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a b s t r a c t 

This paper reports on the impact that the corrosion of the stainless steel current collectors has on the 

performance fade of a symmetric, carbon/carbon electrochemical capacitor, operating with an aqueous 

electrolyte (1 M Na 2 SO 4 ). The results obtained by applying electrochemical ageing protocols (voltage–

holding tests) confirm that the current collector of the positive electrode undergoes tremendous degrada- 

tion during 200 h in the charged state. To prevent the detrimental impact of the corrosion, a hydrophobic 

siloxane coating has been successfully applied. In the case of siloxane–protected current collectors that 

are subjected to identical ageing protocols, no significant deterioration in the electrochemical capaci- 

tor performance was observed. The siloxane coating reduces the electrochemical corrosion rate of 316 L 

stainless steel significantly, as the potentiodynamic polarization tests and the electrochemical impedance 

spectroscopy results show. The presence of the coating is demonstrated by the water contact angle mea- 

surements, atomic force microscopy and energy–dispersive X–ray spectroscopy analysis. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Electrochemical capacitors (often called supercapacitors or ul- 

racapacitors) are devices capable of storing electric energy in the 

lectrical double–layer, which is formed at the electrode/electrolyte 

nterface. In certain cases, the electrostatic charge accumulation 

echanism might be enhanced by faradaic reactions, resulting in 

he so–called pseudocapacitive effect [1-9] . Since the electrode ma- 

erial that is most often applied is activated carbon with a well–

eveloped specific surface area (up to 2500 m 
2 �g –1 ), the number 

f the charges stored is much higher than in the case of con- 

entional electric or electrolytic capacitors, such as film, polymer 

r aluminium electrolytic capacitors (capacitance in the order of 

icro- and millifarads), offered by, e.g., Panasonic Industry Europe 

mbH [10-12] . As the capacitance of the electrical double–layer 

anges from 10–50 μF �cm 
–2 , the specific capacitance of carbon–

ased devices reaches several hundred farads per gram of ac- 

ive electrode material. The lack or negligible contribution from 

he faradaic reactions to the charge storage mechanism means 
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hat these devices can be charged and discharged even in mil- 

iseconds [13] . Therefore, supercapacitors are characterized by ex- 

remely high specific power. However, the electrostatic origin of 

he charge storage results in a relatively low specific energy and re- 

arkable self–discharge [ 3 , 4 , 14-20 ]. Nonetheless, no charge trans- 

er and structural change in the electrode material (at least in prin- 

iple) has a significant impact on the lifetime of these devices; 

nlike batteries, they can operate for up to 50 0 0 0 0 cycles, even

hen they are fully discharged each time [3] . 

The most commonly applied electrode materials, besides ac- 

ivated carbon, are aerogels, carbon nanotubes and sometimes 

raphene–related structures [ 3 , 4 , 6 , 7 , 14 , 21-23 ]. The use of aqueous

nd organic electrolytes limits the operating voltage to ca. 1 V and 

.5 V, respectively. In the first case, the voltage is limited by the 

lectrochemical stability of water. Aqueous solutions of inorganic 

alts (e.g., Na 2 SO 4 ) are capable of delivering an operating voltage of 

.6 V, or even more (up to 2.0 V) if the cell is optimized [ 6 , 23-27 ].

he prominent role of the electrolyte in electrochemical capacitor 

pplications has been widely discussed elsewhere [28-33] . 

Capacitive technologies usually demonstrate an excellent long–

erm performance and in–depth research on novel materials with 
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reat stability over thousands of cycles is still performed. Never- 

heless, activated carbons (and carbon–based materials) seem to be 

he most suitable candidates. However, the mechanisms governing 

heir ageing and performance fade are still under intensive investi- 

ation [ 23 , 25 , 34-39 ]. It seems that the degradation of the electrode

orosity, preceded by carbon oxidation and electrolyte decomposi- 

ion, remains at the origin of the fading performance [ 23 , 24 , 39 ].

ne should, however, keep in mind that electrode degradation 

ight only be part of the ageing factors. 

Recently, the interest in the ageing aspects has been re–

rientated from the (electro)chemical stability of the electrode ma- 

erials to the other cell components. These efforts are focused on 

he corrosion process of current collectors or case elements (which 

re in direct contact with the electrolyte solution and the active 

lectrode material) and its corresponding impact on the working 

arameters of energy storage devices [ 6 , 40-42 ]. At open circuit 

onditions, i.e., at steady–state (or equilibrium) conditions, oxida- 

ion and reduction reactions occur on the surface of the metal (or 

tainless steel) immersed in the aqueous electrolyte. Metal is ox- 

dized to form ions, while species such as O 2 or H 3 O 
+ are being

educed [43-47] . Both reactions proceed at an equal rate, until the 

ystem is not externally polarized. During the charging step, the 

edox processes start to proceed faster. At open circuit conditions, 

s well as during polarization, the ions from the current collector 

urface start to pass into the electrolyte solution. Przygocki et al. 

48] found that these ions are actively involved in charging the 

lectrical double–layer at the electrode/electrolyte interface. Addi- 

ionally, it seems that a passive oxide film is formed on the sur- 

ace of stainless steel current collectors. In the case of 316 L stain- 

ess steel, its composition varies depending on the pH of the elec- 

rolyte solution. Over time, the current collector undergoes pro- 

ressive degradation, and this process significantly affects the per- 

ormance of the electrochemical capacitor [6] . 

The techniques used to protect metals from corrosion focus pri- 

arily on the use of corrosion inhibitors, cathodic protection and 

arious types of coatings, e.g., metallic and organic [43-47] . The 

se of chromate–based coatings (so–called conversion coatings) 

as one of the most frequently used and effective anti-corrosive 

rotection measures [46] . However, the carcinogenic properties of 

exavalent chromium reduced their applications [49-51] . In recent 

ears, increasing attention has been paid to organosilicon coat- 

ngs, which are organic–inorganic hybrids. Their structure con- 

ains a silicon atom that can form bonds with both organic moi- 

ties and inorganic substrates [49-71] . The siloxane coating is de- 

osited by immersing the metal in an aqueous or non–aqueous 

ol–gel solution containing organosilicon compounds. In such a so- 

ution, hydrolysis and condensation reactions occur [ 50 , 51 ]. The 

lkoxy groups ( ≡Si–O–(CH 2 ) n –CH 3 ) with water molecules and hy- 

roxyl moieties, which are prevalent on the surface of the metal 

metal–OH), create ≡Si–OH and metal–O–Si ≡ bonds, respectively. 

hen, as a result of the condensation reaction between the ≡Si–OH 

nd metal–OH groups, metal–O–Si ≡ bonds and a well–developed, 

ross–linked network made of –O–[S i –O] n –Si ≡ bonds are formed. 

he resulting coating is attached to the substrate (metal–O–Si ≡). 

he presence of a hydrophobic alkyl chain makes the surface 

ore resistant to aggressive aqueous electrolytes [ 50 , 51 ]. Further- 

ore, the presence of various functional groups in the struc- 

ure of the organosilicon compound makes the siloxane coating a 

ood base for applying subsequent layers of various types of other 

oatings. 

