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1 Introduction

Scientific methods can deliver a lot of information about your moleculesolution, or reaction, however, a
single method will only provide a limited amount of information based on a single interaction, for example
light absorption, oxidation at an electrale, change of mobility, ormovement of mass in an electric field.

For this reason, scientists try to create hyphenated techniques that allowbservingthe same system at the
same time with multiple techniques. In protein analysjsthe combination of liquid chromatography with
electron spray-based mass spectroscopy allows the identification of even complex proteins.

Another popular hyphenated techniqueis spectroelectrochemistry where electrochemical reactions or
products are characterized by electrochemical methodse.g., cyclic voltammetry (CV) and spectroscopy,
e.g. UM-VIS. Electrochemical and optical instruments have in the last decades become more compact and
more economical. The information both techniques deliver is complementary as well. For example, an
unstable product of electrochemical oxidationcan be detected by spectroscopy before it decays

In this application notefirst some basic concepts will be introduced befoe the experiment with a focus on
the used equipment and how to operate it will be described. If you want to start with
spectroelectrochemistry yourself, you can find athe end a linkto our spectroelectrochemical kit which will
get you started quickly.

1.1 Goal

This application note helpsyou to get started with spectroelectrochemistry and clearly shows what
components you needto successfullyrecord a UV-VIS spectrum during CV.

The experiment in this application noteshows that a change in potential causesreduction and oxidationof
methyl viologen not only by measuring the electric current but also by measuring the change in the
transmittance and absorbance of the solution in a cell.

1.2 Potentiostat

An electronic device that controls thepotential (or voltage) difference between two electrodesand
measures the current between themis called a potentiostat.A three-electrode setup, comprising a working
electrode, reference electrode and counter electrode, is very common. The potential is jpplied between
the working electrode and the reference electrode, while the current is measured between the working
electrode and counter electrode. This way the potential of the working electrode is knowmwhile a current
is flowing.

The electrodes can bevery small like micreelectrodes in a conductive solutionor large coated metal
coupons in an acidic environment. A potentiostat can be used in the fields of electrochemistry and
biochemistry, but also sensor development and battery research.

For more irformation about apotentiostat, please visit:
https://www.palmsens.com/knowledgebase-article/potentiostat/

1.3 Spectrometer

Optical spectroscopy is a technique that is used tomeasure light intensity in the ultraviolet (UV), visible
(VIS), nearinfrared (NIR) and infrared (IR) range of the electromagnetic spectrum. Spectroscopic
measurements are used in many different applications, such as color measurementharacterization, or
concentration determination of chemical components.

For more information about hav a Spectrometer works, please visit:
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https://www.avantes.com/support/theoretical-background/introduction-to-spectrometers/

1.4 Cyclic Voltammetry

Cyclic Volammetry is an electrochemical technique, applied by a potentiostat.During a cyclic
voltammogram, the potential is controlled, and the current is measured. The potential is linear increasing
or decreasing. The change of the potential per time is the scarate v. As can be seen from the mathematical
definition (seeEquation 1) this is the slope of the linear potential.
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At the start, the potential is usually in a region where no electrochemical reaction is occurring. The linear
sweep of the potential is usually chosen in such a way that the potential crosses the formal potential of the
investigated species (seeFigurel). After reaching a set potentialthe slope of the linear potential is inverted,
that is a decreasing becomes an increasing potential and ®é versa. This potential is called the vertex
potential. One cycle is finished when the potential reaches the starting potential again.

It is possible to repeat this process several times. The intention behind multiple cycles is often to observe
the stability of a system. Modern software usually offers the option to choose two vertex potentials and a
start potential, that is the potential sweeps between the two vertex potentials and starts at a potential

between these two.
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Figure 1: Potential vs time during cyclic voltammetry with indicated vertex potentials (&), the formal
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To directly read the potentials corresponding to the peak, usuafla voltammogram, a curve of | vs E, is
plotted. This way many important parameters can be determined faster than by plotting the E vs t and | vs
t on top of each other as inFigure2. The | vs E curves are very compact and have characteristic shapes.
Symmetry is visible more easily. Very symmetric curves are hints to reversible systems, where both species
have the same diffusion coefficient.
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Figurg: E and | vs t curves in a voltammetric experiment (left) and the resulting voltammogram (I vs E curve)

For more information about Cyclic Voltammetry, please visit:
https://www.palmsens.com/knowledgebase-article/cyclic-voltammetry-introduction/

