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HunStat2 — a simple and low-cost potentiostat with
electrochemical impedance spectroscopy
capability
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We have developed a low-cost (30 USD), simple do-it-yourself (DIY) potentiostat with cyclic voltammetry
(CV), open circuit potential (OCP) and electrochemical impedance spectroscopy (EIS) capability. The
HunStat2 potentiostat is based on Analog Devices' AD5941 Analog Front End chip, which significantly

simplifies the construction of potentiostats for both direct and alternating current (DC and AC,
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Accepted 21st October 2025 respectively) techniques. Interested readers are provided with circuit diagrams and a bill of materials to
build the potentiostat on their own. In addition, control software is also provided free of charge. The

DOI: 10.1039/d5ay01179e software enables acquisition and visualization of data. In summary, HunStat2 introduces a simple and
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1 Introduction

The primary instruments used to study redox reactions are
electrochemical potentiostats. They help researchers investigate
reaction mechanisms and kinetics in electrochemical systems.*
However, commercial potentiostats are typically expensive,
often costing several hundred US dollars or more. To address
this barrier, various low-cost alternatives have been developed,
broadening access to electrochemical experimentation for
educators and budget-conscious researchers.> These affordable
options lower the threshold for participation in both research
and education.

Among the different electrochemical techniques, electro-
chemical impedance spectroscopy (EIS) is one of the most
powerful techniques for analyzing electrochemical systems,
enabling the separation of simultaneously occurring processes
based on their different time constants.®> This method is
particularly useful in the development of electrochemical
sensors, as it allows fine-tuning of sensor sensitivity and
response time.**

However, constructing a potentiostat capable of performing
EIS is complex, and thus only a few open-source designs exist in
the literature besides the more expensive commercial systems.
These “do-it-yourself” (DIY) EIS-capable potentiostats are
summarized in Table 1. Importantly, none of these DIY
potentiostats can measure open circuit potential (OCP). EIS
performed at the previously measured OCP value allows
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low-cost DIY potentiostat recommended for both analytical and educational purposes.

researchers to investigate the electrochemical impedance of the
system in its equilibrium state. This is especially desirable for
studying phenomena like corrosion or charge transfer at the
electrode—-electrolyte interface.?

The aim of our work was to develop a low-cost potentiostat
featuring OCP and EIS measurements that can be easily con-
structed and features a no-install, easy-to-use software interface.
In this paper, we report on the development of the HunStat2
device capable of cyclic voltammetry (CV), OCP and EIS
measurements. The Analog Devices AD5941 chip, introduced
a few years ago, integrates key analog and digital components
for both direct and alternating current (DC and AC, respectively)
electrochemical measurements, supporting amperometry,
chronoamperometry, CV, square wave voltammetry, and EIS,
making it an excellent choice for low-cost potentiostat
construction." HunStat2 utilizes this chip interfaced with
a Seeeduino XIAO RP2040 microcontroller,'”” enabling EIS
measurements across a frequency range of 0.2 Hz to 200 kHz
and the hardware is supported by simple Windows based free-
ware software. Validation was achieved by comparative
measurements with a commercially available potentiostat.

2 Materials and methods

2.1 Chemicals and reagents

Milli-Q Water with an electrical resistivity of >18.2 MQ cm was
used in all experiments. KNO; and K,Fe(CN)s were obtained
from Sigma-Aldrich Kft. (Budapest, Hungary).

2.2 Hardware and software

The AD5941 and XIAO RP2040 chips and the various circuit
elements (resistors, capacitors, etc.) were purchased from

This journal is © The Royal Society of Chemistry 2025
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Table 1 Key characteristics of the most relevant DIY potentiostats with EIS capability. LSV: linear sweep voltammetry; CV: cyclic voltammetry;
SWV: square wave voltammetry; CA: chronoamperometry; DPV: differential pulse voltammetry; OCP: open-circuit potentiometry

Name Year EIS range Price in USD Techniques Communication Ref.
ABE-STAT 2019 100 kHz-0.1 Hz 105 CV, DPV, EIS Bluetooth 6
Matsubara 2021 10 kHz-1 Hz 410 CV, SWV, EIS USB 7
TBISTAT 2022 1 MHz-0.1 Hz 78 EIS Bluetooth 8

ACEStat 2022 120 kHz-1 Hz 60 LSV, CV, SWV, CA, EIS USB 9
HELPStat 2024 200 kHz-0.15 Hz 51 EIS Bluetooth 10
HunStat2 2025 200 kHz-0.2 Hz 30 CV, EIS, OCP USB This paper

Table 2 Part numbers and prices (as of May 20, 2025) of the components required for assembling the HunStat2 potentiostat. In addition, USB
Type-C cable was purchased locally for ~$2, 10 printed circuit boards (PCBs) were ordered from a local PCB manufacturer for ~ $10 ($1 per
piece), and 10 90° 3-pin connectors to connect the SPE electrode to the board were purchased for ~$1 (0.1$-per piece)

Qty Components Value Price in USD Mouser part no.