This paper reports on the influence of a siloxane coating on 

he corrosion behaviour of 316 L stainless steel current collec- 

ors and, thus, on the working parameters of symmetric car- 

on/carbon electrochemical capacitors. The electrochemical per- 

ormance has been verified by different types of electrochemi- 

al techniques (cyclic voltammetry, galvanostatic cycling, electro- 
2 
hemical impedance spectroscopy). Additionally, the surface mor- 

hology and properties for bare, unmodified and modified with 

eposited siloxane coating 316 L stainless steel current collectors 

ere estimated using Atomic Force Microscopy (AFM), energy–

ispersive X–ray spectroscopy and water contact angle (WCA) 

easurements. All the electrochemical tests were performed in 

queous 1 M Na 2 SO 4 , which is one of the most frequently applied

queous electrolytes in the research on electrochemical capacitors 

ue to its specific properties [6] . When comparing aqueous and or- 

anic electrolytes, it is certain that the former are characterized by 

 lower price, greater safety in terms of work and service for hu- 

an life and health and, equally important, for the environment. 

oreover, the influence of the organic electrolyte on the corrosion 

f the current collectors in electrochemical capacitors and lithium- 

on batteries is also undeniable [72-75] . In our opinion, based on 

he above discussion, the aim of the research we have undertaken 

s valid. 

. Experimental 

.1. Surface treatment 

316 L stainless steel (nominal composition: ≤0.03 wt–% C, ≤1.0 

t–% Si, ≤2.0 wt–% Mn, max 0.045 wt–% P, ≤0.015 wt–% S, ≤0.11 

t–% N, 16.5–18.5 wt–% Cr, 2.0–2.5 wt–% Mo, 10.0–13.0 wt–% Ni) 

ods (diameter of 12 mm) and discs (diameter of 28 mm) were 

sed as the current collectors, on which siloxane coatings were 

eposited. First, these rods, as well as the 316 L stainless steel 

iscs were degreased in acetone, dried in air and then placed in 

 hot (85 °C) 10% KOH solution for 15 min to remove contaminants 

nd to activate the surface, i.e., to form as many hydroxyl groups 

s possible. After rinsing and drying in an oven (80 °C, 30 min), 

he samples were placed in an aqueous solution (pH 4), contain- 

ng 20 mL of octyltriethoxysilane (OTES), 11 mL of tetraethoxysilane 

TEOS), 33 mL of methanol and acetic acid for 15 min. To obtain a 

ell dispersed sol–gel, the solution was stirred for 72 h at 25 °C 
nd then placed in an ultrasonic bath. After that, the samples with 

he siloxane coating were dried vertically in an oven at 80 °C for 
 h. Bare current collectors, which were pre–treated in a hot (85 °C) 
0% KOH solution, were aged in air to create a stable, thin passive 

xide film. 

In the next step, the electrode material, which contained 85% 

ctivated carbon (Norit R © GSX, Alfa Aesar), 10% binder polytetraflu- 

roethylene (Sigma–Aldrich) and 5% acetylene carbon black (Su- 

er C65, Imerys), was prepared in the form of pellets (12 mm 

n diameter). The obtained carbon composite electrodes (11.5 mg) 

ere used to prepare symmetric electrochemical capacitors (ECs) 

n Swagelok R © cell systems together with bare and with modified 

16 L stainless steel current collectors ( Fig. 1 ). The carbon compos- 

te electrodes, as well as the separators were soaked in 250 μL of 

 1 M Na 2 SO 4 electrolyte solution. 

.2. Analysis of the surface 

An atomic force microscope (AFM, Keysight 5500), FEI Quanta 

50 FEG microscope equipped with an energy–dispersive X–ray 

pectroscopy (EDS) detector and an instrument for measuring the 

urface water contact angle (WCA) Krüss GmbH (model DSA 100 

xpert), equipped with a fully automated dosing system were used 

or the physicochemical analysis of the surface of the 316 L stain- 

ess steel and deposited siloxane coating. 

AFM images of the bare and coated 316 L stainless steel samples 

ere taken, and the thickness of the obtained anti–corrosive coat- 

ng was determined. The surface of the coating was scratched with 

he sharp edge of an aluminium sheet. As stainless steel is harder 
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Fig. 1. Schematic representation of the Swagelok R © three–electrode cell system for testing electrochemical capacitors with an image of a 316 L stainless steel surface covered 

with a siloxane coating. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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han aluminium, it can be assumed that only the siloxane layer has 

een scratched. To obtain more reliable results, two cross–section 

rofiles through the resulting scratch were made. The thickness of 

he tested coating was determined on the basis of the height his- 

ogram. 

The water contact angle (WCA) of the surface of the 316 L stain- 

ess steel and the steel with the deposited siloxane coating was 

etermined. The average value of three randomly selected surface 

ocations were taken into account. Measurements were made on 

he basis of water drop shape analysis. 

.3. Electrochemical measurements 

316 L stainless steel discs (28 mm in diameter) with and with- 

ut a siloxane coating were subjected to electrochemical mea- 

urements in a three–electrode Plexiglas R © cell system (corrosion 

esting). The modified and unmodified steel discs were used as 

orking electrodes, while a mercury–mercury sulphate electrode 

MSE) (Hg|Hg 2 SO 4 ||K 2 SO 4 (0.5 M)) and a platinum disc served as 

he reference and counter electrodes, respectively. All electrochem- 

cal tests were performed in a 1 M Na 2 SO 4 solution. First, the open

ircuit potential (OCP) was measured for 240 min. Then, a po- 

entiodynamic polarization (PP) test was performed. The working 

lectrode was polarised first cathodically and then anodically to 

0.250 V with respect to the initial OCP value. The scan rate was 

.2 mV �s –1 . Potentiostatic electrochemical impedance spectroscopy 

PEIS) was performed on fresh samples, which were immersed in 

 1 M Na 2 SO 4 solution for 240 min. The amplitude and the fre-

uency range of the applied signal were equal to ±10 mV vs. OCP 

nd 100 kHz – 10 mHz, respectively. 

To assess the influence of the siloxane coating on the per- 

ormance of electrochemical capacitors (EC), two– and three–

lectrode Swagelok R © cell systems ( Fig. 1 ) were subjected to elec- 

rochemical measurements, i.e., cyclic voltammetry (CV), galvano- 

tatic charging/discharging (GCD), potentiostatic electrochemical 

mpedance spectroscopy (PEIS) and long–term ageing measure- 
3 
ents. In the case of PEIS, the applied signal amplitude and fre- 

uency range were equal to ±5 mV vs. OCP and 100 kHz – 10 

Hz, respectively. On the basis of the leakage current (minimal 

alue of the current density that is needed to maintain the ap- 

lied cell voltage) technique, a value of 1.8 V was established as 

he applied voltage for every two–electrode Swagelok R © cell test. 

he long–term ageing measurements procedure consists of three 

ifferent electrochemical techniques, as reported in [15] . How- 

ver, for the present study, the procedure has been upgraded and 

ecame more rigorous. Therefore, the two–electrode cells were 

harged to 1.8 V using the direct current technique with a con- 

tant current density (GC) value (1 A �g –1 ). This voltage value was 

aintained for 5 h (floating). After that, three cycles of galvano- 

tatic charge/discharge measurements were performed, and then 

he circuit was opened for 30 min. Finally, potentiostatic elec- 

rochemical impedance spectroscopy (PEIS) was performed. This 

ycle ( → GC → floating (5 h) → GCD (3 cycles) → OCP → PEIS) was re- 

eated 10 times. Therefore, the electrochemical capacitors were 

ully charged for 50 h. 

