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If you haveproblems

First make sure to check the PTroubl eshootin
Base on our websiwyvw.palmsens.com/knowledgebase/
This page contains support information on installation, software updates, and training.

Please ake ste your software and firmwarewgréo-date.
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Use the contact form: www.palmsens.com/contact/

Give us a call: +31 30 2459211
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files andgcreenshotsan behelpful.

Pleaséncludeyour instrument model and serial numbers, as well as any applicable software
and firmwargersion you are using
Disclaimers

PalmSens BV cannot guarantee that its instruments will work with all computer systems,
operating systems, atiird-partysoftware applications hardware/software. The information

in this manual has been carefully checked and is believed to be accurate as of the time of
compiling However, PalmSens BV assumes no responsibility for errors that might appear.

See Appendix A for CE declastibconformity.

Copyrights
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PSTrace Manu@etting Started

1 GettingStarted

1.1 Software equirements

Systemmequirement$or PSTrace

A Windows 10 dt(64-bit)
A 2 GBRAM
A Minimum displagsolution1366<768pixels

Instrument requirements:

A asingle channel or multiplexed instrument from PalmSens BV;
A or amultichannel instrument from PalmSens BV (for controlling a single channel).

Required for test measurements:
A a ®nsor cable with crocodilipsandthe PalmSens Dummy Cell.

1.2 Making a reliable USB connection

For a reliable and steady USB connection between your PC and the instrument, it is crucial to
consistently employ the USB cable provided with the instrument by PalmSens BV. It is strongly
advised against the use of USB cable extenders. Similarlig, iit fsasgzommended to

refrain from utilizing a USB hub or docking station.

o Please make sure to always use the USB cable that was supplied
with the instrument by PalmSens BV.

1.3 Which model do | have?

The instruments listed below can be used with PSTrace.

o Multi-channel instruments like MultiEmStat, MultiPalmSens and
EmStatAWE are used with tihdultiTracesoftware.
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PSTrace Manu@etting Started

EmStatl
(sold until 2010)

EmStat3 or EmStat3+
(sold until 2022)

EmStat3 or EmStat3+ Blue
(sold until 2023)

EmStatGo / EmStat4R

EmStatMUX8 or EmStatMUX16
(sold until 2017)

EmStatz
(sold until 2013)

EmStat4S LR or EmStat4S HR

e

EmStat4X LR or EmStat4 X HR

EmStatMUXRZ2
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PalmSens1 or 2 PalmSens3
(sold until 2013) (sold until 2017)

PalmSens4

&

Sensit Smart, based on EmStat Pico Sensit Bbased on EmStat Pico

Sensit Wearablmsed on EmStat Pico

EmStat Pico Development Board EmStat4M Development Board
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PSTrace Manu@etting Started

1.4

1.5

151

Installation

InstallPSTrace by running the setup.exe from the media that came with the instrument or,

whendownloaded, from the location where the downloaded ZIP file was extracted.

After installation, foldero P SDat ad i s <c¢created in your
contains some example method and data flR&Trceghortcut is placed in the Start menu
and on the desktop.

PSTrace basic principles

The main window of PSTrace shows a Method Editor othémel Isitle which contains all
measurement parameters and related information and a Plot area orhtedrggtle which
contains everything pesteasurement related, including measurementsresutanalytical
tools.

Select current ranges for auto ranging
and the starting current range. different units are available.

€ PalmSens

F
b

]

v

e—

de

>
8

v
-
o

et esbndia ]
‘(m,‘, . wvv- 1€ E ‘Tét-:um ‘
Method Editor 2 i : m
, :: 4 & g
i - Legend with
T - Measurement
b data and
Curves

Potential/V

Bl Cornected Fe D001 ¥

Figurel  PSTraceain window

Methods

PSTrace wuses oMethodsd as a starting

o My

Switch between plots if curves with

poi

measurement parameters like whiglhnigudLinear Sweep Voltammetry, Square Wave

Voltammetry, Electrochemical Impedance Spectroscopy, etc.) is used and information about
postmeasurement actions like data smoothing and peak searching. All these parameters can

be edited in the Method Editor whecfound at the lefiand side of the PSTrace window.

PSTrace Manual
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The parameters ¢

an be

PSTrace Manu@etting Started

saved

These files do not include any data and only contain the measurement parameters settings as

shown in the Method Editor.

o Switching between techniques or changes parameters in the
Method Editor has no effect on anything that has already been
measured and is displayed in the Plot.

Measurement data

As soon as a

following information:

measur ement
containing the default Curve for the corresponding technique. The Measurement contains the

A Method parameters (as was defined in the Method Editor)

A Raw measurement data
A One or more curves

By clicking the Measurement in the Legend, the following window is shown:

'CV on Pt electrode &

Technique: Cyclic Voltammetry

File: [unsaved]

Date: 22/02/2017

Time: 15:37

Device used: PalmSens4 (PS4A16A000010)
Datapoints: 239

Generate new curve
Select data
for ¥ axis:

Select data
for X axis:

15 N

timefs
potential/V

Scan 1/pA

Scan 2 current/pA
Scan 3 current/pA

w
g
]
=
=3
Chargefpc
—_
L

charge/uC
Scan 2 current/pA - ’ \|
Scan 3 current/pA R

*A Add Qust curve

X Delete = View method parameters B View raw data

Selected measurement

Session data

=[] FB AllRM. Pt~

od Scan 2
-[¥4 Scan 3%
H All RM Pt charge vs time*
=[] BB RM Av

Scan 17

FigureZ2  Popup window shown when clicking a Measurement in the Legend

The window allows to change the Measurement title and notes directly. The notes shown here
are a copy from the original Method used for this measurement. Also, the window allows to add

new curves to the Plot based on the available Measurement data.

The PView met hod

parametersp

to and | oaded f
started a new
button shows t

This Method is a copy from the original Method defined in the Method Editor that was used

with the selected Measurement.

1.5.3

Curves

A measurement can contain one or more Curves. By clicking a Curve in the Legend a window is
shown with information about the Curve. It allows you to directly change the title of the Curve
as shown in the Legend or change its appearance or view thel Batthisseurve.

PSTrace Manual
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T | !
File:  [unsaved] Plotlvs E PlotQvst

Change curve function:

MNone ~

=¥ B2 AlIRM Pt

l—'_ﬁ' Change Scan 1%
appearance Scan 2
Scon 3"
i - All RM Pt charge vs time*
= |solate in plot BD E= RM Au*
Scan 1%
D Scan 2
B View curve data D Scan 3*

Show on secendary axis:

Top

Right
X axis =

-3 -
Y axis

7 Delete

IvsE
IvsE
lvsE
Qust

IvsE
IvsE
lvsE

Figure3  Popup window shown when clicking a Curve in the Legend

1.5.4 Saving your data

All available Measurement data and curves as well as the Method as shown in the Method editor
file (.

can be saved to a

singl e

oSession(q

Any titles changed or customised Curve appearances likermbgymbols used are saved as

well.

1.6 Configuring PSTrace

Before you start using PSTrace it is important that all settilggsrarieed. The Settings

window is always shown at the first start of PSTrace.

TheSettingsvindowcan also biund inthe menn T oA 0 & €ner a l

Mode: €9+  Method Curve Measure  EISPlot

B E @A ﬁ Autosave settings

- | Connection

m PalmSens3 11 w || Connect Disconnect

Figured  General settings in the Tools menu

Script

Tools | Help

' Printer settings...

|;’~é’: General settings...

Instrurnent settings...

PSTrace Manual
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Settings X

Select PSTrace mode

Hardware Plot and data

Mains frequency Comm optiens
@50 Hz Bluetooth present
O B0 Hz

Accessoires Awsiliary input
[ BiPot present Selected:  Aux. input

[ Stirrer present Change aux.

PalmSens Switchbox T

BWT with speed control

MUX16

[ Show AUX idle reading in status bar

MUX8-R2

Figures  Settings window
1.6.1 Program modes

PSTracean run in three differembdes
The mode can also be set using the button in the main window at the left corner.

Scientific A Anahytical @ Comosion
: b

Figures  Modeselect buttons

1.6.1.1 Scientific mde

PSTraceperates primarily in Scientific mode, which serves as its default setting. This mode
encompassed| the electrochemical techniques supported by the connected insémdnent
general tools designed for curve analysis. Users can engage in both automated and manual
peak searches, facilitating the determination of peak potential, peak height, peak area, and
peak width. Furthermore, users have the capability to conductiotractien and apply

linear regression to designated curve segments.

1.6.1.2 Analytical mode

TheAnalytical mode extendSTrace for Voltammetric Analysis prgtie possibility to do
gquantitative analysis by means of:

A Standar@ddition
A Using a calibration curve

See also sectichnalytical moden page13

PSTrace Manual 7



PSTrace Manu@etting Started

1.6.1.3

1.6.2

16.2.1

1.6.2.2

1.6.2.3

16.24

1.6.2.5

Corrosion mode

The Corrosion mode BETracganslates the supported techniques to naming conventions
generally used with Corrosion Analysis. Secondly a tab with analytical tools is added to the user
interface for:

A Linear polarization, from which the polarization resistance is obtained;

A Tafel plots, from which the corrosion rate is obtained;

A and Impedance data analysis by means of equivalent circuit fitting for determining
values like polarization resistance and corrosion rate.

See also sectiddorrosion moden page221

Hardware configuration

The tab oHardwared all ows for setting the ¢
PSTrace interface shows the correct options.

If the connected device does not have the option or functionality you select, the option will
appear, but no measurement / data will be possible with the respective tab. Thus, you can let it
checkedf youare usinglternately more than one device with different hardware options.

Mainsfrequency

TheMainsFrequencys usedy PalmSens or Em&iagliminate noise induced by electrical
appliances.

BiPotentiostat module (BiPot)

If PalmSens is equipped aBiPoimodule a second WE (Working Electrode) can be used.
Enabling the BiPot will add a new tab to the Method Editor for settings the BiPot parameters
and it isupported ithe Manual Contradb.

See also sectidBiPotentiostain paget4.

Stirrer

PaimSenw EmStatan be used withstirrerwhich is activated during the conditioning and
deposition phase of a measuremierian also wntrolled manually the Manual Control

tab. The stirrer isormally controllk using a Switchbox from PalmSens BV. In case a stirrer from
BVT is used, its speed can be specifiediarthal Control tab

See also sectidvianual Control tain page209

Multiplexer

Check the oMultiplexer presentd ch&®&2kbox if
multiplexer. All multiplexers can either be in the form as an accessory with the potentiostat or
have an integrated EmStat potentiostat.

Use the button oHelp selectd to see which mo

Commoptions

Check the oBluetooth presentd checkbox if y
enabledEnabling this checkbox adds a small button with a Bluetooth icon in the Connection
box, found in the upper left corner of PSTrace.

PSTrace Manual
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See also sectiddonnecting using Bluetoath pagel4

1.6.2.6 Auxiliary input

Some instruments have an auxiliary input port that can be used to measure an external signal
simultaneously with a measurement. The standard accessories provide by PalmSens BV that
make use of tteuxiliarnp ort ar e | i sted when clicking the

Change auxiliary input

Avuiliary input options

Type: | Aux. input -
A, input

Pt 1000

LM35

PSDEA -5to +5V
PSDEA -10to0 10V
CE Mon (special)

1.0
v
Potential

E

Add Set selected

Figurer  The auxiliary input selection window

A custom auxiliary input can also be added, for example the output of a spectrometer. If the
analog output of any external device is linear, it can be translated to any given unit by setting

the slope, offset and wuniatedflbumaomnmohor At &k
be used to determine the offset and slope.

Calibrate auxiliary input

Calibrate input conversion far:

Pt1000
Two point calibration
Set two pointts for a two point calibration to determine the
conversion slope and offset
4003 set poirt || set point
2850 V=00 °C 1 2
Offset calibration
2004
o i i i Or set one point to determine the offset using the same
= 009 value for the siope.
8 H
E 2850 v =00 c determine offset
= 0
-100] ! f | | Result
o0l Offset: |-2710
‘ T . : Siope: |183.1
0.0 05 1.0 15 20 25
Potential/V

Figure8  Calibrate the selected auxiliary input

Calibration can be done by setting two points to determine both offset and slope of the linear
relation, or by just adjusting the offset.

PSTrace Manual 9
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A temperature sensor for example can be calibrated with a high precision thermometer used
in a low temperature and high temperature medium to enter two different values, e.g. room
temperature and in boiling water at around 100 degree Celsius. Byaisingthe poi nt 1 Q]

oset point 2d buttons both the offset and sl
given values.

1.6.3 Plot and data

The oPIl ot shaveaptiodseon hovdjto displhy and export measurement data.

Settings X

Select PSTrace mode

Scientific = | Analytical @ Corrosion =‘
Hardware
Preferred number format Data visualization convention
) Use systern default decimal separator (®) [IUPAC convention (default)
@ |Use. (period) as decimal separator O Polarographic convention
Peak search options One-click export to third party software
Automatic peak search Exe lacation of ZView:
[] Use alternative peak search algorithm |C:\SAI\Program5\Z‘u’iew2.a<e |
Merge overlapping peaks View: ENABLED

Exe location of EIS Spectrum Analyser:
Advanced users | |

Enable options for reference
O p

- EIS Spectrum Analyser: DISABLED
electrade (E) corrections ’

Exe location of OriginLakb:
EIS data export |C:\Program FiIes\OriginLab\OriginED‘l5\0ri|
OriginLab: ENABLED

Set columns for exporting EIS data

oK Cancel

Figure9  Settings windowyPlot and data tab

1.6.3.1 Preferred nmber format

In case the locdecimal separatis a comma instead of a point, the cheaklsexlocal
default decimal separdiipgin be used to override this.

1.6.3.2 Peak search options

A @utomaticpeaksea@dh | f checked, automatic peak se¢€
~ orwhen data lsaded from a file.
A dJse alternative peak search algo@thm | f checked, a different

is used which performs better on curves on a steep slope with no clear valleys.

10 PSTrace Manual
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1.318 (4)

4.636 (3)

FigurelO Peaks found with the Alternative Peak Search option enabled.

1.6.3.3 Enable options for selecting reference electrodes

The checkboxEnable options for E correctihs adds options to speci
electrode used to the user interface of PSTrace. These new options can be found in the Method
Editor and ithe Plot toolbar:

Measuremertt | Info | Peaks | BiPot | Reference electrode

Selected reference electrode:
NHE (H2/H+) [DEFAULT] v

(IRL LY

Remaove

Add custom electrode Set as default

[ Always use the defautt for this method

Figurell Set reference electrode used in the Method Ediitor.

J".\‘_ Show E corrected Jﬁ\;f{ Determine E offsets

Figurel2 Extra toolbar added in plot with options to plot curves with potential values
corrected for theeference electrode used.

1.6.3.4 Data visualization convention
Data visualization convention

@) [JUPAC convention (default) |

() Polarographic convention

Figurel3 Plot options for axes behavior

PSTrace Manual 11
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1.6.3.5

1.6.3.6

1.6.3.7

1.7

12

There are two common conventions for Voltammetric plots both of which are supported in
PSTrace:

A The IUPAC (International Union of Pure and Applied Chemistry) makes sure that anodic
currents are plotted in positive direction and cathod currents in negative direction.

A If the The Polarographic convention (also known as the North American,
Polarographic, or Classic convention) is used, anodic currents will be plotted in
negative direction and cathodic currents in positive direction.

Export data to ZView

o Please take note that PSTrace offers an advancehliiif
spectrum analysis tool. The use of #padty tools such as
Z\View or EIS Analyser is entirely optional.

Measured EIS data can be exported with one ZN6kwd he location for ZView is detected
automatically. If for some reason PSTrace cannot detect the location of ZView automatically,
browse to the location of the .exe file manB&hse note that some older versiba¥iew

may not be compatible. However, you can still export the data through the 'Data’ menu.

See also sectidViewon pagel 30

Export data to EIS Spectrum Analyser

Measured EIS data can be exported with one tiekree program EIS AnalyBeruse the
oneclickexport button next to the plot, the location of this program needs to be set manually.

See also sectidalS Spectrum Analysepagel29

Export data to Origin

Measured data can be exported with one cli@igim To use the orelickexport button

next to the plot, the location of this program needs to be set mBiessdly note that some

older versions may not be compatible. However, you can still export the data through the 'Data’
menu.

See also sectidixporting Curvem page07

Connectirg using a USB cable

Make sure your instrument is powered on and connected to the PC using the USB cable that
was supplied&earch for your instrument name on the displayed list and select it. However,
note that certain firgieneration PalmSens instruments may not be listed by their names but
rather as a COM port. In such cases, choose the corresponding COM port agsgoiated wit
instrument.

- Connection

t} | PalmSens4 [1] e | Connect

1 connection found

Figurel4 Connecting with a device

PSTrace Manual
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If a USB cablaglugged iror switchean after PSTrace wtated use thérefres@utton

+/to reinitialize the list.

o

PSTrace displays all available COM ports, inclusive of those not

assigned to a PalmSens potentiostat. Attempting to establish a

connection with unassigned COM ports or thos
other devices may result in a connection error

1.7.1 Using a USB to serial converter

e associated with

This section only applies to PalmSensl and PalmSens2 or an OEM

product.

In case a UGRS232 adapter is used; the driver of the adapter has to be installed according to

the manual of the adapter.

T h eDevic® Managermb e r

This adapter requires a-nutldem adapter (femallemale) between the cable and PalmSens.

To open the Device Manager quickly, press the WindE kayl the Pause/Break key on
the keyboard of your computer simultaneol#tk the Hardware talnd therlick Device
Manager. The installed COM port and its namatisted under Ports.

Soecify this number in the C@Mtboxin PSTracé necessary.

5 Device Manager =8 [on
File Action View Help

s MO H & %S

)
<X

- &Y Network adapters
4, KB Portable Devices
- 75" Ports (COM & LPT)

v
Processors
% Sound, videc and game controllers
& Storage controllers

- Connection

o0

9 connections feund

| & System devices
@ Universal Serial Bus controllers
Standard Enhanced PClto USB Host Controller
Standard CpenHCD USB Host Controller
USB Mass Storage Device
USB Reot Hub
USB Root Hub
USB Serial Converter

8- &85

feeeaeea

ect =~ | Disconnect

Figurel5 Make sure the right COM port is used in PSTrace
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1.8 Virtual EmStat Pico

This option is accessible in the instrument list, allowing for the development of
MethodSCRIRTscripts without the need for a physical instrument. When connected, the
software can generate MethodSCRIPT scripts for your methods, which can be viewed by
clicking on theéBhow MethodSCRIRItton below thdlethodEditor.

Sealso sction MethodSCRIPT Sandimoypagel07

It's important to note that the virtual instrument lacks support for additional features available
in our physical instruments, such as running measurements and controlling the cell. In
instances where these actions do not result in an error messagaltthare likely to be

trivial.

1.9 Connecting usingluetooth

To make a connection using Bluetooth, please follow these steps:

1. In case of a PalmSens1 or 2; make sure your PalmSens1 or 2 is Bluetooth ready. This can
be checked by a marking with oBTQ at the

2. Connect th@rovidedBluetoothdongleto the AUX port of the instrumentise a
instrument with buiih Bluetooth capabilities, like the PalmSens4, Sensit BT or
EmStat4X.

3. Make sure your PC is equipped with Bluetooth capabilities.

4., Make sure the oBluetooth presentd is che:
menu @&oGelnedal settingsiAd)

Settings X

Select PSTrace mode

Hardware Plot and data

Mains frequency
@[50 Hz Bluetooth present
O 80 Hz

Accessoires Auiliary input
L BiPot present Selected:  Aux. input

[ Stirrer present T

PalmSens Switchbox o

BT with speed control

D " [ Show AUX idle reading in status bar
Wiultiplexer present

MUX16
MUX8-R2

Figurel6 PBl uet oot h presentp check box

5. Click thesmalbuttonwith the Bluetooth icon in the Connection box at the upper left
corner of the main window.

- Connection
o || O |[EEEEED - || comect -| Discomnest

3 connections found

Figurel7 Search Bluetooth devidagtton in the Connection box
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| f the device Iis not |l i st ed, wai t bri
button again. It can take some time before Windows has
initialized all available Bluetooth devices.

6. Select the Bluetooth instrument you want to connect to. The name consists of the
letters PS, followed by the last four characters of the MAC address:
PSH###. This address can usually be found on the instruments display or printed on
the bottom of the haing.

7. Click oConnect Q. I f this is the first tin
Windows will ask for pairing.

In Windowg the message appeBr8 Bl uet oot h device is tryi
In Windows, 80or 11the message appe®é&dd a devi cep.

Add a device

Tap to set up your PS3-ADFO

Figurel8 Message appearing in Windows 8, 10 or 11

Clickonthis messagen d c¢ | i chen pRptdd omafrode, Bter 1234,

o Use pairing code: 1234

8. If the pairing procedure tookotiong, the connection might have timed buthis
case repeat the last few steps starting with step 5.

9. If the connection fails, try to remove the respective devhté#fEom the Bluetooth
list, and start over. Pairing Bluetooth devices on Windows may present challenges, and
it's not uncommon to encounter certain issues during this process. It's itoportant
note that these challenges primarily stem from the Windows operating system itself
and are not indicative of any problems with your device.

PSTrace Manual 15
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2 First measurements

To get acquainted with the instrumamgstSensor (until late 201Duwnmy Cefkince late
2017is supplied to perform reproducible measurements.

2.1  Which dummy cell do | have

Before proceeding, please make sure to verify which dummy cell you have. See the next two
images below for reference.

Figure20 PalmSens Dum@gll

2.1.1 PalmSens TestSensor A

The old Pal mSens oTest Sensor Ad has three
the provided croc clips. This test sensor simulates a RedOx circuit. The circuit contains two
diodes in series in opposite direction with a cap in parallelre&gsglrassstor. It simulates a
non-diffusion limited RedOx system with a formal potential of O V. This circuitEelivers i
curves, for example with Linear Sweep Voltammetry, that skelva@a $hat means the

curve follows the Nernst equation. Thisitciecprone to noise and thus can be used to
investigate the noise in your measuring environment.

PSTrace Manual 17
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2.1.2 PalmSens Dummy Cell

The PalmSens Dummy cell offers three different circuits to check your system. To use the
dummy cell, connect the croc clips to the corresponding connection pads on the dummy cell.
The counter electrode (CE, black) and the reference electrode (REablagsarennected

to the same pads labelled CE and RE. The working electrode (WE, red) should be combined with
the sense electrode (S, yellow/white) if present. For connecting the WE there are three
different options.

18

..cefre-A
..celre-A
C1
( 33nF
[
D1 D2 | SooE
piaa® S I e m—
BAS16 BAS16
.we-B R2 10K 0.1% |
C2
33nF
— R4
we-C 560E
— ¢
R3
10K 0.1%

Figure21 Schematics of the PalmSens Dummy Cell circuits

A The WE A padnnects the working electrode to the same RedOx simulating circuit as

found on the old TestSensor A. This circuit contains two diodes in series in opposite
direction with a cap in parallel and a series resistor. It simulatéusimonlimited
RedOxsystem with a formal potential of O V. This circuit delvensves, for

example with Linear Sweep Voltammetry, that shahareSThat means the curve
follows the Nernst equation. This circuit is prone to noise and thus can be used to
investigate the noise in your measuring environment.

The WE B padnnects the working electrode to a 0.1% acculateeddstor. This

resistor delivers a straight lineE&slrves, for example as a result of a Linear Sweep
Vol tammetry measurement, following OhmQs
The WE C padnnects the working electrode to a simplified Randles circuit. This
circuit will show in a Nyquist plot of an Electrochemical Impedance Spectroscopy (EIS)
experiment a sernircle, which is characteristic for an RC system (resistor and
capacitor in patal).

PSTrace Manual
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2.2 First measurement on the TestSensor

This section describes how to do a first Linear Sweep measurement with any PalmSens BV
instrument (EmStat or PalmSmrges) using the PalmSens TestSensor.

Please follow these steps if you have a PalmSens TestSensor as shown in the picture below.

Figure22 PalmSens TestSensor A

1. Make sure the instrument is on and connected to the PC
2. OpenPSTracand connect tthe instrument
3. Loadhe followingnethodfile (menu:dethod®, doadl]) :
aJser Nam®ocumentsPSDatd SDiffPulse.psmetiihd
4. Connect the TestSensor using the croc clips as shown in the picture above.
5. Start measurement tijcking the start button in tteolbar.

bNew =

Figure23 The Start measurement button in the toolbar

6. See the picture below for the expected results.

PSTrace -0

I}
Mode Method Curve Messure Flot  Peaks  Scri
o { PalmSens
(=] B | Avtosave sentings [ ] ew
+] Connected: PalmSens el
Mamtpess -| A - /8 =
o [ F
Seconda
DiferankalPu [ ] onr | [owea |[2]
. fo . Curve 3
— P [ PDiiPuse
e -
=
— Pretreatment settings
L~
1 3
Daterenta g i
oL, 3 3
s
E r
H]
o
5L,
=
s
= P L.
@ -
0o
Potential/V
B Messuwing | OK Expaney 12 00027 10nA Messuting Difesential ke ey |

Figure24 PSTracehowing the expected results.
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amperes. This means that proper shielding is of significant
importance. In case the curve shows a different shape than the
one shown in the picture above, make sure to use a Faraday cage
and conmect the green GND lead to the Faraday cage.

o The TestSensor gives a current response in the order of nano

See also sectioReducing noisen pagebl

2.3 First measurement on the Dummy Cell

20

This section describes how to do a first Linear Sweep measureraentRaitnSens BV
instrument (EmStat or PaimSsges) using the PaimSens Dummy Cell. Please follow these
steps if you have a PalmSens Dummy Cell.

