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Abstract 12 

Aluminum solid polymer capacitors are promising devices for the increased demand for 13 

power electronics applications. Nonetheless, the low breakdown voltage of the commercially 14 

available (~100 V) limits their applications. In this study, a hydroxide film-covered high-15 

purity aluminum was anodized at 700 V in boric acid at 85˚C, and the effect of second hot 16 
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water immersion (post-hydration treatment) after anodizing on the breakdown voltage was 1 

studied as a possible future treatment to enhance the withstand voltages of solid electrolytic 2 

capacitors. The dielectric breakdown voltage of the anodized aluminum with a PEDOT:PSS 3 

coating was ~500 V, being ~200 V less than the anodizing voltage; however, the dielectric 4 

breakdown voltage was increased above 700 V by introducing the post-hydration treatment 5 

due to the formation of a nanovoids layer above the dielectric alumina film. Our research 6 

suggests that the highly dispersed nanovoids incorporated with PEDOT:PSS avoid the 7 

current concentration at some local regions, effectively increasing the dielectric breakdown 8 

voltage. The post-hydration treatment increased the leakage current by introducing physical 9 

defects in the dielectric film. However, the leakage current was reduced by a voltage sweep 10 

below the breakdown voltage after the PEDOT:PSS coating or a second anodizing process 11 

before the coating, keeping the breakdown voltage above 600 V. A promising processing 12 

route to obtain aluminum solid capacitors with high withstand voltage (600 V) found in our 13 

research is first, dipping in hot water, second, anodizing at 700 V, then, a second hot water 14 

treatment, and a second anodizing at 400 V, which keeps the capacitance invariable with a 15 

breakdown voltage enhanced. 16 

Keywords: solid aluminum capacitor, hot water treatment, PEDOT:PSS, anodizing, boric 17 

acid, breakdown potential.  18 
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1. Introduction 1 

Aluminum electrolytic capacitors are used in many fields of electronics due to their 2 

excellent combination of dielectric properties, such as high capacitance, high withstand 3 

voltage, high energy density, and inexpensive cost.1–3 Unfortunately, the disadvantages of 4 

these capacitors are related to the cathode given that the lifetime is limited mainly for the 5 

electrolyte evaporation and the high equivalent series resistance (ESR) that leads to 6 

overheating, a reduction in the ripple current and generates higher voltage fluctuations.4,5 7 

Several researchers have attempted to improve electrolytic capacitors to overcome those 8 

issues. Initially, the development of conductive organic salts was explored as a first solution 9 

for a solid electrolyte with better conductivity than liquid electrolytes (like TCNQ-7,7,8,8-10 

tetracyanoquinodimethane or N-n-butyl isoquinolinium and TTF-tetrathiafulvalene)6. Then, 11 

aluminum solid polymer capacitors, which use a conductive polymer as a cathode, were 12 

developed in the 1990s as an alternative to aluminum electrolytic capacitors.7 The first 13 

generation of polymer electrolytic capacitors was based on polypyrrole (PPy), followed by a 14 

second generation based on PEDOT 8–10, which has received a lot of interest due to its 15 

remarkable environmental stability 11,12. PEDOT:PSS is more conductive, has better 16 

temperature stability than PPy or TCNQ, and can withstand short-term exposure to 280°C 13. 17 

Furthermore, PEDOT:SS is not a toxic chemical (PPy is a toxic chemical), and when used in 18 

polymer capacitors, lower leakage currents are obtained than PPy. The high-temperature 19 

stability of PEDOT:PSS was the driving force behind its replacement with the less stable PPy 20 

polymer 14–16. Therefore, the high thermal stability17 and lower ESR increase the ripple 21 

current and capacitor's lifetime.18–20 A disadvantage of aluminum solid electrolytic capacitors 22 

commercially available is the low breakdown voltages, limiting the operating voltage of the 23 
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commercially available capacitors to ~100 V or less, a lower value compared to ~500 V 1 

withstand voltage reached by electrolytic capacitors. Therefore, innovative capacitors with 2 

high thermal stability, high withstand voltages (~ 600 V), high capacitance, and high ripple 3 

current need to be developed for the next generation of power electronics systems, where 4 

aluminum solid polymer electrolytic capacitors show potential.21–23 Although aluminum 5 