In fact, three long–term ageing procedures were applied (in 

hree series). The second one was the same. The third one was 

wice as long. Thus, the loop was repeated 20 times, i.e., the 

lectrochemical capacitors were fully charged for 100 h. Globally, 

uring the three procedures, the electrochemical capacitors were 

onstantly fully charged (1.8 V) for 20 0 h (50 h + 50 h + 10 0 h). Af-

er the first and second procedure, two–electrode Swagelok R © cell 

ystems were maintained at OCP for 24 h. After the third one, 

or one week. After this time, three– and two–electrode CV, PEIS 

nd GCD tests were performed. All tests were carried out at am- 

ient conditions, using an electrochemical workstation potentio- 

tat/galvanostat VMP3 (biologic, France) with an impedance mod- 

le. Table 1 presents the nomenclatures of all the tested species. It 

s worth mentioning again that two types (rods and discs) of 316 L 

tainless steel species were analysed. The rods were used as cur- 

ent collectors in electrochemical capacitor testing, while the discs 

ere used for the corrosion testing. 
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Table 1 

Nomenclature of all samples subjected to corrosion, as well as electrochemical capacitor 

studies. 

316 L stainless steel surface modification Diameter (mm) Testing Signature 

Bare disc 28 Corrosion 316 L/28 

Siloxane coating 28 Corrosion SC/28 

Bare current collector 12 EC 316 L/12 

Siloxane coating 12 EC SC/12 

Fig. 2. (a) AFM image of bare 316 L stainless steel, (b) AFM image of a deposited siloxane coating with a scratch and two cross section profiles marked, and (c–d) height 

histograms of two profiles through the scratch. 
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. Results and discussion 

.1. Analysis of the surface 

Fig. 2 (a–d) shows atomic force microscope (AFM) images of 

he 316 L stainless steel surface with and without the deposited 

iloxane coating, the cross–sectional profiles through the scratches 

ade on the surface of coating and the height histograms of the 

entioned profiles. The thickness of the coating is ca. 800 nm. 

The value of the WCA of the bare 316 L stainless steel of 81 °
ndicates a quite hydrophilic surface. The situation is quite differ- 

nt for the sample with the siloxane coating; the surface is more 

ydrophobic, as the contact angle value is 95 ° In the aqueous sol–
els, Si–OH bonds are formed as a result of the hydrolysis reaction 

f the alkoxy groups (Si–O–CH 2 CH 3 ). Due to the condensation re- 

ction between the two Si–OH moieties, a well–developed, cross–

inked siloxane network containing –O–[S i –O] n –Si– moieties is cre- 

ted [50-52] . 

The reactions between hydroxyl groups prevalent on the surface 

f the steel (metal–OH) and the Si–OH or Si–O–CH 2 CH 3 moieties 

orm metal–O–Si covalent bonds, and the siloxane coating is firmly 

ttached to the steel surface. The presence of an alkyl chain at the 

ilicon atoms makes the surface more hydrophobic, i.e., resistant to 

ggressive aqueous electrolytes. Certainly, the pH of the sol–gel has 

 significant effect on the rate of the two above reactions. If the pH

s acidic or alkaline, the hydrolysis and condensation reactions oc- 
4 
ur faster and more Si–OH and –O–[S i –O] n –Si bonds are formed 

50-52] . Therefore, the coating is thicker and more porous. In the 

ase of a non–aqueous solution, the only source of water molecules 

s the organic solvent (e.g., methanol). As a result, much fewer Si–

H bonds are formed and, thus, less –O–[S i –O] n –Si– [50-52] . How- 

ver, as is well–known, in acidic solutions, the dissolution reactions 

f metals, steels and alloys are much faster than in neutral solu- 

ions. It has already been stated that only in solutions with neutral 

H values is there a formation of the thermodynamically most sta- 

le passive oxide film on the surface of the 316 L stainless steel [6] .

ost likely, during the deposition process from an acidic solution, 

he 316 L stainless steel surface could be attacked. Our previous 

orks [ 50 , 51 ] clearly indicate that coatings deposited from non–

queous solutions are characterized by higher water contact angle 

alues and more anodic corrosion potential, while coatings derived 

rom acidic solutions are definitely thicker; thus, they slow down 

he corrosion process to a greater extent (lower corrosion current 

ensity value). The coating deposited from the non–aqueous so- 

ution, although thinner, is more compact, and more metal–O–Si 

onds are formed. However, with regard to the purpose of the 

btained coating, it is not the intention to use an extremely hy- 

rophobic coating. A thicker and more porous one that is capable 

f adsorbing the electrolyte solution is more desirable when it is 

sed to protect the steel current collectors in an electrochemical 

apacitor. 
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Fig. 3. Energy–dispersive X–ray spectroscopy (EDS) results of (a) bare 316 L stain- 

less steel and (b) 316 L stainless steel with deposited siloxane coating. 
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Fig. 4. (a) Open circuit potential (OCP) versus time and (b) potentiodynamic polar- 

ization (PP) curves of all tested samples (316 L/28 and SC/28). Measurements were 

performed in a 1 M Na 2 SO 4 solution at ambient conditions. 
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Fig. 3 (a–b) presents the EDS analysis results of the bare and 

iloxane–modified steel surfaces as additional proof of the pres- 

nce of the siloxane coating on the steel surface. The bands cor- 

esponding to the iron (ca. 0.7 (L α), 6.4 (K α) and 7.1 (K β ) keV),

hromium (ca. 0.6 (L α), 5.4 (K α) and 5.9 (K β ) keV), nickel (ca. 0.7

L α), 7.5 (K α) and 8.3 (K β ) keV), molybdenum (ca. 2.3 (L α and L β )

eV) and oxygen (ca. 0.5 (K α) keV) clearly indicate that the unmod- 

fied surface is covered with a thin, passive oxide film ( Fig. 3 (a))

6] . There are also peaks corresponding to silicon (ca. 1.7 (K α) keV)

nd manganese (ca. 0.6 (L α) and 5.9 (K α) keV), which are alloying

lements of this type of steel. In the case of a modified sample, 

t is obvious that the enormous increase in the peak intensity for 

ilicon is caused by the siloxane coating deposition ( Fig. 3 (b)). This 

eposition is accompanied by a huge decrease in the intensity of 

he peaks for iron, chromium, nickel and molybdenum when com- 

ared to the unmodified sample. In addition, the increase in the 

ntensity of the oxygen is interesting, as well as the carbon (ca. 0.3 

K α) keV) peaks, which also indicate that a siloxane coating con- 

aining siloxane bonds, alkyl chain, hydroxyl and alkoxy moieties 

s prevalent on the surface of the so-modified oxide layer. 

