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A B S T R A C T

The design and application of a cost-effective, customisable electrochemical cell suitable for in situ X-band (9–10 
GHz) Electron Paramagnetic Resonance (EPR) experiments is demonstrated. The cell is optimized for investi
gating electrochemical parameters of redox-active polymer films at room temperature using polar organic 
electrolytes. The polymer film to be studied is directly deposited onto the surface of a platinum wire acting as the 
working electrode. The three-electrode cylindrical cell design with mutual arrangement of the electrodes, 
inspired by the “ultramicroelectrode concept”, provides enhanced electrochemical response by minimizing 
ohmic drop while maintaining flexibility for a wide range of experimental setups. The cell performance is 
demonstrated using a redox conducting polymeric cathode material for organic radical batteries, namely poly[N, 
N″-bis(3-(4-oxy(2,2,6,6-tetramethylpiperidin-1-oxyl)butoxy)salicylidene)ethylenediiminato nickel(II)], as a test 
material. Continuous-wave EPR experiments using a portable benchtop spectrometer at a fixed magnetic field 
allow detecting the material’s state of charge, initialisation of oxidation and reduction processes, as well as 
estimating electrochemical properties. The cell design presented here enables potentiostatic, galvanostatic, and 
potentiodynamic measurement modes, while offering the possibility of customisation through 3D printing and 
the use of various electrode materials.

1. Introduction

Unpaired electrons play a crucial role in many fundamental pro
cesses in materials and electrochemical devices for energy storage and 
energy conversion. In consequence, the spins associated with localised 
radicals as well as mobile charge carriers can be used as probes that 
provide useful insights into operational principles and loss mechanisms 
by electron paramagnetic resonance (EPR) spectroscopy. Whenever the 
redox state of active species changes and a conversion between para
magnetic and diamagnetic states occurs during device operation, in situ 
EPR techniques can be applied to identify functionally active para
magnetic sites and explore their electronic and geometric structure. 
Such studies have revealed important information about redox active 
species in various electrochemical systems such as protein films [1,2], 

intermediates and organic molecules [3,4], catalysts [5–9], lithium-ion 
batteries [10–12], redox-flow batteries [13] and organic radical batte
ries (ORBs) [14].

Conducting in situ EPR experiments is challenging due to significant 
dielectric losses at microwave frequencies when using polar solvents. 
Various in situ cell designs aim at minimizing the active electrolyte 
volume [15–17]. One popular design is based on a flat cell, in which the 
sample is placed in a non-standard rectangular tube, allowing the use of 
a smaller volume of electrolyte [14]. The main problems associated with 
these designs are a significant ohmic drop between the electrodes [18], 
difficult assembly and non-renewable electrode surface, as well as 
reduced EPR sensitivity due to the interaction of the microwave with the 
metal electrodes [16]. Alternatively, standard three-electrode cylindri
cal cells [19] or the so-called “ultramicroelectrode concept” [20] 
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provide a better electrochemical response due to minimized ohmic drop, 
although the typically used small electrodes can make detecting low 
concentration of EPR-active particles challenging. However, this design 
provides experimental flexibility and can be tailored for specific samples 
and measurement configurations. For example, it is possible to convert 
the cell into a flow cell using two or three electrodes, to work with 
dissolved particles, or by increasing the electrode area to work with 
active materials directly deposited onto the electrode.

Since a modern trend in materials science for various applications is 
the development of complex, hybrid systems, composite materials, 
combined molecules, macromolecules, and metal-organic frameworks 
(MOFs) of various structures, we explored the possibilities of in situ Film- 
Electrochemical EPR (FE-EPR) methods for analysing complex materials 
in order to assess the contribution of the individual components. As a 
test object we selected nitroxyl-containing redox-conductive polymers 
(RCP), which are promising alternatives to inorganic-based energy 
storage materials and efficient in-film catalytic systems due to their high 
energy density and fast redox kinetics [21–23]. Charge transfer pro
cesses in RCPs involve two redox centres: polaron/bipolaron fragments 
and radical-bearing groups, making their joint oxidation/reduction 
mechanism difficult to analyse. It was shown that ex- and in situ EPR 
spectroscopy methods can provide valuable insights into the nature and 
energy of generated radical species, reaction mechanisms, and in
teractions between redox centres and their environment [15,24].