solid conductive polymer capacitors are commercially available, the scientific background is 6 

scarce, and the reasons for their low dielectric breakdown voltages are still unclear in the 7 

literature. Therefore, understanding the scientific phenomena will help implement strategies 8 

to improve their withstand voltage. 9 

One possible hypothesis suggests that the properties and characteristics of the dielectric 10 

material likely influence the breakdown voltage.24 The dielectric material used in aluminum 11 

capacitors is obtained by conventional anodizing, which is well known for forming 12 

amorphous oxide layers.25–27 Nevertheless, in anodizing aluminum, a barrier-type alumina 13 

oxide layer, either amorphous or crystalline, can be obtained, depending on the growth 14 

conditions. Simple hot water treatment of the aluminum before anodizing allows the 15 

formation of a hydrous oxide (with a structure like pseudo-boehmite Al2O3⋅xH2O),28–30 which 16 

then during anodizing in neutral borate solution at high temperature works as crystallization 17 

seeds that induce the formation of a crystalline alumina layer with a structure like ɣ'-Al2O3 18 

(a defect spinel structure like ɣ-Al2O3 but with more disorder in the cation lattice).31,32 The 19 

lower ionic conductivity of the crystalline alumina and the higher dielectric constant provide 20 

higher capacitance and higher breakdown voltage with a thinner dielectric layer compared to 21 

the amorphous oxide. Therefore, the crystalline oxide layers are preferable due to their 22 

dielectric properties, especially for medium and high-voltage capacitors.33–35 The 23 
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amorphous-to-crystalline transformation results in a denser oxide followed by shrinkage, 1 

which leaves microscopic voids, cracks, and high-stress levels 36. The introduction of such 2 

physical defects often increases the leakage current or reduces the withstand voltage of the 3 

capacitor. So, the industrial manufacturing of dielectric layers by anodizing on aluminum 4 

involves multi-steps,37,38 including multiple re-anodizing processes that can reduce the 5 

leakage current caused by the defects formed during the crystallization.39 Sato et al.40 studied 6 

the effect of electrolyte species and their combination during multi-steps of anodizing of 7 

hydroxide film-covered aluminum, showing that re-anodizing, especially in borate 8 

electrolyte, effectively reduces the leakage current. On the other hand, in aluminum 9 

electrolytic capacitors, leakage current is increased after a storage time due to the dielectric 10 

defects caused by chemical reactions in the capacitor when there is no applied voltage. When 11 

a voltage is applied, the electrolyte can impregnate and heal such physical defects, 12 

contributing to dropping the leakage current, which reflects the repair phenomenon of the 13 

dielectric layer defects.41,42 It has been suggested that an electrolyte-free conductive polymer 14 

cannot be impregnated adequately in a porous dielectric material, limiting the repair of the 15 

dielectric defects.19 Nonetheless, the little literature evidence on anodic oxide layers obtained 16 

at high voltages and coated with a conductive polymer does not allow conclusions about the 17 

phenomena in solid polymer capacitors at high voltages 7. 18 

This research focused on assessing the performance of aluminum solid polymer conductive 19 

capacitors at high voltages. Our research proposes a new treatment to increase the breakdown 20 

potential of the aluminum solid polymer capacitor, which consists of a hot water immersion 21 

of the anodic layer after anodizing, in addition, the healing of the dielectric defects in an 22 

electrolyte-free conductive polymer capacitor was studied by voltage sweep below 23 
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breakdown and second anodizing process. A commercial poly (3,4-ethylene 1 

dioxythiophene): poly(4-styrene sulfonic acid) (PEDOT:PSS) conductive polymer was used 2 

to make the aluminum solid polymer capacitor, which has low ESR and high thermal stability 3 

3,43. A hydroxide film-covered high-purity aluminum was anodized at 700 V in boric acid at 4 