See also sectidihich dummy cell do | hanepagel 7

1. Make sure the instrument is on and connected to the PC

2. OpenPSTracand connect to the instrument

3. Loadhe followingnethodfile (menu:dethod®, doadl]) :
aJser Nam®ocumentsPSDatdSDummyCell_L3V.psmethod]

4. Connect the Dummy Cell using the croc clips: CE, RE to the corresponding pads and
WE to pad WE_B (10k resistor).

5. Start measurement bljcking start in the toolbar:

D’New.m' =

Figure?5 The Start measurement button in the toolbar

6. See theicture below for the expected results.

€ PalmSens

nnnnnnnn

hd
. :EABE8 :
b Pretieatrment Settings
4 Linear Sweep Voltammetry Settings

urrent/mA

I Connected Ex 0000V A input Ex 0011V Resus for Linear Sweep Voltammetry: 8 undestoads, 1 overosds Q= A07SE-001 uC

Figure26 PSTraae Scientific mode
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2.4 First EIS measurement on the Dummy Cell

This section describes how to do a first impedance measurement with anysBdamSens
instrument using tiRalmSens Dummy Cell.

Please

follow these steps if you have a PalmSens Dummy Cell.

See also sectidihich dummy cell do | hanepagel 7

1.
2.
3.

Make sure the instrument is on and connected to the PC
OpenPSTracand connect to the instrument

Loadhe data filmenuo D aAtdeo&@ljd at a f i | el Q) :
o[ U\DécRentsPSDal&lS examples

EIS on PS Dummy Cell WE_C.ps@gssion

Connect the Dummy Cell using the croc clips: CE, RE to the corresponding pads and
WE to pad WE_C (Randles Circuit).

Sel ect o Ov edolnangxto thergreen istart bdttono p

DNE‘W

Mew
Plot a P
Blank

-

Figure27 Sel ect i ng oOdowmlstay d i n t he drop

6.

Start measurement &hcking start in the toolbar.

7. See the picture below for the expected results.

mmmmmmmmmmmmmm

od Dt Messurement Plot ESPlot Seript Took  Help

- o x

Bb ooy - € PalmSens
Plot o ESPlot Dsts  Manusl Control
e [-009 10wA | las (0095 10uA_| -Phase: [o01 Jza fon |
ok 97 P10~ | ) ot mes scaing | 28 Gt Fing
Pl
el
2
iy
.
\L L]
T
te o %
& S B
‘E'

LI

Frequency/Hz

e cossas [N

Figure28 PSTradce Scientific mode running EIS measurement

2.4.1 Fitting

Follow t

PSTrace Manual

your data

hese additional steps to fit an equivalent circuit to your measurement data.
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8. When the EIS measurement is finished, click the Circuit Fitting button at the top of the
plot:

Flot o EISPlot Data  Manual Cortrol

Ede(V): [0.000 | fiHz)20.000k | zopfszemsn | Zioy{sero

de:[0.00010mA | lac[0002-10mA | Phass()[2509 | Zi@)[26sa

—@— Equal axes scaling @CircuitFitting

3 a

lfp).l
ye .
Figure9 The oCircuit Fittingd button for openi ni

9.1 n the menALchddgkawd€i seluect the Simplifie

Name coc Date e
R 31/07/2018 14:2003
AL 31/07/2018 14:20:03
(RO) 31/07/2018 14:20:03
(RQ) 31/07/2018 14:2003 RI

Simplfied Randles Cicut  R(RC) 31/07/2018 14:20-03 a Ay

Randles Circut RIRWI)  31/07/2018 14:20:03 i A
RIRCHRC)  31/07/2018 14:20:03 c
RIRCIRCL  31/07/2018 14:20:03

RIRCHRCYRC) 31/07/2018 14:20-03

Figure30 The olLoad circui td window

10.Cl ick the oLoadd button.

11.Now click the oFit Moded button.
12.Click the oFitd button.

13. The found results should be similar to the results shown in the table below.

Tablel  Expected results when fitting the EIS data on a simplified Randles circuit

Element Fitted Value Min Value Max Valu¢ Unit Error%
R1 557.5 1.00E6 1.00E+12 ! 0.065
R2 9966 1.00E6 1.00E+12 ! 0.035
Ci1 0.033 1.00E6 1.00E+3 tF 0.064
ChiSquared: 4.60E6 Iterations: 26

See also sectidilectrochemical Impedance Spectroscopagel 13

2.5 Readings

Thestatus baalways shows the measured potential and the current as well as the noise if the
cell is on.

M Measuring OK E=-0460V i=-0.4358 * 100 uA

Figure31 Status bar
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The measured potential, current (BiPot current if present), and noise readings are shown right

at the bottom of each channel ds Manual Contr
potentia current
0640V 0.6059 * 100 uA
noise _J
status
Current OK

Figure32 Readings/indow

2.5.1 Underloads, overloads and oversteps

The box showing tlstatusis used to note whether the measured values contain a current
overload currentunderloagvoltage overload or timingerstep

Measured current values are wrong when a covextdadwarning is shown in red. This

occurs when the current is out of the range of the selected current range. A warning is given in
orange for values that are exceeding 80% of the selected potential or current range. During a
measurement with multiple rangetected, the next current range, if available, will
automatically be selected if this 80% threshold is exceeded.

If currents are below 4% of the selected current range, aundegltadvarning is given,

since a lower current range can be applied. An underload will yield measurements with a low
resolution and accuracy. Select lower current ranges if available to increase the available
current resolution and accuracy.

See also sectidrResolution and optimal current range selamigrage34

The noise bar shows the noise level at the current range in use. In case the bar shows orange or
red, it is advised to look for ways to limit the noise level.

See also sectidReducing noisen pagel

Voltage overloameans that thenpedancéetween the counter and the reference electrode
is too high. This can be found when:

A the counter or the reference electrode is not properly connected,
A the conductivity of the solution is too low, which is overcome by adding an electrolyte,
A an air bubble isolates the reference electrode from the solution.

Anoverstepoccurs when the anticipated interval duration cannot be achieved, resulting in a
time between two data points that surpasses the intervdlhisnean happen if there is a

glitch in the communication, for example due to a bad Bluetooth connection. Or if too many
instructions are added in the measurement loop of a MethodSCRIPT, when using the
MethodSCRIPT Sandbox. Another reason can be settargadiime that is lower than the
interval time supported by the hardware.
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Measurements

PSTrace allows to runteddhniques supported by the connected instruriiéiig section
explains how to set up a measureridat.options and limitations for each technique are
described in the sectidlectrochemical techniquas pageé3

For information about impedimetric measurementsest@ien:Impedance Spectroscopy
(EIShn pagel13
Moretheoretical backgrouridformation about electrochemical technigquesbe found in:

A Christopher M.A. Brett and Ana Maria Oliveira Brett, Electroanalysis (Oxford Chemistry

Printers, 64) Oxford Science Publications1ESBR8198548164
A Joseph Wang, Analytical Electrochemistry 3rd ed, John Wiley & Sih97ZBN
0471678793

Connectingacell to the potentiostat

PalmSens potentiostats @deéveredvith a cell cable terminated witma banana plugs as
the lead connectefor the cell electrodeg sample (excluding some models that come with
SPE connectors). Each lead is accompanied by a crocodile (alligator) clip abldre same

o We advis&eepng an unused leacbnnectedwith its crocodile
clip. This practice preveswccidental electrical contacts with
the exposed banana plug, minimizing the risk of unintended
electrical cotacts

See the f ol l owistanglardicable leadlos or Pal mSens (]
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7able?  PalmSerstandard cable lead colors

Connector color Function Label
Red Working Electrode w
Black Counter / Auxiliary Electrode C
Blue Reference Electrode R
Green Ground

Black with yellow or  Sense lead S
Black with white*

Yellow* Working Electrode 2 / BiPot (if BiPot module is ins W2

*Note: these leads are not present in all models, refer to your potentiossgtatifidation
for more details.

Most of Pal mSe n sofReleatradécellsetmESonmanodalsf(ie. &€mStaa3+ 2
and EmStat4 HR seraspare compatible with4electrode setup.

Each electrode cable is individually shielded, and the entire cable features an external shielding
mesh. The shielding extends up to the beginning of the banawhetugou are using a

Faraday cage, it is advisable to keep the entire banana plugs inside the Faraday cage housing to
ensure theage shields the banana plug

See also sectidReducing noisen pagesl

3.1.1 2-electrode cell connection

For a zlectrode setup, combine the counter and reference electrode leads. The counter
electrode plug of PalmSens cables is stackable, allowing for convenient combination.
Subsequently, connect the working electrode lead to one electrode and the combined counter
and reference electrode leads to the other.

In models with a Sense lead, combine it with the working electrode, utilizing its stackable
feature similar to the CE lead.

WE + S CE + RE
E

a
= ry

L
C

Figure33 Z-electrode cell connection

During a measurement in-el&ctrode setup, the potential will be applied between the two
electrodes and the current will flow between the same two electrodes. This means the applied
potenti al includes the pot endrfaca,lthe potetigi acr os
drop across the solution, and the potenti al
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changes at the counter electrode will influence the result. If your counter electrode is expected
to be stable during the measurement due to low currents or a short duration of the
measurement, you can use this setup almost equivaleatactia@e sefo Otherwise, this

setup is only used for applications where the full cell potential is an interesting parameter, for
example, fuel cellsatteries capacitors, dummy cells or electronic components.

Please avoid connecting a gafvered sample, such as
batteries fuel cells osupercapacitorsto anunpowered
potentiostat, as this action can potentialgmagehe
equipment. It is advisable to disconnect the sample before
turning off the potentiostat to mitigate any risk of damage to
the device.

3-electrode cell connection

The 3electrode setup is the most common configuration for electrochemical measurements.
In this arrangement, connect the corresponding leads to the respective electrodes. If your
potentiostat model includes a Sense lead, combine it with the workivdeelEBloer Sense

plug of PalmSens cables is stack#ibleing for convenient combinatio

E WE +S |

-

RE 4 . . 4 CE

Figure34 3electrodes cell connection

Similar to the-8lectrode setup, the working electrode (and sense if present) carries the
current and potential. In this setup, the counter electrode also carries the current and polarizes
versughe working electrode (WE). However, the potential is measured between the working

(or sense if present) and reference electrodes, denoted as WE(+S) vs. RE. This potential is the
one set and read in the plot results.

The potential WE vs. CE is referred to as the ‘compliance potential,' and it is recorded in special
cases.

See also sectidRecording the cell potentisl paget2

In potentiaicontrolled experiments, the potentiostat maintains a loop to ensure that the
potential read (WE vs. RE) remains as programmed in the setup, consistently driving this
potential towards the WE vs. CE polarization.

This has the advantage that the potential drop across the counter electrodes interface is
compensatedAnother advantage is that the reference electrode does not carry any current
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and will thus keep a stable potential during the measurement. This means the potential of the
working electrode is more accuemd reproducible

3.1.3 4-electrode cell connection

o This setup is only possible just with instruments equipped with a
Sensdead

In this configuration, you simply need to connect the corresponding lea@etirtues,
and no plug/lead combinations are required.

S RE
WE CE

Figure35 4-electrodes cell connections

The potential is measured between the sense lead and the reference electrode, while
polarization drives the current flow between the working electrode and the counter electrode.
This arrangement ensures that the potential drops across the counter or working electrodes'
interfaces, and the associated reactions, do not contribute to the measurement. Processes
specifically across the solution and obstacles, such as a membramethieesease and
reference electrode, become the primary contributors to tursenent.

This setup imarelyused with some examples includiagearch solidtate electrolytes,
membranes, or liqulajuid interfaces.

3.1.4 Kelvin Connection

In addition to traditionalelectrode cell connections, the "Kelvin Connection" serves as a
specialized version of eelédctrode setup, while functionally operating aglecttode
configuration. Notably, the samiplstila 2electrode cell, typically withery low impedance

(high conductivity)

In the Kelvin Connectidikkethe 2electrode connection, the @Gfadis connected on the

same side as the IB&d] while the WIEadis connected on the opposite side of the sample,
alongside the Senlsad The key distinction lies in its application when potential drops across
cables and connectors must be meticulously considered. The primary ailfjeetielvin
connectionis to position the RE and Sense as close as possible to thEh&apmobeimity
ensures that the impedance introduced bg<alnld connectors is effectively compensated
through the functioning of the potentiostat.
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Please avoid connecting a gafvered sample, such as
batteries fuel cells or supercapacitors, tousapowered
potentiostat, as this action can potentialgmagehe
equipment. It is advisable to disconnect the sample before
turning off the potentiostat to mitigate any risk of damage to
the device.

3.2 Setting up aneasurement
Theo Me a s u r ecom&ing allthetmeethod parameters.

By default, the software displays the main parameters maximized, and secondary parameters
minimized Groups of parameters can be minimized and maximized by clicking on the section
headers. The secondary parameters can be toggled usifjg'the but t ons .

P Pretreatment Settings
4 Linear Sweep Voltammetry Settings

t equilibration 2 5
E begin -1.0 )
Eend 1.0 v
E step 0.01 v
Scan rate 1.0 V/s

Figure36 Secti on headers and the o] d button

With each change of parameters, the validation of the method is checked. Errors or
incompatibilities are shown instantly at the bottom of the measurement tab.

E step

=

Scan rate

===
a||2
<
5

Number of scans

— Post measurement

[ cell on after measurement
— Auxiliary measurement
[ Aux. input

[] Rrecord BiPot (WE2)

Expected duration: 00:00:03=
401 datapoints

1 Error (for PalmSens4d):

[1]: Start potential must be between E vertex1 and E
vertex2,

Figure37 MethodEditor showing an error.

Thus, the Method tab will prevent you from inserting a parameter that is outside the range of
the connected instrument. If there is no instrument connected, PSTrace will allow you to
exceed certain parameters, but warnings will appear as long as thedenested.
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3.2.1

3.2.2

3.2.3

30

default values. The actual validity and limits can only be
validated when the intended instrument is powered and
connected.

o If no instrument isonnected, parameter validation is done on

If a parameter can be reached but there is an observation, a yellow warning will appear. This
warning is advisory and will not prevent you from running the measurement.

Technique

Thetechniques listhows the currently selected technique and allows the user to change it.
When an instrument is connected, the techniques list will be updated to show only the
techniques supported by the connected instrument. Changing program mode will also filter
out tedniques that are not supported by the selected mode. If no instrument is connected and
the default Scientific Mode is active, the list will show all the techniques supported by PSTrace.

See also sectidhrogram modesn page.

The parameters for each technique are saved when switching to another technique. This allows
the user to switch between techniques without the need to change parameters each time.

Sensor and sample

The Notes textbox can be used to describe information for example about the sensor used and
sample that is measured.

Cyclic Voltammetry - | n

Measurement  Peaks  Multiplexer

Technique:

Notes:

MNotes can be written here

Figure38 The Notes box in the Method Ediitor.
Current range
v
2. BNEE .
DA nA nA mA mA
Figure39 Selection of allowed current ranges to be used during the measurement.

The arrent range selection buttons determine which range(s) are used for the measurement.
The gray boxes refer to unselected ranges, while the blue boxes refer to selddted ones.
small arrow hovering above one of the selected ranges determines at which current range the
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measurement starts. The starting range can be changed by means of clicking above one of the
other selected current ranges.

See also sectidResolution and optimal current range selamigrage34

3.2.4 Methodsettings

Entered values for eankthod setting should be within the absolute limits any instrument by
PalmSens BV can handle. If values are not supported by the instrument connected this is shown
at the bottom of the method editor. See the next chapter for a description and allowed values
of each parameter.

3.2.5 Validation

In case value entered is invalid, an error message at the bottom is shown. Errors are shown in
red and warnings are shown in yellow. In case of a warning, this can be ignored by the user and
the measurement can be started. In case of an error, the valuebaebdnged first to a

valid value to permit the start of the measurement.

Expected duration: 00:00:03=
401 datapoints

1 Error (for PalmSens4d):

[1]: Start potential must be between E vertex1 and E
vertex2.

Figured0 Error shown in tidethodElitor

Awarnings shown in yellow. Warnings can be ignored but, on most occasions, this will result
in a bad measurement due to wrong settings.

1 Warning (for PalmSens4):

[1]: Enable at least 1 mA range for measurements at
50000 Hz.

Figured1 Warningshown in thélethodEditor

In case a value for the step potential is given which cannot exactly be met by the instrument
because of its hardwalee t er mi ned resol uti on, t heealact ual
E stef)].

Expected duration: 00:01:49=
198 datapoints (real E step is 0.00507)

Figured? Real E step shown inMethodEditor
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3.3 Standard measurement sequence

Voltammetric measurements have the following sequence.

Eocp or Estandby
i Yeond . tdep . teq \ —
—
E T ! ] : |
E—— 1
Econd ! '
Pr N
Ebegin -~
A
Edep
g
t Endof scan

Start of scan
—— Applied signal
Figured3 Normal measurement sequence

Thesequencef avoltammetric measuremedeikcept for stripping chronopotentiometry) is:

1. 1ln case PMeasure vs OCPp option is enable
2. Apply oE conditiond, the conditioning pot
3. Apply oE depositiond, the deposition pot e
4. Apply oE begindg and wait ot equilibrationr
5. Start measurement at oE startd and conti
specified oScan rat eqd. I n CV the scan is

current range is set automatically however with the constraints as specified.

6. Depending on the potentiostat model, the measurement is plotted during the
measurement or when the measurement is finished.

7. | f the cel |l mu s t remain switched on, oE
switched off.

Thesequence atnamperometric measurement

1.1l n case PMeasure vs OCPp option is enable
2. Apply oE conditiond the conditioning pote
3. Apply oE depositiond the deposition poter
4. Apply E or oE equilibrationdg and wait ot
5. Start the measurement.

3.3.1 Pause and abort

During the measurement, the curve is shown on the screetirrerdgdhe scan rate allows
for it. I n t h button caa Beaised tb lsalt thet sbaa untl the saraecbdijton is
used again. This button is not available at higher scan rates.

It is possible to abort a measurement, by pressing the abort button above the plot.
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potentiostat will complete the current measurement point. This
can happen almost instantly in most cases, but it might take
some time in situations like lefinequency impedance or very
large time intervals.

o Pl ease note thaPawbed bhéetoS8t opdpoess

3.3.2 Cell on after measurement

A standby potenti al can be set in the oPost
duration can be set usi nThispotedial ig &plied atiepteec i f i e d
measurement has concluded for the specified time duration or indefinitely if this parameter is

not selected.

4 Post measurement
4 Cell on after measurement

E standby W

4 For specified period

t standby 5

Figuredd Using cell on after measurement.

3.4 Measuring versus OCP

As a standard practice, the potentials set in PSTrace refer to the values of the Working Electrode
(WE) relative to the Reference Electrode (RE). This potential is also known as the "Polarization
Potential'However, in many measurements, the potential can be specified with respect to the
Open Circuit Potenti@CP) instead. This approach is commonly employed in corrosion and
some energyelated applications.

In case one or more potentials are specified with respect to thespatential must be

determined before the actual measurement is done. This OCP measayéresra variable

time, which is determined by the drift of the open circuit potential and the maximum time to
measure the OCP value. The OCP value is set as soon as the drift is lower than the specified value
for the oStabiltitMax.sri @R omas oel avhead t hBh ws ,
to zero renders it ineffective.

G==]1
([ stopwheni<

= (=
==

(] stop when >

[ [Measure vs OCP
E begin versus OCP

E end versus OCP

Stability criterion m\/s

Figured5 OCP parameters
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3.5 Resolution and optimal range selection

The Method Editor shows one or two rows of buttons for the current and potential ranges. The
potential ranges are only visible when a galvanostatic technique is selected.

With the rangéuttons,the applicableurrent ranges) and potential rangg) during the
measurement can be selectédiore than one button is selected, the instrument will select

the most optimal range automaticallytgranging.
A measurement starts at the ramigie the small arrow above it

Select current range(s) for pretreatment

hd
00 1 10 | 100 10 | 100
pA nA DA DA mA  mA

Select potential range(s):

v
BEA

Figurei6 Selection of applicable currend potentialangeshown for Potentiometry

The starting range can be changed by means of clicking above one of the other selected
current ranges changes.

Doubleclicking a range button will select only this range.

3.5.1 Automaticrange selectiohauto-ranging

During equilibratiqithe most appropriate range wilsbkectedIf during a measurement the
currentor potentialapproaches a range limit, the instrument will switch automatically to a
more suitable current potentiatange (lower or higher). When a measurement exceeds the
upper threshol@80% of the rangea higher range is selected within the range of selected

ranges.

Likewise, when a measured cumepbtentiafalsrepeatedlypelow the lower threshdiPso
of the selected rangealower range is selectiédnabled by the user.

Because aut@nging takesome time (in the order ofillisecondsthis feature is only
available at lower scan ratestdebmiquest very high scan raastomatic ranging is not
availableThis is always shown as an error in the Method Editor if this is the case.

7able3 The maximum measured currents for each instrument.

Instrument Max. measured current
EmStatl, 2 and 3(+) 12 * selected range
PalmSensl and 2 +2 * selected range
PalmSens3 +3 * selected range
PalmSens4 +6 * selected range
EmStat4 LR and HR +3 * selected range
EmStat Pico +0.6 * selected range

An overload warning isgivemi@a s ur ed values U 80% of the sel
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For all instruments except for the EmStat Pico an underload warning is given for measured
values U 4% of the selected range. For the
measured values U0 2% of the selected range.

For instruments that support multiple potential ratigesable below shows the available
range for each instruments.

Tablel  The maximum measured potentials for each instrument,

Instrument Max. measureplotential
PalmSens4 +10 * selected range
EmStat4 LR 13 * selected range
EmStat4 HR +6 * selected range

Spikes and jumps

Please note that autanging can cause spikes in the measurement curve, especially during
fast measurements and/or measurements with high Faradic currents. Spike or jumps may occur
due to a short interruption or change in measurement interval whengsistvhéen the

ranges.

If autoranging is not needed it is always better to enable a single
current range to prevent spikes or jumps in your curves.

If you are uncertain about the current you will obtain, and the experiment requires manual
range selection, start with the highest current range. You can then lower it in subsequent
attempts if you still receive underload readings, even at the highedta@sants.

Running a measurement

Measurements can be started and stopped with the buttons in the measurement tool strip or
the &easur@nenu.

The steps conditioning, depositiand equilibration can be skipped each using the skip
button.

ol New -

Figured7 Skip button

Next to the start button, you can choose t
®verlayi® selected, the measured curve will be added with another color to the existing curves
in the plot. Or measure a oBlankd curve as
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3.6.1

36

D | Overlay *|

Mew

Blank

Figured8 Options for the next measurement

If ablank curves present an additional button is shown, see below. By enabling this button, the
blank will be subtracted automatically after the measurement is finished.

See also secti@tank subtracticon pageta

D’ Mew - Use Blank

Figured9 UseRank button

The progress and status of a measurement is shovataitughieaat the bottom.

| |
Uﬂ Messuring | Underload | E=1040V i=0000*1 uA 000222 |J

Figureb0 Status bar

Autosaving measured data

If autosaveis enabled, every single measurement will be saved automatically in the
corresponding formaifterthe measurement has finished or is aborted.

See also sectidrileson page235

ﬂ_" Q E_}'h er‘.} Autosave settings

Figureb1 Enabling autosave

The autosave output can be configured ittusave settings window
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lj:l Automatically save data after measurement

Autosave Settings are not used when running a script.

il i incremental number will be appended,
fiEname preto e.g. prefic-1, prefix-2, prefix-3, etc,

Storage folder: | ChUsers'\JohntDocumentsi PSData\ Autosavel, Browse

Open folder location

Choose output data format(s) for autosaving

P5Trace file format ] Comma Separated Yalues (.C5V) format
[] OriginLab (.OPJ) format

Multiple curves ocutput

Save multiple results from single |Save multiple curves output (multiplexer or CV) to seperate files,
measurement to seperate files QOutput files will be named as: channell-prefix-1, channel2-prefix-1,
etc. Or for CV: scan1-prefix-1, scan2-prefix-1, etc.

|:|U:{) Save a recovery file during measurements

Ch\Users\John\Documents\PSData\Recovery

Close

Figureb2 The Autosav&ltings window

3.6.1.1 Outputsettings

The output file gets theefix followed by a sequential number. This number is based on the
number of existing files with the given prefix in the storage folder specified and therefore
increments with each new file added to the folder.

3.6.1.2 Outputdata formats

Theoutput file can be stored in different formats. The PSTrace format will store the file in a
format that can be loaded in PSTrace again.

See also sectidfile typesn page35

A CSV file is a comseagarated file and can easily be imported into third party programs like
Excel and Origin.

As a third option, it is possible to store the data in a native Origin file format. The latter will also
include a graph (except for EIS data).
3.6.1.3 EIS data export settings

The button oEIS data export setti-R5gracd al | ows¢
file formats.

PSTrace Manual 37



PSTrace Manudeasurements

3.6.1.4 Multiple curves output

Some measurements produce multiple curves, like a Cyclic Voltammetry measurement with
multiple scans or a measurement done with a multiplexer. Enabling the checkbox will save the
output of each separate curve to a single file instead of to a singfizitiilegcthe data of all

curves.

3.6.2 Recovery file

LQ) Save a recovery file during measurements

Recovery file

Storage folder;  |C\Users\JohnDocuments \PSData| Browse
Output file is "RECOVER Y] extension]”. Where [extension] can be pss, pst or pseisdata.

Save data during measurement each |1 5+ minutes

Figureb3 Recovery file settings

The oAutosave settingsd window also shows
measurements. This option can be useful ferdongneasurements. In case of a PC crash or
power outage, the most recent measurement data will still be availaldev@iyefite is
overwritten for each new measurement.

3.6.3 On-device storage

The PalmSens4, EmSsares and Sensit BT are equipped with additional hardware for on
board data storage. I n case the option oSave
will be stored ebhoard the instrument in a folder with the name otje@s dat e.

