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Abstract An imp rovement of both the hardware and software of a previous design developed by the authors for the

study of commercial electrochemical cells is reported. The galvanostat now features the automatic selection of the current
scale, with a maximu m fu ll scale of 250 mA . An external reference voltage is also used to increase the precision (ca. 0.1%)
of the measured cell voltage. In the new design, the acquisition software is linked to Excel spreadsheet. In this way, the
nominal cell parameters can be read from the spreadsheet via the serial port and can be set without reprogramming the
Arduino interface. Furthermore, the data are gathered direct ly into the spreadsheet, and can even be plotted in real time.
The cost of the whole system remains under $150, not including the controlling laptop
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1. Introduction
Electrochemical cells are used to store electrical energy
in the form of free energy of chemicals, as they can draw
direct-current fro m the electrodes, sustained by a
combination of electron transfer reactions (Red-Ox). These
reactions are quite co mplex, involving solid-state diffusion
which may result in phase changes and re-crystallizat ion.
The processes, in some of these electrochemical cells, can
be reversed by applying a direct-current to restore the
electrical energy. Cells of this type are categorized as
secondary
or
rechargeable
batteries.
Nowadays,
miniaturized primary and/or rechargeable (secondary)
batteries are emp loyed in a vast number of devices: mobile
telephones, watches and clocks, cameras, laptops, portable
tools, remote controllers, cardiac pacemakers, etc.
The study and characterization of these devices provides
a very interesting and instructive learning experience as it
comprehensively illustrates concepts of thermodynamics
and kinetics at the undergraduate level within the context of
practical electrochemistry. At the same t ime, it can help
students to deepen their understanding of such common
concepts as energy conversion, efficiency, cell capacity, etc.
Qu ant it ies wh ich are emp loyed to ch aracterize the
operation and performance of an electrochemical cell can be
obtained by simp ly monitoring the current supplied to or
produced by the cell, and its terminal voltage. So, the
measu ring too ls requ ired to p erfo rm the exp erimen tal
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characterizat ion are simple: a volt meter, a chronometer and
a device that can supply a constant current, i.e. a
galvanostat.
Studies of this kind have been performed in our
laboratory for more than ten years using a manually
operated homemade galvanostat. This device has been
recently modified to allo w dig ital control using an Arduino
microcontroller board[1].
There are
many other
microcontrollers
and
microcontroller platforms. All of them simp lify the
challenging microcontrollers' programming and provide an
easy-to-use package. The Arduino platform offers some
additional advantages: it is relatively inexpensive (ca. $30),
runs on Windows, Macintosh OSX, and Linu x operating
systems, presents a transparent, user-friendly programming
environment, and is accessible as open source
software-hardware. It is a very versatile device with a wide
range of applications in many areas like process control and
data acquisition, robotics, communications, sensing, etc[2].
The galvanostat operations (on/off and charging/
discharging) are controlled by different Arduino digital
lines which activate the associated relays. The current value
within the full scale is set by a digital line capable of
generating a pulse with modulated signal. The PWM pulsed
signal is applied to a classical lo w pass-filter (gain=1,
freq=1Hz) to be transformed into a dc signal proportional to
the mark-space ratio. Moreover, the Arduino board is
capable of timing operation that allows a very precise
control
of
the
charging/discharging
processes.
Co mmunicat ion with the computer is maintained via a
conventional RS232 interface. It is used both for reading
and transmitting the acquired data to the co mputer as well
as setting the program code in the internal Arduino
memo ry.
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A comp lete description of the earlier design of the dig ital
galvanostat and the attendant programs can be found in
reference[1] and supplemental material.
In the course of using this device for about one year,
considerable improvements were made of both hardware
and software wh ile keeping costs low. The main hardware
upgrades are: a) Use of a stabilized external reference
voltage to increase precision, b) Automatic selection of the
current full scale and c) Enhanced full-scale current up to
250 mA . The software has been updated mainly by using a
free Data Acquisition tool (DAQ)[3], associated with an
Excel spreadsheet. The DAQ enables communication
between the Arduino code and an Excel spreadsheet via the
RS232 interface. Thus, initial parameters can be sent to the
Arduino during the acquisition process and the data
acquired saved, plotted and analyzed with the Excel
spreadsheet in real t ime. The software has been adapted to
the new hardware characteristics (full-scale current and the
external voltage reference) as well as the status information
displayed onto the spreadsheet control module.
The new upgrades offer a mo re versatile and user
friendly assemblage. Thus, students can focus their
attention on data analysis and discussion of results, rather
than on operating the instrument and the physically
demanding and tedious timing control during the
acquisition process. A more detailed description of these
improvements will be described in the following sections.