85˚C, with subsequent post-hydration treatment. With the post-hydration after anodizing, the 5 

breakdown voltage was above 700 V, which is ~200 V higher than the breakdown voltage 6 

after anodizing ~514 V. Nonetheless, the leakage current was increased after the post-7 

hydration treatment due to the formation of nanovoids generated after the post-hydration 8 

treatment and its connection with the voids in the dielectric layer near the metal/oxide 9 

interface. Contrary to the general view that the defects in the dielectric film should be 10 

breakdown sites, the above results indicate that the breakdown voltage was enhanced after 11 

the number of voids on the dielectric layer was increased in a controlled way. In addition, the 12 

high leakage current was reduced by two methods: a voltage sweep below the dielectric 13 

breakdown voltage after the PEDOT:PSS coating and a re-anodizing before the coating. 14 

 15 

2. Experimental 16 

 2.1. Dielectric material formation. A 99.99 % pure aluminum sheet with a 15 × 80 × 0.5 17 

mm dimension was used for the dielectric material formation. The aluminum sheet was 18 

electropolished in a 60% HClO4/ethanol solution at 20 V for 5 min at a temperature lower 19 

than 10˚C. To guarantee a crystalline oxide formation, a hydrous oxide layer was formed by 20 

dipping the electropolished aluminum in hot Milli-Q water at 95°C for 10 min. The pretreated 21 

aluminum sheet was anodized at a constant voltage of 700 V, applying an initial current 22 

density of 10 mA cm-2 in a 0.5 mol L-1 boric acid solution at 85°C for 10 min. A 0.5 L two-23 
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electrode cell with an aluminum foil as a counter electrode was used for anodizing. Once 1 

anodizing was finished, samples were washed with Milli-Q water and dried with a cool air 2 

stream. 3 

 4 

2.2. Post-anodizing treatments. Additional treatments were performed on the anodized 5 

aluminum, as described below. A second boiling water treatment was done by dipping the 6 

anodized aluminum in hot Milli-Q water at 95°C for 10 min (post-hydration treatment). The 7 

second anodizing process was done by re-anodizing the anodized aluminum with post-8 

hydration treatment by applying a constant voltage in a 0.5 mol L-1 boric acid solution at 9 

85°C for 10 min. The re-anodizing voltages evaluated were 200, 400, and 630 V. 10 

 11 

2.3. Aluminum solid polymer configuration. A conductive polymer solid capacitor was 12 

made using the anodic layer obtained by anodizing as a dielectric material and a solid coating 13 

of PEDOT:PSS (a conductive polymer) as a cathode. The polymer coating was obtained by 14 

dropping a PEDOT:PSS dispersion solution with a pH 3-4 (1wt% of PEDOT:PSS 15 

commercial Agfa dispersion containing 0.0018 mol L-1 ethylene glycol and 0.00028 mol L-1 16 

sorbitol) in an area of 10 mm in diameter and dried at 110°C, with an outer graphite/silver 17 

connection. The PEDOT:PSS dispersion viscosity is ~8 mPa s and was evaluated using a 18 

viscometer (A&D, SV-10a). Four sites were evaluated in the anodized hydroxide film-19 

covered aluminum with dimensions of 10 mm in diameter. The details of the capacitor 20 

configuration are shown in the supporting information, Fig. S1. 21 

 22 
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2.4. Surface and cross-section observations. The surface and cross-section samples were 1 

observed by a field-emission scanning electron microscope (ZEISS, Sigma-500), operated at 2 

1 kV. The SEM cross-section samples were produced by a broad ion milling technique (JEOL, 3 

IB-19530CP). The Al/ɣ'- Al2O3/PEDOT:PSS cross-sections were assessed using a scanning 4 

transmission electron microscope (JEOL, JEM-ARM200F), operated at 200 kV and equipped 5 

with EDS facilities. A focused ion beam system (JEOL, JIB4601F) was used to create 6 

electron-transparent sections. Elemental depth profiles of the Al/ɣ'- Al2O3/PEDOT:PSS were 7 

obtained by a glow discharge optical emission spectrometer (GDOES: Horiba-Jobin Yvon, 8 

5000 RF). 9 

 10 

2.5. Capacitor electrical properties. AC impedance spectra were obtained using a 11 

potentiostat/galvanostat (Biologic, SP-200) equipped with a frequency response analyzer, 12 

applying an amplitude of 50 mV AC in a frequency range from 7 MHz to 0.1 Hz. A two-13 

electrode cell configuration was used, and two different capacitor configurations were 14 

evaluated. One capacitor configuration comprises Al/ɣ'- Al2O3/PEDOT:PSS, with the Al/ɣ'- 15 