In this work we present an alternative cost-effective and accessible 
cylindrical type electrochemical cell design for in situ room-temperature 
EPR experiments in the X-band microwave frequency range (9 to 10 
GHz) that is compatible with a benchtop EPR spectrometer. The redox- 
active film to be studied is directly deposited onto the surface of a 
platinum wire acting as the working electrode. The functionality of the 
cell is demonstrated by performing in situ EPR measurements during 
oxidizing and reducing a film of poly[N,N″-bis(3-(4-oxy(2,2,6,6-tetra
methylpiperidin-1-oxyl)butoxy)salicylidene)ethylenediiminato nickel 
(II)] (pDiTBuS) – a promising active electrode materials for ORBs – using 
Et4NBF4 / CH3CN as a polar organic electrolyte. In particular, we show 
that two different modes of operation are possible, namely (1) recording 
a full EPR spectrum and (2) monitoring the EPR signal intensity at a 
fixed magnetic field during a cyclic voltammetry experiment. The sec
ond approach allows us to detect changes in the number of EPR-active 

sites with sub-second time resolution.

2. Experimental details

2.1. Cell design

The components and the complete schematic of the cell designed for 
in situ continuous wave (cw) EPR measurements are shown in Fig. 1 (see 
also Fig. S1 for more details).

We developed the cell based on previously reported designs 
[9,16,17,20,25] taking into account the specifics of working with polar 
organic solvents and with active materials directly deposited onto the 
working electrode by electropolymerisation.

The top part of Fig. 1 shows the main components of the cell: shell, 
counter electrode (CE), working electrode (WE) and reference electrode 
(RE). At the bottom, the assembled cell used in this work is presented. 
Cell versions A and B show possible modifications.

The cell’s shell consists of two parts. The upper part is made from a 
PVC tube with an outer diameter of 3.9 mm and a wall thickness of 0.5 
mm. The flexible tube hosts the wires and can be easily connected to the 
lower part of the cell without the use of adhesives or additional EPR 
active components. The lower part of the cell is made of a sealed 
Eppendorf epT.I.P.S. 20 μL polypropylene pipette tip with a length of 20 
mm. The tip was sealed by heating the bottom open part to 165 ◦C using 
a soldering tool. The resulting drop of liquid polypropylene filled the 
void at the bottom of the tip and then solidified, forming a rigid layer 
impermeable to electrolyte. The outer diameter of the upper and sealed 
lower part of the tip is 3.9 mm and 2.0 mm, respectively. Since the inner 
diameter of the PVC tube is 1 mm smaller than the outer diameter of the 
pipette tip, when putting the tube on the tip, a rigid connection is formed 
(the polymer tube envelops the tip) between the elements. Without 
mechanical load the connection is stable and allows to work with sol
vents without leaks. The pipette tip was chosen due to its inertness with 
respect to the chosen electrolytes, low cost and absence of EPR signals. 
Its conical shape makes it possible to reduce the amount of polar solvent 
in the active volume of the microwave resonator while maintaining a 
clear electrochemical response. The diameter of the part at the 
connection between the PVC tube and the tip was 5 mm and was limited 
by the 5.1 mm inner diameter of the Nitrogen Dewar used in the EPR 
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Fig. 1. Schematic representation of the electrochemical cell for room-temperature in situ EPR measurements (a) and photograph of the wire configuration (b). All 
dimensions are in millimeters, all schematic blocks are not drawn to scale.
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spectrometer.
The CE is made of a platinum wire with a diameter of 0.3 mm with a 

spiral-shaped end. The diameter of the spiral was 2.3 mm and the length 
was 2.0 mm. The length of the straight part was 24 mm.

