to the sample and hold. The signal on the sample
and hold part will be sent to convert to the digital data by the 12-bit SAR
digital-to-analog converter along with the clock signal. After data was converted, it will

be transferred to shift register and sent out to a serial output pin.

i

Comparatar é
............................. s s S e
CS/SHON Din SCK Dout

Figure 2.11 The function block diagram of the MCP3202 [19]

The digital output code produced by an A/D Converter is a function
of the input signal and the reference voltage. For the MCP3202, VDD is used as the
reference voltage. As the VDD level is reduced, the LSB size is reduced accordingly.
The theoretical digital output code produced by the A/D Converter is shown below.

Doyr = —=2 2.2)
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Where Dour is a digital output code, Vin is an analog input voltage

and Vpp is a supply voltage.

feve o
.y “F
. h'...
Dy ":3.*.

Figure 2.12 Communication with the MCP3202 using MSB first format only [19]

Communication with the MCP3202 is done by using a standard SPI
compatible serial interface. The initiation is started by the activation of CS line with low
logic. If the device was powered up with the CSpin low, it must be brought high and
back low to initiate communication. When the CS pin low and the SDI pin high, the
first clock that was received will constitute a start bit. The SGL/DIFF bit and the ODD/
SIGN bit follow the start bit and are used to select the input channel configuration as
shown in Table 2.2. Moreover, another function of the SGL/DIFF bit is the selections
of single ended or pseudo-differential mode. Also, The ODD/SIGN bit is used to select
which channel is used in single ended mode and is used to determine polarity in
pseudodifferential mode. The bit that follows the ODD/SIGN is the MSBF bit. The
MSBEF bit is transmitted to enable the LSB first format or the MSB first format. If the
MSBEF bit is high, then the data will come from the device in MSB first format and any
further clocks with CS low will cause the device to output zeros. If the MSBF bit is low,
then the device will output the converted word LSB first after the word has been
transmitted in the MSB first format. In the data process, the input data format was
divided into 3 bytes. The first byte is contained only start bit which will be transferred
add the first rising edge of the clock. The output byte after start bit was received is just
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only zero. The device will start to sample the analog input on the second rising edge of
the clock, after the start bit has been received. The second byte is contained by 3 config
bit and 5 don’t care bit. The output byte is consisting of the first three bit as zeros, one
bit of null and the 4 bits of MSB data as a last four bit. lastly, the LSB data will be sent
back after the last byte input was received. The MSB data and LSB data will be
combined to be 12-bit digital data. If all 12 data bits have been transmitted and the
device continues to receive clocks while the CS is held low, the device will output the
conversion result LSB first as shown in Figure 2.13 If more clocks are provided to the

device while CS is still low, the device will clock out zeros indefinitely.
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Figure 2.13 Communication with the MCP3202 using LSB first format only [19]

For an operation of signal detector, a simple circuit for the MCP3202
was performed to detect a voltage signal by using both input channel as shown in Figure
2.14. The process, configuration and analytical data were controlled by a

microcontroller.
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Figure 2.14 The schematic design of the signal detector

The STM 32 Nucleo32 microcontroller was used as a main control
unit. It was used to generate a configuration bit and clock signal for the MCP3202.The
config bit was sent from microcontroller to the MCP3202 via SDI line along the pulse
of clock signal in SCK line. Moreover, the data that is the feedback from the converting
signal of the MCP3202 will be get by microcontroller through the SDO line then
analyzed and continuously sent to a display device.

The flowchart displayed in Figure 2.15 demonstrates the working
steps of program. The working was started by the forcing of the CS line to low logic.
Then, the first byte which is in binary format and act as a start command bit will be sent
to MCP3202. The output after sent this byte is just only null byte. At the rising edge of
the next clock, the second byte which contains the configuration bit will be transferred.
The configurations were determined as follows : the working mode that was selected is
single ended mode, the CHO was used as an input channel and the MSB first format was
chosen to be the output data format. The output from this step is the 4-MSB bits which
is converted from analog signal from the CHO. Then, the third byte which is don’t care
will be continuously transferred to the MCP3202. The feedback data of this step is the
8-LSB bits. The MSB and LSB will be combined to be 12-bit output data and analyzed

by microcontroller. Continuously, the CS line will be forced to be high logic to finish a
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communication. After that, the program will be run again by the same process, but the
CH]1 will be set as the input channel. lastly, the output data will be sent to the display
device. From the sampling rate of the MCP3202 which is 100 ksps at 5 V of supply
voltage, it indicates that the device can run at high frequency. Therefore, it seems that

the input signal at both channels can be detected at the same time.

T 5

Ou:pull Ouzputbyzczwuwbym '

Analog Signal 1 and 2 were 5
put into the CHO and CHI. , D""’“"Iw | Outputbyteé
cs-0 cs=1
inputbytcl = 00000001 — m= inputbyte6 = 00000000 ————> "““’«“"" V"‘“ﬂr‘
iputyse2 = 10100000 —> “T tapuibyte3 = 11100900 > o000
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Figure 2.15 The flowchart for the signal detector program

2.1.2.3 Control amplifier
As we know well, the signal generator that was developed in this
project can apply the voltage signal in range of 0 to 4 V. The voltage that released from
the signal generator is just only positive voltage. However, many techniques of
electrochemical analysis, including voltammetry require both positive and negative
voltages. Moreover, the stimulus voltage of an electrochemical cell must be the
differential voltage between the working electrode and the reference electrode.