.2. Electrochemical measurements 

The results of the electrochemical tests confirm the previous 

ssumptions and conclusions drawn on the basis of the physico- 

hemical analysis. Fig. 4 (a) shows the OCP of samples 316 L/28 and 
5 
C/28. It can be stated that the 316 L stainless steel with the de- 

osited siloxane coating has a higher, more noble OCP compared to 

he bare 316 L stainless steel surface. In the initial phase of the test, 

he potential of the bare steel is the highest; however, with the 

lapsed time, it is systematically decreasing. This decrease is most 

ikely caused by the dissolution of the passive oxide film surface 

nd penetration of this layer by electrolyte ions [43-47] . As already 

entioned, the metal ions, which are the components of steel, 

ass into the electrolytic solution [6] . As previously demonstrated, 

he siloxane coating deposited from an aqueous solution (SC/28) is 

orous. Therefore, during the test, the potential decreases. This de- 

rease is caused by the soaking of the coating with the electrolyte 

olution; because of that, the conductive pathways are formed in- 

ide the pores. Despite the fact that the initial potential of the 

C/28 samples was lower than the potential of 316 L/28, after 4 h 

f testing in salt, the hydrophobic siloxane coating shows the best 

nti–corrosive properties. This outcome is confirmed by the re- 

ults of the potentiodynamic polarization tests ( Fig. 4 (b)) and the 

ata contained in Table 2 . The values of the corrosion potentials 

E corr ), corrosion current densities (j corr ), slopes of the anodic ( βa ) 

nd cathodic ( βk ) polarization curves and the corrosion rates (CR) 

ave been determined using the EC–Lab R © Software. The best anti–

orrosive properties are shown by the sample SC/28. The coating 

eposited on the SC/28 sample is thicker than the passive oxide 

lm on the steel surface. This fact is demonstrated by the slope of 

he cathodic curve, which is higher than in the case of 316 L/28. 

It has already been stated [ 6 , 50 , 51 , 76 ] that in the case of the

tainless steel and the stainless steel with deposited siloxane coat- 

ngs, the thickness of the passive oxide film or siloxane coating 

ffects the slope of the cathodic curve and is responsible for the 

eduction reactions of the protons or oxygen molecules. For the 

nodic process, the SC/28 sample has a lower slope. The dissolu- 

ion process of the oxide layer proceeds much faster in the case 

f bare steel. For this reason, a thicker layer of ions and prod- 
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Table 2 

Corrosion potentials (E corr ), corrosion current densities (j corr ), and slopes ( βa and βc ) of the polariza- 

tion curves and corrosion rates (CR) of all the tested samples (316 L/28 and SC/28), as determined by 

the EC–Lab R © Software. 

Sample E corr (mV vs MSE) j corr (nA �cm 
–2 ) βa (mV) –βc (mV) CR • 10 −3 (mm �y − 1 ) 

316 L/28 –522 14.3 2632 98 0.162 

SC/28 –518 1.6 814 147 0.016 

Fig. 5. Bode plots of 316 L/28 and SC/28 samples: (a) phase angle vs frequency and 

(b) impedance modulus vs frequency. 
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cts is formed at the oxide/electrolyte interface than in the case 

f the steel covered with a siloxane coating that is additionally 

oaked with electrolyte solution. The determined corrosion po- 

entials of the 316 L/28 and SC/28 samples confirm that the sec- 

nd one shows the best anti–corrosive properties. However, in this 

ase, the difference between the two samples is not as pronounced 

s in the case of the corrosion current density. Due to the pres- 

nce of a coating, the corrosion process of steel is more than eight 

imes slower. The value of the corrosion current density is equal 

o 1.6 nA �cm 
–2 . The results of the potentiostatic electrochemical 

mpedance spectroscopy (PEIS) measurements confirm the above 

ssumptions. Fig. 5 (a–b) shows the Bode plots of all the samples. 

n the high frequency range, the phase angle ( θ ) is the lowest in

he case of the SC/28 sample ( Fig. 5 (a)). This outcome confirms the

ypothesis that there is a thick and uniform hydrophobic coating 
6 
n the surface. The value of the phase angle in the high frequency 

ange is in this case almost equal to –90 ° Thus, the coating behaves 
imilar to an almost ideal capacitor [ 77 , 78 ]. The thickness and/or

niformity of the coating with hydrophobic properties, which is 

ocated on the surface of 316 L stainless steel, directly affects the 

alue of its effective capacitance, i.e., as the thickness and/or uni- 

ormity increases, the effective capacitance decreases [76-80] . The 

ighest θ is found for the bare, unmodified 316 L stainless steel 

urface with only the passive oxide film. As mentioned before, this 

ayer is much thinner than the siloxane layers. The phase angle 

ecreases in the whole frequency range. This decrease is an indi- 

ation of the dissolution of the passive oxide film, which in the 

lectrolyte solution is built up with a layer of oxides, hydroxides, 

xohydroxides and salts that are the products of steel corrosion. 

In the middle frequency range, the phase angle of the SC/28 

ample continually increases. In this case, the curve in the range 

rom 100 kHz to approximately 1 Hz is a reflection of the pres- 

nce of the siloxane coating. In the range of low frequencies (be- 

ow 1 Hz), a second time constant that is responsible for the elec- 

rolyte/passive oxide film interface formation starts to appear. 

As mentioned before, the deposited coating is porous. This char- 

cteristic impacts the contact between the electrolyte and the sur- 

ace of the passive oxide film. In the low frequency range, a soft 

lateau appears (SC/28). After a certain time, θ starts to increase 

gain. In the case of bare steel, the curve shown in Fig. 5 (a) corre-

ponds to one time constant referring to the electrical double–layer 

t the electrolyte/passive oxide film interface [ 52 , 81 , 82 ]. 

Fig. 5 (b) shows a dependency between the impedance modu- 

us and the frequency of the applied signal. In the range of high 

requency values, a plateau (316 L stainless steel) appears. Such be- 

aviour corresponds to the equivalent series resistance of the so- 

ution and various types of electrical connections in the test cell. 

n the case of SC/28, this plateau is missing in the given frequency 

ange due to the presence of the siloxane coating. However, it does 

ot mean that the presence of a resistance element in this case 

hould be excluded. Simply, for such a thick coating, the plateau 

ight appear in the range of even higher frequency values. In the 

ange of middle frequency values, a straight line with a slope of 

–1) appears, and it is affected by the presence of a slightly pro- 

ounced plateau . This presence, in turn, reflects the resistance of 

he coating and the resistance of the electrochemical reactions. 

hen comparing the two graphs, i.e., the diagrams of the phase 

ngle and impedance module versus frequency, the decrease in the 

hase angle values ( Fig. 5 (a)) is related to the straight line with

 slope (–1) ( Fig. 5 (b)), while the increase is associated with the 

resence of a plateau in Fig. 5 (b). 