Al2O3 as an anode and the PEDOT:PSS solid coating as a cathode. Another capacitor 16 

configuration comprises Al/ɣ'- Al2O3/0.1 mol L-1 ammonium pentaborate, with the Al/ɣ'- 17 

Al2O3 as an anode and the ammonium pentaborate solution as a cathode (See Fig. S2). An 18 

area of 10 mm in diameter was assessed by AC impedance, which was demarcated using a 19 

PTFE Film-based adhesive tape (Nitto Denko, P-422 NAT). 20 

The leakage current and breakdown voltage of the solid capacitors were assessed by 21 

current-voltage curves obtained by voltage sweeping at a rate of 1 V s-1 using a source 22 

measure unit (Keithley, 2410). 23 
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3. Results and Discussion 1 

3.1. Dielectric layer formation and the effect of post-hydration treatment. Figure 1 2 

shows surface (SEM analysis) and cross-section (STEM analysis) images for the anodized 3 

samples. The surface images were observed before the PEDOT:PSS coating and the cross-4 

sections were imaged after the coating. The hot water reaction offers the ability to grow metal 5 

oxide nanostructures28,44 due to forming a lamellae structure oriented approximately 6 

perpendicular to the substrate surface, which consists of pseudo-boehmite, as it is well known 7 

in the literature.45,46 The pseudo-boehmite structure obtained remains after anodizing and the 8 

second boiling water treatment, and no differences are observed from the surface 9 

observations (Fig. 1a and 1d). From the cross-section images (Fig. 1b and 1c) of the dielectric 10 

layer after anodizing, a dual layer structure is observed with an inner oxide layer with a 11 

thickness of ~680 nm and an outer porous lamellae pseudo-boehmite layer with a thickness 12 

of ~140 nm. Some micro-voids are observed near the metal/oxide interface (black regions 13 

pointed with arrows in Fig. 1b), while the outer region of the oxide layer shows a dense 14 

structure. The dielectric layer shows a crystalline structure with an arrangement like ɣ'- Al2O3 15 

according to the SAED patterns (interplanar spacing was compared to the reference ICSD 16 

98-003-0267),47 being consistent with the previous studies of anodizing hydroxide film-17 

covered aluminum in neutral solutions.31,48–51 Voids are the result of the crystallization, 18 

which results in volume shrinkage of the oxide during anodizing; in addition, the conversion 19 

leads to an inward movement of crystalline/amorphous interface accompanied by void 20 

transport, increasing voids volume and position through the oxide layer, which explains the 21 

voids generated in the dielectric layer (Fig. 1b and 1e; pointed with arrows).24,52 The post-22 

hydration treatment (Fig. 1e-1f) thickens the outer porous lamellae layer, increasing the 23 
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thickness to ~270 nm while the oxide layer thickness remains unchanged. Furthermore, the 1 

formation of nanovoids in the hydrated layer/oxide interface is evidenced, showing a highly 2 

dispersed and homogenous distribution with a depth penetration of ~150 nm (Fig. 1e). The 3 

post-hydration treatment does not change the crystalline structure obtained after anodizing 4 

even in the region where the nanovoids were generated (Fig. 1f). 5 

 6 

 7 

 8 

Figure 1. Surface SEM images of the outer hydrated layer obtained by anodizing at 700 V 9 

(a) before and (d) after the post-hydration treatment. (b, e) HAADF and (c, f) BF scanning 10 

transmission electron micrographs of the cross-sections for the anodized aluminum covered 11 

with PEDOT:PSS polymer; (b, c) without and (e, f) with post-hydration treatment. SAED 12 

patterns were included in (c, f). 13 

 14 
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The elemental distribution assessed by GDOES of the anodized aluminum covered with 1 