1 AD5941 BCPZ (soIC) 9.93 584-AD5941BCPZ

1 XIAO RP2040 5.37 713-102010428

3 1206 SMD resistor 10 K (1%) 0.9 71-RCV1206110KFKEA

1 Resistor 1206 SMD 200 (5%) 0.26 71-CRCW1206200RFKEAH
3 Resistor 1206 SMD 0Q 0.3 71-CRCW1206-0-E3

12 Capacitor 1206 SMD 100 nF (25 V) 6.0 80-C1206C104K3HAUTO
1 Capacitor 1206 SMD 4.7 UF (25 V) 0.20 80-C1206C479D5HAUTO
4 Capacitor 1206 SMD 470 nF (25 V) 0.72 80-C1206C474K3RAC

1 Capacitor 1206 SMD 220 pF (25V) 0.19 80-C1206C221J1HAUTO
1 Inductor 1206 SMD 600 (25 V) 0.17 963-FBMJ3216HM600-T
2 Tactile switch SMD 6 X 6 mm 0.34 179-TS046695BK260SMT

Mouser Electronics (Mansfield, TX, USA) to build the HunStat2
potentiostat. Part numbers and prices (as of May 20, 2025) of the
components required for assembling the potentiostat are listed
in Table 2. Gerber files, Pick-and-Place and bill of materials
(BOM) files are deposited in the GitHub repository,” which
enables the potentiostat to be directly ordered as a fully
assembled printed circuit board (PCB).

The schematic diagram, printed circuit boards, the soldered
final design of the HunStat2 potentiostat and the photo of the
developed potentiostat are shown in Fig. 1 (important: to be
able to measure OCP, the reference electrode must be con-
nected to the AIN3 pin on the board; see Fig. S2 in the SI
section). Once the hardware is assembled, the next step is to
install the required software. The Arduino IDE should first be
installed on your computer.™ The Arduino sketch package is
then uploaded to the Seeeduino XIAO RO2040 board. Finally,
the Windows graphical user interface (GUI) software, along with
the necessary configuration files—HunStat2.exe and Hun-
Stat2.ini—is installed to operate the potentiostat. Note that
these files may be updated over time as additional electro-
chemical techniques are integrated. For the most recent
versions, see the public GitHub repository"® and/or please
contact the authors. More details on the potentiostat hardware
and the freely available software are described in the SI section.

The compliance limits of the HunStat2 system are as follows:
a maximum output range of +2.1 V, the lowest current range of
54 pA (PGA set to gain 1); a minimal potential step of 537.24 uv

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic diagram, (b) front of the double-sided PCB, and the
assembled HunStat2 potentiostat using the (c) Metrohm DS110 carbon
screen-printed or (d) Linxens OT5c gold screen-printed electrode.
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at the 12-bit DAC; a frequency range of 0.2 Hz to 200 kHz. More
details on compliance limits are described in the SI.

2.3 Electrodes

Some of the experiments described below were conducted using
a carbon screen-printed electrode (model DS110, DropSens,
Llanera, Spain), while others were carried out using a gold
screen-printed electrode (Linxens OT5c¢ Gold Electrodes, PN
9X85204FA) provided by Linxens (Angelholm, Sweden). The
electrodes were connected to the board using a 90° 3-pin
connector. The three pins of the connector were soldered to the
electrical connections of the three electrodes on the board. The
central circular spot was used as the working electrode (WE),
the right semicircular arc was used as the counter electrode
(CE), and the left short connector was used as the reference
electrode (RE) (see Fig. 1).

3 Results and discussion

3.1. Validation of the HunStat2 potentiostat

To validate the HunStat2 system, comparative measurements
were conducted using the HunStat2 and a commercially avail-
able VoltaLab 40 (Radiometer Analytical, Villeurbanne, France).
First, a dummy cell was analyzed. The RE and CE were con-
nected (RE-CE), and for the CV measurements, a 500 Q resistor
in series with a 1000 uF capacitor was placed between the WE
and RE-CE electrodes, while for the EIS measurements, a 1 kQ
resistor in series with a 10 kQ resistor and a 680 nF capacitor in
parallel was placed between the WE and RE-CE electrodes (note,