2. Hardware Upgrades
The galvanostat is based on the well known scale/inverter
circuit. The former d igital galvanostat had four full-scale
current levels (5mA, 10mA, 50mA and 100mA ). The

maximu m current obtained fro m this design has been found
to be insufficient even for low capacity secondary batteries
(up to 500 mAh).
Moreover, the full scale was chosen manually by selecting
a comb ination of resistances. For these reasons, the system
has been redesigned so as to include three resistances (2kΩ,
220Ω and 20Ω). A combination of these resistances can be
set using two extra Arduino digital outputs (#3 for 250 mA
and #5 for 25 mA full-scale).
Each digital output controls a switch relay that connects or
disconnects the resistance to the circuit, as a function of the
current selected in the experiment, see Figure 1. Thus, the
new galvanostat has enhanced the current range by a factor
of 2.5. Larger heat sinks, aided by air blown by a s mall fan,
are now needed to prevent overheating.
The reference voltage in the co mmon Arduino design is 5
volts by default. This is the maximu m value that can be set
for the analog inputs. These analog inputs have associated
A/D 10 bits converters returning integers from 0 to 1023.
Thus a 3.3 V electrochemical cell gives 675 counts on the
converter, one bit up or down imp lies an error o f ca. 0.3%
which can be considered small enough for most types of
measurement in an undergraduate lab. For no minal voltage
electrochemical cells around 1 V the error starts to become
significant (ca. 1%).
A way to increase the precision of measured voltage is by
using the Arduino directive “analogReference(External)”. In
this way, the voltage applied to the AREF pin in the Arduino
board is used as the maximu m voltage value of the converter.
Using an external reference voltage somewhat larger than the
electrochemical cell nominal voltage, the error can be
lowered to ca. 0.1%.

Figure 1. Galvanostat with automatic full-scale current selection
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Figure 2. Variable precision voltage circuit used as external voltage reference

Thus, a circuit having a MAX6325 precision reference
voltage[4], has been included in the new design, see Figure 2.
The voltage can be set between 1.0 V to 5.0 V by an external
mu lti-turn potentiometer (P10K in Figure 2). This reference
voltage level is set before the start of the measurement by
using a common external volt meter, according to the
electrochemical cell no minal voltage.
Additional hardware
modifications
have been
implemented in the galvanostat PCB: a power supply
(+15V/-15V) and two rows of ma le pins that allow the
Arduino PCB to be directly p lugged in. Figure 3 shows a
picture of the galvanostat PCB which includes descriptions
of the main co mponents.

Figure 3. Galvanostat PCB board showing its different components:
power supply, Arduino socket, charge/discharge module, voltage reference
module and the galvanostat circuit itself

3. Software Upgrades
The Arduino interface is easily programmed to perform
control and data acquisition tasks. A complete instruction
manual with examp les, language reference, foru ms,
purchasing informat ion, and so on, can be found on the
official website[5]. Programming is carried out by a
“front-end” environment used to write, check, co mpile and