For the WE and RE an insulating layer was used to prevent short 
circuits as well as vertical diffusion of the electrolyte along the cell 
wires. The layer consists of PTFE Thread Seal Tape (100 μm thick) 
impregnated with molten polypropylene, which prevents the layer from 
being soaked with electrolyte. For that purpose the polypropylene tube 
was melted to 170 ◦C to a liquid state and applied in drops to the surface 
of the wire with insulated Teflon tape. The diameter of the electrodes at 
the insulation point was 1 mm. The WE made of a platinum wire 
(diameter of 0.3 mm) with a spiral-shaped end (diameter of 1.3 mm and 
length of 2.5 mm, 7 turns, surface area ~ 20.7 mm2). The spiral elec
trode shape allows us to achieve a surface area about 9 times larger than 
that of an untwisted wire of the same active length (2.5 mm). It was 
created by winding the wire around a steel rod. The WE can be easily 
cleaned by calcining the wire on a burner, which allows one electrode to 
be used multiple times. When annealing, there is a chance of damaging 
the insulation between the counter and the working electrode. In this 
case, in the absence of a short circuit this is not a problem. Otherwise, 
the insulation has to be renewed. The distance between the insulating 
layer and the spiral was 2.1 mm. The insulating section had a length of 
26 mm.

The RE is made of a silver wire with a diameter of 0.2 mm. The length 
of the insulated part was 29 mm, and the length of the non-insulated 
lower section was 1.1 mm.

Tin plated copper wire (Metrofunk Kabel Union LWPC20, 0.14 mm2 

cross-section area) was soldered to the upper part of electrodes.
For the assembly of the cell comprising all four elements, the 

working electrode is passed through the counter-electrode spiral. 
Further, the reference electrode is brought close to the area between the 
top of the working electrode spiral and the end of the counter electrode 
spiral in order to minimize the electrolyte resistance. The electrodes are 
additionally wrapped with Teflon tape in the upper part to improve 
mechanical stability. A small amount of electrolyte (60–80 μL) is placed 
in the shell, then the electrically connected electrodes are inserted. To 
compensate for possible evaporation of active electrolyte volume 
around the electrodes during long measurements, a 150 μL electrolyte 
reservoir above the active volume can be used. We kept the electrolyte 
level well above the three electrodes, up to ~1.7 cm from the bottom. In 
this work, the shell was also inserted from top into a long PVC tube, 
allowing the cell to be easily inserted and removed from the resonator. 
In this form, the cell can be inserted into the resonator and connected to 
the potentiostat. The long PVC tube can be replaced by a standard EPR 
quartz tube with an unsealed end, to which the shell is attached by 
simply pushing on the free section of a short PVC tube (Fig. 1, cell 
version A). We assume that the shell can also be made of any suitable 
material for 3D printing (Fig. 1, cell version B). The main criterion is the 
absence of an EPR signal and the inertness of the materials. For aqueous 
electrolytes, high Impact Polystyrene (HIPS), polylactic acid (PLA), 
polyethylene terephthalate (PET) and acrylonitrile butadiene styrene 
(ABS) are suitable, although some of these materials have low EPR ac
tivity. For acetonitrile solutions, which are used in this work, nylon or 
glass-fiber reinforced nylon are more suitable candidates.

2.2. Chemicals

The monomer complex [N,N″-bis(3-(4-oxy(2,2,6,6-tetramethylpi
peridin-1-oxyl)butoxy)salicylidene)ethylenediiminato nickel(II)] - DiT
BuS (Fig. 2) was synthesized by condensation of the previously obtained 
TEMPO-containing benzaldehyde [26] with ethylene diamine and sub
sequent complexation with nickel acetate in an ethanol medium. The 
monomer was purified by recrystallization from aqueous ethanol, after 
which it was dried under vacuum using a vacuum oil pump at room 
temperature.