Fig. 6 (a–d) shows the Nyquist plots of the 316 L stainless steel 

nd SC/28. The solid lines indicate the data which were fitted 

o the obtained experimental results (symbols). On this basis, 

he equivalent electrical circuits (EEC) were selected ( Fig. 6 (a–b)). 

hey contain two different time constants, i.e., Q dl /R ct and Q c /R c Ϻ, 

 dl /R ct , in which the constant phase element parameter Q and the 

esistor R with the diffusion element showing a special diffusion 

ase, i.e., the restricted linear diffusion Ϻ (SC/28), are connected in 

arallel. The constant phase element (CPE) expresses the non–ideal 

apacitance of a given system. It is a reflection of the non–ideal ca- 
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Fig. 6. (a–d) Nyquist plots of the 316 L/28 and SC/28 tested samples. Equivalent electrical circuits used for fitting the PEIS data of the 316 L stainless steel and SC/28 sample. 

Measured data (symbols) and fitted data (solid lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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acitor. The CPE impedance is given by the following: 

 CPE ( j ω ) = 

1 

Q ( j ω ) 
α (1) 

here j is the imaginary number, ω is the angular frequency and α
s the factor reflecting the capacitive dispersion. If the exponential 

actor α is lower than unity ( α< 1), the parameter Q does not ex- 

ress the capacitance. Therefore, it should be provided as F ·s ( α–1) 

 76 , 79 , 80 ]. The R s element is an equivalent series resistance (ESR)

f the electrolyte solution and various types of electrical connec- 

ions of the cell system. The circuit shown in Fig. 6 (a) presents the

onstant phase element parameter of the electrical double–layer 

Q dl ), which is formed at the electrolyte/passive oxide film inter- 

ace, and the charge transfer resistance (R ct ) between these two 

hases. Barsoukov and MacDonald [78] suggest that the equiva- 

ent electrical circuit for impedance testing of metal and steel sys- 

ems with the passive oxide layer in the aqueous electrolyte so- 

ution should contain three time constants. According to the au- 

hors, these are constants describing the passive oxide film and 

wo interfaces, i.e., the electrolyte/passive oxide film and the pas- 

ive oxide film/metal (or steel). Kocijan et al. [81] suggest the pos- 

ibility of choosing four different equivalent electrical circuits for 

tainless steel immersed in an aqueous electrolyte. These circuits 

ontain one or two time constants that describe the passive oxide 

lm as well as the electrical double–layer and the charge transfer 

esistance. The Nyquist curve for 316 L stainless steel ( Fig. 6 (a, c)),

hich contained a passive oxide film, represents one loop (poorly 
7 
eveloped semicircle), i.e., one time constant. Therefore, EEC with 

 dl and R ct elements ( Fig. 6 (a)) was chosen for the 316 L stainless

teel sample, while for the sample with siloxane coating, the EEC 

hown in Fig. 6 (b) was chosen. 

The second circuit ( Fig. 6 (b)) contains the constant phase el- 

ment parameters expressing the non–ideal capacitance (Q c ) and 

esistance (R c ) of the siloxane coating, as well as non–ideal ca- 

acitance (Q dl ) and charge transfer resistance (R ct ) concerning the 

lectrical double–layer at the electrolyte/passive oxide film inter- 

ace. As has been mentioned, the porous siloxane coating is soaked 

ith electrolyte solution; hence, conductive pathways are formed 

n its structure. Additionally, there is also a presence of diffusion 

lement Ϻ, which describes a special diffusion phenomenon. It is 

ssumed that this is a diffusion of mass (ions, oxides, hydroxides, 

xyhydroxides and salts) through the porous siloxane coating and 

ainly under the coating, i.e., on the passive oxide film surface 

76] . In the case of siloxane coatings deposited on the surface of 

he stainless steel oxide layer, the amount and type of corrosion 

roducts formed under the coating (on the surface of the passive 

lm [59] ) determine the occurrence of the restricted linear diffu- 

ion phenomena with reflective boundary conditions. Passive oxide 

lm builds up with a layer of oxides and hydroxides. In addition, 

n the vicinity of this layer, there is an electrolyte solution, which 

s also rich in the above–mentioned corrosion products, and addi- 

ional ions (also steel components). The phenomenon of restricted 

inear diffusion with reflective boundary conditions should be pre- 

isely characteristic of this moment of the PEIS test execution (af- 
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Table 3 

The values of all the individual components of all the equivalent electrical circuits from 

Fig. 5 (a–b), as determined by the EC–Lab R © Software. 

Sample Q c • 10 –9 (F s ( α–1) ) R c (k �) R d ( �) Q dl • 10 
–6 (F s ( α–1) ) R ct (k �) 

316 L/28 – – – 33.8 7055 

SC/28 17.7 2863 154,890 0.13 29,190 

Fig. 7. (a–b) Nyquist plots of electrochemical capacitors 316 L/12 and SC/12. The measurements were performed with the Swagelok R © cell assembly. Measured data (symbols) 

and fitted data (solid lines). The selected curves represent two–electrode cell measurements. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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Fig. 8. Equivalent electrical circuit used for fitting the PEIS data of electrochemi- 

cal capacitors with both types of current collectors, i.e., with (SC/12) and without 

(316 L/12) deposited siloxane coatings. 
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er 4 h) in an aqueous electrolyte solution for the so–modified 

teel surface. This is also confirmed by our previous publication 

76] . Equation (2) presents the impedance of the restricted lin- 

ar diffusion element (reflective boundary conditions), as follows 

 1 , 77 , 78 , 83-85 ]: 

 M ( j ω ) = R d 
coth ( 

√ 

τd j ω 

√ 

τd j ω 

here R d represents diffusion resistance, τ d is the diffusion time 

onstant, which is equal to the quotient of L 2 /D, where L is a dif-

usion layer thickness, while D is the diffusion coefficient. 

Table 3 shows the constant phase element parameter and re- 

istance values of each individual component of all the equivalent 

lectrical circuits from Fig 6 (a–b), as determined by the EC–Lab R ©
oftware. It is obvious that a thicker siloxane coating is a better 

nsulator than the electric double layer. Thus, the value of Q c is 

uch lower than that of Q dl . The same applies to the charge trans-

er resistance R ct . In the case of the sample with siloxane coat- 

ng (SC28), this value is much higher. The elements describing the 

iloxane coating have a diametric impact on the values of the sec- 

nd time constant elements related to the electrolyte/passive oxide 

lm interface. Due to the presence of the siloxane coating, the val- 

es of Q dl and R ct are incomparably lower and higher, respectively, 

n comparison to bare, unmodified 316 L stainless steel (316 L/28) 

 52 , 81 , 82 ]. 