4 On-device storage

Save on internal storage
Figureb4 Save on internal storage in the Method Editor of PSTrace

Theordboard data can be browsed Awotdoddwdbhoadédo
internal storagel (.

o For the PalmSens4 the following techniques are excluded for on
board storage:
EIS, MultiStep and MixedMode.
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3.7 Peaksandlevels

| Measurernentl Levels ||rrfo |

Minimum Peakc/Level Width: 3.0 3

Minimum Pealc/Level Height: 5.0 WA
Click ‘auto detect peaks’ button to apply new settings

Smooth Window: |5 [ points

Measuring vs time

@ Chidation
) Reduction

@ Curert Levels
() Peaks

Figureb5 Peak/Level parameters tslovingptions for a technique as a function of time)

Tableb  Parameters in tiRkeak/Level parameters tab

Minimum Peak Width determines the minimum peak width. Peaks with ¢
lower width may not be detected. The peak width |

Full Width at Half Maximum (FWHM).
100 %

- = 50 %

Minimum Peak Height determines the minimum peak height. Peaks lowe
this value are neglected.

Smooth Window determines to which degree the measured curve i
smoothed. The specified number is used to smoot
the data using the Savitgkglay method.

Please note that too many points will influence the
shape of the curve

Extra options for methods vs time:

Oxidation or Reduction  determines whether peaks or current levels are pc
(Oxidation) or negative (Reduction).

Current Level or Peaks  determines wheth@eaks or current levels are
measured

3.8 Multiplexer

In the Multiplexer tapit can be specified which multiplexer channels are measured and
whether they should be measured consecutive (one by one) or scanned alternately (all
channels simultaneously).
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When the oConsecutived mode lir acdhos emAl taenryn g
checked, the manual selection of channels is limited to successive channels. So, it is possible to
measure 2 to 8 or 2 to 16 successive channels, depending on the type of multiplexer in use.

Measurement Peaks = Multiplexer

) Mo Multiplexer ® |Consecutive Alternate

Invert

Select all

Select none

Channels

Channel 1
Channel 2

| o

Figureb6 Multiplexer parameters

3.8.1 Consecutive measurements

When doing Consecutive multiplexer measurements, thenattiptexechannel will switch
to the next and kstarted after the entire measurement as defined in the Measurement tab has
finished. This mode is available for every technique.

3.8.2 Alternate measurements

During the execution of alternating multiplexer measurements, all chosen channels will rapidly
switch within each measurement interval. The complete switching imdodsygboth

switching and stabilization, for the multiplexer takes approximately +31 milis eceasus,

the lower limit of the interval time is defined as (humber of channels selected}8r0.031 s.
instance, whemsing a8 channels, the minimum interval time is 0.25 seconds.

The following techniques support the Alternate multiplexer mode:

Chronoamperometry;

Chronopotentiometry;

Open Circuit Potentiometry;

and (Galvanostatic) Electrochemical Impedance Spectroscopy.

I > >

3.8.3 MUX8 and MUX16 hardware settings

The mitiplexer can be used in different configurations. For the older modelgctas are
available on the underside of the multiplexer to change the configuration.

See also sectiadiUX8 and MUX16 multiplesarpage265

3.8.4 MUXB8R2 settings

The MUX&R2hardware configuration settings can be defined in software and will become
visible in the oMR2Istithg detecteel updh conadetion dr selected MU X &
i n Geheel Settingg wi ndo w.
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Measurement Peaks

) No Multiplexer (® |Consecutive Alternate

Invert
Select all

Select none
Channels MUX8-R2 Settings
Channel 1 [] Connect Sense to WE
Channel 2 [ Combine RE and CE
Channel 3
Channel 4 0O Use Common RE and CE

on Channel 1
Channel 3

Channel &
Channel 7 (@) |Disconnect WE (floating)

Channel & (O Switch WE to GND

() Switch WE to V Aux,

Unselected WE

Figureb7 MultiplexeMUXSERZ2 hardware configuration settings

When switching techniques, the iltlaX8R2 settings will be taken from the default settings
as defined in the settings window of PSTrace. However, when saving a method to either a
psmethod file or .pssession file the settin

See also secticilUX8R2 multiplexem page75

3.9 Recording an auxiliary input

Supported by all instruments with an auxiliary input port.

To record an auxiliary valikes an analog input voltage, temperature or cell potential, this
needs to be enabled in the Method Editor in

4 Record additional data
Record Aux. input

Figureb8 Enabling recording on the auxiliary input in the Method Edjtor

Whether or not recording additional data is supported depends
on a combination of the connected instrument and the selected
technique.

I f the checkbox oRecor d thewarrespondingnalbgdhpits ¢ hec k
pin on the physical auxiliary port is recorded. The auxiliary input value can also be translated to
another value, like temperature, RPM (For an RRDE) or pH, depending on what is connected.
This can be set in the oGeneral Settingsd wi
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See also sectiddardware configuratiam pages.

Please refer to the instrumspecific sections in this manual for more information about the
positions of the digital and analog /O pinsoriyous t r ument ds auxi liary p

3.10 Recording the cell potential

o Supported by a selection of techniques with PalmSens4, EmStat4
and EmStat Pico.

Recording the cell potenti al can be enabl ed
additional dat aQ(:

4 Record additional data
Record Aux. input

Record cell potential

Figureb9 Enabling recording tleell potentiaih the Method Editor

Theeell potentidl the potential between the working and the counter electrode and thus

the potential applied to the whole cell. I n
versus the countlehi | pacttagmntdiedd]s ipoteelnstad acdal | ec
as such, this specification refers to the maximum potential that can be applied between WE and
CE.

WE

A A

Applied
potential

Cell potential

CE Y

Figureb0 Cell potential

Sometimes it is interesting to calculate the potential of the counter electrode versus the
reference electrode. This can be easily calculated waghplid potential and theell
potential. As is visible from picture aboveettotential is calculated by

OQA & O QE OMHA 060
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By rearranging the potential of the counter electrode E(CE) can be calculated by
060 OwWO 6 Qa&OQE O QLA

o For the EmStat Pico, as well as the Sensit series instruments,
there is a limitation when recording cell potential. In certain
situations, the recorded cglbtentialvalues may reach a certain

limit below the actual value.

3.11 Recording the WE potential

o Supported by a selection of techniques with (Multi)PalmSens4
and (Multi)EmStat4.

Recording the WE potenti al can be enabl ed i
additional dat aQ(:

4 Record additional data
[] Record Aux. input

[] Record cell potential

Recard WE potential

[] Record BiPot (WE2)

Figureb1 Enabling recording theEbotential in the Method Editor

Theo Wibtentiap theappliedpotential between the working and rdferenceelectrode

This option can be enabled to measure the applied potential during supported Voltammetric
and Amperometric techniques on supported devices and can be used to determine if the

instrument was able to apply the requested potential.

3.12 Recording the WE current

o Supported by a selection of techniques with PaimSens4 and
EmStat4.

Recording the WE current can be enabled in the Method Editosia ¢the i on oRecor

additional dat aQ(:

4 Record additional data
[] Record Aux. input

Record WE current
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Figureb2 Enabling recording the \ddrentin the Method Editor

Theo WEU r riseheapplpdcurrentbetween the working and tieéerenceslectrode This

option can be enabled to measure the applied current during supported Potentiometric
techniques on supported devices. The current will be measured in the applied current range.

In the case of an OCP measurement, the current will be measuradrentharge as
specified in the oSelect current range(s) se

3.13 BiPotentiostat

Supported by instruments with bipotentiostat functionality for
using a second working electrode (WEZ2).

faBiPomodul e i s present in a PalmSens instrumer
i n ettngdvioddw the second working electrode or WE2 can bePilessk note that
the WE2 will be measured/polarized versus the same RE and CE used for the main WEL1.

The Settings window c&mGeamefradndeitrn itnlges (M@ nu

Settings X

s @) e &

Select PSTrace mode

Hardware  Plot and data

Mains frequency Comm options

® (50 Hz [ Enable connection over TCPAP
C 60Hz [ Blustooth present

Accessoires Ausdlary input

Stimer present
L] strer Selected: A input
PalmSens Switchbox

BVT with speed control Change aux. input

EiPot present Calibrate

T TR et prese

[ Show AUXidle reading in status bar
8 charne!
16 channel

32 channel using Analog Out)

Figureb3 Select BiPot present in Settings window

In case one of the channels has a BiPot module present, this will baudeteatizlly.

An additional tab oBi Pot g wil/| become visibl
for the use of the second working electrode (WE2).
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Measurement Peaks BiPot

() Potertial is offset from WE1
(®) [Potential is fixed

WEZ2 cument range
) 10mA

O 1mA

®) 100 uA

O 10uA

O 1uA
() 100nA

O 10nA
) 1nA

[ Plot itWE2) vs E(WET)

Figureb4 The additional BiPot tab inMethodEditor.

The E WEZ2 is the potential set on the WE2.
The BiPot can be used with the following methods:

Linear Sweep Voltammetry
Cyclic Voltammetry
Amperometric Detection
MultistepAmperometry
MultistepPotentiometry

T I >

3.13.1 Plot i(WE2) vs E(WE1)
The plot window will show the current obtained for WE1 as well as for WE2 or Auxiliary.

I n case the checkbox oPlot i (WE2) vs E(WE1l)C
as an overlay in the plot, also when WE2 was maintained at a fixed potential.

3.14 Blanksubtraction

Bl ank subtraction can be used by first runni
next to the Start button. Or an existing curve can be designated as a Blank curve by clicking on
this curve in the plot legend.

D’N@N r

Mew

Uverlai

Figureé65 Sel ect oBl/ ank(d to measure a Blank curve
Start button.
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3.15
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Curve

Title: |D|3‘u’cunre |

File  CM\.\Demo Pt electrode.pssession

Change curve function:

Mone w

MNone
@ Sample !
Standard 1
Auto as Standard 2
Standard 3

Standard 4

ER View curve data

Show on secondary axis:

Top - Right

= : .
X axis Y axis

7 Delete

Figureb6 By changing the curve function ircthee tool windowvhich is accessed by
clicking on a curve in the plot legend.

When a Blank has become avail abl e, t he oUse
controls in the bar on the top of the screen.

When enabling the Use Blank button, the available Blank curve is subtracted immediately after
the measurement from the measured curve. The Blank Curve is always shown in gray in the plot.

Use Blank

L D |Samp|e

Figure67 Ruttonifor Blank subtraction

Ohmic (iR) compensation

This setting is found under=—tbutton for advanced settings.

o IR Compensation is optionally available for
the PalmSens4 and EmStat4X.

The resistance between the reference electrode and the double layer of the specimen can
cause a significant potential drop, decreasing the applied potential where it isTregjuired.
potenti al drop (Eohm) is called POhmic dropbp
resistance (R) and the actual current (i), thus Eohm = iR.

The compensation module provides a Ppositiyv
between the Reference electrode and the outside of the double layer of the electrochemical
cell.
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The resistance to compensate for can be entered directly in the Method Editor in PSTrace:

4 Use IR drop compensation

Compensated resistance I:I Ohm

Figureb8 Resistance to compensate for as specifiedvieted Editor

PalmSens recommends that instruments weitimensation module also have EIS capability,

as it is the most common and straightforward technique for determining the resistance to be
compensated. If the resistance of the electrolyte is accurately deiettmeineset the
compensation to a maximum of 95% to prevent system instability.

Please note that if auto ranging is not allowed for the compensation used in combination with
the selected current ranges, this is shown in the Method Editor:

Expected duration: 00:00:1
1009 datapoints (real E ste

G

1 Error (for PalmSens4):

[1]: IR Drop resistance of 22000.000 cannot be compensated
for in the 100 u& current range

Figureb9 Error shown in Method Editor

Make sure a single current range is selected in these circumstances. Moreover, each current
range has a maximum resistance that can be compensated for.

See the following sections for more instrusgetific limitations:

A iR compensation with PalmSensgage305
A iR compensation with EmStaidYage337
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3.15.1 Supported Techniques
The following techniques are supported for use with iR compensation:

Linear Sweep Voltammetry
Cyclic Voltammetry

Square Wave Voltammetry
Differential Pulse Voltammetry
Normal Pulse Voltammetry
Chronoamperometry
Multistep Amperometry

I I I I D

3.16 Potential and current limits

The settings for current and potential limits are found unc= thaton for advanced
settings.

The limits entered here apply to the entire measurement excluding the pretreatment stages.
This parameteofifp. also called Pcut

If the referred measurement is inside a Script sequence, thus the Script will continue to the next
step.

This resource is not available in some instruments.

3.17 Override bandwidth filter

This setting is found underZ}button for advanced settings.

This function is only supported and visible when a Method®@BHeiTdevice like EmStat
Pico or (Mult)EmStat4 is connected.

4 Override bandwidth

Bandwidth

Figurer0 Bandwidth override setting in the Method Editor

Normally the filters of the potentiostat are set optimally for the required bandwidth. In some
exceptional cases it is useful to override the automatically determined bandwidth setting.

When the oOverride bandwi dthd checkbox is
given in Hertz.
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Digital triggers

This setting is found underZ=2button for advanced settings.

4 Trigger at start of tEquil

Set digital lines Odo [Jd1 [Jdz [ a3
4 Trigger at measurement

Set digital lines ao [Jat [Jdz [] a3
4 Trigger at delay after start

Set digital lines [Jao [Jar [Jdz2 []as3

Figure/1 Hardware trigger settings

I n case PTrigger at 1p is set, the selected
be set high when triggered. They will remain high until the end of the measurement.

See the instrumespecific sections in this manual for more information about the position of
the digital pins on your instrumentds auxil:i

I n case PTrigger at delay after startp is wus
time between each measured data point.

Measuring the noise level of the instrument

To determine the environmental noise levels, make sure the (green) test sensor is connected
or the (blue) PS Dummy Cell is connected on pads RE, CE and WE_A.

1. Load method file oPSNoiseTest.psmet hodQ(.

2. Start measurement.

3. Repeat the measurement but with a scan rate of 0.05 V/s. Note that the noise level is
lower because the current sampling time is longer now. This decreases the measured
noise level.
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6,000

1

2,500

-0.500 — EM

0500

Figure72 The curve shown in the figure abatscal curve measuresing the
unmodifiedPSNoise Tastethodand a PalmSensZe ensor and connectiame housed

inside a grounded Faraday Cage.

In case the noise level is too hightigibt be due to a noisy power supply of the USB ports
and therefore the use of a USB Hub with its eadaer between the PC or laptop and

EmStat is advised.

LY
LW, -\w\

rrrrr

—=
—=

WWV}

0500

Figure73 The greefnoisyjand red curves are both measuredihgtbame conditions as
before and witthe same EmStat. The red curve is obtained when EmStat is connected to a

USBub instead fadirectly to a USB port of e

The instrument can b eMaaualiContr@ab.| e d

manually wus

To evaluate noi se | ev eCelOAChange theeapphed potertial Cont r
from E= 0.000 V to E= 0.500 V by manipulating the horizontal scrollbar or entering the value

in the textbox. Select the current range of J0rnOOnA if 1A is not availabld@)he

measured values of the potential and current as well as the noise are shown.

If the noise bar shows orange or red, the noise levelYohighe advised pace the test
sensor inside a Faraday cage with the green ground lead connected to the cage.
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3.20 Reducing aise

Electrochemical sensors and cells are susceptible tdf mmfse is interfering with your
measurement, the solving strategies are rather numerous, but the sources for noise are also
numerous. Here we describe the most successful and common methods for noise reduction.

Yourpower grids usually using an alternating current. This undulating current influences the
measured currents. PSTrace and PStouch have a filter setting for this mains frequency. Check
in the Tools menu under General Settings if the mains frequency is set correctly.

Noise can also be introduced throughX88 porof your computer. In that case using an
external hub with its own power supply could reduce this noise.

Ourenvironmenits filled with electrical fields. Some of them are created by devices around us

as side effects or in case of wireless communication on purpose. Although it is a bad idea to
measure directly next to an electric arc furnace, it is usually not possibla wonkspace

free of electrical fields, especially not during-pba#tre measurements. A Faraday cage is
usually sufficient to create a ffede environment. A metal box or cage out of metal mesh is a
goodFaraday cag&ven a shiebdit of aluminum foil can help. Place your electrochemical cell
inside the Faraday cage and connect the cage to the ground lead (green) of the potentiostat.
The cable delivered with your EmStat or PalmSens has an inbuilt shield and should protect your
sigral outside the Faraday cage. This is one of the most effective methods to reduce noise.

Be cautious to avoid accidental contact between electrodes or
plugs and the Faraday cage. A short circuit between the Faraday
cage (and thus thground lead) and an electrode can lead to
current leakage, resulting in incorrect responses and potential
damage to the potentiostat in some cases.

Cableshould not be excessively long, as they can inadvertently function as antennas that
captures electromagnetioise. However, the cables provided with your EmStat or PalmSens
instruments include buitt shielding. When you use the original cable, concerns about noise
induced by the cable are minim®vertheless, avoid using extensions, but if they are
necessary, they should be used within the Faraday cage.

Ground your measurement equipment. The best way to connect your equipment is star
shaped, that is all parts are connected with the ground at the same point. In an electrochemical
lab that point is usually one small space of the Faraday cage. Thisoepy tetlinduce

noise are avoided.

Check if theontactsare corroded. If so, remove the stains, for example with sandpaper.

The Readings window (shown during the time the cell is on) displays the potential and the
current and shows tmmise levelThe background color shows whether the noise might
deteriorate the measurement. In case the noise level is higher than 0.1 times the selected
current range, the bar will turn orange. In case the noise level exceeds 0.5 times the selected
current range,hie bar turns red. It is strongly advised to prevent measurements under such
conditions.

The EmStats and Sensits are directly power e
noisy USB power supply. In this casaditised to use a USB hub with its cataater
between the PC or laptop and EmStat.
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If you find that the suggestions to reduce noise haven't produced the desired results, it's
possible that your data collection parameters need adjustment. If your results still appear noisy
or jagged, consider increasing the 't interval,’ 'E step,tepy pazameters to achieve
smoother data. Increasing these parameters will result in a more gradual change in time,
potential, or current values, respectively, and can help in obtaining more refined and less
fluctuating results. Experimenting with thdagemay enhance the quality and precision of

your data.
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Electrochemical techniques

PSTrace supports the followauniques in the (default) Scientific Mode. Some instrument
models only support a selection of these techniques. At the beginning of each-technique
specific section is a list with the instrument models supporting the technique. Alkthe above
listed techmjues are described in this section, except EIS/GEIS.

See alssectionElectrochemical Impedance Spectroscopagel 13

Tableé6  Allavailable techniques in PSTrace
Voltammetric techniques

A
A

> >

Linear Sweep Voltammetry
Cyclic Voltammetry

Fast Cyclic Voltammetry
AC Voltammetry

Pulsed techniques

A
A
A

Differential Pulse Voltammetry
Square Wave Voltammetry
Normal Pulse Voltammetry

Amperometric techniques

>y Dy B D

Chronoamperometry

Zero Resistance Amperometry
MultiStep Amperometry

Fast Amperometry

Pulsed Amperometric Detection
Multiple Pulse Amperometric Detection

Galvanostatic techniques

> > > >

PSTrace Manual

Linear Sweep Potentiometry
Chronopotentiometry
MultiStep Potentiometry

Open Circuit Potentiometry
Stripping Chronopotentiometry

LSV
Cv

FCV
ACV

DPV
SWvV
NPV

CA
ZRA
MA
FAM
PAD
MPAD

LSP
cP

MP

oCP

SCP (or PSA)
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4.1

4.1.1

4.1.2

54

Coulometric techniques

A Chronocoulometry CC
Other

A MixedMode MM

A Electrochemical Impedance Spectroscop EIS

A Fast Electrochemical Impedance FEIS
Spectroscopy

A Galvanostatic Electrochemical Impedanc GEIS
Spectroscopy

A Fast Galvanostatic Electrochemical FGEIS

Impedance Spectroscopy

Linear Sweeygoltammetry (LSV)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

Description
I n Linear Sweep Voltammetry a pot eetgiianld,scan
to the end potential oE endd. Thestepparan i s no

made. The current is measured (sampled) during the lagt@a¥period of each step. The
number of points in a curve showing the current versus potential is

(E end) E begin) / E step + 1.

The scan rate is specified in V/s, which determines the time between two steps and thus the
sampling time. The interval time is equal to E step / scan rate. So, when E step is 0.005 V and
the scan rate 0.1 V/s the interval time is 0.05 s.

Measuring

I ncreasing the oE stepd is suitabtbpoisd or rapi
ratio. On the other hand, decreasing the step potential is advantageous when you require
enhanced resolution, sensitivity, and the ability to study comqtiecleémical systems in

detail. It's essential to strike a balance between scan rate, resolution, and sensitivity based on
the characteristics of your electrochemical system and research goals. As a start point, it is
common t o use oBnde.OLY fordbcan mtesnretteemande of @.0130 0.1 V/s.

In some applications, it is important that the current does not get too high. This might ruin the
workingelectrode. If the potential at which this will occur is not known, it is possible to specify

a maximum current value at which the scan stops. In this case, the end potential specified by
the user may not be reached.
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See also sectidPotential and current linis pagels.

: Eend
tinterval
e
ET |
Estep
Ebegm ------------ :
I?eq'Lu‘.h'bn:ltion
: —"t :
Estart tend
— Current sampling window _ Estep
; ; interval = —————
—— Applied potential scan rate

Figure74 Potentiaversus timauring Linear Sweep Voltammetry

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

By default, the result shown is a graph of Current versus Potential.

Current/nA

%

g

-04 -0.2 00 02 04

Potential/V

Figurer5 Typical LSV plor a nordiffusion limited redox system and the WE A of the
PalmSens Dummy Cell.
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4.1.3 Technique specific parameters

E begin The potential where the measurement begins at.
E end Thepotential where the measurement stops at.

The applicable potential range of each instrument is:

PalmSensl1 and 2 -2Vto+2V

PalmSens3 5Vto+5V

PalmSens4 -10Vto +10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4V to+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to %2
See also sectidimitations and extra options for EmStabRipagel 09

E step The potential step size.
The applicable step range for each instrument is:

PalmSensl1 and 2 1 mV to 25V

PalmSens3 0.15 mV to 250V

PalmSens4 0.075 mV to 250V

EmStatl and 2 0.1 mV to 250V

EmStat3(+) 0.125 mV to 261/

EmStat4 LR 0.1 mV to 250V

EmStat4 HR 0.183 mV to 260/

EmStat Pico High Speed mode: 0.395 mV ta?50

Low Speed mode: 0.537ton250mV
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Scan rate The applied scan rate, also called sweep rate or sweep speed.
applicable range depends on the value of E step since the data
acquisition rate is limited by the connected instrument.

The applicable scan rates for each instrument are:

PalmSens1 and 2 1 mV/s (1 mV step) to
25 V/s (5 mV step)

PalmSens3 0.02 mV/s (0.15 mV step) to
500 V/s (5 mV step)
PalmSens4 0.02 mV/s (0.075 mV step) to
500 V/s (10 mV step)
EmStatl and 2 0.02 mV/s (0.1 mV step) to
5 V/s (5 mV step)
EmStat3(+) 0.025 mV/s (0.125 st¥p) to
5 Vs (5 mV step)
EmStat4 LR 0.01 mV/s (0.1 mV step) to
500 V/s (200 mV step)
EmStat4 HR 0.01 mV/s (0.183 mV step) to
500 V/s (200 mV step)
EmStat Pico 0.01 mV/s to 10 V/s (10 mV step)

Additional options can be enabled using=—lebutton. See for more information the
applicable subections in sectideasurementsn page2s

4.2 Cyclic ¥ltammetry(CV)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

4.2.1 Description

In Cyclic Voltammetry, recurrent potential scans are performed between the potentials 'E
vertex1' and 'E vertex2,' going back the number of times determined by the 'Number of scans.’
The scastart at the begin potent{@ beginyvhich can bat one of these vertex potentials

or anywhere in between. The experiment will always terminate at the same potential set as the
'E begin'.

The change of the potential per time is the scafhiatecan rate is specified in V/s, which
determines the time between two steps and thsaiti@ing time. The interval timesie

/ scan rateSo, whendfep is 0.005 V and the scan rate 0.1 V/s the interval time is 0.05 s.

The scan is hekacthlinear, buan approximation by means of a staircasawethpotential
steps (Btep). The current is measured (sampled) durifasth®% interval period each
step.The number of points per scan of the current versus potential cunenr?E@Egin)

| Estep.

The following graph shows the signal applied and the periods of current sampling.
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Linterval

E vertex1

: : : ;Ebe‘gin
tequih'bration

' Evertexz
E :
: scan ' scann
Estart Lend
— Current sampling window . _ Estep
—— Applied potential interval = = o on rate

FigureZ6 Potentiaversus timauring Cyclic Voltammetry

4.2.2 Measuring

As in LSV it is sometimes important that the current does not get too high. This might ruin the
working electrode. If the potential at which this will occur is not known, it is possible to specify
a maximum current value at which the scan directionensk fethe current set is reached,

it will reverse the scan direction before the next vertex.

The user can also interactively determine where the scan direction is reversed, using the button
o0 Rever s e (.,the spenified verees potenticd v/ ehe osr not beeached.

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

As in LSV, by default, the result shown is a graph of Current versus Potential. Successive cycles
will be displayed in different colors.
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20

Current/pA

T T T
0.2 04 0.6

Potential/V

Figurer7 Typical CV pltar a free diffusing redox species

4.2.3 Technique specific parameters

E start The potential where the scan starts and stops at.
E vertexl The first potential where the scan direction reverses.
E vertex2 The second potential where the scan direction reverses.