Commercial tetraethylammonium tetrafluoroborate (Et4NBF4, 99 
%), CH3CN (99.8 %, anhydrous), 3 Å molecular sieves were purchased 
from Sigma-Aldrich, silver nitrate (99.5 %) was purchased from Fluka. 
All purchased substances were used without further purification. 0.1 M 
and 1 M electrolyte solutions were stored under 3 Å molecular sieves.

2.3. Electrochemical measurements

Electrochemical experiments were carried out in 0.1 M or 1 M 
Et4NBF4 / CH3CN electrolyte solutions using an Autolab PGSTAT204 
potentiostat in standard three-electrode cells or the cell for in situ EPR.

A non-aqueous Ag| 1 mM AgNO3, 0.1 M Et4NBF4 (CH3CN) electrode 
(MF-2062, Bioanalytical systems) (0.3 V vs. Ag|AgCl (NaClsat), − 0.133 V 
vs. Fc/Fc+ [27] in CH3CN) was used as a RE for in-beaker experiments 
(deposition and cleaning procedures). An Ag wire (+ 0.3 V vs. non- 
aqueous Ag| 1 mM AgNO3, 0.1 M Et4NBF4 (CH3CN) electrode) with a 
diameter of 0.2 mm was used as a RE in the EPR setup. Potentials are 
referenced to the electrode used (Ag| 1 mM AgNO3, CH3CN) or, if 
explicitly mentioned, to the Ag wire used for the in situ EPR 
measurements.

A coiled Pt wire with d = 1 mm was used as CE for the in-beaker 
experiments and with d = 0.3 mm for both CE and WE for the in situ 
EPR measurements.

The polymer film was deposited on the WE using 10 cycles of cyclic 
voltammetry (CV) electrochemical polymerisation with a potential scan 
rate of 50 mV s− 1 from 1 mM solutions of the corresponding monomers 
in 0.1 M Et4NBF4 (CH3CN) electrolyte in the potential range from − 0.4 V 
to +0.9 V, thoroughly washed by acetonitrile using rinsing and CV in 
clean monomer-free solution and dried in air.

In situ FE-EPR / electrochemical performance tests were carried out 
using both cyclic voltammetry and galvanostatic charge-discharge 
(GCD) methods in a monomer-free 1 M Et4NBF4 (CH3CN) electrolyte 
solution. The CV tests in the beaker were performed within the − 0.4 V to 
0.9 V potential range (or 0.1 + 1.1 V vs. Ag wire in the EPR setup) using 
scan rates between 5 mV s− 1 and 50 mV s− 1.

The GCD tests were carried out in a three-electrode EPR setup cell 
using symmetric mode (i.e., Ich = Idisch) for charging and discharging at a 
current rate of 25C (0.025 mA cm− 2 or 18 μA) in a − 0.4 V to 1.4 V 
potential range.

2.4. Continuous wave electron paramagnetic resonance

Room-temperature ex situ continuous wave electron paramagnetic 
resonance (cwEPR) spectra were recorded at X-band frequencies (~9.4 
GHz) using a MiniScope MS-5000 benchtop EPR spectrometer (Freiberg 
Instruments, Germany). Magnetic field modulation and lock-in detec
tion were used, leading to a derivative spectrum. The Q factor of the 
empty rectangular resonator (TE 102 with constant B1 distribution in a 
+/− 6 mm range in the direction of the cylindrical sample) is 2520. The 
measurements were performed at a microwave power of 5.01 mW with a 
modulation frequency of 100 kHz and a modulation amplitude of 0.3 
mT, using 60 s and 20 s sweep time per cycle for ex situ and in situ 
measurements respectively. The number of spins was determined from 
the double integral of the experimental spectrum, taking into account 
the experimental settings and the Q factor of the resonator, 

Fig. 2. Structure of the DiTBuS complex.
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automatically recorded by the spectrometer software ESRStudio 1.72.1 
prior to each scan. A linear baseline was subtracted from the spectra 
before double integration.