I/ yA
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Fig. 2 (a) Cyclic voltammograms and (b) Nyquist plots collected using
(red circles) VoltaLlab 40 and (black lines) HunStat2 potentiostats
recorded under the same conditions with dummy cells ((a) 500 Q
resistor in series with a 1000 pF capacitor, 0 to 0.6 V with 0.1V s™%; (b)
a 1 kQ resistor in series with a 10 kQ resistor and 680 nF capacitor in
parallel over a frequency range of 10 kHz to 0.2 Hz) with combined
reference/counter electrodes. AC amplitude used for EIS was 30 mV.
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there is no solution needed). The overlapping curves in Fig. 2
validated the proper operation of the CV (Fig. 2a) and EIS
(Fig. 2b) methods using the HunStat2 system. In addition,
further validation showed closely matching results of EIS
measurements using 5 mM K,;Fe(CN)s/0.1 M KNOj; solution
with both the HunStat2 and the VoltaLab 40 systems and are
presented in the SI. Furthermore, CVs recorded for 3-5 mM
K,Fe(CN)e/0.1 M KNOj solutions are presented in the SI as well
to highlight the CV capability of the system.

3.2 EIS measurements at different bias voltages

Measuring impedance at or near the OCP is particularly rele-
vant. For example, in corrosion studies the OCP is the potential
that a metal naturally assumes when freely corroding in its
environment without any externally applied current or voltage.?
Performing EIS at the measured OCP value provides conditions
that approximate equilibrium, thereby enabling the character-
ization of the system under circumstances that closely reflect its
natural state. Under such conditions, the use of equivalent
electrical circuit models, which are generally valid only at or
near equilibrium, becomes more appropriate. In summary,
carrying out EIS at the measured OCP allows a more reliable
assessment of corrosion behaviour while maintaining condi-
tions that remain close to the natural electrochemical state of
the system. In practice, OCP was determined first, and EIS was
then carried out in a potentiostatic fashion at this potential (E =
Eocp)- This approach does not represent galvanostatic OCP-EIS,
but rather potentiostatic EIS at the measured OCP value.

To demonstrate the OCP capability of HunStat2, OCP was
measured first in a 5 mM K,Fe(CN)s/0.1 M KNO; solution using
a DropSens DS110 carbon screen-printed electrode yielding
Eocp = 0.11 V. This was followed by recording Nyquist plots at
bias voltages of 0 mV (i.e. E = Epcp), 50 mV and 110 mV over
a frequency range of 10 kHz to 0.5 Hz (Fig. 3). At bias voltages
greater than 0 mV, the diameter of the semi-circle decreased,
indicating changes in the charge transfer resistance (R.) of the
system. These results demonstrate that biasing the electrode
moves the system away from equilibrium and causes significant
changes in the Nyquist plot (Fig. 3). Measuring EIS at the OCP

Fig. 3 Nyquist plots collected in a 5 mM K4Fe(CN)s/0.1 M KNOs
solution using (black circles) 0 mV, (black squares) 50 mV and (red
circles) 110 mV bias voltages over a frequency range of 10 kHz to
0.5 Hz employing a DropSens DS110 carbon screen-printed electrode.
AC amplitude used for EIS was 30 mV.

This journal is © The Royal Society of Chemistry 2025
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potential, as implemented in HunStat2, therefore provides
a straightforward way to interpret Nyquist plots under near-
equilibrium conditions.

3.3 Concentration determination using EIS

If an analyte affects electron transfer, double-layer capacitance,
or diffusion, then its concentration will influence the imped-
ance response when probing the system using EIS. The equiv-
alent electrical circuit of the reversible electrode reaction of
hexacyanoferrate, i.e.

4 Oxidation 3_ B
[Fe(CNg)]"” —— [Fe(CNg)]" +¢ (1)
reduction
is shown in Fig. 4a. In the circuit, R, is the ohmic (uncom-
pensated) resistance of the electrolyte between the reference
and the working electrodes, R, is the charge-transfer resistance,
Cq is the electrical double layer capacity and Zy is the Warburg
impedance expressing the difficulty of mass transport of the

CdI
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Fig. 4 (a) The equivalent electrical Randles circuit of the reversible
electrode reaction of hexacyanoferrate. (b) Nyquist plots collected in
(black circles) 3 mM, (black squares) 4 mM and (red circles) 5 mM
K4Fe(CN)g/0.1 M KNO3 solutions using O mV bias voltage (Eocp = 0 V)
over a frequency range of 10 kHz to 1 Hz employing a Linxens OT5c
gold screen-printed electrode. AC amplitude used for EIS was 30 mV.
Solid lines in (b) indicate calculated Nyquist curves using eqn (4) and (5)
and Randles circuit in (a) with parameters shown in Table 3. (c) R as
a function of the reciprocal of K4Fe(CN)g concentration (i.e. 1/c). Linear
fit parameters are shown in the figure.
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redox species to the electrode surface considering a semi-
infinite linear diffusion.*
The Warburg impedance can be explained as

Zy =[ow ' — j(ow™ )] (2)