The applicable potential range of éathument is:

PalmSensl1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4Vto+4V

EmStat4 LR -:3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 Yo +2V

Low Speed modd:.25 V to %2
See also sectitimitations and extra options for EmStabRipagel 09
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E step The potential step size.
The applicable step range for each instrument is:

PalmSensl1 and 2 1 mV to 25V

PalmSens3 0.15 mV to 250V

PalmSens4 0.075 mV to 250V

EmStatl and 2 0.1 mV to 256V

EmStat3(+) 0.125 mV to 260/

EmStat4 LR 0.1 mV to 2506V

EmStat4 HR 0.183 mV to 260/

EmStat Pico High Speed mode: 0.395 mV ta250

Low Speed mode: 0.537tan¥50mV

Scan rate The applied scan rate, also called sweep rate or sweep speed.
applicable range depends on the value of E step.

The applicable scan rates for each instrument are:

PalmSens1 and 2 1 mV/s (1 mV step) to
25 V/s (5 mV step)

PalmSens3 0.02 mV/s (0.15 mV step) to
500 V/s (5 mV step)

PalmSens4 0.02 mV/s (0.075 mV step) to
500 V/s (10 mV step)

EmStatl and 2 0.02 mV/s (0.1 mV step) to
5V/s (5 mV step)

EmStat3(+) 0.025 mV/s (0.125 mV step) to
5V/s (5 mV step)

EmStat4 LR 0.01 mV/s (0.1 mV step) to
500 V/s (200 mV step)

EmStat4 HR 0.01 mV/s (0.183 mV step) to
500 V/s (200 mV step)

EmStat Pico 0.01 mV/s to 10 V/s (10 mV step)

Number of scan: The number of repetitions for this scan.

Additional options can be enabled using=lebutton. See for more information the
applicable subections in sectidleasurementsn page2s

4.2.4 FastCV

A CV becomes a Fast CV if the scan rate in combination with E step results in a rate of over 2500
points / second (scan rate / E step > 2500).

See next section for more information.
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4.3 Fast Cyclic Voltammetry (FCV)

Supported instruments:

A PalmSens series
A EmStat4 LR and HR

4.3.1 Description

(See also previous section: Cyoliammetry)

In CyclicVoltammetry a cyclic potential scan is performed between two vertex potentials E

verteXd and #ertex2. The scaranstart (Ebegin at one of these vertex potestialanywhere
in between.

A CV becomes a Fast CV if the scan rate in combination with E step results in a rate of over 2500

points / second (scan rate / E step > 2500).

Additional options for Fast CV compared to a normal CV include averaging multiple scans and
using equilibration scans. This technique can be particularly useful for very noisy

measurements. Of course, it would be preferable to eliminate noise at tfisssource

Auto-ranging cannot be used at these high speeds, so only one current range can be selected.

averaging scan 1 ‘ averaging scan 2 ;
! scan 1.1 scan 1.2 scan 1.3 : scan 2.1 scan 2.2 scan 2.3
- - pw————————— PP

t
output current
scan 1 scan 2
-t - >
avg(B,C,D) avg(E,EG)
avg(A,B,C) avg(D,EF)

Figure/8 FasCyclic Voltammetwyi t h on scansdd=2 and on

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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4.3.2 Technique specific parameters

E start The potential where the scan starts and stops at.
E vertexl The first potential where the scan direction reverses.
E vertex2 Thesecond potential where the scan direction reverses.

The applicable potential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4 \Vto +4 V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to %2
See also sectibimitations and extra options for EmStabRipagel09

E step The potential step size.
The applicable step range for each instrument is:

PalmSensl1 and 2 1 mV to 25V

PalmSens3 0.15 mV to 26V

PalmSens4 0.075 mV to 250V

EmStatl and 2 0.1 mV to 250V

EmStat3(+) 0.125 mV to 261/

EmStat4 LR 0.1 mV to 2508V

EmStat4 HR 0.183 mV to 260/

EmStat Pico High Speed mode: 0.395 mV ta250

Low Speed mode: 0.537ton250mV
Scan rate The applied scan rate, also called sweep rate or sweep speed.
applicable range depends on the value of E step.

The maximum scan rates for each instrument are:

PalmSens1 and 2 25 V/s (5 mV step)
PalmSens3 500 V/s (5 mstep)
PalmSens4 500 V/s (10 mV step)

Number of scan: The number of repetitions for this scan.
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n averaged The number of scans repetitions for averdgimg. c as e o N

scans scans(d is set to a valwue of
of an average of multiple scans, where the number of scans av
specified with this value.

n equil. scans  The number of equilibration scans. During these scans, no date
recorded.

Additional options can be enabled using—lebutton. See for more information the
applicable subections in sectidleasurementsn page5

As in CV, by default, the result shown is a graph of Current versus Potential. Successive cycles
will be displayed in different colors.

4.4 AC Voltammetry (AD

Supported instruments:

A PalmSens series
A EmStat4 LR and HR

4.4.1 Description

In ACVoltammetry a potential scan is made with a superimposed sindigvavesa
relativdy small amplitude (normally 50 mV) and a frequency af 2000 Hz.

TheACsignal superimposed on th&€potential results in aCresponsdi ac rms). The
resulting AC response is plotted against the potential.

----------------------- Eend
E.S‘t@p
4
E T
Ebegin .
; : -—
tequilibmtionf s '
: interval
Estart tend
% Current sampling window
Estep

tinterval = —t
/\/\/ Applied potential scan rate

FigureZ9 Potentiaversus timauringACVoltammetry
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See sectioftandard Measurement Sequemcpaged2for information about pretreatment

and post measurement settings.

4.4.2 Technique specific parameters

64

E begin The potential where the measurement starts at.
E end The potential where the measurement stops at.
The applicable potential range of each instrument is:
PalmSensland2 -2Vto+2V
PalmSens3 -5Vto+5V
PalmSens4 -10Vto+10V
EmsStat4 LR -3Vto+3V
EmsStat4 HR -6Vto+6V
Estep The step potential size.
The applicable step range for each instrument is:
PalmSens1 and 2 1 mV to 25V
PalmSens3 0.15 mV to 26V
PalmSens4 0.075 mV to 250V
EmStatl and 2 0.1 mV to 250V
EmStat3(+) 0.125 mV to 260/
EmStat4 LR 0.1 m\fo 250mV
EmStat4 HR 0.183 mV to 260/
EmStat Pico High Speed mode: 0.395 mV ta250
Low Speed mode: 0.537 mV ton250
E ac The RMS amplitude of the applied sine wave.
Applicable amplitude rangenV to 250 mV/
Frequency The frequency of tlagplied ac signal.

The applicable frequency range for each instrument is:

PalmSens1 and 2 0.12 Hz to 25
PalmSens3 1 Hz to 2008z
PalmSens4 1 Hz to 2008z
EmStat4 LR and HR 10 mHz to S¢Hz
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Scan rate The applied scan radtso called sweep rate or sweep speed. The
applicable range depends on the value of E step.

The applicable scan rates for each instrument are:

PalmSens1 and 2 1 mV/s (1 mV step) to 25 mV/s (5 mV step

PalmSens3 0.2 mV/s (1 mV step) to 50 mV/s (Stepy

PalmSens4 0.2 mV/s (1 mV step) to 1 V/s (250 mV ste

EmStat4 LR and HR 0.2 mV/s (1 mV step) to 1 V/s (250 mV ste
MeasureDC When checked, the direct current (DC) will be measured sepatr:
current and added to the plot asaaiditional curve.

Additional options can be enabled using—lebutton. See for more information the
applicable subections in sectidleasurementsn page2s

4.5 Differential Pulse Voltammetry (DPV)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

4.5.1 Description

In Differential Pulse Voltamme#rypotential scan is made using pulses with a constant
amplitude of Rulse superimposed on themtental. The amplitude is mostly in the range
of 51 50 mV.
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4.5.2

66

tequilibmtion tinterval

—D‘-t .
Estart Lend
Estep
—= Current sampling window Linterval = .
scan rate
—— Applied potential

Imeasured = 12 = 11

FigureB0 Potentiaversus timauring Differential Pulse Voltammetry

The interval time between the pulsesiseqgiiatepd] / oscan r at e(

The current is sampled twice in each stefinajast before applying the pulse andtione
at the end of the pulse. The differ&eteeerthese two current samples is plotted versus the
potential.

The obtained current is proportional to the derivative of the curve obtainédazsiieep
or Normal Fulse Voltammetry. A DPV thus has a-phaked curve. The peak height is
(normally) proportional to the concentration in the sol@®aware that the peak is not the
redox potential!

%

q

% %

Measuring

As ilNormal Pulse VoltammetkP{ the diffusion layer thickness increases with pulse time,
thusthe current will be lower when the pulse time is increased. Hosleaepulse time will
result in an increased capacitive current and therefore give a higlmedndmseline.

In trace analysisis important to apply pulses with optimal pulse times. In, femegimal
value must be found by varying the pulse time.

See sectioftandard Measurement Sequemcpage32for information about pretreatment
and post measurement settings.
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Current/pA

T T T T
-1.0 -0.8 -0.6 -04 -02 0.0

Potential/V

FigureB1 Typical DPV plot

4.5.3 Technique specific parameters
E begin The potential where theeasurement starts at.
E end The potential where the measurement stops at.

The applicable potential range of each instrument is:

PalmSensl1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10 Vto +10 V

EmStatl and 2 2Vito+2V

EmStat3 -3Mo +3V

EmStat3+ -4V to+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to ¥2
See also sectitimitations and extra options for EmStabRipagel 09
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E step The potential step size.

The applicable step range for each instrument is:

PalmSensl1 and 2

PalmSens3
PalmSens4

EmStatl and 2

EmStat3(+)

EmStat4 LR
EmStat4 HR
EmStat Pico

1 mV to 25aV
0.15 mV to 25V
0.075 mV to 250V
0.1 mV to 250V
0.125 mV to 261/
0.1 mV to 250V
0.183 mV to 260V

High Speed mode: 0.395 mV ta®50

Low Speed mode: 0.537ton250mV

Scan rate The applied scan rate, also called as sweep rate or sweep speec
maximum scan rate depends on the value of E step and t pulse.
The scan rate must be < (E step/ 2/t pulse).

ForPalmSensl1 and 2
In case the scan rate is so low that the time between two measured poi
longer than approx. 0.05 s, the measured data points are displayed dur
measurement. In other cases, the measurement /s completed before th
are shown.
The applicable scan rates for each instrument are:
PalmSens1 and 2 0.2 mV/s (0.1 mV step) to
50 mV/s (5 mV step)
PalmSens3 0.02 mV/s (0.15 mV step) to
25 V/s (0.25 V step)
PalmSens4 0.02 mV/s (0.07 mV step) to
25 V/s (0.25 V step)
EmStatl and 2 0.02 mV/s (0.1 mV step) to
5 V/s (5 mV step)
EmStat3 0.025 mV/s (0.125 mV step) to
5 V/s (5 mV step)
EmStat3+ 0.025 mV/s (0.125 mV step) to
5V/s (5 mV step)
EmStat4 LR 0.1 mV/s (0.1 mV step) to
1V/s (5 mV step)
EmStat4 HR 0.1 mV/s (0.183 mV step) to
1 V/s (5 mV step)
EmStat Pico 0.01 mV/s to MI's (10 mV step)
E pulse The pulse potential height.

The applicable pulse potential range for all instruments:

E pulse

1 mV to 25aV
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4.6.1
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t pulse The duration of the potential pulse. This duration needs to be set
than 0.5 * interval timdnere the interval time is equal to E step / St
rate.

The applicable pulse time range for each instrument is:

PalmSens1 and 2 l0mstols
PalmSens3 0.2mstols
PalmSens4 04mstols
EmStatl, 2and 3(+) 5mstols
EmStat4 LR and HR 0.4 mstd®.3 s
EmStat Pico 2msto0.3s

Additional options can be enabled using=—lebutton. See for more information the
applicable subections in sectidleasurementsn page2s

Square Wave Voltammetry (SWV)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

Description
Square wawoltammetry is in fact a special version of DPV.

DPV is SWV whenilse is equad interval/2 (see DPV). The interval time is the inverse of the
frequencyfteq): tinterval = Afreq. As in DP¥e pulse amplitude is also normally in the
range of 525 or 50 mV.
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4.6.2

70

tfwd trev
""" Eena
E .....................
Eampiftude
Ebegm:------------- bl SRR R -t
: : Estep irey
tequiﬁbmti(m
tinterval °
: '
Estart t tend
. . — 1
— Current sampling window freq =
interval

— Applied potential
Imeasured = Ifivd - lrev

FigureB2 Potentiaversus timauring Square Wave Voltammetry

Measuring

In trace analysisis important to apply a frequency with optimal values. As in DPV the optimal
value must be found by varying the frequency.

SWV is sometimes used to measure the reaction rate of the electrode reaction., én this case
plot of the currents observed in the positive potential ytdetsed next to the currents
measured in the negative potential pulses (forward and reverse currents).

The shape of these curves shows how reversible or how fast the electrode reaction is.

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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CurrentipA

-10 —dﬂ —D‘E —0‘4 VDIZ 00
PotentiallV

Figure83 Typical SWV plot

4.6.3 Technique specific parameters

E begin Potential where scan starts.
E end Potential where measurement stops.

The applicable potential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10 Vto +10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4V to +4 V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to %2
See also sectibimitations and extra options for EmStabRipagel09
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4.7

4.7.1

72

E step Step potential
Theapplicable step range for each instrument is:

PalmSensl1 and 2 1 mV to 25V

PalmSens3 0.15 mV to 250V

PalmSens4 0.075 mV to 250V

EmStatl and 2 0.1 mV to 256V

EmStat3(+) 0.125 mV to 260/

EmStat4 LR 0.1 mV to 2506V

EmStat4 HR 0.183 mV @260mV

EmStat Pico High Speed mode: 0.395 mV ta250

Low Speed mode: 0.537 mV tor®50
Amplitude The amplitude of the square wave pulse.
Values are half petakpeak.

The amplitude range for all instruméhismV to 250 mV
Frequency The frequency of the square wave.

The applicable frequency range of each instrument is:

PalmSens1 and 2 1 Hz to 408iz
PalmSens3 1 Hz to 125z
PalmSens4 1 Hz to 125z
EmStatl, 2 and 3(+) 1 Hzto 508z
EmStat4 LR and HR 1 Hz to 2508z
EmStat Pico 1 Hz to 5081z

Measure i If this option is enabled the plot will show two separate curves f
forward/reverse measured forward and reverse current.

Notsupported by PalmSens1 and PalmSensZ.

Additional options can be enabled using—lebutton. See for more information the
applicable subections in sectidleasurementsn page2s

Normal Pulse Voltammetry (NPV)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

Description

In Normal Pulse Voltammetry (NPV) a potential scan is conducted in pulses by consistently
increasing the pulse amplitutdith Normal Pulse Voltammetry the influence of diffusion
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limitation on yourk curve (Cottrel behavior) is remoM&Y/ is normally more sensitive than
LSV, since the diffusion layer thickness will be smaller, resulting in a higher faradaic current.

tpulse [ AT Eena
Estep I
E T
E begin;---------- : :
tequilibmtion§ tinterval
: e :
Lstart t tend
Current sampling window ¢ _ ESteP
—— Applied potential interval ™ =< on rate

FigureB4 Potentiaversus timauringNormal Pulse Voltammetry

At the first potential steghe pulse is equaldgEsteJjat next twice the valdsteJuntil the
end where the pulsettbegirtt n Estegdp equal t&EendJwhere

n = (Eendn Ebegin)/ Estep.
The pulse timeptilse is specified by the user but must not exceed imaéfrifad time.
So, the pulse <=dfep /(scan rate 2).

4.7.2 Measuring

Since the diffusion layer thickness increases with tissmptecturrent will be lower when
the pulse time is increased. However, a short pulse time will result in an increased capacitive
current and therefore give a higher {loear) baseline.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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FigureB5 Typical NPV plot

4.7.3 Technique specific parameters

74

E begin The potential where the measurement starts at.
E end The potential where the measurement stops at.

The applicable potential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4Vto+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6 Vto +&

EmStat Pico High Speed modet.7 V to 42

Low Speed modd:.25 V to %2
See also sectibimitations and extra options for EmStabRipagel09
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E step The potential step size.
The applicable step range for each instrument is:

PalmSens1 and 2 1 mV to 25V

PalmSens3 0.15 mV to 25V
PalmSens4 0.075 mV ta50mV
EmStatl and 2 0.1 mV to 250V
EmStat3(+) 0.125 mV to 260/
EmStat4 LR 0.1 mV to 256V
EmStat4 HR 0.183 mV to 260/
EmStat Pico High Speed mode: 0.395 mV ta/®50
Low Speed mode: 0.537 mV tor®50
t pulse The duration of thgotential pulse. This duration needs to be set

shorter than 0.5 * interval time where the interval time is equal 1
step / Scan rate.

The applicable pulse time range for each instrument is:

PalmSens1 and 2 10mstols
PalmSens3 0.2mstols
PalmSens4 04mstols
EmStatl, 2 and 3(+) Smstols
EmStat4 LRand HR 0.4 msto0.3s
EmStat Pico 2msto0.3s
Scan rate The applied scan rate. The maximum scan rate depends on the

E step and t pulse.
The scan rate must be < (E step / 2/ t pulse).

For PalmSensZ2:

In case the scan rate is so low that the time between two measured p
longer than approx. 0.05 s, the measured data points are displayed d.
measurement. In other cases, the measurement is completed before .
points are shown.

4.8 Chronoamperometry (CA)

Also known as AmperomebDitection, or Potentiostatic Step.
Supported instruments:

A PalmSens series
A EmStat series
A Sensit series
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4.8.1 Description

The simplest, but widely used measurement technigGarda@mperometry (or
AmperometricDetectio. Many sensors, like those for glucosexygen, require this
techniqueThe instrumerdpplies a constant pGtential (E dc) and the current is measured
with constant interval times. The result is displayed in real time.

. Linterval .
E -
2
tequf[ibration tf"un
: —_— :
Lstart t tend

— Current sampling window
—— Applied potential

FigureB6 Potentiaversus timauringChronoamperometry

4.8.2 Measuring

Chronoamperometry is widely utilized in many applications, including highly sensitive

el ectrochemical sensors (e.g., glucose biose
resistance, as well as basic electrochemistry applications like stottyidg kinetics and

reaction mechanisms, and electrodeposition processes for precise coating control in
industries such as electronics, automotive, and aerospace.

The technique is also applied when electrochemical detection is used with a flow cell or flow
injection cell (FIA)Vhile batch measurements result in current levels, which depend on the
concentration, a FIA setup shows peaks in the current.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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Current/nA
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Figure87 TypicaCAcurve obtained using capillary electrophoresis

4.8.3 Technique specific parameters

E dc The potential applied during the measurement.
The applicable potential range of each instrument is:

PalmSensl1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10 \fo +10 V

EmsStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4V to +4 V

EmStat4 LR -:3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to %2
See also sectibimitations and extra options for EmStabRipagel 09

t interval The time between two curreamples.
The applicable time interval range of each instrument is:

PalmSensl and 2 1 ms to 308
PalmSens3 0.2 ms to 309
PalmSens4 0.4 ms to 308
EmsStatl, 2 and 3(+) 1 ms to 308
EmStat4 LR and HR 0.4 ms to 308
EmStat Pico 1 ms to 308
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trun The total run time of the measurement.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

Additional options can be enabled using—lebutton. See for more information the
applicable subections in sectidleasurementsn page5

If you need to run faster steps use Fast Amperometry (FAM) instead. iSexecidatast
Amperometry (FAMN page32

4.9 Zero Resistance Amperometry (ZRA)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

Use the technique Chronoamperometry in our software to
perform ZRA measurements.

4.9.1 Description

All our potentiostats can be used as a Zero Resistance Ammeter (ZRA). A ZRA measures the
current flowing through it without adding any resistance or polarization. This means the
current is measured without the ZRA influencing the current.

4.9.2 Setup
If a potentiostat is used as a ZRA, in most setups it needs to be floating (Galvanically Isolated).
The potentiostatds ground cabl e, is used for
additionally elsewhere the current could flow through tivaat@mn instead of the required
path.

There are two options for a setup with a floating potentiostat.

1. Using Bluetooth and battery for communication and power. This means the
potentiostat has no connection to ground.

2. Using a galvanic isolation dongle, which is inserted between the USB port of the
computer and the potentiostat, makes the potentiostat float. This way you have a
USB connection for communication and power, but no ground connection.
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4.9.4
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Connections

o The reference electrode (blue) and counter electrode (black)
connections of the potentiostat need to be shartuited and
left disconnected to anything else.

The current flows through the working electrode (red) and the ground (green). The Working
Electrode is connected to théput of the current follower and the + input is connected to
Ground. The voltage difference between the Working Electrode andsgzetm@nd the

current will be measured. See the following picture for a schematic representation.

current —p J l ' —
L + 7

Figure88 Electrode connections for a ZRA measurement

Make sure that the currenill not exceed the specification of
your instrument model to avoid any damage. There will be no
automatic interruption for current overload in this mbde

Recording ZRA currents

If you just want to see the current without recording, it is sufficient to go to the Manual Control
tab and switch on the Cell.

If you want to record the values, you can start a Chronoamperometry measurement. The
applied potential doesn't matter, because the reference and counter electrode of the ZRA is
not part of the measured circuit.
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4.10 MultiSep Amperometry(MA)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

4.10.1 Description

Multistepamperometngsimply allows the user to specify the number of potential steps they
want to apply and how long each step shouldE@sh step works exactly as a
Chronoamperometry stephe current isontinuously sampledith the specified interval

time. A whole cycle of steps can be repestestalimes.

RLLL Eend

h d . v
-

it tz t3)

;ﬂ—b
tequilibmtion e

.
—

cyclel * cycle2 ' cycle 3

—

: t hH
Cstart tend

— Current sampling window
—— Applied potential

FigureB9 Potentiaversus timauring Multistep Amperometry

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

4.10.2 Cottrell plot

Aplotofivs:#%a. i s often referred to as the PCottrel
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For more information see sectioottrell plobn pagel82

4.10.3 Technique specific parameters

t interval The time between two current samples.
The applicable time interval range of each instrument is:

PalmSensl and 2 1 ms to 308
PalmSens3 0.2 ms to 309
PalmSens4 0.4 ms to 308
EmStatl, 2 and 3(+) 1 msto 308
EmStat4 LR and HR 0.4 ms to 306

EmStat Pico 1 ms to 309
Cycles The number of cycles (repetitions).
Levels The number of potentials to apply witlkiycke.

Switching between levels adds an overhead time.
The average overhead time for each instrument is:

PalmSensl and 2 ~80 mg
PalmSens3 ~80 mg
PalmSens4 ~80 m¢
EmStatl, 2 and 3(+) ~80ms
EmStat4 LR and HR ~1ms
EmStat Pico ~1ms

* Other running processes in Windows and
periodically saving to the recovery file (in
case this setting is enabled) may add
significantly to the overhead time
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E level [n] The potential level at which the current is recorded.
The applicableotential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4V to+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStaPico High Speed modet.7 V to 42

Low Speed modd:..25 V to ¥2
See also sectibimitations and extra options for EmStabRipagel 09

t [n] The duration of the applied potential.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

Additional options can be enabled usin;—heutton:

Use limits for Adds additional fields to each E level block for proceeding to th
each level level if a specified current is reached.

Selectforwhich Addsaddi ti onal oRecordd checkb
levelstorecord o Recor dd checkbox is not <che
data applied for the given time, without recording the current.

Use triggers Adds additional digital trigger settings to each E level block. Se
more information section Digital triggers.

If you need tperform actions which require mooenpleity, you can utilize Scripting

See also sectidbcriptingpn page243

4.11 Fast Amperometry (FAM)

Supported instruments:

A PalmSens series
A EmStat4 LR and HR

4.11.1 Description

Fast amperometry is a forroperometridetection(Chronoamperometry) bwith very
high sampling rates or respectively very short interval times.
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Figure90 Potentiaversus timauringFast Amperometry

Please note that if you combine two or more FAM steps in a row
using MethodSCRIPT, there will be an overhead time of
approximately ~1 ms between them.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

4.11.2 Technique specific parameters

E equilibration  Equilibration potential at which the measurement starts.

E dc Potential of the pulddote that this value is not relative to E
equilibration, given above.
The current is continuously sampled during this stage.

The applicable potential range for PalmSens series is:

PalmSens1 and 2 -2Vito +¥

PalmSens3 -5V to +9
PalmSens4 -10 \fo +10/
t run Total run time of the measurement.

Applicable run time: 1 msto 30 s
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t interval The time between two current samples.

Minimum interval times:

PalmSens1 and 2 0.25 ms
PalmSens3 0.01 ms
PalmSens4 0.02 ms

EmStat4 LR and HR 0.001 ms

4.12 Pulsed AmperomatrDetection(PAD)

Also known as Pulsed Amperometry
Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

4.12.1 Description

With Pulsed Amperometric Detection a series of pulses (pulse profile) is periodically repeated.
Pulseddmperometridetection can be used when higher sensitivity is required. Using pulses
instead of constant potential might result in higheaifacadrents. PAD is also used when the
electrode surface has to be regenerated continuously, for insteameve adsorbents from

the electrode surface.

tpulse
-~
Ipul
Epulse ------- puise
E T
Edc ....................
: Idc
tequih'bmti(m tinterval .
-—
trun
: —_— ;
Estart t tend

— Current sampling window
—— Applied potential

Figure9d1 Potentiaversus timauring Pulsed Amperometric Detection

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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4.12.2 Technique specific parameters

E dc The dc or base potential.
The applicable potential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto +10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vio+3V

EmStat3+ -4V io+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to ¥2
See also sectibimitations and extogptions for EmStat Pimo pagel 09

E pulse Potential in pulsiote that this value is not relative to E dc, give
above.