For better data representation, several spectra were smoothed using 
Easyspin’s [28] ‘datasmooth’ function. A reference sample (4-hydroxy- 
TEMPO, also known as TEMPOL, dissolved in toluene) with a known 
number of spins was measured to obtain the reference integrated EPR 
signal amplitude, for comparison to the systems of interest where we 
intend to determine the number of spins. The uncertainty in the absolute 
number of spins is less than 20 %.

3. Results and discussion

3.1. Electrochemical sample deposition and cleaning

For preparing the sample for in situ experiments, the WE as well as 
the external CE and RE were immersed in a beaker (vial ROTILABO 4 ml, 
Ø 1.5 cm) with a solution containing 1 mM monomer in 0.1 M Et4NBF4 / 
CH3CN. The polymer films were prepared by electrochemical polymer
isation as previously reported for a similar material (DiTS) containing a 
succinyl TEMPO bearing linker [14,29]. Polymerisation was conducted 
in the potential range from − 0.4 V to +0.9 V with a potential sweep rate 
of 50 mV s− 1 for 10 cycles. The CV curves show oxidation of the 
monomer between 0.6 V and 0.9 V and oxidation / reduction of TEMPO 
around 0.4 V. An increase in current in this region is noticeable from 
cycle to cycle, indicating increasing thickness of the deposited layer 
(Fig. 3a).

After deposition, the polymer film was subjected to a cleaning pro
cedure to remove monomer particles from pores in the polymer film. The 
unchanged cell was immersed in acetonitrile solution for 2 min. Sub
sequently, several CVs were recorded in an electrolyte in a beaker that 
did not contain any monomers. This cycle was repeated 3 times. After
wards, the film was dried in air for 5 min to ensure that remaining 
acetonitrile was evaporated from the sample. After this, the polymer was 
tested in a fresh electrolyte solution in a beaker. In contrast to the DiTS 
material studied previously [29], the electrochemical activity region of 
deposited polymer metal-organic backbone shifts towards negative po
tentials from 0.4 V for pDiTS to 0–0.2 V for pDiTBuS (Fig. 3b). This effect 
is due to the succinyl fragment being electron-withdrawing both by 
inductive and by mesomeric mechanisms increasing the energy required 
for the ligand oxidation. In contrast, the ether linker of DiTBuS has an 
electron-donating mesomeric effect, so that depletion of the electron 
density in the benzene ring does not occur, which facilitates oxidation.

3.2. Influence of sample position on EPR performance

First, the cell was inserted into the shell without electrolyte, and 
cwEPR measurements were carried out in the centre of the resonator as 
well as at a distance of 5 mm above the resonator centre (Fig. S2a). The 
distance discussed here is the distance between the centre of the reso
nator and the centre of the WE’s spiral part. Inserting a cell without 
electrolyte at a distance of 5 mm from the centre of the resonator reduces 
the Q factor to 2160. Inserting the cell into the centre of the resonator 
further reduces Q to 1860. In the reduced state of the polymer, only the 
TEMPO groups are EPR active, and the spectrum of the discharged film 
exhibits a single Lorentzian derivative line (with peak-to-peak linewidth 
Lwpp ~ 1.25 mT, g ~ 2.0062). The single line observed here, similar as 
for pDiTS [14], is due to strong dipolar and exchange coupling between 
the TEMPO radicals within the densely packed film. The number of 
unpaired electrons in the film located in the centre of the resonator was 
determined by double integration of the spectra to be 1.15 × 1016 (with 
up to ±20 % error in quantitative cwEPR). This is about 10 % less than 
the number of electrochemically active TEMPO charges (1.28 × 1016) as 
determined by integration of the cathodic wave of the CV of the cell vs. 
time. This discrepancy can be attributed to partial antiferromagnetic 
coupling between nearby spins forming diamagnetic (EPR silent) states 
[30], as well as a slight interaction of the sample with the electric field of 
the resonator, which leads to an asymmetry of the spectrum and affects 
the accuracy of the quantitative EPR analysis. A measurement was also 
carried out on the same sample pulled up to a distance of 5 mm from the 
centre of the resonator (cf. Fig. S2a). The double-integrated signal in
tensity determined by the quantitative EPR analysis at this sample po
sition was reduced by about 60 %.