Fig. 7 shows the Nyquist plots of the electrochemical capaci- 

ors in which bare current collectors and those with siloxane coat- 

ngs were used. The PEIS study was carried out in a two–electrode 

ystem as soon as they were constructed. The equivalent electrical 

ircuit (EEC) was matched to the obtained results. The symbols in 

ig. 7 show the experimental data, while the lines show the data 

btained during the circuit fitting. Fig. 8 shows the EEC, which 

as adopted for the obtained experimental data of two different 

lectrochemical capacitors, i.e., containing unmodified (316 L/12) 

s well as modified current collectors (SC/12). The system was 

dopted for all the obtained PEIS results of all the electrochemi- 

al capacitors. Depending on the research stage, i.e., the moment 
8 
t which the PEIS test was carried out, only the values describ- 

ng the elements of the presented circuit change. All this will be 

escribed and analysed below. The elements of the circuit are as 

ollows: R s – equivalent series resistance, responsible for the re- 

istance of the electrolyte solution and various types of electri- 

al connections in the tested systems; Q dl – constant phase ele- 

ent parameter, describing the electrical double–layer that forms 

t the electrode/electrolyte interface; R ct – resistor describing the 

esistance associated with the charge transfer through the elec- 

rode/electrolyte interface; Ϻ – diffusion element showing a spe- 

ial diffusion case, i.e., restricted linear diffusion with reflective 

oundary conditions; Q c – constant phase element parameter de- 

cribing the non–ideal capacitance of an electrochemical capaci- 

or, which does not depend on the frequency of the given sig- 

al [ 1 , 14 , 77 , 78 ]. The use of this element instead of the usual ca-

acitor is much more constructive due to the greater accuracy of 

atching the circuit to the obtained results. The Q dl element corre- 

ponds to the non–ideal capacitance of the electrical double–layer 

t the electrode/electrolyte interface in the high frequency range, 

.e., when the applied signal responses vary depending on the fre- 

uency. In the range of low frequency values, when the signal is 

apable of penetrating deeper into the porous carbon electrode, 

he Q values of the electrical double–layer no longer depend on 

he frequency of the signal and should be more or less constant 

1] . This is described by the constant phase element parameter Q c . 

n the case of electrochemical capacitors, the diffusion phenom- 

na play a very important role. This role is clearly visible on the 
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Table 4 

The values of all the individual components of the equivalent electrical 

circuit from Fig. 7 , as determined by the EC–Lab R © Software. The pre- 

sented data refer to the curves depicted in Fig. 6 . 

Sample Q dl • 10 
–3 (F �s ( α–1) ) R ct ( �) R d ( �) Q c (F �s ( α–1) ) 

316 L/12 0.13 0.12 33.20 0.41 

SC/12 0.22 1.19 31.05 0.58 
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Fig. 9. Cyclic voltammograms of samples 316 L/12 and SC/12. Scan rates: (a) 10 

mV �s –1 and (b) 100 mV �s –1 in two–electrode Swagelok R © cells. 

Fig. 10. Cyclic voltammograms of samples 316 L/12 and SC/12. Scan rate: 5 mV �s –1 

in three–electrode Swagelok R © cells. 

S

c

1
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b

l

yquist plots. In the range of middle frequency values, there is 

sually a straight line with a slope (–1). This slope is a reflection of 

he mass transport to or from the surface of the porous electrode 

aterial. In the case when this straight line is between the semi- 

ircle (high frequency values) and the vertical straight line (low 

requency values), the system is dominated by restricted linear dif- 

usion with reflective boundary conditions. Throughout the test, in 

he range from high to low frequency values, a semicircle first ap- 

ears, which corresponds to charging the electrical double–layer, 

hen mass diffusion occurs and finally a straight line appears, also 

ndicating the charging of the electrical double–layer [ 1 , 14 , 77 , 78 ]. 

Table 4 shows the values of the EEC elements fitted to the PEIS 

esults of the electrochemical capacitors as soon as the systems 

re assembled. Fig. 7 and Table 4 clearly indicate the high impact 

f the diffusion phenomena on the parameters of the supercapac- 

tors. As mentioned before, the test was carried out under open 

ircuit conditions before the electrodes were widely polarized. For 

his reason, the electrical double–layer is not saturated with elec- 

rolyte solution ions, which are just starting to move. Therefore, 

ass diffusion dominates in such a system. Comparing both elec- 

rochemical capacitors, i.e., containing modified (SC/12) and un- 

odified (316 L/12) current collectors, it is stated that while the 

iffusion resistance R d is of the same value, the charge transfer re- 

istance is much greater in the case of the SC/12 current collectors. 

his greater resistance is the result of the presence of an additional 

nterface, which in this case, is the siloxane coating. 

Fig. 9 (a–b) and Fig. 10 show the cyclic voltammograms of two–

nd three–electrode systems at three different scan rates, i.e., 5 

V �s –1 ( Fig. 10 ), 10 mV �s –1 ( Fig. 9 (a)) and 100 mV �s –1 ( Fig. 9 (b)).
igher capacitance values were obtained for a supercapacitor con- 

aining unmodified current collectors (316 L/12). In addition, the 

oltammogram for the 316 L/12 electrochemical capacitor at the 

can rate of 100 mV �s –1 is characterized by better a charge trans- 
er; i.e., the shape is much closer to rectangular shape than in 

he case of the modified current collectors (SC/12). This outcome 

s again the result of the existence of an additional interface, i.e., 

iloxane coating, the purpose of which is to protect the collector 

urface against the destructive effect of electrochemical corrosion. 

n the basis of the potentiodynamic polarization tests ( Fig. 4 (b) 

nd Table 2 ), it was found that the value of the corrosion current 

ensity of the steel with the coating is much lower than in the 

ase of unmodified steel. This phenomenon also translates directly 

nto the electrochemical characteristics of the supercapacitor, in- 

luding the potentiostatic electrochemical impedance spectroscopy, 

yclic voltammetry, and galvanostatic charging/discharging results, 

hich are additionally provided in the supporting information (Fig. 

1). The galvanostatic method indicates longer charging and dis- 

harging times of the 316 L/12 electrochemical capacitor. Conse- 

uently, it translates into a higher capacitance of the system. This 

igher capacitance is also confirmed by the galvanostatic cycling 

easurements ( Fig. 11 ). After 5 0 0 0 cycles of galvanostatic charg-

ng/discharging of the electrochemical capacitors, the specific ca- 

acitance values decrease slightly when compared to the initial 

alues (i.e., before the test). In addition, the difference in the work- 

ng parameters of both systems remains unchanged, i.e., the cycling 

est does not affect in any way the nature of the processes oc- 

urring at the interfaces. The supporting information section (Fig. 
9 
2(a–d), S3(a–b) and S4(a–d)) presents the PEIS results (Nyquist 

urves) of the electrochemical capacitors after 25, 50, 75, 100, 125, 

50, 175 and 200 h of floating (voltage–holding test), i.e., after 5, 

0, 15, 20, 25, 30, 35 and 40 test cycles. It is worth recalling that

etween 10 and 11 and 20 and 21 cycles, the tested systems were 

eft at open circuit conditions (24 h). 
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Fig. 11. Specific capacitance derived from the galvanostatic charging/discharging 

cyclic tests. Current density: 2 A �g –1 . Two–electrode Swagelok R © cell. 

Table 5 

The values of all the individual components of the equivalent electrical 

circuit from Fig. 7 , as determined by the EC–Lab R © Software. The PEIS 

results were derived after 25 h and 50 h of floating. 

Sample Q dl • 10 
–3 (F �s ( α–1) ) R ct ( �) R d ( �) Q c (F �s ( α–1) ) 

25 h 

316 L/12 4.16 0.99 2.77 1.43 

SC/12 0.11 2.34 2.95 0.55 

50 h 

316 L/12 4.72 1.25 2.94 0.99 

SC/12 0.11 2.16 2.77 0.52 

Table 6 

The values of all the individual components of the equivalent electrical 

circuit from Fig. 7 , as determined by the EC–Lab R © Software. The PEIS 

results were derived after 75 h and 100 h of floating. 