The applicable pulse potential range of each instrument is:

PalmSens1 and 2 2Vto+2V

PalmSens3 -5Vto+5V
PalmSens4 -10Vto +10V
EmStat2 2Vto+2V
EmStat3 -3Vto+3V
EmStat3+ -4V to+4V

t pulse The pulse time.

The applicable pulse time range for each instrument is:

PalmSensl and 2 l0mstols
PalmSens3 0.2mstols
PalmSens4 04mstols
EmStatl, 2 and 3(+) S5mstols
EmStat4 LR and HR 0.4msto0.3s

EmStat Pico 2mst00.3s
Mode DC: i(dc) measurement is performed at
potential E dc
pulse: i(pulse) measurement is performed

potential E pulse

differential: i(dif) measurement is i(pulsé(dc)
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t run Total run time of thmeasurement.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

t interval The time between two current samples.

Additional options can be enabled using—lebutton. See for more information the
applicable subections in sectideasurementsn page5

4.13 Multiple Pulse Amperometry (MPAD)

Supported instruments:

A PalmSens series
A EmStat, 2 and 3(+)

4.13.1 Description

86

The Multiple Pulse Amperometry (MPAD) technigue involves applying a series of voltage pulses
to an electrode immersed in a sample solution, and the resulting current of one of the pulses is
measured.

This technique can be used when higher sensitivity is required. Using pulses instead of constant
potential might result in higher faradaic currents. MPAD is used when the electrode surface
must be regenerated continuously, for instance, to remove ads@ntr@nthe electrode

surface. Some examples include detection and quantification of specific analytes, particularly
in liquid chromatography and fimjection analysis.

Advantages of MPAD include its ability to reduce background noise and interference, making
it especially useful for detecting triesel analytes in complex sample matrices. Additionally,

the choice of potential levels and pulse durations can be opfimizeekcific analytes,
enhancing the method's sensitivity and selectivity. MPAD is commonly employed in techniques
like highperformance liquid chromatography (HPLC) and capillary electrophoresis (CE) for the
detection of a wide range of analytes, inglypdiarmaceuticals, environmental contaminants,

and biomolecules.
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Figure92 Potentiaversus timauring Multiple Pulse Amperometry

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

4.13.2 Technique specific parameters

El(measure) The first potential level in which the current is recorded
E2 The second applied potential level
E3 The third applied potential level

The applicable potential range of each instrument is:

PalmSens1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4Vto+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to A2

Low Speed modd:.25 V to %2
See also sectibimitations and extra options for EmStabRipagel 09

t1 The duration of the first applied potential
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t2 The duration of the second applied potential
t3 The duration of thtaird applied potential

Valuestl, t2 andt3canbe 0.1to 2 s
t run Total run time of the measurement.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

4.14 Open Circuit Potentiometry (OCP)

Supported instruments:

A PalmSens series
A EmStat series
A Sensit series

4.14.1 Description

For Open Circuit Potentiometry there is no polarization, anddakéeddOpen Circuit
Potential (OCP) is measured and recorded with constant interval times. Theumgutifis a
Potential versus Time, displayed in real time. The OCP is also called Open Circuit Voltage (OCV).

In corrosion, it is referred to as the "Corrosion Potential" (Ecorr), but in this context, it
specifically denotes the potential of a metal or electrode when exposed to a corrosive
environment.

If you just want to see the OCP value without recording a curve, the information is available in
the status bar.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

4.14.2 Technique specific parameters

t run Total run time of the measurement.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

t interval The time between two potential samples.

The applicable time interval range of each instrument is:

PalmSens1 and 2 1 ms to 308
PalmSens3 0.2 ms to 309
PalmSens4 0.4 ms to 308
EmStatl, 2 and 3(+) 1 msto 308®
EmStat4 LR and HR 0.4 ms to 306
EmStat Pico 1 ms to 308
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Additional options can be enabled using=—lebutton. See for more information the
applicable subections in sectideasurementsn page2s

4.15 Chronomtentiometry(CP)

Supported instruments:

A PalmSens series
A EmStat4 LR and HR

4.15.1 Description

Chronopotentiometry (CPalso called Galvanostatic Stepn electrochemical technique

that requires a galvanostat instead of a potentittsgtsupported by many PalmSens
instruments. In this method, a constant current is applied, and the resulting potential (voltage)
is continuouslyrecordedover timein a definite time intervalhis technique is particularly

useful for studying electrochemical reactions, kinetics, and processes tstdadysiate
conditions, offering valuable insights into how the electrode potential evolves in response to
the appkd current. It serves as a fundamental tool in various electrochemical investigations
and analyses.

This techniquisa valuable tool in situations wheékferenceHectrode(RE)s not available.

When combined with kmownelectrode surface aragapffers a reliable and reproducible
alternativefor quantitative and comparative electrochemical stligliability to maintain a
constant current density, even with changes in the system's resistance, allows for highly
reproducible experiments, ensuring precise control over current conditions and minimizing
the impact of resistance variations. This deaakes it particularly valuable for quantitative
analyses, such as determining reaction rate constants and charge transfer coefficients.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.
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Figure93 Currentversus timauring duringChronopotentiometry

4.15.2 Technique specific parameters

i applied The current to apply. The unit of the value is the selected curre
range, so if 10 uA is selected and 1.5 is given as a value, the a

current will be 15 uA.

The applicable applied currents for each instrument are:

Applied
PalmSens2 -2t02*CR
PalmSens3 -3to 3*CR
PalmSens4 -6t06*CR
EmStat4 LR -3to 3€R
EmStat4 HR -3to 3*CR
trun Total run time of the measurement.

RuntimeRange

90

Available Ranges (CR)
1 pAto 10 mA

1pAto 10 mA
1 nAto 10 mA
10 nA, 1 pA, 100 pA, 10 mA

1 pA, 100 pA, 10 mA and 10
mA
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t interval The time between two potential samples.

The applicable time interval range ofieattument is:

PalmSensl and 2 1 ms to 308
PalmSens3 0.2 ms to 309
PalmSens4 0.4 ms to 308
EmStatl, 2 and 3(+) 1 msto 308
EmStat4 LR and HR 0.4 ms to 306
EmStat Pico 1 ms to 308

4.16 Linear Sweep Potentiometry (LSP)

Supported instruments:

A PalmSens4
A EmStat4 LR and HR

4.16.1 Description

In Linear Sweep Potentiometry is very similar to Linear Sweep Voltammetry, but in this case, the
current is controlled, instead of the potentias also known as GalvanodynSeyic A

current scan is performed from the begin cur
i s not real ly l i near |, but smal | current ste
(sampled) during the last 25% interval period of each,stepn8mber of points in the curve

of the current versus potentiafiiend) i begin) / E step + 1.

The scan rate is specified in current per time (i.e. pA/s), which determines the time between
two steps and thus the sampling time. The in
is 0.005 mA and the scan rate 0.1 mA/s the intervaDtOBesis

4.16.2 Measuring

As other Galvanostatic tecnhiques, The LSP is particularly useful in systems where a Reference
Electrode is not possible, but the Electrochemical Surface Area is well &roovtrollad

current is applied to the electrotigs ensures a stable and consistent rate of reaction, which

is advantageous when dealing with complex orstapltielectrochemical reactions.
Galvanodynamic experiments also allow for the determination of rate constants and reaction
mechanisms directhoin the currentime data, falitating quantitative analysis. Moreover,

they are less susceptible to artifacts caused by-yebleharging effects and potential drift,

often encountered in potentiodynamic experiments.

In some applications, it is important that the potential does not get too high. This might ruin
the working electrode. If the current at which this will occur is not known, it is possible to
specify a maximum potential value at which the scan stogscaseththe end current
specified by the user may not be reached.

See for more information sectiwiential and current limais paget8.
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4.16.3 Technique specific parameters

92

' lend
Linterval
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istep
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Lstart tend
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scan rate

Figure94 Currentversus timauringlinear Sweepotentiometry

During the measurement, the curve is shown on the screetinrerdals possible to abort
the measurement, by pressing the abort button above the plot.

During a

measurement, the use
used again. This button is not available at higher scan rates.

of

t he oPaused

See sectioftandard Measurement Sequemcpaged2for information about pretreatment

and post measurement settings.

Applied current
range

i begin

i end

The applied current range. If a range of 10 uA is selected and 1
as an applied current value, the applied current will be 15 uA.

The applicable applied currents for each instrument are:

PalmSens2
PalmSens3
PalmSens4
EmStat4 LR
EmStat4 HR

Applied

-2t02*CR
-3to3*CR
-6to6*CR
-3to3*CR
-3to3*CR

Available Ranges (CR)

1 pAto 10 mA
1 pAto 10 mA
1nAto 10 mA

10 nA, 1 pA, 100 pA, 10 mA
1 pA, 100 pA, 10 mA and 10

mA

Current in the selected range where scan starts at.

Current in the selected range where scan stops at.
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i step The current step size.
The applicabl e mnsmumemtuisn oi st

PalmSens1 and 2 0.001 *CR

PalmSens3 0.00015 * CR
PalmSens4 0.000075 * CR
EmStat4 LR 0.0001 * CR
EmStat4 HR 0.000183 * CR
Scan rate The applied scan rate. The applicable range depends on the ve
step since the data acquisition rate is limited by the connected
instrument.

Additional options can be enabled using=—lebutton. See for more information the
applicable subections in sectidleasurementsn page2s

4.17 MultiSep Potentiometry(MP)

Supported instruments:

A PalmSens series
A EmStat4 LR and HR

4.17.1 Description

MultiSep Potentiometry simply allows the user to specify the number of current steps they
want to apply and how long each step should last. The potential respotinedasly
sampled with the specified interval.

A whole cycle of steps can be repeated several times.

(Note: if only one currestep is used, this technique is identicBbtentiometry which
providesa larger range of measurement rates.
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Figure95 Currentversus timauring Multistep Potentiometry

See sectioBtandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

4.17.2 Technique specific parameters

t interval The time between two potential samples.
The applicable time interval range of each instrument is:

PalmSensl and 2 1 ms to 308
PalmSens3 0.2 ms to 309
PalmSens4 0.4 ms to 308
EmStatl, 2 and 3(+) 1 msto 308
EmStat4 LR and HR 0.4 ms to 308
EmStat Pico 1 ms to 308

Cycles The number of repetitions.
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Levels The number of potentials to apply within a cycle.

The average overhead time for each instrument is:

PalmSens1 and 2 ~80 m¢
PalmSens3 ~80 m¢
PalmSens4 ~80 m¢

EmStatl, 2 and 3(+) ~80mg
EmStat4 LR and HR ~1ms
EmStat Pico ~1ms

l

* Other running processes in Windows and
periodically saving to the recovery file (in
case this setting is enabled) may add
significantly to the overhead time

i level [n] The current level at which the potentiatiwrded.
The applicable applied currents for each instrument are:

Applied Available Ranges (CR)

PalmSens2 -2t02*CR 1 pAto 10 mA
PalmSens3 -3to3*CR 1 pAto 10 mA
PalmSens4 -6t06*CR 1nAto10mA
EmStat4 LR -3to3*CR 10 nA, 1 p200 pA, 10 mA
EmStat4 HR -3to 3*CR 1 pA, 100 pA, 10 mA and 10
mA
t [n] The duration of the applied current.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

Additional options can be enabled usinC—hieutton:

Use limits for Adds additional fields to each i level block for proceeding to the
each level level if a specified potential is reached.

Select forwhich Addsaddi ti onal oRecordd checkb

levelstorecord o Recor dd checkbox is not <che
data for the given time, without recording the potential.
Use triggers Adds additional digital trigger settings to each i level block. See

more information section Digital triggers.
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Additional options can be enabled using=—lebutton. See for more information the
applicable subections in sectidvieasurementsn pagesb

4.18 StrippingChronopotentiometryfSCP)
Also known d3otentiometric Stripping AnalyBiSA)

Supported instruments:
A PalmSens series

4.18.1 Description
Chronopotentiometric Strippiray Stripping chronopotentiometig a sensitive analytical

technique.
The sequence of a stripping chronopotentiometry measurement:

Apply E condition, the conditioning potential, if t condition is not zero.

1.

2. Apply E deposition, the deposition potential, if t deposition is not zero.

3. Apply E deposition and wait t equilibration seconds.

4. If Stripping Current = 0 then the cell is switched off, otherwise, the specified constant
current is applied. The measurement with a rate of 40 kHz starts. The measurement
stops when either the measured pdtenti al

: measurement time .
Edep """""" ‘ ;
E T i H r' ‘. .«__11'_ ‘. ;
:_‘—-_é : ‘|‘ : ‘\‘ "/' E
Liep. i . M """""iEend
Lstart t tend
...... Applied potential

Measured potential at open circuit or at a constant applied current

---- Resulting dt/dE
Figure9dé Sripping chronopotentiometry (SCP)
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4.18.2 Measuring
The actual measurement can be done in two modes:

A Chemical stripping, using a chemical oxidant (or reductant)
A Using the instrument agalvanostat and applying a constant stripping current.

In both casethe potential versus time (E vs t) is measured. The resulting ecaleulated
to the inverse derivative, so dt/dE/if) vs E.

In case a component was deposited at the electrode surface, it requires current to oxidize or
reduce. The higher the amounthsfodbed component, the more electrical charge (time
integral of the currenit)requires, so the longer it takes to change the electrode potential.

The plot of dt/dE vs E therefore will show a peak the potential where the oxidation or reduction
occurs.

The direction of the stripping current depends on the end potential (E end) minus deposition
potential (E deposition). In case no deposition time was used, the sign is determined by the end
potential (E end).

4.18.3 Technique specific parameters
E end Potential where measurement stops.
The applicableotential range for PalmSens series is:

PalmSensl1 and 2 -2Vito+¥

PalmSens3 -5V to +%

PalmSens4 -10Vto +M\0
Stripping If specified as 0, the method is called chemical stripping otherw
Current constant current stripping.

Thedirection of the stripping current is determined by E end mir
deposition.

The applicable stripping current and potential range of each
instrument is:

PalmSens1 and 2 +0.00% A to+2 mA.

-2Vio+2 V.
PalmSens3 +0.00% A to+30 mA.

-5Vto+5 V.
PalmSens4 +1 nA to +30 mA.

-10Vto+10V

Measurement  The maximum measurement time. This value should always ex

time required measurement time. It only limits the time of the
measurement. When the potential response is erroneously and
not found within this time, the measurement is aborted.
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4.19 ChronocoulometryCQ

Supported instruments:

A PalmSefsand PalmSens4
A EmStat series
A Sensit series

4.19.1 Description

Chronoamperometry (CA) d&idonocoulometry (C@Gave the same potential waveform but
are used for different purpasesCA, the current is monitored as a function of time, whereas
in CC, the charge is monitored as a function ofTinsemeans that in essence, the
potentiostat performs the sarmagperimentas inCA keeping the potential constant and
registeringthe currentovertime. Howeverin CC, instead displaying the current, the
software displays thkargeversutime.The charge determinedy integrating the current

While the measured current in the CA shows a linear correlation with the reaction rate, the
charge measured in CC shows a linear correlation with the number of converted reactants. This
is described in Faraday's law. This makes CC useful during depsisitivachemical
synthesis. For the characterization of batteries and capacitors, CC is also helpful.

In analytical chemistry, CC is employed to determine the adsorbed number of active species in

a solution of freely diffusing active species. Multiplying the Cottrell equation by t yields that the
charge Q of the freel y tdnalftoftuThe tota chagealsoi e s 4 r
includes the contribution of the charge stored in the electrochemical double layer and the
charge due to reactions of adsorbed species. These two effects are a lot faster than the reaction

of free diffusing species. figt Q versus®*{Anson plot) delivers (ideally) a jump in charge

followed by a linear increase. When the linear part is extrapolated, the intersection with the
charge axis delivers the contribution of the double layer and adsorbed species. A previous
blank measuremeniatls the determination of the double layer contribution and thus the
calculation of the adsorbed species contribution.

To ensure that the charge step at the beginning is recorded, this measurement is conducted in
two stepsThe first step at a reactimee potential followed by the step where the reaction is
initiated, just like the classic Cottrell experiment.
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Figure97 Potentiaversus timauringChronocoulometry

See sectioftandard Measurement Sequemcpaged2for information about pretreatment

and post measurement settings.

4.19.2 Anson plot

For more information about the Anson plot, see sAason plobn pagel83

4.19.3 Technique specific parameters

t interval

The time between two current samples.

The applicable time interval range of each instrument is:

PalmSens1 and 2
PalmSens3
PalmSens4

EmStatl, 2 and 3(+)
EmStat4 LR and HR

EmStat Pico
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0.2 ms to 309
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100

Estepl Potential pplied during the first potential step.
Theapplicable potential range of each instrument is:
PalmSensl and 2 -2Vto+2V
PalmSens3 -S5Vto+5V
PalmSens4 -10Vto+10V
EmStatl and 2 2Vto+2V
EmStat3 -3Vto+3V
EmStat3+ -4V to+4V
EmStat4 LR -3Vto+3V
EmStat4 HR -6Vto+6V
EmStat Pico High Speed modet.7 V to 42
Low Speed modd:..25 V to ¥2
See also sectibimitations and extra options for EmStabRipagel 09
tl Duration of the first potential step.
The minimum and maximum duration of a measurement:
5 * interval time 9000,000 seconds (ca. 278 hours)
E step 2 Potential pplied during the second potential step.
The applicable potential range of each instrument is:
PalmSensl and 2 -2Vto+2V
PalmSens3 SVto+5V
PalmSens4 -10Vto+10V
EmsStatl and 2 -2Vtor2V
EmStat3 -3Vto+3V
EmStat3+ -4Vto+4V
EmStat4 LR -3Vto+3V
EmStat4 HR -6Vto+6V
EmStat Pico High Speed modet.7 V to 42
Low Speed modd:.25 V to %2
See also sectibimitations and extogptions for EmStat Pimo pagel 09
t2 Duration of theecondotential step.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

Additional options can be enabled using——lebutton. See for more information the

applicable subections in sectideasurementsn page5
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4.19.4 Overhead time between steps

The delay between the execution of the two potential steps varies, depending on the
instrument model. The following table gives an indication of the average overhead time for
each model.

The average overhead time for each instrument is:

PalmSens1 and 2 ~80 mg
PalmSens3 ~80 m¢
PalmSens4 ~80 m¢

EmStatl, 2 and 3(+) ~80mg
EmStat4 LR and HR ~1ms
EmStat Pico ~1ms

* Other running processes in Windows and periodically saving to
the recovery file (in case this setting is enabled) may add
significantly to the overhead time

4.20 Mixed Mode (MM)

Supported instruments:

A PalmSens series
A EmStat, 2 and 3(+) (limited)
A EmStatd4 LR and HR

4.20.1 Description

Mixed Mode is a flexible technique that allows for switching between potentiostatic,
galvanostatic, and open circuit measurements during a single run.

See sectioftandard Measurement Sequemcpaged2for information about pretreatment
and post measurement settings.

The Mixed Mode uses different stages similar to the levels during Multistep Amperometry or
Potentiometry, but each stage can be galvanostatic or potentiostatic independent of the
previous stage.

The available stage types@oastantEtonstanfiiSweepe®penCircu@nddmpedance]
Gweepthffers gotentiallinear sweeframp), so as a regular LSV Btepng an Impedance

stage the impedance is measured by applying a small AC potential superimposed with a DC
potential. This correspondaitdElS single frequerstgp (Scan type = Default, Frequency type

= Fixed).

Each stage can use t areferepae poini, forexammetorastard d]s pot e
current is applied for a fixed period and aftenivandached potential is kept constant for a
fixed period.
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Furthermore, each stage can end, because a fixed period has elapsed, or certain criteria are
met. Available criteriancludereaching a maximum current, minimum current, maximum
potentia] and minimum potential.

These modes are useful especially for esmrggrsion and storage research,biagtery,

solar cellor supercapacitors research. A classic test for bdttedk®s charging and
discharging them through multiple cyckesonstant current is applied, and the potential
change is recorded. If a certain potential is reached, the next stage is triggered, which is usually
applying the inverted constant current. This is repeated for multiple cycles. While this method
could beperformed with Multistep Potentiometry as soon as further steps arecidttioglu

Mixed Mode is necessary. For exatapletermine the capacity you would like to discharge

a battery, but you need to take care that th
charged. You can apply a constant current until a set potential is reathedelrgnation

potential After that, the termination potential is kept constant until a minimum current limit is
reached or the time has elapsed. Then this process is repeated with a negative current to
discharge the batterytilrm minimum potential is reached. Impedance steps can be inserted
between to determine the parameters called State of Charge (SoC) and State of Health (SoH)
of the battery.

L L

i—\ S B =
. E,

limit

limit

0_
llimit
E, / E
— limit
13
stage 1 stage 2 stage 3 stage 4 stage 1
cycle 1 cycle 2
t

Figure9d8 Scheme dhepotential and current profile during the atasgcribed example.
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— Mixed Mode Settings

tinterval s

Cycles

Stage 1: Constant | AV | | X
[ 1 applied < [100mA
==

|:| Proceed when E < 0.0

_ Proceed when E > v

Stage 2: Constant E A | ¥ X
E=

[] Evs previous E

[ Z]{Proceed when |1 < U

[] Proceed when [ 1] > 0.0

Stage 3: Constant | A | ¥ X
|- I applied < 100mA  ~

Figure99 Part of the Method needegbterformthe abovedescribed method

Another example is to study how well a supercapacitor stores charge. First, the capacitor is
charged with a fixedrrent followed by observing the OCP of the supercapacitor.

4.20.2 Technique specific parameters

t interval The time between two current samples.
The applicable time interval range of each instrument is:

PalmSensl and 2 1 ms to 308
PalmSens3 0.2 ms t800s
PalmSens4 0.4 ms to 308
EmsStatl, 2 and 3(+) 1 msto 308
EmStat4 LR and HR 0.4 ms to 306
EmStat Pico 1 ms to 308

Cycles The number of repetitions.
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4.20.3 Parameterdor Constant E stage

E dc Potential during measurement.
Theapplicable potential range of each instrument is:

PalmSensl1 and 2 -2Vto+2V

PalmSens3 -5Vto+5V

PalmSens4 -10Vto+10V

EmStatl and 2 2Vto+2V

EmStat3 -3Vto+3V

EmStat3+ -4V to+4V

EmStat4 LR -3Vto+3V

EmStat4 HR -6Vto+6V

EmStat Pico High Speed modet.7 V to 42

Low Speed modd:..25 V to %2
See also sectidimitations and extra options for EmStabRipagel 09

trun The run time of the stage.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,08tonds (ca. 278 hours)

4.20.4 Parameterdor Constant | stage

i applied The current to apply. The unit of the value is the selected currel
at the top. So if 10 uA is selected and 1.5 is given as a value, tf
current will be 15 uA.

Theapplicable applied currents for each instrument are:

Applied Available Ranges (CR)

PalmSens2 -2t02*CR 1 pAto 10 mA
PalmSens3 -3t03*CR 1 pAto 10 mA
PalmSens4 -6t06*CR 1nAto10 mA
EmStat4 LR -3to3*CR 10nA, 1 pA, 100 pA, 10 mA
EmStat4 HR -3to3*CR 1 pA, 100 pA, 10 mA and 10
mA
trun The run time of the stage.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)
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trun The run time of the stage.

The minimum and maximum duration of a measurement:
5 * interval time to 1,000,000 seconds (ca. 278 hours)

4.20.6 Parameterdor Sweep E stage

E begin Potential where scan starts.

E end Potential where measurement stops.
PotentialRanges

E step Step potential
StepRanges

Scan rate

The applied scan rate. The applicable range depends on the ve

step since the data acquisition rate is limited by the connected

instrument.

The applicable scan rates for each instrument are:

PalmSens1 and 2
PalmSens3
PalmSens4
EmStatl and 2
EmStat3(+)
EmStat4 LR
EmStat4 HR

EmStat Pico

4.20.7 Parameterdor EIS stage

1 mV/s (1 mV step) to
25 V/s (5 mtep)

0.02 mV/s (0.15 mV step) to
500 V/s (5 mV step)

0.02 mV/s (0.075 mV step) to
500 V/s (10 mV step)

0.02 mV/s (0.1 mV step) to
5 V/s (5 mV step)

0.025 mV/s (0.125 mV step) to
5 V/s (5 mV step)

0.01 mV/s (0.1 mV step) to
500 V/s (200 mV step)

0.01 mV/s (0.183 mV step) to
500 V/s (200 mV step)

0.01 mV/s to 10 V/s (10 mV step)

Frequency The applied frequency in Hz.
E dc The dgotential applied during the EIS scan.
E ac The amplitude of the E ac signal has a range of 0.0001 V to 0.z

(RMS). In many applications, a value of 0.010 V (RMS) is used
actual amplitude must be small enough to prevent a current res
with considerable higher harmonics of the appliezhiaericy.
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t run The total run time of a scan.

t. Min. sampling Each measurement point of the impedance spectrum is perforn
during the period specified
s amp | i mepdd that Thé number of measured sine waves i
to t Min sampling * frequency. If this value is less than 1 sine wi
sampling is extended to 1 / frequency. So, for a measurement ¢
frequency, at least one complete sine wave is measured.
Reasonable values for the sampling are in the range of 0.1 to 1

t. Max The impedance measurement requires a stationary state. This

equilibration that before the actual measurement starts, the sine wave is apf
durinegeagqati | Mbx ati ond only to
The maximum number of equilibration sine waves is however 5
minimum number of equilibration sines is set to 1, but for very I
frequencies, this time is |Ii
time to wait for a stationary state is determipéueebvalue of this
parameter. A reasonable value might be 5 seconds. In this cast
parameter is only relevant when the lowest frequency is less th.
so0 0.2 Hz.

4.20.8 Overhead time between steps

The delay between the execution of the two potential steps varies, depending on the
instrument model. The following table gives an indication of the average overhead time for
each model.