1.5 Transmittance

To create a UV/VIS spectrum of an object, solutionor gas the light reflected by the sample or transmitted
by the sample can beutilized.
If the object or material you want to measure is more transparent, for instance filter, glass, or fluid, the
amount of reflected light is too low to perform a reflection measurement. For (mostly) transparent materials,
transmission spectroscopy is the best choice, since it measures the light that passes through the material
lrans iN comparison to the emitted light lo, instead of light reflecting from it. The ratio is known as
transmittance T:
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For more information, please visit:
https://www.avantes.com/applications/measurementtechnigues/transmission/

1.6 Absorbance

The absorbanceA (also called optical density) of a material is a logarithmic ratio of tHight falling upon a
materiallo, to the light transmitted through a materiallrans:

o 11 G
Equatidh
UV/VIS absorbance measurements encompass a wide variety of chemical and biochemical applications
which involve many areas of research and industrial end uses. UV/VIS absorbance can be applied
qualitatively and quantitatively in spectroscopic measurement applicans ranging from blood parameters

to chemical concentrations in process and reaction monitoring.

For more information, please visit:
https://www.avantes.com/applications/measurementtechnigues/absorbance/
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2 Equipment

Figurd: Spectroelectrochemistry setup.

The following equipment was used

1. Potentiostat PalmSens4

2. Electrochemical Cell ItalSens K003 with wires soldered to the electrodes

3. Cable Custom cable to connect the potentiostat and the spectrometer
4. Spectrometer AvaSpecULS2048CL-evo

5. Light source AvalightDHc

6. Fibers 2xd FC-UVIR600G1

7. Cuvette holder CUV-UVIVIS

8. Laptop With PSTrace and Avasoft

The experiment has a window of interest between 200 and 650 nm with great interest around 600 nm. The
light source and the spectrometerare requiredto generate and measurea spectrum in this window.

2.1 Solutions and Chemicals

1 0.1MKCI
1 1 mmol/L methyl viologen (M2*) in0.1 M KCI

2.2 Software Setup and Settings

The potentiostat was controlled byPSTrace 5.9 It is available for downloadat My.palmsens.com
The spectrometer was controlled byAvasoft 8.11. It is available for downloadat Avantes.com.

E ]
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2.2.1 PSTrace settings

To send a trigger signal fromPSTrace:
1. Enable AUX input, so the analog input can be used to receive information from the spectrometer
2. Set CV settings, to perform the measurement
3. Check the box to send a tigger from digital output DO at the start of a measurenent

Before enabling the Aix. input, you have the option to name and convert the AUX inputs voltage into a
linear correlating signal.To do that open the top menuTools«Caj an] h dChck gneChange @ux,
which opens the Auxiliary output options Click on Add and configure the aux input as you like. Th&ffset
and Slope are the yaxes intersection and slope of the linear function to convert the voltage into a signal.
During this experiment the settings visible inFigure 4 were applied. Click on Save to add the setting to
your dropdown list for the Aux. input. The Calibrate button in the general settings allows you to perform a
2-point calibration for your auxiliary input.

If you check the box Show AUX idle reading in status baryour AUX signal will be visible at the bottom of
the PSTrace windoy\i,‘ even when no measurement isunning.

Select PSTrace mode

; . '.
Analytical @ Corrosion
©

| Hardware Piot and data

Change auxiliary input X
Comm options

Auwdiary input options
[ [Bluetooth present
Type: | custom v
Name: |Transmttance |  [Awiliary input
Description: |Converts the inputto a Selected: Aux. input
tranmittance value
E—] %0 Calibrate
Slope: (200
= [[] Show AUX idle reading in status bar
Unit 9
v . Not supported for PaimSens1 and 2
Quantity: |Transmittance |
Symbol: |T J Save Developer Options

[ Show MethodSCRIPT Editor
Delete

oK Cancel

Figurd: Create a custom transmittance inpan&ompbe

To record the Aux. input during the measurement, check in the method editor the box Record Aux. input
in the segmentRecord additional data(see Figure 6). The method elitor is the section of PSTrace where
you set your techniques parameters