Sample Q dl • 10 
–3 (F �s ( α–1) ) R ct ( �) R d ( �) Q c (F �s ( α–1) ) 

75 h 

316 L/12 3.94 1.95 3.79 0.61 

SC/12 0.09 3.96 2.40 0.51 

100 h 

316 L/12 1.53 2.43 3.86 0.24 

SC/12 0.09 4.49 2.54 0.48 

Table 7 

The values of all the individual components of the equivalent electrical 

circuit from Fig. 7 , as determined by the EC–Lab R © Software. The PEIS 

results were derived after 125 h and 150 h of floating. 

Sample Q dl • 10 
–3 (F �s ( α–1) ) R ct ( �) R d ( �) Q c (F �s ( α–1) ) 

125 h 

316 L/12 0.48 2.15 2.54 0.13 

SC/12 0.10 3.55 2.63 0.81 

150 h 

316 L/12 0.53 3.16 5.89 0.07 

SC/12 0.09 4.02 3.32 0.51 
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Table 8 

The values of all the individual components of the equivalent electrical 

circuit from Fig. 7 , as determined by the EC–Lab R © Software. The PEIS 

results were derived after 175 h and 200 h of floating. 

Sample Q dl • 10 
–3 (F �s ( α–1) ) R ct ( �) R d ( �) Q c (F �s ( α–1) ) 

175 h 

316 L/12 3.23 9.96 215.40 0.03 

SC/12 0.03 26.82 1.67 0.09 

200 h 

316 L/12 – – – –

SC/12 0.04 18.34 0.52 0.09 
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The EEC shown in Fig. 8 is the most suitable, best fitted cir- 

uit for all of the obtained PEIS results, including even those per- 

ormed during the long–term ageing procedure. Tables 5 , 6 , 7 and 

 contain the values of all individual elements of the considered 

quivalent electrical circuits, depending on the stage of the mea- 

urements, i.e., from 25 to 200 h of floating (from 5 to 40 cycles). 

ased on the obtained results, it can be stated that in the case 

f a supercapacitor with unmodified current collectors, the charge 

ransfer resistance (R ct ) increases with the time, i.e., as the num- 

er of cycles increases. While the changes in R ct in this case are 

ot very pronounced, the increase in the resistance value result- 

ng from the diffusion processes (R d ) is enormous, especially after 

75 h of floating (215.4 �). It is important to note that the upward
10 
rend in the R ct and R d (316 L/12) values changes in only one situa- 

ion; i.e., these values are greater after 100 h than after 125 h. This 

utcome is most likely caused by the relaxation time (24 h) be- 

ween the cycles 20 and 21. The Nyquist curve, after 200 h of float- 

ng, has a shape that clearly indicates the destruction of the super- 

apacitor. No EEC has been selected for this curve. Most likely, the 

ajor role in this case is the diffusion phenomena of the steel cor- 

osion products. Considering the constant phase element parame- 

er Q c value, a clear decrease along with the duration of the float- 

ng is noticed. However, in regard to changes in the value of an 

lement describing the formation of an electrical double–layer in 

he range of high frequency values (Q dl ), there is no reasonable 

orrelation. In the case of supercapacitors with siloxane coatings 

eposited on the surface of the current collectors (SC/12), the same 

rend is observed, i.e., the increase of the charge transfer resistance 

R ct ) up to 20 cycles, followed by a decrease and then another in- 

rease. The only difference is that R ct starts to decrease again af- 

er the 40th cycle. The diffusion resistance (R d ) oscillates between 

.40 and 3.32 �. After the 35th cycle, i.e., after 175 h of floating, 

t decreases. During the second series of tests, i.e., after 100 h of 

oating, the Q c value of the SC/12 electrochemical capacitor de- 

reased. After 24 h of relaxation under open circuit conditions, it 

ncreased and from that point, it started to decrease again. The 

alue of the Q dl remained at approximately the same level during 

he 200 h of floating. When comparing two types of electrochem- 

cal capacitors such as 316 L/12 and SC/12, it should be noted that 

he first of them, until the end of the second series (100 h), had 

 higher Q c value. Fig. 12 (a–d) and 13 (a–d) show the comparison 

f the Nyquist curves of the two types of supercapacitors in the 

ndividual stages of the long–term ageing procedure. 

Fig. 14 depicts the cyclic voltammetry results, which were car- 

ied out exactly one week after the end of the floating. At that 

ime, the systems were not polarized. The presented curves clearly 

onfirm the fact that only the electrochemical capacitor with un- 

rotected current collectors was destroyed. The capacitance has 

een reduced. The confirmation of the above observation is also 

he result of three–electrode measurements ( Fig. 15 (a–d) and S5(a–

)). Fig. S6(a–b), S7(a–b) and S8 represent a comparison of the in- 

ividual test system results before and after a long–term ageing 

rocedure. On this basis, it is clear that in the case of an elec- 

rochemical capacitor containing current collectors 316 L/12, the 

ositive electrode is responsible for the degradation of the per- 

ormance [ 6 , 43-47 ]. This electrode undergoes oxidation reactions 

uring the charging mode. According to Barsoukov and Macdonald 

78] , the growth and breakdown of the passive oxide film could 

e described by the point defect model, i.e., in such a film, there 

s an (i) electronic current due to the transport of electrons and 

lectron holes, and (ii) an ionic current due to the transport of an- 

on and cation vacancies. Passive oxide film consists of two layers, 

.e., a barrier layer, which is situated on the metal or steel sur- 

ace, and an outer layer, which is adjacent to the electrolyte so- 

ution. The latter is more porous and consists not only of oxides 

ut also hydroxides, oxyhydroxides and metal salt compounds. Ad- 
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Fig. 12. (a–d) Comparison of the Nyquist plots of electrochemical capacitors 316 L/12 and SC/12, which were subjected to floating tests. The selected curves represent mea- 

surements performed after 50 h and 100 h of floating. Measured (symbols) and fitted data (solid lines). Two–electrode Swagelok R © cell. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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itionally, it is filled with an electrolyte solution. Defects in the 

tructure of the oxide film arise and are annihilated at the same 

ime. Briefly, it is related to the movement of cation vacancies from 

he outer/barrier layers towards the steel/barrier layer interfaces 

nd oxygen vacancies in the opposite direction. As a result, cations 

re transferred from the steel to the passive oxide film (barrier 

ayer), while the electrolyte solution remains a source of oxygen 

toms. With regard to the phenomenon of anodic polarization of 

teel, i.e., extremely strong polarization in the electrochemical ca- 

acitors (positive electrode), which operate in the voltage range of 

.8 V, the phenomenon of steel transpassivation should be taken 

nto account. It is a transfer of metal cations from the structure 

f the barrier layer and dissolution of the passive oxide film. As 

entioned before, in contrast to the barrier layer, the outer one is 

lled with electrolyte solution and is weakly bonded to the sub- 

trate, which is also the essence of the restricted linear diffusion 

lement application ( Fig. 6 (b) and 8). Certainly, the dissolution of 

he passive oxide film under the siloxane coating takes place, but 

ue to the coating hydrophobicity, it is a slower process than in 

he case of the unmodified surface. Therefore, the current collector, 

hich is in constant contact not only with the electrode material 

ut also with the electrolyte solution, most likely dissolves. The 

omponents of the 316 L stainless steel pass into electrolyte in the 

orm of ions and various types of compounds. In addition, oxida- 

ion reaction products are formed on the surface of the unmodified 

urrent collector (316 L stainless steel) [6] . 