The average overhead time for each instrument is:

PalmSens1 and 2 ~80 mg
PalmSens3 ~80 m¢
PalmSens4 ~80 m¢

EmStatl, 2 and 3(+) ~80m$
EmStat4 LR and HR ~1ms
EmStat Pico ~1ms

* Other running processes in Windows and periodically saving to
the recovery file (in case this setting is enabled) may add
significantly to the overhead time
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4.21 MethodSCRIPT Sandbox

Supported instruments:

A EmStat4 LR and HR
A EmStat Pico
A Sensit series

o MethodSCRIPYis a scripting language designed for researchers
and developers.

4.21.1 Description

The MethodSCRIPT Sandbox allows you to write your own MethodSCRIPT and run them
conveniently in PSTrace.

The MethodSCRIPT language dtiopregranminga humasreadable script directly into the
potentiostat. The simple script language makes it easy to combine different measurements and
other tasks.

See for more information sectibethodSCRIPBNQ page259
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5.1.1

PSTrace Mans&imitations and extra options for EmStat Pico

Limitations and extra options for
EmStat Pico

The EmStat Pico module has some limitations for each technique which are explained in this
sectionThis section also applies to instruments based on the EmStat Pico like the Sensit Smart
and Sensit BT.

Figurel 00 Sensit Smart and Sensit BT based on EmStat Pico module

Figurel 01 EmStat Pico Development Board

EmStat Pico limitations for each mode
The EmStat Pico can be usgdifferent moded.ow SpeedHigh Speedr Max Range:

A Low Speed mode: for scan rates up to 1 V/s or a bandwidth of 100 Hz.

A High Speed mode: for high scan rates and frequencies.

A Max Range mode: a combination of the Low and High Speed modes for optimal
dynamic dgotential range

Each mode comes with distinct limitations regarding potential rangdefovimgtable
illustrates the applicable ranges for each mode, along witirtherformance differences
between them.
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Tabler

Full depotential range
Dynamic dc -potential range *
Compliance voltage
Maximum current

Max. acquisition rate
(datapoints/s)

Supports FRA/EIS

Applied depotential
resolution

Applied potential accuracy
Available current ranges

Current accuracy

Measured current resolution

Limitations for each EmStat Pico mode

Low Speed mode

-1.2t0+2V
22V

-2.0to +2.3%
+3 mA

100

NO
537 pv

<0.2%

100 nA, 2 UA,

4 UA, 8 UA,

16 uA, 32 UA,
63 UA, 125 uA,
250 uA, 500 uA,
1mA, 5mA

< 0.5% of current
+0.1% of range

0.006% of range
(5.5 pA on 100 nA
range)

High Speed mode Max Range

-1.7t0o+2V
12V

1000

YES
395 pv

<0.5%

100 nA, 1 uA,
6 UA, 13 UA,
25 UA, 50 UA,
100 uA,

200 UA, 1 mA,
5mA

< 1% of current
+0.1% of rande

mode
-1.7to+2V

26V

100

NO
932 pv

<0.5%

100 nA, 1 UA,

6 UA, 13 UA,

25 uA, 50 uA, 100
UA,

200 uAl mA, 5 m/

1The dynamic range is the range that can be covered during a single scan within the full potential

range. For example; a linear scan can sfiai ¥Wtand end at 1.1 V or vice versa, covering 2.6 V dynamic

range.

2The compliance voltage is the maximum potential between Working and Counter electrode and

depends on the selected mode.

3Channel 2 has an uncompensated series resistor (tymjcial 4dies with the WE2 signal. This
additional resistanoeust be taken into account.
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5.2.2

5.2.3
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Extra options for EmStat Pico and Sensit Series

If an EmStat Pico is connected additional functions bdsiige when expanding the
advanced options for a technique in the Method Editor

4 Qverride potentiostat mode
Potentiostat mode Low Speed w
Potentiostat channel Channel 0 R

4 Override E range

Min E range override

Max E range override

Figurel 02 Advanced options for EmStat Pico

Override potentiostat mode

By default, th®verridgpotentiostatmoded@ption is disabled, causing the potentiostat mode

to be automatically selected based on the predetermined parameters. While the automated
selection is generally efficient, there are instances where a manual override may be preferable.

An example of this scenario is when dealing with a cell that demands a higher compliance
voltage. In such cases, selectingdlax Rangeption manually proves to be the most

suitablei N combi nati on witilkethal aOverrcitdenE POarg e

Potentiostat channel

The EmStat Pico is equipped with two channels each with their own RE, CE and WE. Here you
can specify on which channel the measurement should be performed.

Please be aware that in Sensit BT SNS version and Sensit Smart, the Reference Electrode (RE)
and Counter Electrode (CE) of the second channel (Channel 1) are in an open circuit
configuration. Therefore, if you simply select this channel, you will teimays appen circuit

response.

Override E range

To achieve the desired potential between the Working Electrode (WE) and Reference Electrode
(RE), a potentiostat applies a potential between the WE and Counter Electrode (CE). This
potential is generally higher than the requested potential between thd REE dhe
maximum potential that the potentiostat can apply on the CE vs. WE is called the compliance
potential.

See also secti@ensit Smart and Sensit BT specificatiquesge344for a more detailed
overview of the limitations of the EmStat Pico concerning compliance potential.

On the EmStat Pico, the compliance potential range can be manually set by enabling the
'‘Override E range' option and configuring the values for ‘Min E range override' and '‘Max E range
override'. This specified potential range governs the potentials dppled the
measurement, directly influencing the available compliance potential. Typically, PSTrace
automatically selects the potential range based on the measurement potentials, which are
defined as WE vs. RE.
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An instance where this feature proves useful is when dealing with a cell that requires a higher
compliance voltage on the positive end. In automatic mode, there might be some compliance
range allocated for the lower potential end that goes unusedn@iMiett: range override'

and 'Max E range override' towards more positive potentials, the potentiostat can provide
additional potential compliance when required.

A way to verify that the compliance potenti
potential d in the Method Editor.

An alternative way to verify if the compliance potential is exceeded is to measure the CE lead
(black) versus the GND lead (green). If the potential reaches 2.8V vs GND, the lower (negative)
limit of the potential range should be extended. If the patsntizs 0.2V vs GND, the upper
(positive) limit of the potential range should be extended.
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PSTrace Manudlectrochemical Impedance Spectroscopy

Electrochemical Impedance
Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is an electrochemical technique to measure
the impedance of a system in dependence of the AC potentials frequency.

In classic Electrochemical Impedance Spectroscopy (EIS) measurements, they are typically
conducted ifipotentiostatic mode." In this mode, a sine wave is superimposed on the specified
DC potential, resulting in the equation E = Edc + Eac. This configuration produces a DC current
with an additional AC component, expressed as | = IdEreanmathese two waves the
potentiostat calculatéstal impedance, phase angles(), real impedanc&@andcomplex

/ imaginary impedanc&d|dIhe spectrum is made by measuring these parameters for
potential waves with different frequencies.

Indeed, the termispectroscopy" implies a frequency sweep, which is the most common
measurement. However, our instruments provide the flexibility to set the frequency and vary
other parameters, such as DC potential and time.

Alternatively, somaf ourinstrumens offer the option of EIS in galvanostatic mode (GEIS),
where the current is controlled while the potentials are measured.

An introduction can be found in for instance the textbook:

Electrochemical Methods: Fundamentals and Applicatities,by Allen J. Bard and Larry R.
Faulkner, ISBNB: 978471043720

Supported instruments:

A PalmSens3

A (MultiPalmSeds

A (MultifEmStat4eries

A EmStat Piand Sensit series

The EIS option is an optional feature, except for the Sensit Series. Please verify if it was included
in your purchase order.

Introduction

PSTragerovides different modes of EIS measurements:

a frequency scan at a fixegbatential (default EIS)

frequency scans at eackpat¢ential in a potential scan

frequency scans at specified time intervals (time scan)

asingle frequency applied at each dc potential in a potential sc&c(idibkty)
a repeated single frequency at specified time intervals

I I >
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For Galvanostatic EIS (GEIS) the modes are:

a frequency scan at a fixedulcent

frequency scans at each current in a current scan
frequency scans at specified time intervals (time scan)

a single frequency applied at each current in a current scan
a single frequency at specified time intervals

I

The measured data can be presented in different plot formats.

For fitting EIS data on an equivalent circuit, see &plivalent Circuit Fitting pagel35

The measurements yield the impedance defined)by Z4e() / lac(v).

The impedance is a complex number Z(s)nNZ @@ J)( wher e Zd i s the rea

imaginary part of the impedancesd 2 G f , where f is the appl
The phase shiftis defined as taf\=-Z 4] / zZ . ( NwWftom herewrgymalded not u.
The i mpedance data are often presented in th

the decimal logarithm of the magnitude of Z and phase shift versus the logarithm of the
frequency.

The magnitude Z is defined as

1ZF= t+42 @)

154

104

Z"kQ

Z'kQ

Figurel 03 Example of a Nyquist plot
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b
g 7]
g
2 TR
Frequency/Hz
Figurel 04 Example of a Bode plot
The inverse of the impedance is the admittan

Y = 1+/Z00and YWAG GANZ O (/ za ZJ

i mpedance measurements are

wher e

Somet i mes represe
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Frequency/Hz

Figurel 05 Example of an admittance plot
The example shown in the plots above represents a measurement of an ideal working electrode

at which a faradaic reaction occurs. The equivalent circuit for such a simple system is shown in
the figure below.

Cdl

Rct

Figurel 06 Equivalent circuit for a simplified Randles circuit

Where Ris the ohmic resistance of the electrolytic solutitim Capacitance of the double
layer of the working electrode anisfRe resistance due to the electron transfer of the faradic
reaction.

At high frequencies, the impedance is dominated by the valus@ZRRy, with a phase

shift of (.

At low frequencies the impedance of the double layer is so high that it can be neglected, so the
impedance is equal i@ RR and the phase shift is again 0

At intermediate frequencies the influence of the capacitance of the double layer (which has an
impedance of Z-3/ (WCy)) results in a phase shift antkasured impedance between the

two limits of Rand (R+ R).
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6.2 Setting up an impedance measurement

TheMeasurement tatbntains all the method parameters. The Notes textbox can be used to
describe the sensor used and sample that is measured.

With each change, the validation of the method is checked. Errors or incompatibilities are
shown instantly at the bottom of the measurement tab.

6.2.1 Current ranges
S
nA né& nA A A A mA
Figurel 07 Buttons for selecting the applicable current ranges

With the current range buttons at the top, the applicable current range(s) during the
measurement can be selected. If more than one button is selected (blue), the instrument will
select the most optimal curréFite highest current to be enabled is determined by the lowest
impedance value and equal to (lowest value) as well as the highest obtained value for the
dc-current. The lowest enabled current range is determined by the highest impedance to be
measured and equal to IHighest) and again tlmevest value to the -@tirrent.

So, i f the | owest i mpedance is in the order
i mpedance is in the order pAdrlOMhAevedhelass,| e curr
it's important to be aware that for high frequencies, the autoranging routines consider the
maximum bandwidth when determining how to establish optimal gain settings. This involves a
combination of switching to the optimal range and apalgaia of 10 or 100 on the active

current range. Consequently, if you configerpdtentiostat to operate with a lower Current

Range (CR), for instance, by deselecting the higher CR option, you may experience inaccuracies

in responses. The chosen CR might lack the necessary bandwidth to adequately sample certain
high frequencies.

In general, it is best to enable all current ranges for EIS. In a general way, for EIS experiments
the instruments can select the proper current range automatically withssiesnyNote

that maybe some ranges can be unavailable according to other measurements parameters
(mainly oMax. frequency(d and oE acAq).

For a typical Electrochemical Impedance Spectroscopy (EIS) measurement, which involves a
frequency scan starting from a high frequency (i.e., >1kHz), data collection is rapid, typically
taking only a few seconds for each frequency measurement. Iraifiis geepotentiostat

efficiently searches for a suitable range, starting from the highest one.

o An EIS measurement starts at the highest seleateeint range

It's worth noting that if you start with a low frequency (i.e., >1Hz), each measurement will take
longer, and the potentiostat may require additional time on the first point to select the proper
range. In such cases, situations where manual range salet@omore straightforward may

arise. Another example where the manual range may be suitable is a time scan at low
frequencies.
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6.2.2

6.2.3

6.2.4
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Auto current ranging in Galvanostatic EIS

Since the current follower is in ¢batrolled loop, current range switching is not possible
while measuring. Auto current ranging is therefore not supported in galvanostatic mode.

Pretreatment settings
Pretreatment is always done in potentiostatic mode, also for Galvanostatic EIS.

Before a measurement starts, the working electrode or sensor can be pretreated according to
the specified values for E conditionl and 2 and related times.

Each time a new-gdotential is applied, the equilibration time is used before the impedance
measurements start.

Frequency scasettings

A frequency scan starts atdh®l drequencygind ends ar¥ M ifrequency The frequency
distribution can be logarithmic, linear or custom. If frequency distribution is logarithmic, a fixed
number of frequencies per decade are appliptallyElS experimerngmcompass a broad

range of frequencies, spanning from kilohertz to millihertz. Consequently, the use of
logarithmic frequency distribution is more suitable, and a common practeet i to
frequencies per decade (order of magnitlae)instace, in a scan ranging from 10 kHz to

100 Hz, the total number of frequencies will be 2 decades ti#iesrdg€ulting in 21
frequencies The actual applied number of frequencies can be entered or the number of
frequencies per decade.

n frequencies = / dec.
Max. frequency 10000.0 Hz
Min. frequency 100.0 Hz

Figurel 08 Parameters for defining the frequency scan in the Method Editor
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Edit applied frequencies n

Max. frequency Hz
Min. frequency Hz
Logarithmic Linear | Custom

n frequencies = [/ decade

Generate list

. Double click on the cells to edit frequencies

Index Frequency (Hz) -~ Saved frequency lists
2 7943
3 6310
4 5012
5 3981
6 3162
<<+ Load selected Delete
7 2512
8 1995
v | |
= T ) Cancel

FigurelO9&di t appl i ed fFrequenci esd window

The list of frequenciisshown by clicking thidit®utton in the method editor. It opens a
dialog which allows the user to choose a mode (Logarithmjor louesaiom) to generate the
frequency listAny edits made to the frequency list turns it into a custom list which is written

back to the method. The modified list can also be saved in the application settings to be used
later if needed.

6.3 Parameterfor EIS

Scan type Default this is the setting for the regular EIS experifientle
potentiallb E dc d wi | | remain fixed
E dcscan multiple measurements will be conducted with differer
potential levels, starting from 'E begin' and ending at 'E end' in
increments determined by the 'E step'. At eapbtdatial level, a
single fixed frequency is applied, or a frequency scda,is ma
according to the set oFreque
Timescan repeated measurements
conducted and recorded versus time.
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6.3.1.1 Parameters for Scan typg& dcscan

E begin The depotential at which the measurement starts.

The applicable potential range for each instrument is:

PalmSens3 -5Vto+5V
PalmSens4 -10Vto +10V
EmStat4 LR -3Vto+3V
EmStat4 HR -6Vto+6V
EmStat Pico -1.25Vto+2V
See also sectidrimitations and extra options for EmStabRipage
109
E step The potential step si&ets the increment to be used betwe

OE begind and oE endAq.

The applicable step range for each instrument is:

PalmSens3 0.15 mV to 250 mV
PalmSens4 0.075 mV to 250 mV
EmStat4 LR 0.1 mV to 250 mV
EmStat4 HR 0.183 mV to 250 mV
EmStat Pico 0.537 mt6 250 mV
E end The potential at which the scan ends. The applicable ran¢

same as OE begi n(Q

6.3.1.2 Parameters for Scan type = Time scan

t run The total run time of a scan.

Run time for each instrument: <1 s to 1,000,000 s

t interval The minimum interval time between each data point
(Frequency type=Fixed) or between each frequency scan
(Frequency type=Scan). We recommend a time higher th
required time to measure the data point or perform the
frequency scan + overhead time. \iVhif@ossible to use a
shorter time, doing so may lead to incorrect impedance
calculations.

6.3.1.3 Parameters for all scan types

E dc Thedepot enti al applied durir
Bi as p ®he mdticemmen sptting for this paramete
0O V vs. OCP. By default, t
checked.

See alo sectionMeasuring versus O@Ppage33

E ac The amplitude of the Eségnal has a range of 0.001 V to 0.,
(RMS). In many applications, a value of 0.010 V (RMS) is

120 PSTrace Manual



PSTrace Manu&lectrochemical Impedance Spectroscopy

Frequency type Fixed a single frequency is applied for the given duration or at €
potential step or time interval.
Scan a frequency scan is perf

frequency@ to the given oMin
regular EIS experiment.

Frequency The applied frequency (in case of Frequency type=Fixed)

Show time domain Only visible for EmStesdries instruments. When enabled ¢
data Scope window is shown during the measurements to viev
time domain data as sinewaves or in a Lissajous plot.

6.3.1.4 Parameters for Frequency type = Scan

n frequencies The number of frequencies to apply between the given M
frequency and Min. frequency.

Max. frequency The frequency to start the frequency scan on.

Min. frequency The frequency to end the frequency scan on.

Measure vs OCP If enabled, the Open Circuit Potential will be determined f

a reference point for applied dc potentials.
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See also:

A PFrequency scan :Settingtup angrpddancemedsuremens e ¢ t i

pagell?

A Section Measuring versus O@Ppage33

6.3.15Advanced

Pretreat each scan

Force mastability
filter

t. Min. sampling

t. Max equilibration

parameters under [ 1] button

The potentials set in the
before each frequency scan is started

Applies to PalImSens4 only. Overrides the freepegraydent
stability filter to its maximum value, can prevent a shift in
impedance due to 100uA to 10uA CR switch.

Each measurement point of the impedance spectrum is
performed during the period specified by minimum sampli
time ot Min samplingd. Thi
sine waves is equal to t Min sampling * frequency. If this \
less than 1 simave, the sampling is extended to 1/ freque
So, for a measurement at a frequency, at least one comp
sine wave is measured.

Reasonable values for the sampling are in the range of 0.

The impedance measurement requires a stationary state.
means that before tlhetual measurement starts, the sine v
is applied during ot Max ¢
stationary state.

The maximum number of equilibration sine waves is how:
The minimum number of equilibration sines is set to 1, bu
very | ow frequencies, thi:¢
The maximum time to wait for a stationary state is determ
by the value of this parameter. A reasonable value might
seconds. In this case, this parameter is only relevant whe
lowest frequency is less than 1/ 5 s or 0.2 Hz. Increasing
parameter can be beneficial when measuring unstable or
sampls at low frequencies, although it will extend the ove
measurement time.

6.3.1.6 Parameters applicable for PaimSens3 only

122

Allow ACoupled
measurements > 200
Hz

Disable use of High
Stability mode

Enables the use of@upled measurements when reading
current during measurements above 200 Hz. This option
increases accuracy, but also increases sensitivity to noise
mi ght introduce a ojumpq ¢

The High Stability Mode is enabled by default for measurt
at frequencies below 400 Hz. This mode filters out high
frequency noise and increases the stability of the measur
If a small jump in phase shift is observed in a measureme
around 400 Hazt is advised to disable this mode.
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Sensitivity mode Determines the maximum gain used and therefore resolu
the measurements. If measured signals in the scope winc
seem too noisy, a lower sensitivity might be helpful.

6.4 Parameters fordBsanostatic EIS

In GalvanostatielS (GEIS) the current through the cell is controlled rather grarttial
across the ~cell as with standard EI S. I n
measurement in galvanostatic mode e.g. when measuring low impedance cells. To prevent
large currents on low impedances low amplitudes can be used in potentiostatic mode,
however, the cell impedance may change during the measurement giving unexpected change
in currents. In Galvanostatic mode, the current amplitude is controlled and set by the user.

Scan type Default this is the setting for the regular &fl&imentThe de
currentoi  dc d wi | | remain fixed
i dcscanmultiple measurements will be conducted with differen
current levels, starting from 'i begin' and ending at 'i end' in
increments determined by the 'i step'. At eaclident level, a
single fixed frequency is applied, or a frequency scan is made,
according to the set oFrequen
Timescan repeated measurements
conducted and recorded versus time.

6.4.1.1 Parameters fdBcartype =i dcscan

Applied current The range in which the spe:
range endd and oi stepd) wildl be

Applicable applied currents for each instrument:

Applied Available Ranges (CR)
PalmSens3 -3to3*CR 1pA to 10 mA
PalmSens4 -6to6*CR 1nAto 10 mA
EmStat4 LR -3to3*CR 10 nA, dA, 10QA, 10 mA

EmStat4 HR -3to 3*CR 1pA, 10QUA, 10 mA and 10
mA

i begin Current at which the scan starts expressed in the Applied ci
range.
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i step Thecurrentstepsizeet s t he increment
begind and oi end (.

The applicable minimum oi

PalmSensl and 2 0.001*CR

PalmSens3 0.00015 * CR
PalmSens4 0.000075 * CR
EmsStat4 LR 0.0001 * CR
EmStat4 HR 0.000183 * CR
i end Current at which the scan ends expressed in the Applied cL
range.

6.4.1.2 Parameters for Scan type = Time scan

trun Total run time of the scan.

Run time for each instrument: <1 s to 1,000,000 s

t interval The minimum interval time between each data point (Frec
type=Fixed) or between each frequency scan (Frequency
type=Scan). The interval time cannot be lower than the re
time to measure the data point or perform the frequency s
overhead time.

6.4.1.3 Parameterfor all scan types

idc The dc current applied during the EIS scan is expressed i
Applied current range.
iac The amplitude is in the RMS value as a factor of the usec

range. The maximum factor is 0.4 per currenteaogpt for

the 10mA current the max factor is 0.2 x 10 mA.
Frequency type Fixed a single frequency is applied for the given duration or at €

potential step or time interval.

Scana frequency scan is performed starting at thedgaven

frequencdp the giverin. frequendiThis is the setting for the

regular GEIS experiment.

Frequency The applied frequency (in case of Frequency type=Fixed)

Show time domain Only visible for EmStasdries instruments. When enabled &
data Scope windowssown during the measurements to view tt
time domain data as sinewaves or in a Lissajous plot.

6.4.1.4 Parameters for Frequency type =nSca

n frequencies The number of frequencies to apply between the given M
frequency and Min. frequency.
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Max.frequency The frequency to start the frequency scdn galvanostatic
mode, the bandwidth of the current follower affects the st;
of the system. For this reason, the maximum frequency is
to 100 kHz for the Palmsens4.

Min. frequency The frequency to end the frequency scan on.

See al so PFr equency:Sstnaup arsirapgedance meafurement t h e
pagell?

6.4.1.5 Advancegarametersinder [ 1] button

t. Min. sampling Each measurement point of the impedance spectrum is
performed during the period specified by minimum sampli
time ot Min samplingd. Thi
sine waves is equal to t Min sampling * frequency. If this \
less than 1 simave, the sampling is extended to 1/ freque
So, for a measurement at a frequency, at least one comp
sine wave is measured.

Reasonable values for the sampling are in the range of 0.
Increasing this parameter can be beneficial when measur
unstable or noisy samples at high frequencies.

t. Max equilibration The impedance measurement requires a stationary state.

means that before the actual measurement starts, the sin
is applied during ot Max ¢
stationary state.
The maximum number of equilibration sine waves is how:
The minimum number of equilibration sines is set to 1, bu
very | ow frequencies, thi:
The maximum time to wait for a stationary state is determ
by the value of this parameter. A reasonable value might
seconds. In this case, this parameter is only relevant whe
lowest frequency is less than 1/ 5 s or 0.2 Hz. Increasing
parameter can be beneficial when measuring unstable or
sampls at low frequencies, although it will extend the ove
measurement time.

6.5 Parameters for Fast EIS and Fast GEIS

o This technique is only supported by instruments
from the EmStat4eries.

The Fast EIS and FasteEhBiques provida fom of EIS where the latency between each
measured datapoint is reduced to a minimum of 1 ms, starting at a frequency of 10 kHz. This
allows for observing rapid impedance changes on a cell at a fixed frequency.

See the previous section for more detailed information about the allowed ranges for each
technique parameter.

PSTrace Manual 125



PSTrace Manuéllectrochemical Impedance Spectroscopy

6.6 Running an EIS measurement

The sequence of the measurement depends of course on the ppeaifietkrs.

1. In case Measure vs OCP is enabled: determine the OCP.

2.1 f ot condition 1Q > 1 s, ply E condi

3.1 f ot condition 2Qq > 1 s, ply E condi

4. Apply the dpotential at whichthempedance has to be meas|
equilibrationd seconds.

5. Apply sine wave and wait for the stationary state, using the parameters as
described above.

6. Sample the impedance value by measuring at least one complete sine wave, but
during at | east the specified ot Min. s

7. Perform the necessary calculations and

a
a

The next measurement is now done by stepping back to step 1, step 3 or step 4:

8. Goto stepl: if the checkbox oPretreat e
9. Goto step 3: if the nextplatential has to be applied
10.Got o step 4: if another freguency has

each frequencyd has NOT been checked.

I n case a oTime scanQd is made, the program w

6.6.1 The Scope window

Duringthe measurement the measutiede domairresponse is present@d the Scope
windowFor PalmSens4, this data is always shown. For other instruments, the recording of time
domain data needs to be enabled in the Method Editor. The EmStat Pico and derived Sensit
series instruments are not capable of recording time domain data.

o The EmStat Pico does not support the Scope window shown
during measurements.

" Sine |H Lissajous

t/uh

urren
AL B0 4

o E E

- Potential Time/s
- Current
Frequency (Hz) 500 e

Figurel 10 TheScope window
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The Scope window is used to check that the response is not distorted by higher harmonics or
noise (especially 50/60 Hz from mains) and whether the current is not measured in an overload
situation.