Therefore, the voltage must be optimized before applying to an electrode. In this work,
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the control amplifier was developed to use in voltage optimization. The main device
that used to fabricate the control amplifier is an operation amplifier (OP-AMP). The
operation amplifier will be used to construct various amplifier circuit.

The differential amplifier circuit is one of the amplifier circuit that
used for control amplifier fabrication. This circuit was used to transform the range of
voltage from 0 to 4 V to -2 to 2 V. Figure 2.16 shows the circuit design of a differential

amplifier circuit.

R3

R1
b= YAAY;
Vini=2V
Ra
D YAYAY,
Vina = Voac

Figure 2.16 The circuit design of differential amplifier

The differential amplifier circuit is used to amplify the difference
between two voltages making this type of operational amplifier circuit a subtractor [20].
By connecting each input in turn to ground, the superposition can be used to solve for
the output voltage. The equation 2.3 shows an output voltage of a differential amplifier

circuit.

V_=V. Ry +V. R, R, *R, (2.3)
out inl R] in2 R2_+_R4 R]
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If all the resistors are all the same ohmic value, then the circuit will
become a unity gain differential amplifier and the voltage gain of the amplifier will be
exactly one or unity. Then the output expression would simply be as follows equation
2.4

vV, =V, ,-V

ut= in2 inl (24)
In this work, all of resistor were set to have same value, so the
differential amplifier circuit become a unity gain amplifier circuit. Therefore, the output

voltage will become

V= Voac —2V (2.5)

Where Vpacis the output voltage from the signal generator.
The testing results of differential amplifier circuit were shown in
Figure 2.17 The result demonstrated that the input signal was transformed from the
signal in the range of 0 to 4 V (Blue line) to the signal in the range of -2 to 2 V (Yellow

line).

Figure 2.17 The testing results of differential amplifier circuit

After the input signal from the signal generator was transformed by

the differential amplifier, it cannot be directly applied to electrochemical cell. The signal
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must be managed for one more step because the stimulus signal for electrochemical cell
must be the differential voltage between working electrode and reference electrode. For
this reason, it is necessary to develop another part of control amplifier circuit.

The first circuit that used is the voltage follower (sometimes called
voltage buffer). The voltage follower was used to receive feedback voltage from the
reference electrode. The function of voltage follower circuit is a protection from the
effect of current or loading the previous stage unacceptably and interfering with its
desired operation [21]. Because of a voltage follower generally has a high input
impedance and a low output impedance, so whatever circuit is supplying the input signal
does not have to provide much current, while the output of the voltage follower can

supply significantly more current to the next stage.

—3» Vout

Vin = Vs

Figure 2.18 The circuit design of voltage follower

The voltage follower can be simply constructed by using op-amp as
shown in Figure 2.18. The wiring of this circuit is just connecting the output of the op-
amp to its inverting input and connecting the signal source to the non-inverting input.
The voltage gain of this circuit is one. The entire output voltage is fed back into the
inverting input. The difference between the non-inverting input voltage and the
inverting input voltage is amplified by the op-amp. This connection forces the op-amp

to adjust its output voltage simply equal to the input voltage as shown in equation 2.6
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switching voltage, number of scan and scan rate. After all of parameter was sent, the
application will wait to receive information from the potentiostat, then draw a graph and

save data to a text file.

2457, 59

Figure 2.35 The screen to display the received data as a graph called a cyclic

Voltammogram
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Figure 3.5 The experimental result about effect of scan direction

The experimental result show that the peak currents is from the positive and
negative scans are nearly equal. From the result, it indicates a good stability of the
developed potentiostat confirmed by less than 2% of percent different.

3.2.2 Effect of scan rate

To prove the capabilities of the potentiostat, a basic electrochemical
experiment based on the redox reaction of potassium ferricyanide/ferrocyanide in water
was performed. The diffusion coefficient of potassium ferricyanide was calculated by
recording cyclic voltammetry experiments in a solution containing a knc 1
concentration of the substance for different scan rates and using the Randles-Sevick
equation [26]. In this experiment, the 10 m  of potassium ferricyanide/ferrocyanide
was prepared to use as a substance. The initial voltage was set at 1 V and switching
voltage was set at -1 V. The developed potentiostat was tested by varying the scan rate

values as follows : 10, 20, 30, 40, 50 and 60 mV/s.
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Figure 3.6 Cyclic voltammogram of potentiostat tested about effect of scan rate

Figure 3.6 indicates that the peak current of cyclic voltammogram
corresponds to the scan rate. The cathodic and anodic currents plotted with the square

root of the scan rate is shown in Figure 3.7.

Figure 3.7 A plot of anodic and cathodic peak currents obtained from cyclic

voltammograms versus square root of the scan rate

















































































Parameters
(1) Bluetooth V2.1 + EDR
(2) Bluetooth Class 2

(3) Built- PCB RF antenna
(4) Support UART interface

(5) 3.3 V power supply

Figure C.2 Circuit diagram of BT04-A
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