In this application note the oxidation and reduction of methyl viologen should be triggered, so Cyclic
Voltammetry (CV) is used as a technique. You can set the parameters according feigure 5 or load the
LOi apdKkCV_HreMash K€L MV_10mvs.psmethod* Uk q ] jan exdmplenmethdd file at
Palmsens.com/spectro and load it by choosing in the top menuMethod « Load. As an alternative, you can
set the parameters manually using-igure 5.
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_PT_Mash_KCL_MV_10mvs.psmethod

- Cyclic Voltammetry v| n

Technique:

Measurement Peaks

Notes:
Click here to add nofes...
Select current range(s):
v
E ~
PA nA nA nA UA uA uA mA mA mA
b Pretreatment Settings ~
4 Cyclic Voltammetry Settings
t equilibration I:I 5
E begin 0.0 v
E vertex1 0.0 v
Freted v
Scan rate 0.01 V/s
Number of scans 2

=
Figurd: PSTrace CV settings
To synchronize the start of the CV and the start of recording the spectra a trigger must be sent to the
ol a_pnki apan?*-bitbndn the method editbaand check Trigger at measurementas well as

do (seeFigure6).

[J p Trigger at start of tEquil

[41(4 Trigger at measurement |
Set digital lines M@0 dd1 [Jd2 a3
[J p Trigger at delay after start

4 Post measurement

[J » Cell on after measurement
4 Record additional data

[ [Record Aux. input |

Figuré: PSTrace trigger and AUX input settings.
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Title: CV Transmittance Scan 1 [4]

Filee  CALACY_PT_Mash_KCL_MV_10mvs.pssess

Change curve function:

Mone e

Ch
0 I"—h app;?agnece

\Auto assign color |

= |solate in plot

B View curve data

Show on secondary axis:

Top Right
= =3
K anis Y axis

75 Delete

Figuré: Thenalomput careplotted on thexXs by pressing "Ratis"Y

2.2.2 Avasoft settings

Setting the integration time and aveaging to starting values
To set up Avasoft, you first need to connect your instrument. You will have tget two parameters on the
left side of the main screen
1 Settheintegrationtime to 4000,by _he _gej c kj pda jgi”~an ]J]bpan w©ejpa
1 Set the Averaging to 10, so you will reduce the noise in your measurement. Click on the number
] b pazemagimg *

VYN HO!

Integration Time [ms]: 4,000
Averaging: 10

Figur8: The integration time is set suckptatahgetdmost clips. The result is averaged with 10 measurements to reduce
noise.

Optimizing the integration time to avoid clipping

To set the integration time and averagingset your spectrometer to contnuous mode, see Figure9 and
press start. You will see the result of the measurement as ifrigure 10. If your measurement at a certain
wavelength is touching the maximum amount of counts§5.536), the result is clipping. Clipping reduces
your accuracy at the wavelength where it is clipping. @ping can be avoided by reducing the integration
time. Set it such, that there is no clipping visible in the spectrometer measurement.
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Figur@é: Set continuous mode in Avasoft
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Figuré(0: exampleatpectrometer measurement.

Set External trigger

Next up is setting the external trigger, so the potentiostat can trigger the spectrometer. The external trigger
can be enabled in the Global options, sedrigure11. If you enable the external trigger, the potentiostatan
trigger the spectrometer. When a measurement is started the spectrometer will wait until it receives the
trigger and then start recording.

You can also define how many scans are performed when the trigger is received. In this application, the
spectrometers scan should last the whole CV. Each scan takes in the current setup #hs * 10 = 40 ms. If

your total measurement takes for example 6 minutes, you will need 6*60/(4x0.001) = 9.000 scans per
pneccan* Lha]J]oa |j kpa6 @kj iH#gpa scard fo pvoidhungxmeeted pesuisdromatime o ap p e j
software.
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¥~ Global options - o X

[} save Options External Trigger Settings
BExporQOphons
/ Look and Feel

2 Windows Options

Enable 'Single Scan Trigger' for StoreToRam Measurements (EVO only)

The number(s) you enter below for 'Scans per Trigger’ has/have no effect when the
tf UsBvs Ethemet ers are synchronized. This applies to both hardware and software
['€] save Spectra Periodically synchronization.
>v; Correct for Drift Channel Device Trigger Type Scans per Trigger
|¢ T P | [AEnable Simulated Device Alone @edge  Olevel M
/Use Non-Linearity Correction

P Merge Channel Settings
*- Electronic Optical accessories

@ AutoConfigure Options

Figurél Global options

2.3 Hazards

Methyl viologendichloride hydrate has acute oral toxicity and is toxic by inhalation and irritation to the skin.