By utilizing the selection buttons, you have the ability to present time domain data in two
distinct forms: sinusoidal waveforms or Lissajous plots. In the latter representation, the plotted
relationship between measured current and poterttigdiessaluable insights. Importantly,

data is stored for each frequency, allowing separate viewing after measurements are done.

o Closing the Scope window clears the time domain data from
memory, which is not saved with the measurement file.

6.6.2 Measurement results
The presented numerical results are:

A dc current

A ac current, both in units of the applied current range

A Impedance amplitude Z and phase shift in degrees

A Realorphase i mpedance D harse ii mpeidmarrcye &rddp

The measured data can graphically be presented in different ways.

= > ||| B Equal axes scaling
z z (vstorE)
Z -Phase (vst or E)
Y Y (wstorE)
Y (vstorE)
[ +] (vstorE)
(e c” (wstorE)
= (Nyquist plot)
7
LogZ
Log f
Log £ -Phase (Bode plat)
Log f
v
v
LogY
Logf
Y Y
Logf
o
o

Figurel 11 Impedance plot options
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6.7

128

For a frequency scan:

A -zqQ vs zZdQ, also called the PNyquist plot
A Log|Z| vs log f

A Log|ZlanPhase (shift) vs log f, also called
A YQQ vs YQ, also called the PAdmitance Nyo
A Log Y vs Log f, also called the PAdmitanc
A Yq and YQQ vs Log f

A CQ vs CQQ, also called PComplex Capacitar

For a time or potential scan:

A zZzd and zZQqQ vs time (t) or potenti al ( E)
A Z andPhase (shift) vs t or E
A Yaq and YQQ vs t or E
A YvstorE
A CvstorE
A Cq and CQQ vs t or E
Please note that if a plot of Y vs potential is made, the plot indaebisaammogram
The numerical values of impedance, phase shi
The series capacitance Cs is 1 [ (j * f =* 2 7

as there is no real part to contribute to the magnitude. The real and imaginary capacitance are
calculated as f oPl oawisd CCANCE =g @Ay // ((ff *>* 2 ** pii

L_I Copy to clipboard

RRCRC_OV v
Index Frequency/Hz Z/0hm ZRe/0hm ZImsOhm -Phase/Degr Cs/F CR L
S oo £69.882  |BE1.115 108.025 528 1.473E07 | 1mA
2 7943.28 769200 | 707.219 30253 2116 6.623E08 | 1mA
3 6309.57 309.844 | 750.984 513639 3437 45911608 | 1mA
4 5011.87 101 200.139 -756.39 4339 4138E-08 | 1mA
5 3981.07 1354 873.853 1034 498 3.866E-08 | 1mA
6 3162.28 1680 371615 137 5467 3672E08 | 1mA
7 2511.89 2080 1104 1763 5753 3595608 | 1 mA
8 1995.26 2585 1319 2223 59.33 3588E-08 | 1mA
9 1584.89 3206 1641 2754 59.22 3646E-08 | 1mA
10 1258.93 3962 2122 3346 5761 3779E08 | 1mA

Figurel 12 Data tab showing the raw measured data

Optimizing EIS Parameters for Improved Results and
Troubleshooting

EIS measurements can be very sensitive to electromagnetic noise. To address and mitigate
potenti al noi se i ss Redwing npidere pagedd rfedrer d e toa islee
guidance. Here are the primary parameters you can adjust to troubleshoot the most common
issues encountered when conducting impedance measurements.

E dcas the EIS data may be challenging to interpret, setting the DC potential (E dc) to match a
stable OCP is a common practice. This approach helps initiate the experiment as close to a
'Steady State' as possible, minimizing variations in other systemsptiofmerghout the

PSTrace Manual



PSTrace Manudlectrochemical Impedance Spectroscopy

frequency sweep. Therefore, it is advisable to ensure a stable OCP curve before starting an EIS
measurement, unless your experiment necessitates a different configuration.

Eacal so called PAC amplitudep, plays a critic
reliable data, it's important to strike the right balance. Keeping the amplitude small is essential

to prevent the appearance of significant higher harmotiiesapptied AC frequency, which

can complicate data interpretation and introduce redox reactions that are typically beyond the
scope of common EIS experiments. To assess the suitability of your amplitude, if your
instruments offers a 'Scope windowl, gan examine the shape of the current wave. If it

deviates substantially from a sine wave, it may indicate that the system is operating outside its
linearity region, suggesting the need for a lower amplitude.

Conversely, there are instances where increasing the amplitude becomes necessary. If your
system exhibits high impedance results, often in excess of megaohms, and you still encounter
noise or inconsistent curves, adjusting the amplitude upwards mafjdied Hereuch cases,

even with an increased potential amplitude, the net current remains relatively low, allowing you
to maintain linearity while improving signal quality.

Max. frequencywhen conducting EIS measurements, it's essential to be mindful of the
maximum frequency setting. For the most comretattBode electrochemical cells, like

those with metal electrodes in aqueous solutions, frequencies exceeding 10 kHz are often
unnecess®. The reference electrode's response time is a limiting factor, and any variations
observed at higher frequencies may be attributable to artifact signals. While high frequencies
offer faster data collection, they may requiredomsuminglata filtering or exclusion. To

avoid this, consider initiating your measurements with a lower frequency setting.

However, if your application demands higher frequencies, such as when working with solid
electrolytes, be aware of potential inductance issues arising from cables and connections.
These can affect data accuracy, so proper consideration of cable qaalityeatidns

becomes essential for precise measurements.

t. Min samplingiwvhen confronted with inconsistent data in the-frégiuency region,

consider increasing the minimum sampling time. This adjustment can help stabilize data
collection and improve the reliability of measurements, especially when dealing with rapid
change®r fluctuations in the system's response at higher frequencies.

6.8 Fitting measured EIS data in PSTrace

PSTrace comes with an advanced Equivalent Circuit fitting tool.
See also sectidaquivalent Circuit Fitting pagel 35

6.9 Export foranalysiand circuit fitting

PSTrace comes with an advanced Equivalent Circuit fitting tool. However, PSTrace also allows
exporting EI'S data to Scribnerds ZView and t
data in PSTrace can be opened or added to ZView withck acton

6.9.1 FreeElS Spectrum Anady

Data can be saved in atfilg is loaded in the thiphrty program (free of chardgelS
Spectrum Analyzewritten by Alexander S. Bondarenko and Genady A. Ragoisha and is
available from
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http://www.palmsens.com/eisspectrumanalyser

This program allows users to fit the measured data to specific equivalent circuits and for
instance obtain the best values of the elements in the equivalent circuit, for ipdgance, R
and G.

The file can be saved using the button in the toolbar left from the plot:
a
Or from the EIS Plot menu:

EISPlot | Script  Tools  Help

+Z: Open in ZView r

*,E Open in EIS Spectrum Analyser
n::l Open in Excel

47  Openin Origin

ol Print

Figurel13 EIS plot menu

For detailed instructions consider the manual of EIS Spectrum Analyser.

6.9.2 ZView

If ZView 3.3 or later is installed, PSTrace will detect this automatiezgitkéxpoe button
will appear next to the plot. The measurement selected in the Legend will be exported to ZView.

g

Figurel 14 ZView onelickexport button

@ Equivalent Circuits - Tutor3 Dummy Cell.mdl

File Model Help
T ) . Chi-Squared =N/A
= E H E . Run Simulation / Freq. Range Sumqof sar =N§A
Rs C1 cz2
I I
L) L)
| R1 | | R2 |
Element | Freedom | Value | Error | Error
Rs 3 free(#); [1799 R RE
c1 #| Free(+) [1,0001E-7 /A A
R1 #| Free(+) [995,1 /A A
c2 #| Free(4) [4,711X6 /A A
R2 B Free(d) 6775 /A NJA

Figurel 15 Equivalent circuit model in ZView

Multiple measurements can be run from PSTrace and fitted on the active circdiVieadel in
with a single click from PSTrace.
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For detailed instructions consider the manual of ZView.

Origin
Origin from OriginLab iscientific graphing and data analysis softwidedy used at
universities

See for more informatidritp://www.originlab.com/

If Origin is installed on the PC where PSTrace is running on an extra button appears in the
toolbar next to the plot:

5
Figurel 16 Originone-clickexport button

When clicking this button, Origin will be opened showing the selected EIS data directly in a
Work sheet.

If the button is not showing and Origin is installed, open the General settings window in the

menu @&Dbdened@al settings](1d and check in the o
is properly set.
Settings
Select PSTrace mode
Scientific (%| Analytical /(j Cormosion I(//’j
Hardware | Flot and data
Prefemred number format Impedance Spectroscopy
() Use system default decimal separator Show Sinewaves window during
(®) |Use . {period) as decimal separator measurements
Plot options One-click export to third party software
[T Mo automatic peak search Exe location of ZView:
CASANPrograms ZView?2 exe
Advanced users Z\iew: ENABLED
Enable options for reference Exe location of EIS Spectrum Analyser:
O electrode (E) comections
EIS Spectrum Ar DISABLED
BIS data export Exe location of Originlab:
C:\Program Files"\OriginLab"Origin20154C| | ...
Set columns for exporting EIS data DriginLab: ENABLED
Figurel17 Location for Origin specified in Settings window
To change the exported columns for EIS dat a,

dat ad ehand side ef thé ®eftings window.
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6.10 Limitations for EIS on EmStat Pico

o This section also applies to instruments based on the EmStat Pico
potentiostat module,
including the Sensit BT and Sensit Smart.

Electrochemical Impedance Spectroscopy (EIS) measures the change of the complex
impedance over a frequency range (spectrum). The common way to calculate the complex
impedance is by dividing the complex voltage by the complex current. The ADUCM355 has only
1 ADC so it is not possible to measure both signals (voltage and current) at the same time. Thus
the proposed solution to enable EIS measurement using only the current sigtadgis a 3
measurement. The total EIS measurement for one single frequerggiiup into three
measurements on three different impedances:

1. Zcell + Rload
2. Rload (load resistor in the WE signal path)
3. Rcall (calibration reference resistor)

Since all three measurements are performed under the same conditions and Rcall is a reference
resistor of known value, the final complex impedance of Zcell can be calculated having only the
complex currents of the three measurements.

6.10.1 Complex voltage correction

For the plain ADUCM355 the conditions for the 3 measurements are equal, for the Emstat Pico
the measurement on the Zcell+Rload is performed using extbufidrRintroducing a

complex transfer function for the applied AC voltage on the Zcell+Rloahpléx voltage

transfer function is modeled by an electronic circuit simulation of the gain and phase behavior
of the transfer function.

6.10.2 Timedomain sinewave

The Emstat Pico integrates a DFT calculation block enabling onboard complex current
calculations. In contrast to other Palmsens devices having the EIS feature, the raw ADC signal is
not available and therefore the tdeenain signal cannot be shown inst &pplication

(PSTrace, PStouch)

6.10.3 Measurement duration

The accuracy of the complex current depends on the number of the applied frequency cycles
presented to the DFT process. For higher frequencies, the time to measure multiple cycles is
relatively short in contrast to the lower frequencies. For exampleng8asycles of 1 Hz

takes 8 seconds resulting in a 24 seconds measurement duration for a estagdete 3
measurement.

6.10.4 Current ranges

Since the conditions must be the same, all 3 measurements must be performed using the same
current range. Rload (~If0and the Rcall (i) &r 100 &) are fixed values, however the
complex current measurements are frequency depended due to parasitic effects of the signals
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path. The changes of Zcell vs frequency can be so large that it cannot be covered by staying in
the same current range. Auto current ranging dynamically changes the current range (in
combination with the PGA) to cover the frequency range in the El$neasure

Analog €------- poommeee »  Digital
]
Utia Uadc raw
| _ ) |complex
— TIA > PGA > ADC » Sinc3 > Sinc2 > DFT —
T i Gain: T T - T . T .
I;taa Ctia 11531400 1:5 O?R. 0282F{. DFTEUM.
1k ' 2 44 g
5k 4 89 16
10k 5 178 32
20k 267 64
ADk 533 128
B0k 640 256
160k 667 512
™ 300 1024
10M 589 2048
1067 4096
1333 8192
16324

Figurel 18 DFT signal path block diagram for EmStat Pico

More details can be found in -UBk2 6P2AMDUCMBP&ES
137143.
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Equivalent Circuit Fitting

The Circuit Editor can be used to baildulate and fit equivalent circuits h your
Hectrochemicdmpedancé&pectroscopylata. The following chapters present an overview of
the circuit editords options and features.

For more detailed information on fitting equivalent circuits electrochemical impedance
spectroscopy measurement tbidowing literature is recommended:

A Electrochemical Impedance Spectrosa@pgpter 23: An Integrated Approach to
Impedance Spectroscopark E. Orazem & Bernard Tribollet, ISBN:4903
041406.

A Electrochemical Impedance Spectroscopy and its AppliGiiapten4 Modeling
of Experimental Datendrzej Lasia, ISBN-9481489320.

Overview

The circuit editor has two different modes:

A Edit mode: draw the circuit or type CDC ciYauwittypicallgtart wittthis moe, but
afterwardyou can return to it whenever peedto redraw the circuit.
A Fit mode: fit the EIS data on the drawn circuit or simulate a response of the circuit.

7.1.1 Circuit Edit Mode

Circit  View  Help

:Jg'_ ?}glr m:',ﬁ, 'u,.@' I@J ;@J E,;Z -—|Availablecircuitcomponents

Element (1) Bemert (W) Shet (0) Open T) Element )

I Graphical circuit editor

EG““‘5"‘*‘““—| Copy image of circuit to clipboard
= = Close window

| Toggle between Edit and Fit modes

| Circuit CDC editor

Figurel 19 Circuit Editor main window in Edit Mode.
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7.1.2 Circuit Fit Mode

7.2

7.3

136

3 Equuvalent Circuit Analysis - Curve I

- o

v
‘ W 1 = - = -Imaginary Impedance (Z) / Real Impedanc v'-—{ Plot selector
%

& o 'A\ | Preview plot
=

l__| Open fitted data in Excel

e | s =—————| Set frequency range for fitting

O T
INLE i Component values
| Undo / redo last action
| J‘ Copy results to clipboard
- .-bl Mgorthes Loverbarg Morguortt =
el | T T 8= { Do fit on model

R(RC) Edit Mode Clore
} Toggle between Edit and Fit modes

| Component values

Figurel 20 Circuit Editor maimndowin Fit Mode.

Opening the circuit editor

The circuit editor can be opened from the EIS Plot R8T iaceTo fit a circuit the
measurement to fit on must be selected from the Session Manager first. When no measurement
is selected it is only possible to simulate circuits.

Plot o EISPlot Data  Manual Control

Ede(V): (0.000 | feizy: [0.504 % 2(0); [7355€+03 z(): [53566¢03 | cs(p: [15969M

ide: [0.000°100uA | foc: (00007100 A | -Phase(r): [43.250 | @) [5040E+03 |

/:_j Circuit Fitting

Plot: 7 - - ‘ €D Equal axes scaling
J

R 2
e’y

Figurel 21 Button for opening Circuit Fitting window

Switching between Edit mode and Fit mode

Thecircuit editor has two modes.

1. InEdit Modeircuits can be built, edited, loaded and saved.

2. In Fit Modethe circuit built in the Edit Mode can be simulated or fit on the
electrochemical impedance spectroscopy data. (Note: Fitting is only possible when a
measurement was selected in the Session Manager while opening the circuit editor.)

To switch from the edit mode to the switch mode either press the Fit Mode button or select Fit
Mode from the view menu.
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(£ ] Equivalent Circuit Analysis - Randle's Dummy Cell

Circuit ‘v]:?v Help

J‘J Hide Circuit Input Fields

o —
Res Circuit size 3
{ Fit Mode Fit Mode Close
Simulation

Figurel 22 Switching between the two modes

To switch from the fit mode to the edit mode either press the Edit Mode button or select Edit
Mode from the view menu.

(] Equivalent Circuit Analysis - Randle's Dummy Cell

Circuit | View | Help
JV% Hide Circuit Input Fields

Circuit size 3

Edit Mode

Edit Mode Close
Sirmulation

Figurel 23 Switching between the two modes

7.4 Building a circuit in the graphical editor

To build a circuit the circuit editor must be in edit i@odeits can be built graphically using
the circuit components and the graphical circuit editor

7.4.1 Graphicatircuit editor

Circuits can be built graphically usiegircuit components and the graphical circuit editor

7.4.2 Selecting a circuit component

By default, the resistor is seleckedselect another circuit component click on it. The eraser
is used to remove components from the circuit.

W = W A= | W | W W e B

Resistor Capacitor Inductor Constant Phase Warburg Warburg Warburg Gerischer Bisquert Short
(R) (o] L Element {3) Element (W) Short (Q) Open (T) Elemert (G) N)

Bisquﬁl}l}Open raser

Figurel 24 Circuit component selection buttons

7.4.3 Adding a component to the circuit

Components can be added in series or in parallel with other components. The first component
is added by hovering the mouse cursor over the open connectgraphiual circuit editor
andclicking the left mouse button.
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—0O

W

Figurel25 The open connector

When hovering the mouse cursor over a connector it will turn green and a grey preview of the
component is displayed.

R1
— |\ —
Figurel 26 Preview of the component

By clicking the left mouse button the component is added to the circuit.

R1
=

Figurel 27 The inserted component.

To add components in serial the mouse cursor must hover over a connector. Clicking on the
left mouse confirms the placement of the component.

Figurel 28 Adding components in series

Components can be added in parallel to other components by hovering the mouse cursor over
the component it must be placed parallel to. When hovering the mouse cursor over another
component it will turn green to indicate that it is selected and a preallelxcpmponent is

shown in grey. Click the left mouse button to confirm the placement of the component in the
circuit.
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Yop

Cc1

Figurel 29 Preview of a parallel component

Figurel 30 Component added in paralle/

When creating larger circuits it is useful to know that components can be added in parallel
within or over a parallel group in the circuit.

To place a component in parallel to a component within a parallel group directly hover the
mouse cursor over the other component and click on the left mouse button.

y O—®® i"_
-/\N\,——© ‘ o j@ O
o o

Figurel31 Placing a component in parallel to a component within a parallel group

To place a component in parallel to the entire group hover the mouse cursor over the group.
This will select the entire group (i.e. all its components will turn green). Clicking on the left
mouse button will confirm the placement of the component.

R2 w1

. @ —@®— @)

—o—MA\—a . —||_ o

iS5 — @]

cz

@ —_—®

Figurel 32 Placing a component in parallel to the entire parallel group
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7.4.4 Removing components from the circuit

Components can be removed from the circuit using the eraser tool. To remove a component,

select the eraser tool.

Swl- {6

Warburg Gerscher
Open (T) Element (G)
Figurel 33 Eraser tool

4

Eraser

To remove a component or a group of parallel components hover the mouse cursor over it.
The component(s) will turn green indicating that they are selidkidg the left mouse

button will remove the selected components from the circuit.

Figurel 34 Removing a single component

R2

w1
_©_
R1
’ j
c1
U

Figurel 35 Removing a group of components

7.5 Building a circuit with the CDC editor

Every equivalent circuit for EIS data fitting can be represented by a CDC or Circuit Description
Code. Th€DC circuit editas located at the bottom of the circuit editor. To build a circuit

using the CDC circuit editor click on it and type the circuits CDC code. If the CDC code is valid
the circuit is updated directly in graphical circuit editofhe CDC code is described by

Boukamp in:

Boukamp BA (1986) A package for impedance/admittance dataSaal\&fiste /onit8 &

19, 1360.

R(RC)

Figurel 36 Field for entering CDC directly
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7.5.1 Supported CDC characters
The following table shows which characters are supported by the CDC circuit editor.
Table8  Supported character for writing the CDC

Key Function
Inserts a resistor.

B Inserts a capacitor.
L Inserts an inductor.
w Inserts a Warburg impedance.
Q Inserts a constant phase element.
Shift ( Inserts a parenthesis defining the beginning of a parallel
A group.
Shitt ) Inserts a parenthesis defining the end of a parallel grouy
+ 0
{ Inserts a bracket defining the beginning of a series grou,
[
} Inserts a bracket defining the end of a geadep.

7.5.2 Supported CDC controls

The following table shows which keyboard control keys are supported by the CDC circuit
editor.

The mouse cursor places the text cursor in the CDC editor by clicking the left mouse button. It
can also be used to select text in the CDC editor by holding down the left mouse button and
dragging the cursor over t88®C characteitsshould select.

Table9  Supported character for writing the CDC

Key Function
The arrow keys move the text cursoaueftright
- - respectively. In combination with Shift, they select CDC

Home and end move the cursor to the beginning or end

ey CDC code respectively. In combination with Shift, they s

CDC code.
o Backspace removes the CbeZacter to the left.
—
N o Delete removes the CDC character to the right. Backspe

cannot be used to remove a selection of CDC character:
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Ctrl A Control + A selects all of the CDC code.
+

Ctrl C Control + C copies the selected CDC code to the clipboz
+

Ctrl X Control + X cuts the selected CDC code and sends it to
+ clipboard.

Ctrl V Control + V pastes the contents of the clipboard to the
+ location of the text cursor.

7.5.3 Adding components

142

Components are added to the circuit by typing the keys of the supported characters.
R1
R —o——o
Figurel37 Pressing R will add a resistor to your circuit
To add components in parallel parenthesis must be used. After opening the parenthesis the

CDC editor will turn red indicating the CDC code is invalid at the moment. Ignore this and add
the components that should be placed parallel to each other.

0,1, w0

Figurel 38 Entering CDC code for components parallel to each other

As soon as the parenthesis are closed the CDC code will become valid agaaphicdithe
circuit editor will display the circuit as well.

Figurel 39 Graphical representation of the (RC) circuitgnabbical circuit editor

R1

A9
—@-@—ﬂ—@o
RCQ)  lo—f—l

Figurel40 Example of a CDC code with three components parallel to each other
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Within a group of components parallel to each other brackets must be used to add a
component in series to one of the components. After opening the brackets the CDC editor will
turn red indicating the CDC code is invalid at the moment. Ignore thishencoadaanents

that should be placed series to each other.

1.‘{[RC} 2.‘([RWC} 3_‘([RW]C)

Figurel41 Entering CDC code for components in series within a parallel group

Figurel42 Graphical representation of the (JRW]C) circuit in the graphical circuit edjtor

In some cases it is easier to copy and paste parts of the CDC code to quickly build a large circuit.
This can be done using sbpported CDC controls

RRo)_ RG], R(RO)(RC)

Figurel43 Copying and pasting in the CDC edlitor

7.5.4 Removing components

Components can be removed from the circuit with the CDC circuit editor by placing the text
cursor next to the component that should be removed and usingpgbged CDC circuit

editor controlsPressing backspace or delete removes the CDC character to the left or right of
the text cursor respectively. The changes to the circuit are directly Wsbigaiphical

circuit editor

_R(RQC) _ R(RO)

Figurel44 Backspace removes the constant phase element to the left of the text cursor

R(RQC) _ R(RQ)

1. 2.

Figurel 45 Delete removes the capacitor tortgbt of the text cursor

Removing a parenthesis or bracket from a valid CDC code will invalidate it.Tthe CDC circuit

editor will indicate this by turning red. This happens typically when you want to remove a
parallel or series group from a circuit.

1,|R(R(RC]b 2_\R(R{Rd) 3_\R(R{Rb . R(R( 5_\RR

Figurel46 Removing a parallel group from a circuit using backspace

In this example the parentheses around the second resistor are removed as they no longer have
any meaning.
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A selection of CDC characters can be removed by cutting or deleting it with control + X,
backspace or delete. The selection can also be replaced by pasting data from the clipboard,
control + v, or replacing it with any of the supported characters.

 RREIGE], RR

Invalid CDC code

In the case of an invalid CDC code the CDC circuit editor indicates this by turning red. The
graphical circuit editor is not updated until the CDC code is valid again, this is indicated by the
CDC circuit editor turning white again.

When adding or removingaagllel or series group from a circuit using the CDC circuit editor
ignore that the code is invalid, as it will be valid again once the entire parallel or series group
has been added or removed.

o When using the graphical circuit editor in combination with the
CDGircuit editor hovering the mouse over the graphical
representation will remove any invalid CDC code in the CDC
circuit editor.

R(CIR)W]
Figurel47 Invalid placement of closing parenthesis

Here the invalid CDC code can be resolved by removing the closing parenthesis between the
resistor and Warburg impedance and placing it at the end of the CDC code.

R(CIRW])RC)

Figurel 48 Unbalanced amount of opening and closing parentheses or brackets

Here the invalid CDC code can be resolved by adding an opening parenthesis or removing a
closing parenthesis, as the amount of opening and closing parenthesis is unbalanced in this
example.

R(RCfewfe)

Figurel49 Unsupported CDC characters have been pasted into the CDC circuit editor

This code is invaligcause unsupported CDC characters were pasted into the CDC circuit
editor from the clipboard. To resolve thesunsupported CDC characters fmeisemoved.
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7.6 Loading and saving circuits

Circuits can be stored in and retrieved from the circuit database which is stored locally in a
folder on the computer. The load and save options ar€iittitemenu

24 Equivalent Circuit Analysis - PS EIS dummy cell

WHE“J
PV R | el 72 —¢-

Capacitor Inductor Warburg Constant Ph
Save ) (L) Impedance (W) Hement {{

Close

Figurel50PC/i rcui t p menu

To load or save a circuit the circuit editor musebti mode

7.6.1 Loading a circuit

To load a circuit, open the load circuit screen by selecting loa@iiouihenenuln this
screen the available circuits stored on your computer are listed in the circuit browser on the
left. A preview of the selected circuit is presented in the preview panel on the right.