For the sample immersed in electrolyte, a similar result was ob
tained, with an admixture of the dispersion signal caused by the strong 
interaction between the polar electrolyte and the microwave electric 
field in the resonator, resulting in a more asymmetric spectrum 
(Fig. S2b, Fig. 4). To fit the obtained signals, the ’microwave phase’ 
parameter in the EasySpin tool box was used as a fit parameter to adjust 
the absorption/dispersion admixture. A series of measurements was 
performed in which the position of the sample was varied relative to the 
centre of the resonator. This allowed us to assess the influence of the 
sample position on the Q factor, number of spins obtained by quanti
tative EPR as well as the asymmetry of the spectrum.

Fig. 4 shows monotonic dependencies of these parameters on the 
distance of the sample to the resonator centre. The symmetry of the 
signal weakly depends on the distance, and only for distances larger than 

Fig. 3. Electrodeposition of DiTBuS from 1 mM monomer electrolyte solution in CV mode (a); CV of a pDiTBuS film in pure electrolyte solution (b) using a scan rate 
of 50 mV s− 1 in both cases.
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9 mm significant changes in the spectrum caused by low signal to noise 
ratio can be observed (Fig. S2c). Q factor and number of spins show 
inverse dependencies. Prolonged measurements in the region of mini
mum tolerable Q factors (i.e. in our case in close distance to the reso
nator centre) often lead to the loss of critical coupling. For this reason, 
all subsequent measurements presented here were performed at a dis
tance of 4 mm from the resonator centre.

3.3. In situ film-electrochemical EPR measurements

To assess the capabilities of the electrochemical cell, a number of 
different tests were carried out: (1) simultaneous CV in combination 
with cwEPR, (2) CV in combination with static measurements of the 
cwEPR signal intensity at fixed magnetic field, as well as (3) in situ GCD 
measurements. Fig. 5a shows the CV of pDiTBuS obtained at a potential 
scan rate of 5 mV s− 1. The CV shows activity of the conductive backbone 
in the 0.4–0.6 V region, as well as a TEMPO/TEMPO+ pair of peaks at 
0.77 V with a peak separation of 62 mV. In this configuration, it was 
possible to achieve a significant improvement in the electrochemical 
response compared to the results obtained for pDiTS under the same test 
conditions in a flat cell configuration [14]. During the CV sweeps, the 
cwEPR spectra were recorded every 140 mV (corresponding to 28 s), at a 
microwave power of 5.01 mW (non-saturating conditions) and a mod
ulation amplitude of 0.3 mT (Fig. 5b). Up to ~0.6 V, the spectrum ex
hibits one broad line that is attributed to TEMPO groups in the solid 
phase. In the region between 0.6 V and 0.7 V, oxidation of TEMPO 
groups sets in, leading to a dilution of the local spin density, signal 
broadening and a decrease in intensity (Fig. S3). Upon further oxidation 
of the film, a transition to a three-line spectrum is observed, caused by 
hyperfine interaction of individual TEMPO groups, followed by com
plete disappearance of the signal when the film is fully oxidized. Upon 
reduction, the opposite picture is observed, associated with a return to 
the single-line spectrum. The efficiency of the aforementioned oxidation 
process can be estimated using the double integral (DI) of the obtained 

EPR signal and was found to be approximately 98 %, leaving about 2 % 
of TEMPO groups in their paramagnetic state (Fig. 5a). This fact ex
cludes the possible shielding effect of closely spaced TEMPO groups, in 
which the oxidation of one group blocks the oxidation of the other [31]. 
As in the case of pDiTS [14], polaron signals, which usually exhibit a 
broad signal with a g factor different from the g factor of the TEMPO 
radical (~2.008/2.011) [32], were not detected. The reason for the 
absence of a clear NiSalen signal is possibly related to the formation of 
diamagnetic species due to partial antiferromagnetic coupling between 
nearby TEMPO radical and polaron spins [30], which was previously 
also observed for Cu based Salen type backbones [33].