2.3.1 Methyl Viologen

Methyl Viologen (MV) is also known as paraquat. It is used as a herbicide, but due to its toxicity for humans

and scientific studiesshowingh ej go "~apsaaj i apduh r e kibhasdostjpopligrity L] nge|j
l apduh rekhkcaj#o0o pkte_epu eo ~"]J]oa  kj epo*MNals KT _dai
to the blue radical ion MV (seeFigure12).

2+ + _ - .
MY HyC— M N —CH
} v 4N 3

Mv* HsC—'N ) N—CHs
"

Figuré2 M¥* z MV

This oxidation can be triggered electrochemically at a platinum electrodeAs mentioned above MV* is
colorless while MV is blue and accordingly is absorbing in the visual spectrum. Thus M\¢an be produced
by electrochemical methodswhile being detectedby UV/VIS spectroscopy. These spectroelectrochemical
measurements could be applied to measure the kinetics of the oxidation, for example.
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2.4 Performing the Measurement

2.4.1 Setup

First connect the light source to the electrochemical cellsing the optic fiber, the cell to the spectrometer
with another optic fiber, and the spectrometer to the potentiostatusing the cable mentiored in Appendix
5. See Figure 3 for a view of the complete setup.

2.4.2 Dark measurement

Turn on the spectrometer andturn off the light source Make sure to cover the electrochemical cell and
perform a dark measurement. This will be stard in the spectrometer and subtracted from future
measurements. In Avasoft you can perform a dark measurement by running a single measurement, and
pdaj |l naooejc pda ©o]lra "~ ]1]ng FgukiBgnaiajp2z ~gppkj(

=

Figuré3 Icon teavea dark measurement.

2.4.3 Reference measurement KClI

Fill the cuvette of the electrochemical cell with the KiZolution. Insert the three electrodes into the cap and
put the cap on the cuvette. Theplatinum wire CE and the platinum mestworking electrode must not touch.

Turn on the light source wait 10 minutes and perform a reference measuremenby clicking on the red bulb
in Avasoft, as depicted inFigure 14. This measurementdefines the b for the setup and thusis needed to
calculate the Absorbance and Transmittancgsee Equation 2 and Equation 3).

U

Figuré4: icon to perform a reference measurement.

2.4.4 Cyclic Voltammogram and Transmission of Methyl Viologen

In this segment we will describe how to record a CV while recording the transmittance for a single
frequency. This requires the knowledge of a suitable wavelength where ideally either the oxidized or the
reduced form of the characterizedspecies is absorbing.

Such a wavdength can be found in literature as well as databases or it must be determined by
measurements. The latter is described for methyl viologen in appendik 1.

MV* will absorb light with 600nm, which is in the yellow spectrum. Removing 600hm from a white
spectrum, let the light appear blue MV?* is colorless and does not absorb at 600nm. We have determined
the wavelength for the MV measurement by measuring a spectrunof the M\?* and a spectrum when -
0.85 V was applied to produce MV'. More details are available irmppendix 4.1.

The cuvette is filled with ImM MV in0.1 M KCI.

Open PSTraceand connect the PalmSens4. Select from the list of techniques Cyclic Voltammetry and set
the parametersaccording to Table 1.

Tablé Parameseior CV

t equilibration 5
E begin oV
E vertex 1 ov
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E vertex 2 -09V

E step 0.01V
Scan rate 0.01 V/s
Number of Scans 1

Open the additional options by clicking thep -button. Check the box for Trigger at measurementand dO
as described in chapter2.2.1.

After you set the spectrometer to start the measurement at a trigger (see chapte2.2.2) press the run
button in PSTrace.

Scan rate
The scan rate influences greatly the measurement duration. Choosing a high
scan rate will decrease your measurement time, but it might give the
reaction insufficient time to complete. A step size of 0.01V/s allows the Mv*
reduction to take place.

2.4.5 3D Graph of full Spectrums

With the described instruments and software, it is also possible to record at multiple points of a CV a full
UVIVIS spectrum.The result of such a measurement is a CV and a series of spectra. Usuallthese are
plotted in a 3D plot vs wavelength and time or potential on the other axisMore information is available in
appendix 4.2.