Name: £oc Date Preview

R 06/03/2017 12:56:29

RL 06/03/2017 12.56:28

RO 06/03/2017 12:56:28

Q) 06/03/2017 12:56:29 R2 w1
Simplfied Randes Groul - R{RC) 06/03/2017 12.56:28 a {"-"-.-‘."'.-—@J
Randles Circuit RIRWIC)  D6/03/2017 12:56:29 s

RROMRC)  06/03/2017 12:56:29 c1

RRCHRCL  06/03/2017 12.56:28 e

R(RCHRCYRC) 06/03/2017 12:56:29

Load Cancel

Figurel51 Road circyftwindow

The selected circuit can be loaded by pressing on the Load button -alidkinglen the
circuit.

7.6.2 Saving aircuit

Circuits can be saved using the save circuit screen. To open the save circuit screen select save
in theCircuit menuThe option to save a circuit is only available if there is a circuit containing

at least one component in the editor. The save circuit screen contains a circuit browser and a
field to input the name of circuit that is being saved.
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Save circuit n
MName cbc Date "

27/02/2017 11:56:44

RL 27/02/2017 11:56:44

(RC) 27/02/2017 11:56:44

(RQ) 27/02/2017 11:56:44

Simplfied Randles Ci... R{RC) 27/02/2017 11:56:44
Randles Circut R{IRWIC) 27/02/2017 11:56:44

R{RCHRC) 2770272017 11:56:44
RIRCHRCIL  27/02/2017 11:56:44

W

Circuit name:

Save LCancel

Figurel 52 FBave circiivindow

To save the circuit press the save button. Optionally a name can be assigned to the circuit in
the circuit name input field.

Fitting or simulating a circuit

After an equivalent <circuit héditModpiecan bui | t
be simulated or fit onto the data of the electrochemical impedance spectroscopy
measurement.

Simulating a circuit

The impedance of circuits can be simulated using the circuit editor. When simulating the fit
options are disabled. Check the title of the circuit editor or the view menu to see whether the
circuit editor is set to simulation mode.

€4 Equivalent Circuit Analysis - Simulation Mode | €4 Equivalent Circuit Analysis - Randle's Dummy C
Circuit W Help T Circuit W‘ Help I
JV Hide Circuit Input Fields Jv Hide Circuit Input Fields :
Circuit size 4 Circuit size 4
Edit Mode Edit Mode |
Simulation — Simulation

Figurel 53 Circuit edjtor set to simulation mode and fit mode. In fit mode the name of the
measurement is visible in the title bar and the simulation is not checked in the view menu.

Values of the components can be changed in the circuit table and the graphical circuit editor.
Changing the value of a component in either the graphical circuit editor or the table will
automatically update the value in the other. The effects of thges ehthappear directly in

the preview plot.
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1.000 pF ~

Figurel 54 Changing the value of the Warburg Coefficient for a Warburg Impedance in the
graphical circuit editor.

Element Fitted Value | Unit Emori
R1 1000 (] w
R2 1000 ] ~
W 10p0 a ~
C1 1.000 uF w

Figurel 55 Changing the value of the Warburg Coefficient for a Wapeagnce in the
circuit table.

For example, changing the value of the Warburg Coefficient to 100 will lower the impedance at
the lower frequencies.

ZIkQ

102 107" 10° 107 102 10° 104
Frequency/Hz

Figurel56 S/ mul at i on of tthe absolute I mpedance o0V
the default values.
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ZikQ

Frequency/Hz

Figurel57Si mul at i on of the absolute | mpedance o0V
valueof the Warburg Coefficient lowered to 100.

Using the plot selector, it is possible tothieffects of lowering the Warburg Coefficient to
100 on the negative phase angle over frequency and the Nyquist plot as well.

Absolute Impedance (|Z]) / Frequency

Absolute Impedance (|Z]) / Frequency
-Phase Angle / Frequency
-Imaginary Impedance (Z') / Real Impedance (Z*)

Figurel 58 Plot selector

of the simulation can be

Setting the Il mul ati onds frequency
e
cking on the oAdvanced Opt

S
The frequency rang
be accessed by cli

Results

Fixed JSELENY Fitted Value | Min Value | Max Value | Unit Ermor¥

O |rR1 134.1| 100E6| 1.00E+12| Q ~

O |R2z 1.068E+4| 1D00E6| 1D0E+12|Q |~

O w1 3027 1.00E9| 1.00E+% ke -~

O |ca 4696| 1.00E-3| 1.00E+6 |nF |~
Chi-5quared: terations:

ﬁ ﬁ E Copy Results

Figurel59T he oAdvanced Optionsd button
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Advanced Options u
General Settings
Maximum Number of lterations 500 =
Minimum Delta Sum of Squares 1.000E-9
Minimum Parameter Step Size 1.000E-12
Levenberg-Marquardt Settings
Start Value Lambda | 0.010]
Lambda Scaling Factor | 10.DD|
Simulation Settings
Simulation
Frequency Range || 0.DD1| | 1_DDDE+5||

Accept

Cancel

Figurel 60 Advanced Simulation Settings

Fitting a circuit

The simulations frequency range (Hz) can be specified in the simulation settings, by default this
is 0.01 to 100000 Hz.

Before fitting the circuit, it is important to check whether the circuit editor is in simulation or

fit mode. Check the title of the circuit editor or if the simulation option is checked in the view

menu.

Circuit

€4 Equivalent Circuit Analysis - Simulation Mode

Circuit

_/v

W Help

Hide Circuit Input Fields

Circuit size
Edit Mode

—I Simulation

!
Bl

!

W Help

Hide Circuit Input Fields :

Circuit size
Edit Mode

Simulation

€4 Equivalent Circuit Analysis - Randle's Dummy C

1

Figurel 61 Circuit edjtor set to simulation mode and fit mode. In fit mode the name of the

measurement is visible in the title bar and the simulation is not checked in the view menu.

To ensure a good fit on a measurement it is important to build the right equivalent circuit. It is
often possible to achieve a good fit with different but similar circuits. Although these other

circuits can provide a good fit, they are not necessactyatearepresentation of the cell

that was measured. Selecting appropriate initial values for the components in the models is also
recommended, as in some cases the fitting algorithm will get stuck in a local minimum and the

quality of the fit is not omial.

As the complexity of the proposed circuit increases, achieving optimal results with the
algorithm becomes more challenging without reasonable initial values. In certain instances,

specific elements or sets of elements may tend towards values close itfingenafter a

run (i.e.: resistor with less than a few microohms). This indicates that the algorithm is almost
t he

i gnoring
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necessary to supply more realistic initial values. Additionally, you can also manually edit the
minimum and maximum values in the table to further refine the simulation parameters.

For more details, see the example of Maxwélifity Examplen pagel65

Fitting on a specific frequency range

The frequency over which you desire to fit the circuit can be specified either by clicking in the
plot or by entering the values in the corresponding textboxes.

Note: Specifying the frequency range over which to fit the datgpassible when in fit

mode. To specify the frequency for a simulation please refer to the help section on simulating
a circuit. Specifyinige fitting frequency range is only possible in the plots that also show the
measured data (i.e., the blue dots).

Specifying fitting frequency with the mouse is done by moving your mouse over the sample
from where you would likestart or end your fit, then douslieking on that sample (blue

dot). Then move your mouse to the data point where you would like to respectively end/start
your fit and click on it once. The frequency range selected for fitting is indicated by the solid
blue dots.

Absolute Impedance (|Z]) / Frequency ~ Absolute Impedance (|Z]) / Frequency ~ Absolute Impedance (|Z]) / Frequency
’ "1
e
g 3 g g
N N N
e, " 1S . . T
1 e, 1 Fe 1 ",
: 15 ot 3 0 10* E 15 o' 3 0t 10* E 15 il ' 10t 10*

1o
Frequency/Hz Frequency/Hz Frequency/Hz

e by b 1151 = [30E- S sty b [1151 = 15 A sty i [1150 = [0 d

Figurel 62 Specifying the frequency range for fittielf:First move your mouse to the data
point from which you would like to start the fit and clickbaddle.Click on it again, now it
will be the only data point selected (in this case the sample atRipHITAEh move your
mouse to the data point where you would like fitting to end and click on it. The selected
frequency range is now indicated by the solid blue dots ealdaen the text boxes below
the plot.

Excluding outliers

To exclude outliers from a fit, hold down thé@tdn on your keyboard and drag a box
around the outlier with your mouse to deselect it. Selecting that point again by dragging a box
while holding down Ctrl, will reselect it. While dragging an ayeaeusitd and the left

mouse button, it is possible to (de)select all points in the specified area.
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-Imaginary Impedance (Z') / Real Impedance (Z")

R A

Kp\l
6 - -
- o
A
5 » A : A E N
A A
y LN
A A
4 A
S X A L
A
o A 4
N. 34 " 7~ A R A
‘A A LY A
A
24 A AAA A
A
a ‘m“‘
“ A
144 : }
3 %
‘ i
0 T r
. 2 4 6 8 10 12 14
Z'/kQ
Fit from frequency (Hz): to

Figurel 63 Deselecting specific points by holdingb@ittbn and dragging the left mouse
button.

Fi xate a componentds value

When necessatry, it is possible to fixate the value of any given component in the model by
checking its checkbox in the Fixed column.

Results

Elernent Fitted Value | Min Value | Max Value | Unit Emor
R1 540.0| 1.00E6| 1.00E+12|0Q |~
mLGE 9982| 100E6| 100E412|Q |~
0 \cn 0033 100E6| 1.00E=3 |uF |~

\

Chi-Squared: 0.0007 | terations: [

Figurel 64 Fixating a value.
Undo/Redo changes to component values

The undo/redo buttons allow you to revert
values either due to an incorrect fit or a mistake when entering the values.
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Results

Element Fitted Value | Min Value | Max Value | Linit Ermor

[ |r1 7074| 100E6| 1.00E+12|0 |~ 2225

O |r2 1.000E+12| 1.00E6| 1.00E+12|0Q |v| 3.004E+9

O e 1000 1.00E6| 1.00E+3 |pF |v 3775
Chi-Squared: 0.8852 | kerations: 5

Results

Algorithm:  Levenberg-Marquardt -

57 N Element Fitted Value | Min Value | Max Value | Unit Ermor'

J |r1 556.3| 1.00E6| 1.00E+12|0 |v 2830

J |r2 9570 | 1.00E6| 100E+12| 0 |~ | 3.013E+17

O et 0.033| 1.00E6| 1.00E+3|pF |w | 1.142E+6
Chi-Squared: 0.8852 | terations: 5

h ﬂ Algorithm:  Levenberg-Marquardt -

Figurel 65 In the case of a poor fit the values of a previous fit can be recovered by clicking on
the undo button.

In the next sections, brief instructions are given on selecting the components for the circuit.
However, further reading on the topic is recommended:

A

A

http://www.consultrsr.net/resources/eis/index.htm

Electrochemical Impedance SpectrosdBhgpter 23: An Integrated Approach to
Impedance Spectroscofyark E. Orazem & Bernard Tribollet, E5BR:470

041406.
Electrochemical Impedance Spectroscopy and its Appli€itaptetl4 Modelling

of Experimental Datendrzej Lasia, ISBN-9481489320.
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Batchfitting a circuit on multiple curves

When multiple EIS curves are available, a single equivalent circuit can be fitted on multiple
curves.

(2]

Circuit  View Help
Jv‘\pv_ _”_ W!_ 45_ ,WL -Imaginary Impedance (Z') / Real Imped: ~
S — 2
154
e}
g 104
i?‘ o o e g -
_<? 51 eeee, s '-.1
5 1‘0 1‘5 20
z/ka S

bt from frequency (Hz): to

v ~

Z7CL ) Element Fitted Value | Min Value | Max Value | Unit Emor%
1 |r1 1832 100E6 100E+12|Q |v| 1.284
1 |r2 1.004E+4 | 100E6| 1.00E+12|Q |~ | 0456
1 |c1 3247| 100E-3| 1.00E+6 |nF |v| 0.361
1 |rR3 1491E+4 | 100E6| 1.00E+12|Q |~ | 0.870
1 |c2 1032| 1.00E-3| 1.00E+6 |nF |v| 1315
Chi-Squared 0.0002 | kerations: 140
|4\ - 1) Copy Beaits
[ Copy valuesto
@) Cireutt Snapshot Select Al ] selected tems | Hide Batch Fitting Advancer d Options Fit
‘R(RC)(RC) Edit Mode Close
Figurel 66 Panel for selecting multiple EIS curves.
When this panel is visible, the oFitQd button

the fit results and the results shown in the equivalent circuit apply to the curve selected in the
same list.

After fitting, the checkboxes can be used to show or hide the results in the Plot with the EIS
data curves and fitted curves.

The initial component values used for fitting can be copied to all curves in the list, using the
button oCopy values to selected itemsA(.

Overview of circuit components

The following components can be used to build equivalent circuits in the circuit editor. The two
chapters after this chapter provide two examples of selecting the components for an
equivalent circuit, setting/adjusting their values to obtain a good fitfempreting the

quality of the fit.

Resistor
®» Y

The impedance ofresistoris independent of frequency, and it only contributes to the real
component of impedance. Hence it does not affect phase shift and it is represented by a single
dot in the Nyquist plot. By default, resistors arerfil@®de circuit editor.
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When modeling an electrochemical impedance measurement on a cell a resistor can be used
to model thesolutionresistancé r e si st ance between the working
tip of the reference electrode).

084

w w
FrequencyiHz

ZIkQ

044

2

102 107 10° 10! 102 10% 10%
o et

Frequency/Hz e s

Figurel67 Left: The absolute impedance of a resistor plotted against frequency. Top right.
Phase shift of a resistor over frequency. Bottom right: In the Nyquist plot a resistor is seen as a
single dot (little red dot in the center of the plot).

Capacitor

6 Py g

Acapacitof]s ef fect on i mpedance pertains to its
increasing frequency. On its own a capacitor causes a pha8e0ditependent of
frequency(by default the negative phase is represented upwasdi)onhaffects the

imaginary component of impedayicis represented by a vertical line in the Nyquist plot. The
default value of a capacitor is 1 yF in the circuit editor.

20

—@—ﬁ——o

1.000 pF

104

Frequencyitz

ZIM0

o

102 10! 10° 10! 10 10° 104 l
Frequency/Hz L

Figurel 68 Left: The absolute impedance of a capacitor plotted against frequency. Top right:
Phase shift of a capacitor over frequency. Bottom right: Nyquist plot of capacitor.

When a capacitor is placed in series with a
dependent. At | ow frequencies, it approaches
Thus, at hi gh frequenci es (pettaace and phase shiffor djs e
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becomes negligible and the circuit effectively behaves as a single resistor. The Nyquist plot
below shows that the real component of the impedance rempiegatdtess of frequency.

A resistor and capacitor in series model the impedance of an ideally polarized liquid electrode
/ blocking electrode, i.e., an electrode that does not transfer charge with the surrounding
solution. In this model, the resistor representsdluéion resistance arlde capacitor
represents the product of the real surface of the electrode dgoubléslayer capacitance

With increasing frequency there is less time for the electrochemical double layer to charge and
its effects on impedance and phase shiftidh.

Another application of a resistor and capacitor in series is modeling an ideal coating. Again, the
resistor representbie solution resistance. Butthis model, the capacitor represents the
coating capacity. A coatingds capacity deper
dielectric constant.

For more information on modeling corrosion, we recommend reading:

Electrochemical Impedance Spectroscopy and its AppliCdtapiedl: Coatings and Paints.
Andrzej Lasia, ISBN-9481489320.

100

F2TY

-Phase/*

T

102 10 10° 10" 102 10° 10°
T
Frequency/Hz s

Figurel 69 Left: The phase shift of a resistor and capacitor in series plotted against frequency.
Top right: Absolute impedance over frequency. Bottom right: Nyquist plot.

7.9.3 Inductor
O Q0

Aninductoris the reciprocal of a capacitor its effect also pertains to the imaginary component
of impedance. However, in contrast to a capacitor, the impedance of an inductor increases with
frequency and its phase shi#id fEequencyby default the positive phase is represented
downwards)lt is also represented by a vertical line in the Nyquist plot, but in the opposite
direction. In the circuit editor, the default value of an inductor is 100 puH.

An example of a model where an inductor is used is a model of a faradaic reaction involving
adsorption of one or more species. In certain cases, on the Nyquist plot inductive loops can be
observed together with capacitive loops and it is possible tinchurtehce as the product
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of the resistance of the charge transfer squared and the absorption pseudocapacitance. For
further reading see:

Electrochemical Impedance Spectroscopy and its Appli€mpte!s: Impedance of the
faradaic reactions in the presence of adsorfitidrnzej Lasia, ISBN=9481489320.

60

504

404

ZiQ

204

304

Phaser”

W w
FrequencyHz

a T T T T
102 107 10° 10! 10°

Frequency/Hz

(1%
a

Figurel 70 Left: The absolute impedance of a inductor plotted against frequency. Top right:
Phase shift of a inductor over frequency. Bottom right: Nyquist plot of Inductor.

20

I 1 O — ......................... ...................... S —

Z'1Q

Figurel 71 Nyquist plot of a circuit that can maéalealdaic reactions involving adsorption
and subsequent desorption of a species.

Warburg element

O —= Q=
7 Z
A Warburg element is a component used to model the transfer of charge between the
electrode and a redox species
layer. This Warburg element assumes there isiafigémlinear diffusidayer. Both the real
and imaginary components of impedance increase equally with frequency. The equal decrease
in real and imaginary impedance can be seen in the Nyquist plot and results in a constant phase

n

the sol
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shift of 4513. The u,ni$ @hm ¢tofthe potved.5. e defawltvadue c o e f f i
of the Warburg coefficient in the circuit editor is 1000.

Phaser

bt T
FrequencyMz

102 1071 10° 10! 102 10% 10%

Frequency/Hz =
Figurel 72 Left: The absolute impedancemire Warburg element plotteverirequency.

Top right: Phase shift gimeWarburg element over frequency. Bottom right. Nyquist plot
ofa purd/arburg element.

The Randl eds ci r c uiransfer of charxge betmeen the ededtrode andmo d e |
redox species solution. The Randl eds circuit
el ement . The first resistor is in series andct
doublelayercapacitance is represented by a capacitor parallel to a resistor that represents the
charge transfer resistance and the Warburg element. At high concentrations of the oxidant,

the semicircle and the diffuséma separated and at low concentrations, they overlap.

Jomid ™k
lo-

10.00 0 Iy

/

Lragie]

/

v

15 20 25 30 35 40 45
zZiQ

Figurel7 3Ny qui st pl ot of a Randl/ eds circuit with
the Warburg element. This represents the transfer of chare between the electrode and redox
species with a low concentration of the oxidant (overlap of semicircleséomy.diffu
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30

] N |©_|00qu C.)I
2=: ® AVAVAV__ 4@L9-A N . ]-@JU

-2'10

10]

N

15 20 25 0 5 40 45
Z'iQ

Figurel7ANy qui st pl ot of a Rand/ eds circuit with
the Warburg element. This represents the transferge bbaween the electrode and

redox species with a high concentration of the oxidant (no overlap of semicircle and

diffusion).

o Note that some authors refer to the Randle Circuit with just a
R(CR) set, so without the Warburg element.
This documentefersto this circuit as the
PSimplified Randleds Circuitp

7.9.5 Warburg Short/Open

In contrast to the Warburg element, the Warburg short/open do not assuimiéngemi

diffusion.

ar ” 6 A5 N T

w TOA'OEQ] d
o Qg

», ” 6 ~ ST

W — Al GEQ"
o Qg

Respectively the Warburg shog) éhd Warburg opent{4nodel the transmissive and
reflective boundaries of a diffusion I&§@me authors use the terms "O element" and "T
element” to describe these elemeNtserthelesst'simportant to note that these letters
refer to the hyperbolic cotangent and tangent, respectively, the admittance formsla
(thus, the oppositePBp r epresents the thickness (1)
(D) of the diffusion layer in square meters per sects)d (m

6 G vo.
The experimental parameter (@) has a maximum value of 1 when diffusion is uniform and is

smaller when diffusion is honuniform. The default values for the Warburg coefficient, B, and the
experimental parameterare 1000 1 Is and 0.5 respectively.

=]
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FrequencyHz

0 T : ; : ;
107 107 10° 107 102 10% 10% 108
Frequency/Hz

ft B!

Figurel 75 Left: The absolute impedance of a Wasberiplotted against frequency. Top
right: Phase shift of a Wartmenover frequencyBottom right: Nyquist plot of Warburg
open.

0.8

0.6

ZIMQ

0.4

0.2

2o

0.0 T : ; : :
107 107 10° 107 102 10% 10% 10%

Frequency/Hz

Figurel 76 Left: The absolute impedance of a Wasbartplotted against frequency. Top
right: Phase shift of a Warlslgytover frequency. Bottom right: Nyquist plot of Warburg
short

The figure below shows various circuits illustrating the differencdémimsfimeof charge

between the electrode and a redox species a solution, assuming finite diffusion
transmissive/reflective boundary or sefmite diffusion.
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Figurel 77 Nyquist plot demonstrating the differences in diffusion at low frequencies for a

Rand/l eds circuit (yell ow | refleetivdaoandarylfblue t om c i r
line and top circuit) and an electrode vititramissivieoundary (red line and middle

circuit).

7.9.6 Gerischer element

6 w

OBO]
The effects of a Gerischer element are similar to those of a Warburg open. However, the
parameters of the model are differeyi§ the magnitude of the impedance atl rad/s and

k is a reaction rate constditte Gerischer element introduces a phase lagriiated tthe

kinetics of charge transfer procedsés designed to model the effect of an electrochemical
species reacting with something to form an inactive substance or absorbed species during the
diffusion process.
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Figurel 78 Nyquist and Bode plots showing response of the Gerischer element

Constant Phase element
w p .,YTQ n
TheConstant Phastement( CP E)

is referred

t o

lWegsen®0 me

to describe a frequency dispersion present in most real electrochemicklydosblee CPE
equation hasvo parameters:,thatis related to its capacitance andhatis the constant
phase exponent which is related to the deviation frodeacapacitor At at of 1 the
behavior of a constant phase element resemblesahagafacapacitor, for @ of 0.5 that
@ of Dresistorfe unit of T is Siemens per second
to the powelli. The value of the constant phase exponent should be between 0 and 1; it
regulates the constant phase whigdDisimesi . The phase shift of a constant phase element
is independent of frequency, the slope of the line in the Nyquist plot corresponds to the

of a Warburg element, and for ao f
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magnitude of the phase shift specifiad.Byhe default values of the constant phase element
in the circuit editor are 1 uT amd 1

20 e
; ; ; i i &
—o—{—o
SN S S S SR S . 1"Li S
1.000 ¢ 3
g
............................................................................................... - -
K] FrequencyMz
g
£
H
T 7 T T T T
102 107 10° 10! 10° 10% 104

Frequency/Hz e
Figurel 79 Left: The absolute impedance of a constant phase element with a constant phase
exponent ofl (i.e. a capacitor) plotted against frequency. Top right. Phase shift of a
constant phase element over frequaBaitom right: Nyquist plot of constant phase

element.
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Figurel80 Left: The absolute impedance of a constant phase element with a constant phase
exponent of 0.6 plotted against frequency. Top right: Phase shift of a constant phase
element over frequency. Bottom right: Nyquist plot of constant phase element.

The constant phase element is used instead of a regular capacitor to model the double layer
capacitance when an electrode displays a freeiepeydent dissipation/dispersion of

energy (typical for nonuniform electrode surfaces). When studylog seaction without

diffusion limitations the dissipation/dispersion of energy presents as a depressed semicircle in
the Nyquist. See the figure below.
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Figurel 81 Nyquist plot of a redox reaction without diffusion limitations, with a solution
resistance of &) a charge transter resistance @&hd a constant phase element that
represents the double layer capacitance of an ideally polarizable liquid electrode, i.e. a
constant phase element with a phase exponenior & capacitor).

T

Z"1kQ

02 IS IS I

wtr—or o-—a-—"m -7y

Z'[kQ

Figurel82 Nyquist plot of a redox reaction without diffusion limitations, with a solution
resistance of §Q a charge transfer resistance @ahd a constant phase element that
represents the double layer capacitance of a solid electrode with dispersion/dissipation of
energy. Here the semicircle is shifted downwards as a result of the dispersion/dissipation,
modelled as a constant phase elemmta phase exponent smaller than 1

In the Bode plot, the most notable effect of the CPE compared to a regular capacitor is the
reduction of thénegativejnaximum phase shift.
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7.9.8 Bisquert Short/Open

164

(%) —0.65@ 0 =
(%) —QEDO =
where-k —and..k @® Y

The Bisquert Short (N) and Bisquert Open (M) can be used to model porous electrodes. These
electrodes have a large surface area but the pores themselves contain a limited volume
affecting the rate with which ions enter and react in the pores. L ipagafivetdr that
represents the depth of the paeelates to the impedance of the active porous part of the
electrode, Rnodels the reaction resistance apth®diffusion / doubllayer capacitance (a
constant phase element is used to compensathdorageneities of the pores). Finally, the

G relates to the impedance of the electrolyte within the pore. Both elements assume that
reactions can only take place at the active porous part of the electrode. The Bisquert Short
models an absorbing boundary condition where the contribution of tHediesgedo the

reaction can short the porous film. The Bisquert Open models a reflective boundary condition
where the base electrode is insulating and cannot contribute to the reaction. For both
elements the pamgeters are in the respective order; pore impedaf)ces@tion resistance

(R), diffusion of active porous area modeled by a constant phase eléjraamd pbre depth

(L).

-Z'/0

Z/ka
Figurel 83 Nyquist plot demonstrating the differenoagipedance of a porous electrode
with an absorbing boundafye blue linéRg = 10@, R= 1e2q, CPE = (1 (7)1 = 1)
represents a situation where the diffusion reaciidoQ@minant, impedance pfRthanR
and @. The red line%,= 10@, R= 0.4, CPE =4I, 1i), L = Iphere there is a
homogeneous reaction with the absorbing boundary condition and a diffusion reaction
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