One of the key features of the cell presented here is the possibility of 
operating at relatively high potential sweep rates while maintaining a 
stable electrochemical response. As an example, Fig. 5c and Fig. S4 show 
the results of in situ experiments recorded with a sweep rate of 10–30 
mV s− 1. Since it is impossible to simultaneously record cwEPR spectra 
without losing data quality due to averaging over a significant range of 
potentials, an analysis of the signal intensity obtained at a fixed mag
netic field was performed. The single-field-point (SFP) measurement 
was carried out at 335.5 mT, which corresponds to the minimum of the 
first derivative obtained during the cwEPR test experiments (marked 
with arrows in Fig. 5b). The intensity at this point is taken with positive 
sign, and a decrease in the signal intensity during oxidation until zero 
and an increase during reduction are observed. It should be noted that in 
the SFP mode, the onset of the oxidation process begins at 0.4 V, i.e. 200 
mV lower than previously determined by double integration of the 
cwEPR spectra (Fig. 5a). This effect occurs due to line broadening during 
oxidation, which significantly reduces the signal intensity at fixed 
magnetic field while maintaining the double integral values (Fig. S3). 
When representing the intensity minima of standard cwEPR spectra in 
the same manner (values with a positive sign, coloured dots in Fig. 5c), 
the dependencies almost completely coincide. This means that the SFP 
signal provides more reliable information on the onset of any processes 
occurring during oxidation and reduction that involve changes in local 

Fig. 4. cwEPR spectra of a pDiTBuS polymer film in 1 M Et4NBF4 / CH3CN with the sample positioned at different distances from the resonator centre. The insets 
show the dependence of the Q factor, spin count and asymmetry factor (representation of absorption and dispersion behaviour, using the microwave phase in rad as a 
fit parameter) on the distance of the sample from the resonator centre.
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spin density. In contrast, double integration of the cwEPR spectra gives 
the state of charge at a particular potential.

In the region between 0.4 V and 0.6 V, only the polymer backbone 
activity is observed in the CV, which in theory should only lead to an 
increase in the cwEPR signal intensity due to the generation of addi
tional cation radicals or polarons. A decrease in intensity and signal 
broadening can be a consequence of the antiferromagnetic interaction of 
densely packed TEMPO groups with polarons formed during oxidation. 
Considering a low polymer doping level at the onset of oxidation, the 
ratio between the concentrations of polarons and TEMPO radicals 
should be low. The presence of polarons, which remain in the para
magnetic state, can be masked by the broad TEMPO signal.

A decrease in the electrochemical and EPR signal intensities was 
observed when the sweep rate is increased (Fig. S5). This effect can be 
attributed to kinetic or diffusion limitation of the oxidation process for 
high sweep rates, which leads to a significant decrease in the current 
[34]. Depending on the sweep rate (Fig. S4), a small shift in the potential 
range of the polymer backbone activity, as well as of the onset of the 
cwEPR intensity changes can be observed. At the same time, the shape of 
the SFP signal dependence appears scan-rate independent, although the 
onset of the SFP intensity change remains linked to the appearance of the 
electrochemical activity of the polymer backbone. This confirms the 

influence of the activity of the metal-organic backbone on the EPR 
pattern.