In our previous paper [6] , we described in detail the effect of 

he electrolyte solution on the corrosion phenomena of the current 
11 
ollector (316 L stainless steel) and, thus, on the performance of 

n electrochemical capacitor. By means of physicochemical analy- 

is (atomic force microscopy (AFM), energy–dispersive X–ray spec- 

roscopy (EDS) and Raman spectroscopy) assisted by electrochem- 

cal techniques, the probable composition of the resulting passive 

xide film in the 1 M Na 2 SO 4 electrolyte solution was accurately 

haracterized. In addition, it was found that the pores of the re- 

ulting layer are filled with soluble and insoluble metal sulphate 

ompounds. During charging (or more precisely – during floating), 

he passive oxide film most likely breaks off to some extent and 

he products transfer into the electrolyte. The resulting products 

lock the access of the electrolyte ions to the porous space of 

he activated carbon material. This blockage is indicated by the 

normous increase in the diffusion resistance (R d ). In addition, the 

hick oxide, hydroxide, oxohydroxide and salts layer increases the 

harge transfer resistance through the interfaces. The degradation 

f the current collector described in this way affects the degrada- 

ion of the positive electrode, understood as a whole, and conse- 

uently leads to a decrease in the capacitance value of an electro- 

hemical capacitor. This degradation is also revealed by the char- 

cteristics of PEIS, and more specifically the Nyquist plots of the 

ositive electrode with unmodified current collectors ( Fig. 15 (a)). 

he electrochemical characteristics of supercapacitors with silox- 

ne coated current collectors are completely different. After per- 

orming a long–term ageing procedure, none of the electrodes 

ere destroyed. 

This outcome is confirmed by both two– and three–electrode 

easurements ( Fig. 14 , 15 (a–d), S5(a–d)). Additionally, the capac- 
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Fig. 13. (a–d) Comparison of the Nyquist plots of electrochemical capacitors 316 L/12 and SC/12, which were subjected to floating tests. The selected curves represent mea- 

surements performed after 150 h and 200 h of floating. Measured (symbols) and fitted data (solid lines). Two–electrode Swagelok R © cell. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Comparison of the CV test curves (10 mV s –1 ) of electrochemical capaci- 

tors 316 L/12 and SC/12, which were subjected to floating tests in a two–electrode 

Swagelok R © cell. 
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tance of the system has increased. During floating, the charge 

ransfer resistance (R ct ) has been increasing up to the 40th cycle. 

fter 200 h of floating, the R ct decreased. Siloxane coatings are 

orous and after a certain time, they are soaked with electrolyte 

olution, which occurs even faster if the system is polarized. Dur- 

ng floating, the electrolyte slowly filled the coating. It is obvious 

hat the mentioned coatings do not form perfect barrier protec- 

ion, i.e., they do not completely separate the steel surface from 

he electrolyte environment. Then, from the point of view of use 
12 
n electrochemical capacitors, it would not make any sense at all. 

hus, some of the aggressive ions reach the surface of the passive 

xide film, i.e., under the coating, and to a certain extent the cor- 

osion process begins. It should be mentioned that the oxide layer 

nder the siloxane coating is different from that which was formed 

nder corrosive conditions on the surface of the 316 L/12 current 

ollectors, i.e., it is much thinner and less porous. However, a cer- 

ain part of its surface is degraded. The rest is protected by metal–

–Si bonds [52] . For some reason, the R ct values increase only to 

 certain point during floating. The diffusion resistance is more or 

ess stable and is low compared to the unmodified supercapacitor 

316 L/12). This state is probably caused by the continuous soak- 

ng of the coating (low diffusion resistance) and the creation of 

orrosion products under the coating (increasing R ct values). Af- 

er some time, the ratio of these two phenomena starts to change; 

.e., at some point (40th cycle), the formation of corrosion prod- 

cts under the coating is not as significant as the volume of the 

lectrolyte solution in the coating itself. This outcome causes the 

ecrease in the charge transfer resistance (R ct ) after 200 h of float- 

ng. One can conclude that the coating, which should be an addi- 

ional resistor in the tested system, in fact protects this system in 

he long–term performance from becoming a real resistor. In other 

ords, the introduction of the coating to the system results in the 

onversion of one resistor to the other. At the beginning of the 

ong–term ageing procedure, the passive oxide film on the 316 L/12 

ositive current collector showed lower resistance than the inter- 

ace of the passive oxide film/siloxane coating. However, during 

oating, the abovementioned layer was covered by corrosion prod- 



J. Wojciechowski, Ł. Kolanowski, M. Gra ́s et al. Electrochimica Acta 372 (2021) 137840 

Fig. 15. Comparison of (a–c) Nyquist plots and (d) CV test curves of electrochemical capacitors 316 L/12 and SC/12, which were subjected to floating tests. The selected 

curves represent three–electrode cell measurements. 
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cts, which also pass into the electrolyte solution. This situation 

rompted the charge transfer and diffusion resistance (R d ) values 

o increase. In turn, due to the presence of a siloxane coating, R ct 
ncreased slightly. In addition, the siloxane coating was constantly 

oaked in the electrolyte solution, thus creating conductive path- 

ays. The presented research results and conclusions point to an 

xtremely important fact, i.e., of the electrochemical corrosion pro- 

esses of the current collectors have an extremely important influ- 

nce on the performance parameters of an electrochemical capac- 

tor. This impact might be much larger (or appear faster) than the 

ontribution from the carbon material degradation. 

onclusions 

It is widely known that due to the presence of hydrophobic 

lkyl chains, siloxane coatings possess anti–corrosive properties; 

.e., they protect the surface of metals against the harmful effects 

f the electrochemical corrosion processes. This protection is also 

onfirmed by the results of the water contact angle, as well as 

lectrochemical technique measurements. Siloxane coatings were 

hosen to protect the steel from corrosion in electrochemical ca- 

acitor systems. 

For this purpose, steel current collectors were covered with the 

ame coating, in the same way. During the long–term ageing pro- 

edures, which were performed with electrochemical techniques, 

he supercapacitor with unprotected current collectors was totally 

amaged. It is assumed that the positive electrode is responsible 

or this performance decay since it was oxidized during charging. 

he current collector, which is an element of this electrode, was 

ound to be dissolved. The second system, i.e., containing siloxane 

oatings, continued to work without any remarkable deterioration. 

Based on the obtained results, it is concluded that the corrosion 

rocess of current collectors significantly influences the long–term 
13 
erformance of electrochemical capacitors. This influence appears 

uch faster than the degradation of the electrode material and 

annot be neglected once long–term performance is evaluated. 
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