PEDOT:PSS polymer is observed in Fig. S3. Sulfur and carbon profiles suggest that the 2 

polymer penetrates the porous hydrated layer. At the same time, boron is incorporated from 3 

the anodizing electrolyte species into the outer region of the oxide layer, as boron is known 4 

to be incorporated in the oxide layer during anodizing.53 The voids shown in Fig. 1b are 5 

mainly generated in the boron-free inner region of the barrier layer because less crystalline 6 

alumina is developed in the boron-containing region.33 The EDS analysis (Fig. 2) evidenced 7 

a homogeneous distribution of Al and O due to the oxide layer obtained; the dark regions in 8 

the oxide layer correspond to the voids obtained during the anodizing process, which fit with 9 

dark regions in the EDS elemental mapping. The S signal helps to elucidate the interaction 10 

of the PEDOT:PSS polymer in both the hydrated and the alumina layers, where it is 11 

evidenced that the porous pseudo-boehmite contains PEDOT:PSS. An EDS area analysis 12 

reveals the interaction of the PEDOT:PSS with the dielectric layer (Fig. 3). After anodizing, 13 

PEDOT:PSS polymer covers the porous hydrated layer and penetrates up the hydrated/oxide 14 

interface as it is evidenced in Fig. 3a. The post-hydration treatment induces the formation of 15 

a nanovoids layer, which the PEDOT:PSS dispersion can penetrate, as it is observed in the 16 

EDS area analysis (Fig. 3b). An in-detail analysis shows that the polymer penetrates 17 

approximately ~150 nm from the hydrated layer/oxide interface which results in a decrease 18 

in the dielectric layer thickness (Fig. 3c). It is concluded that after anodizing, the dielectric 19 

layer thickness is controlled by the oxide layer thickness (~684 nm), but after the post-20 

hydration treatment, the dielectric layer is controlled by the thickness of the PEDOT:PSS 21 

free Al2O3 layer (~535 nm). 22 

 23 
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 1 

 2 

Figure 2. EDS elemental mapping of the cross-sections of the anodized aluminum covered 3 

with PEDOT:PSS polymer after (a) anodizing at 700 V and (b) anodized with post-hydration 4 

treatment. 5 

 6 

 7 

Figure 3. EDS area analysis of the anodized aluminum cross-sections covered with 8 

PEDOT:PSS polymer: (a) after anodizing and (b, c) after the post-hydration treatment. EDS 9 

spectra and elemental composition are reported in the supporting information (Fig. S6-S8; 10 

Table S1-S3). 11 
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The electrical properties of the capacitors were assessed by AC impedance spectroscopy. 1 

Two capacitor configurations were assessed: the aluminum solid polymer capacitor with the 2 

PEDOT:PSS as a cathode and the aluminum electrolytic capacitor with an aqueous solution 3 

of 0.1 mol L-1 ammonium pentaborate solution as a cathode. For the dielectric layer after 4 

anodizing (Fig. 4a), impedance decreases linearly with the frequency in the double 5 

logarithmic plot with similar behavior for both cathodes up to 100 kHz, and then the resonant 6 

frequency behavior changes in both cathodes due to differences in the ESR (Table 1). The 7 

low ESR in the PEDOT:PSS generates a lower impedance at higher frequencies than the 8 

aqueous electrolyte cathode 42. The ideal behavior of a dielectric material shows a phase shift 9 

near 90˚, which is evident below 1 MHz and 10 kHz for the capacitor with PEDOT:PSS and 10 

the capacitor with the aqueous electrolyte cathode, respectively. Capacitance and ESR were 11 

assessed by fitting the experimental results with the equivalent circuit shown in Fig. 4c 42,54. 12 

The capacitance value in liquid electrolyte and PEDOT:PSS polymer present close values 13 

(~10% difference), which is related to the fact that both liquid electrolyte and solid polymer 14 

penetrated the porous pseudo-boehmite layer. The slight variation is based on the viscosity 15 

difference (~8 mPa s for PEDOT:PSS dispersion and 1.06 mPa s for the liquid electrolyte). 16 

Using the equation of a parallel plate capacitor,4 with a dielectric layer thickness of 684 nm, 17 

an area of 0.785 cm2 and a capacitance of 10.4 nF cm-2 in the PEDOT:PSS configuration, the 18 

dielectric constant of the dielectric layer is 10.2 (Table 3), corresponding to the dielectric 19 

constant for ɣ'-Al2O3.55–57 After post-hydration treatment (Fig. 4b), the impedance shows a 20 

linear tendency with frequency like the as-anodized condition; nonetheless, the slope changes 21 

for both capacitors. At frequencies higher than 100 kHz, the resonant frequency is clearly 22 

defined only for PEDOT:PSS capacitor due to the low ESR. A deviation from the ideal 23 
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dielectric behavior is observed from the phase shift vs. frequency plot, where a phase shift 1 

lower of 90˚ at lower frequencies is observed for the solid capacitor with PEDOT:PSS. The 2 

frequency range analysis was done from 100 Hz to 7 MHz for the experimental results 3 

analysis by the equivalent circuit due to the deviation of the ideal capacitor behavior at low 4 

frequencies after the post-hydration treatment. The solid aluminum capacitor with 5 