Since a decrease in signal intensity is observed over three cycles 
(Fig. 5d, Fig. S5) as well as a drop in current after all previous tests, we 
assume that degradation of the material occurs during the measure
ments. To analyse the degradation process and to test the capabilities of 
the developed cell, an analysis of strong oxidative overcharge was car
ried out using the GCD method. In this technique, a constant current is 
applied to charge and discharge a material, and the resulting voltage is 
recorded over time. It provides insights into the material’s capacity, 
coulombic efficiency, and stability during repeated cycling. For the 
degradation analysis, a constant current was applied to the cell until a 
potential beyond the stability range was reached, and the EPR spectrum 
was simultaneously recorded every 20 s, followed by a reduction to the 
initial state. Fig. 6a and Fig. S6a provide an overview of the changes that 
the sample underwent during overcharging. A consistent decrease in 
intensity of the broad line in the reduced polymer state is seen, along 
with the appearance and increase in intensity of the three-line spectrum 
in the oxidized polymer state. The three-line spectrum is preserved even 
in the reduced polymer state. Fig. S6b also shows a gradual decrease in 
the material capacity during GCD.

Fig. 6b shows the spectral distortion after five cycles of oxidative 

Fig. 5. CV and number of spins for the in situ measurements recorded at 5 mV s− 1 (a) and corresponding cwEPR spectra recorded every 140 mV (b); CV, signal 
intensity of in situ and single-field-point signal recorded at 10 mVs− 1 (c) and single-field-point signal intensity vs. time detected during three full CV cycles (d); all 
experiments were carried out in 1 M Et4NBF4 / CH3CN electrolyte solution.
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overcharge, a decrease in the intensity of the broad band and the 
appearance of the three-line spectrum. An analysis of the used electro
lyte after removing the sample from the shell also reveals a three-line 
spectrum of nitroxyl groups, which coincides with the spectrum of the 
polymer in the oxidized form (Fig. 6c). This figure shows that degra
dation sets in immediately after the first cycle and continues gradually 
from cycle to cycle for the same film, leading to an increase in the in
tensity of the three-line spectrum. Considering that a five-line spectrum 
is expected from the monomeric fragment, caused by exchange coupling 
between two neighbouring TEMPO groups [14,35,36], we conclude that 
degradation is most likely linked to the cleavage of a linker fragment.

4. Conclusion

A simple and cost-effective design of an in situ electrochemical cell 
for room-temperature cwEPR measurements of redox-active polymer 
films in polar electrolytes was presented. Its operational parameters and 
capabilities were analysed in detail using a TEMPO-containing RCP 
material as an example. The possibility of obtaining reliable electro
chemical signals was demonstrated for various sweep rates. It was 
shown that recording full cwEPR spectra gives the most reliable results 
for determining the material’s state of charge. In contrast, conducting 
experiments at a fixed magnetic-field position allows accurate 

Fig. 6. Results of in situ cwEPR experiments coupled with a GCD overcharging process (a) recorded at 25C (0.126 mA cm− 2 or 18 μA); comparison of the signal of the 
reduced (b) and oxidized (c) forms of the polymer during the experiment along with the spectrum of the electrolyte.
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determination of the onset of oxidation and reduction processes.
The cell can be used to investigate basic electrochemical parameters 

and degradation processes at room temperature. Further, the stability 
and activity windows of the individual components of the systems under 
study can be explored. The cell is suitable for in situ experiments in 
potentiostatic, galvanostatic and potentiodynamic modes. Since the cell 
is compatible with commercially available benchtop EPR spectrometers, 
temperature-dependent measurements (above the freezing point of the 
electrolyte) are easily accessible. Being reusable and inexpensive, the 
cell demonstrates high flexibility for possible modifications while 
maintaining a balance between the quality of electrochemical and EPR 
data. Depending on the system under study, it should be possible to 
modify the setup easily using 3D printing, various polymer materials and 
glass for the shell composition. The main criteria for the successful 
operation of the cell are the conical shape of the shell (which reduces the 
electrolyte volume), electrode insulation and positioning of the elec
trodes relative to each other. Gold, platinum, palladium, silver WEs of 
various diameters and shapes can be used, tailored to the characteristics 
of the resonator and signal intensity of the sample deposited onto the 
working electrode. The latter can be significantly boosted by changing 
the working surface area of the electrodes. This setup is suitable to study 
a wide variety of redox-active materials, not limited to RCPs.
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