upload the final code to the Arduino microcontroller. The
programming language is called “Processing”[6], with
syntax qu ite similar to C++. Co mmun ication between the
Arduino and the computer is maintained via the USB
interface to which the Arduino is attached. The USB
interface is recognized as a COM or Serial port by the
computer. This interface is employed to transmit all
informat ion between the co mputer and the Arduino. For
debugging purposes, the data communication through this
interface can be displayed on the laptop screen using the
COM monitor included in the Arduino environment
front-end.
Nevertheless, the acquired data should be saved in a text
file for future p rocessing. This task can be acco mplished by
using the data logger software that writes all informat ion[7].
An interesting and instructive feature of the new design is
the option of visualizing the experimental data as they are
being acquired. The main advantage of this option is clear;
the user has direct visual information about the whole
process, at a glance (“A p icture is worth mo re than a
thousand words”). On the other hand, including this feature
introduces some additional co mp licat ions linked to the
timing for plotting, graphical interface programming, etc.
For the purposes of these experiments, Excel spreadsheet
is an excellent tool that enables students to perform data
analysis. Moreover, it has the ability to manage digital data
via RS232[8, 9]. This option is very interesting, though a bit
restrictive as it limited to an OS where Excel can be fully
installed (Windows, Mac, W ine …). Under these
circu mstances, Excel spreadsheet controls the acquisition,
the graphical representation and the subsequent treatment of
the data. The main drawback arises fro m the fact that it is
necessary to understand the Excel programming tools. Other
spreadsheet types can be used instead but the difficult ies are
more severe, because adding a serial co mmunicat ions port
requires rather specialized programming knowledge[10].
This strategy is therefore quite complicated, so it does not
seem worthwh ile to pursue it.
Nevertheless, a rule of thumb in programming will guide
us here: don’t waste time “reinventing the wheel”. In this
regard, a very nice and useful data acquisition tool
connecting RS232 and Excel spreadsheet is provided freely
by Parallax Inc., the PLX-DAQ Data Acquisition module[3].
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This software was originally designed for their own
microcontrollers, but since it uses the RS232 interface, and is
made freely availab le, th is could provide a solution. This
PLX-DA Q control has very useful features: It records up to
26 co lu mns of data and plots them as they arrive in real-t ime,
reads from and records data into any cell on a worksheet,
marks data within real-time, reads/sets any of 4 checkbo xes,
and has baud rates up to 128K.
The PLX-DAQ control uses a set of commands to indicate
the kind of action to be performed. These commands are in
the form o f a string of characters which are sent through the
COM interface. The syntax is simple and straightforward.

All co mmands are given in CAPITA L letters, and entered by
a carriage return. For examp le, the “DATA, var1, var2, var3”
directive enters the values of the var1, var2 and var3
variables in the first 3 cells of the next ro w. In order for this
command to be carried out, the Arduino program code has to
be: “Serial.println(“DATA, var1, var2, var3”);”.
Information about the use of PLX-DA Q control and its
relation to the Arduino code, along with instructive examples
can be found on the World Wide Web[11]. Figure 4, shows
an examp le of an Arduino program for reading and checking
values of Excel cells by using the Parallax controller.

Figure 4. Example of Arduino code using a PLX-DAQ controller. The code reads and checks the values of Excel cells and writes the information on their
status
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Figure 5. Snapshot of an Excel spreadsheet for the study of a V395 primary electrochemical cell showing the input/output data, plot and PLX_DAQ
controller

Another interesting point is that the PLX-DAQ module is
able to read/write Excel cell values “on the fly”. Thus, the
acquisition program can read the characteristic experimental
parameters (electrochemical cell characteristics, current to
be used) and it can produce the adequate output without
recomp iling the entire program code.
PLX-DA Q control has to be set to the number and bauds
rate of the serial COM port used by the Arduino board, see
Figure 5. The character transmission rate can be selected
within the range 1 ms to 0.08 ms (9600 to 128000 bauds).
The computer used has to be fast enough to be able to
support real-time data acquisition and processing. So me
factors that negatively affect this requirement are: co mputer
speed, baud rate, data processing by Excel (data entering,
plotting, and/or performing mathematical calculations).
Our developed characterizat ion programs for electrochem
ical cells sample the voltage roughly every second. For this
reason, they do not place much demand on the computer.
Nevertheless, displaying a graph will increase the processing
time considerably.
Figure 5 shows a snapshot of an Excel spreadsheet for
discharging a V395 primary electrochemical cell [12]. After