2.5 Results

Figure 15 shows the resut of the measurement described in chapter2.4.4. A decrease oftransmittance is
visible starting at around-700 mV, which is a result of the M\#* reduction to MV* and is also visible in the
CV as a small peak From -0.7 V to 0 V the transmittance increases agaifbecause MV" is oxidized.

Combining electrochemistry and spetroelectrochemistry results in more insights and a better
understanding into the oxidation and reduction processes.
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40

Current/mA
%/facuepwisueld]

B vivsEScan 1 4]
% ¢V Transmittance Scan 1 [41

-0.8 -0.6 -0.4 -0.2 0.0

Potential/V

Figuré5 Shown is one CV scars@ainkafe01 V)of ImMMVsolutioim 0.1M KCIThe transmittance in percentage (ecru)
while performing the scan is plotted on thaisecond Y
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3 Order Spectroelectrochemistry Starter Kit

If you are interested in performing Spectreelectrochemistry using PalmSens instrumentsplease contact
us for the Starter kit.

The Starter kit includes:

1. Potentiostat PalmSens4
2. Electrochemical Cell  ItalSens K003 with wires soldered to the electrodes
3. Cable Custom cable to connect the potentiostat and the spectrometer

We have partnered withAvantes to offer you:

4. Spectrometer AvaSpecULS2048CL-evo
5. Light source AvalightDHc

6. Fibers 2xd FC-UVIR6001

7. Cuvette holder CUV-UVIVIS

Or visitPalmsens.com/spectro

Visit Palmsens.com/spectrofor the starter kit
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4 Appendix

4.1 Full UV/VIS Spectrum of MV?* and MV*

4.1.1 Absorbance measurement during chronoamperometry

Under the influence of a voltage, MV will absorb 600 nm, Neficspiscinutine Removing 600 nm from a white spectrum,
makes the MV appearHaduenore details see cBapterPSTrace can set a voltage on the cell using the technique
chronoamperometr§iged6.

1. First, record the spectrum using Avasof without

applying any potential. This is the spectrum of M¥.

2. Set the voltage to -0.85 V and record a spectrum
after 30 seconds.

3. Wait 30 more seconds and record a third spectrum.

The last two spectra include MV in an increasing Selectcurentrangefs):

tration. The visible ch due to the different AR E
;ggg?;ti:)ilg?l\/l\ﬁ?aﬂjlmsﬁ? anges are due to the differen I

P Pretreatment Settings
4 Chronocamperometry Settings

Chronoamperometry v| n

Measurement | evels

Technique:

Notes:
Cllick here fo add nofes...

t equilibration l:l 5
tinterval 0.1 5
trun 60.0 5

Figuré6: Set chronoamperometry 0.5 V in PSTrace.

Figure17 shows the three spectra recorded according to the procedure described above Around 390 and
600 nm, the absorbance is increasing, while at 200hm the absorbance is decreasng with increasing M/*
concentration.

7 Peak = 312.37 nm (0.06)

Absorbance [AU.]

03 f \

02 i
0.1
0 M

. e —
220 240 260 280 300 320 340 360 380 400 420 440 460 480 S00 S20 5S40 S60 SB0 600 620 640 660 680 700 720 740 70 VB0 800 820 840
Wavelength [nm]

Figurg7. Spectra wfethyl viologeéthout potential c@vitv@+, redhd aD.85V foBO secondd¥, green), and 60 seconds
(MV, turquoise).

Pagdy17



PSAN41&pectroelectrochemist

4.2 :2D transmittance and 3D absorption graph

In Figure 18 two cycles of a CV as described in chapters2.4.4 and 2.5 are shown. During these CVs not
only the transmission ofa single wavelength but full spectrawere recorded every4 s. The spectra were
plotted versus a running number, which correlated with the measurement time and thus the applied
potential (seeFigure 19). Anincreased absorbance at around 390nm and 600 nm can be observed two
times, showing a clear correlation with the two CV scans.

40

Current/mA
9 /acueyiwsuel]

B cvivsESean 114]
B (y Transmittance Scan 1 [4]
B CyivsE Scan 2 [4]
B (v Transmittance Scan 2 [41

-0.6-—— R — e e — e 13
-0.8 -0.6 -0.4 -0.2 0.0
Potential/V

Figuré8 Two CV scdred, pinlith a scan rat8.01V/sof ImM MV in (hi KCIThis graph shows the transmittance in
percetagéblue and green) while performing the scan.

Figur@9Full UV/VIS spectra recording duringigivégrom
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