In eqn (2), w is the angular frequency in rad s™", j is
a complex number equal to v/—1 and ¢ can be expressed as
_ 2RT
N n2F2\/2Dc

where R is the gas constant (8.314 J mol~" K™ '), T is the temper-
ature in K, n is the number of electrons transferred in the
electrochemical reaction, F is Faraday's constant (96 485 C mol ),
D is the diffusion coefficient of the redox couple in cm* s " and
c is the concentration of the redox species in mol cm . Based on
this, the real (Z,.,) and imaginary (—Z;,,) parts of impedance can
be written as

(3)

Ry +ow™'/?
Zreal - Ru + zd B 2 (4)
ow dl W Cq (Kt + ow™
(0w2Cy +1)* 4+ 0> Cy> (R + 1/2)
s del(Rct+0w’1/2)2+02Cd1+0w"/2 )
—4Lim —

(00!2Cq + 1) + 02 Cy*(Ry + 0w 112)}

On the other hand, for a reversible reaction like eqn (1), R
can be derived from the Butler-Volmer equation at small over-
potentials as a function of the concentration of the redox
species *

RT

Ro = kn?F2c (©)

where k is the heterogeneous electron transfer rate constant of the
reaction in cm s~ and the other parameters are defined above.

Eqn (6) shows that there is an inverse linear relationship
between R. and the concentration of the redox analyte. To
demonstrate this inverse linear relationship, first Nyquist plots
were collected using HunStat2 in 3 mM, 4 mM and 5 mM
K,Fe(CN)e/0.1 M KNO; solutions using 0 mV bias voltage
(Eocp = 0 V; all electrodes were gold) over a frequency range of
10 kHz to 1 Hz employing a Linxens OT5c gold screen-printed
electrode (Fig. 4b). These curves were then fitted using eqn (4)
and (5) using our separate, in-house developed software
specifically written to model the circuit in Fig. 4. Solid lines in
Fig. 4b indicate best-fit Nyquist curves with parameters shown
in Table 3 (note that HunStat2 is not capable of fitting models.
Several software packages are available commercially to model
various circuits).

Table 3 Parameters to fit the Nyquist curves in Fig. 4b using eqn (4)
and (5) at different analyte concentrations

¢ mM R, Q Ry Q Cai UF o QY2 yp12
3 39 192 4.0 600

37 105 4.0 430
5 36 57 4.0 345

Anal. Methods, 2025, 17, 9494-9499 | 9497
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The plot of R as a function of 1/c is presented in Fig. 4c and
shows good linearity (R, (Q) = 1043/c (mM) + 153.2, R*> = 0.999)
supporting the inverse linear relationship between R.. and the
concentration of the redox analyte as described in eqn (6). This
correlation can ultimately be used to determine the concentra-
tion of a redox analyte by using a calibration curve such as in
Fig. 4c and acquiring the Nyquist plot in an unknown solution
using HunStat2.

4 Conclusion

In this paper, we presented HunStat2, a low-cost, easily
assembled potentiostat based on an AD5941 chip and an XIAO
RP2040 microcontroller, designed for both analytical
measurements and educational purposes. Besides CV, the
system supports OCP determination and EIS measurements at
different bias voltages across a frequency range of 0.2 Hz to
200 kHz. An important feature of HunStat2 is its capability to
first determine the OCP and then perform potentiostatic EIS
at this potential. While this approach does not represent
galvanostatic OCP-EIS, it provides conditions close to equi-
librium, which are advantageous for applying equivalent
electrical circuit models and for studying processes such as
corrosion. In addition, the approximately $30 total cost
combined with its minimal assembly time (less than one hour
following procurement of the printed circuit board and
components) makes this potentiostat easy to assemble and
very affordable.

Moreover, to facilitate reproducibility and wider adoption,
the design files (Gerber, Pick-and-Place, and BOM) provided in
the GitHub repository also allow the device to be ordered in
a fully assembled form. The completed instrument interfaces
directly with a computer via a USB Type-C connection.
Furthermore, the hardware is supported by simple Windows-
based freeware software. The simple-to-use GUI software
boasts several features: potential-current curve plotting for CV,
Nyquist and Bode plots for EIS, baseline editing, peak height
evaluation, curve smoothing, and the option to export
measurement data series. In addition, the GUI is a standalone,
single Windows executable file, not requiring any installation
and smaller than 1 MB in size. Validation was achieved by
comparative measurements with a commercially available
potentiostat. In addition, an inverse linear relationship between
the charge transfer resistance and the concentration of hexa-
cyanoferrate for its reversible electrode reaction was
demonstrated.

Future work will focus on developing WiFi and/or Bluetooth
connectivity for remote control applications.

Hazards and safety precautions

CAUTION! Work in rubber gloves and do not pour the
remaining solutions down the drain! Always read the MSDS of
all used chemicals before using them and follow the federal and
local regulations.
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