acquisition, the spreadsheet should be saved for further
analysis.
The earlier versions of the program that had been
developed for primary and secondary electrochemical cells
have been updated to take into account the Excel controller
and the hardware upgrades. However, the working
philosophy of the previously developed programs has been
adhered to in cases where Excel spreadsheet is not available.
Thus, the versions that store all the informat ion to a text file
have been updated to take into account the changes in
hardware, different current scales and the use of external
reference voltage. These versions are still useful when an
automatic experimental procedure is employed, to safeguard
against loss of data due to power outages.
The program for primary electrochemical cells reads a
time/voltage comb ination every second, but only records
arith metic means at selected time intervals via RS232. This
interval is a function of the electrochemical cell capacity and
the discharge current selected. The stored mean values
improve the signal/noise ratio achieving a better accuracy in
the experimental measurements. The program terminates
when a single voltage reading is below a defined threshold
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value (ca. 0.2V).For a co mparison of the behavior of
secondary electrochemical cells it is required to set a fixed
charge level. Thus, the program for secondary
electrochemical cells starts by discharging it. Next, after a
short time interval to allo w fo r stabilizat ion, it is
subsequently charged at a selected percentage of its nominal
value. The program estimates the current to be set as a
function of nominal capacity and a charging time between
15min to 60min to reach that charge level. Again, the
program ceases during a short time interval. Next, a current
level is set to perform a nu mber of pre-selected
charging/discharging cycles. The nominal percentage of
charge and discharge for each step is a parameter chosen at
the beginning of the program. As in the case of primary
electrochemical cells, the data are acquired every second, but
the stored data is calculated as the mean voltage during the
time interval.

the manual Start/Stop switch is activated. The measuring
process starts storing values in Excel co lu mns A, B and C
corresponding to the Arduino Timer, in ms, the elapsed time,
in seconds, and the cell measured voltage, in volts. The
process finishes automatically when the voltage measured is
negative or the user activates the manual switch Start/Stop.
Fro m the measured voltage, V, the elapsed time during the
experiment, t, the constant current used during the
discharging process, i, and the manufacturer parameters:
nominal capacity, QT, and no minal voltage, VEq , some
interesting electrochemical cell parameters can be estimated.
Thus, the theoretical maximu m energy stored in the cell, ET,
can be calculated according to:

4. Galvanostat Set up and Teaching Lab
Examples

This integration can be easily performed by using the
trapezoidal rule fro m the proper spreadsheet columns.
Additionally, the cell efficiency, η, can be also estimated by

4.1. Setting up the Gal vanostat
The new galvanostat version showed in Figure 3 can be
assembled and checked by the teachers using the build list of
electronic co mponents, the general electronics schematics
and the circuit picture board. The Arduino board is plugged
upside-down in the upper right socket, see Figure 3. The
complete assembly should be placed inside a plastic bo x for a
safer use in the laboratory.
Arduino driver and the PLX-DA Q Data Acquisition
module software have to be installed and checked in the
computer intended to be used. Arduino installat ion software
contains basic examp les to check the correct operation. The
progam code depicted in Figure 4 can be loaded into Arduino
to check the connection between the Arduino and
PLX_ DAQ module with Excel.
The supplementary material provides Arduino source
programs and the Excel spreadsheets for the electrochemical
cells characterization experiments: primary, secondary and
power measurement. For teachers, all information, tips and
tricks to build up the system, can be provided by the authors
upon request.
4.2. Primary Electrochemical Cell Characterizati on
Experi ment
The commercial cell should be connected properly to
BAT terminals + (plus) and – (minus), see Figure 1. The
manufacturer cell no minal capacity, in mAh, and nominal
voltage, in volts, should be entered in the spreadsheet cells
G2 and G3 respectively, see Figure 5. The selected
discharging current, mA, to be used during the test should be
entered in the cell G4. Finally, the reference voltage level is
set by the multi-turn potentiometer, Figure 2, and its value in
volts entered in the cell G5. Next, these parameters are read
and checked to avoid null values, when the button “Connect”
is pressed in the RS232 Control. Then, the system waits until

E=
QT ⋅ VEq
T

(1)

The practical available energy, Ep , can be calculated from:
t

EP = i ∫0 V dt

(2)

using the following relationship: η = EP ET .
It is also interesting to estimate the cell power, P, wh ich
can be calculated fro m: P = i ⋅ V . The maximu m value can
be easily obtained fro m the P vs i plot.
4.3. Secondary Electrochemical Cell Characterizati on
Experi ment

The study of these kinds of cells has more co mp lex setup.
In a first step the cell has to be completely discharged. Then,
it has to be charged to a predetermined level (i.e., 30% o f its
nominal value). Next , a nu mber of discharging/charging
cycles can be performed by using different current values.
Form these experiments the cycle efficiency, ηcycle, can be
studied:

=
ηcycle

Edischarge
=
Echarge

idischarge
icharge

∫
∫

t2

t1
t2

t1

Vdischarge dt
Vcharge dt

(3)

This parameter is usually a function of the electrochemical
cell, its nominal values and the performed cycles during the
measurements.
As can be noted, the system provides great versatility in
the preparation of the teaching lab. Moreover, the depth of
the analysis of the results is an additional feature to be
considered in the design of experiments for characterization
of electrochemical cells. These characteristics make the
system suitable for different educational levels (fro m
undergraduate to graduate).

5. Results
The obtained results for the tested electrochemical cells
with the modified galvanostat are very similar to those ones
obtained with the previous design[1], but with higher
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precision of the results, as stated before.

Figure 6. Discharge plots for a primary electrochemical cell, V395

Figure 6 shows the behavior of a primary electrochemical
cell with lo w capacity (QT = 45 mAh), when relatively high
discharge currents are used: 5 mA, 10 mA and 20 mA . The
time elapsed for the comp lete discharge is an exponential
function of the applied current. To permit the analysis of the
behavior of the electrochemical cell at a glance, Figure 6
plots the electrochemical cells voltage vs. the percentage of
discharge. For the commercial V395 (Veq = 1.55 V), the
theoretical maximu m energy stored can be calculated
according to Eq. (1), that is: ET = 250 J. The practical
available energy depends on the discharge current and it can
be calculated fro m Eq.(2). For the wo rked examp le, EP = 15 J,
5 J and 1 J for 5mA, 10 mA and 20 mA, respectively. The
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cell efficiency, η, can be easily obtained. Fro m these
experiments, it can be noted that higher currents imp ly a
lower percentage use of the nominal electrochemical cell
capacity, as should be expected.
Figure 7 shows the typical behavior for a couple of
charging/discharging cycles of a secondary Ni-Cd
electrochemical cell for different values of currents (10 mA
and 25 mA). The cycle efficiency, ηcycle, can be calculated
fro m Eq. (3), being fo r this experiment very close to 95%.
It can be also interesting to explore the power plot
behavior for different kinds of commercial cells, fro m the
acquired voltage and current data with the experimental
system. Figure 8 shows the obtained results for the V395 and
the NiCd 140 electrochemical cells. These experiments have
been performed integrating the electrochemical cell voltage
along a specific time interval wh ile the current is increased
until the electrochemical cell voltage suddenly drops to zero.
The current steps and time interval used are 1mA and 10
seconds for V395 and 5mA and 60 seconds for NiCd 140mA .
It can be noticed that V395 cell has a maximu m P about 40
mW, wh ile the NiCd 140 offers its maximu m P value around
100 mW. It can be pointed out that the optimal performance
recommended by the electrochemical cell manufacturer is
located under the 50% of the maximu m P.
Importantly, the co mbination of the PLX-DA Q controller
and the Arduino system could also provide a basis for data
acquisition with other kinds of sensors (gases, temperature,
humid ity, pH, …) which can be easily interfaced with it, at
low cost.

Figure 7. Response of a Ni-Cd electrochemical cell (1.2 V, 140 mA) for charging/discharging cycle at different current values
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