PEDOT:PSS and post-hydration treatment shows a capacitance around 22 % higher than the 6 

solid aluminum capacitor after anodizing (as-anodized condition) due to the decrease in the 7 

dielectric layer thickness caused by the PEDOT:PSS penetration into the nanovoids layer 8 

(See Fig. 3c). On the other hand, in the liquid electrolyte, the AC impedance spectrum 9 

deviates largely from the ideal one of a capacitor so that the spectrum could not fit well using 10 

the equivalent circuit shown in Fig. 4c. Thus, the reliable capacitance value was not obtained. 11 

The large deviation from the ideal spectrum suggests the electrolyte penetration into the voids 12 

in the dielectric alumina layer as a consequence of the possible transformation of the closed 13 

voids to the open voids in the alumina layer by the post-hydration treatment. 14 

 15 
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 1 

Figure 4. Bode plots of the aluminum (a) as-anodized, (b) anodized with a post-hydration 2 

treatment, and (c) the equivalent circuit used for fitting.  3 

 4 

Table 1. Capacitance and resistance of the anodized aluminum and the subsequent post-5 

hydration treatment after anodizing. 6 

Cathode Condition Capacitance, C 
 (nF cm-2) 

RESR 
 (Ω cm2) 

PEDOT:PSS As anodized 10.44 ± 0.08  0.89 ± 0.06 

Post-hydration treatment 12.79 ± 0.30  1.40 ± 0.04 

Aqueous 
electrolyte 

As anodized 11.57 ± 0.22 52.06 ± 1.45 

Post-hydration treatment - - 

 7 
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The breakdown voltage of the capacitors was evaluated by a voltage sweep at 1 V s-1 to 1 

reach dielectric breakdown, which is identified by the sudden increase of the current up to 2 

10 mA cm-2 and the sparking phenomenon in the capacitor (Fig. 5). From the current-voltage 3 

plots, the breakdown voltage and the leakage current behavior are observed in the solid 4 

conductive polymer capacitors. For the dielectric layer after anodizing (Fig. 5a), a low 5 

leakage current is evidenced during the voltage sweep below the breakdown voltage. The 6 

average breakdown voltage is 514 V, being ~200 V less than the anodizing voltage (700 V). 7 

The anodizing process of hydroxide film-covered aluminum involves the formation of voids 8 

and defects in the dielectric layer due to the nature of the amorphous-to-crystalline 9 

transformation at high anodizing voltages,34 so, the higher the anodizing voltage, the higher 10 

the density of voids and defects in the dielectric layer, which increases the gap between the 11 

anodizing voltage and the breakdown voltage.33 After the post-hydration treatment, the 12 

breakdown voltage increased markedly with an average value of ~790 V, above the value of 13 

the anodizing voltage (Fig. 5b). Nonetheless, a high leakage current is observed from low 14 

voltages, being related to nanovoids generated after the post-hydration treatment and its 15 

connection with the voids in the dielectric layer near the metal/oxide interface. The 16 

fundamental aspect of the post-hydration treatment is the homogeneous distribution (Fig. 1e) 17 

of the nanovoids generated in the outer region of the oxide layer, which distributes the current 18 

uniformly, contrary to a situation observed after the anodizing, where defects and voids are 19 

randomly distributed (Fig. 1b). Increasing the number of nanovoids to increase the 20 

breakdown voltage contrasts with the general opinion in the literature, where voids and 21 

defects are generally considered to be dielectric breakdown sites. Table 2 compares the 22 

results obtained in this study with literature reports on aluminum capacitors. In aluminum 23 
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solid polymer capacitors, at low anodizing voltages (up to 100 V), the breakdown voltage is 1 

close to or equal to the anodizing voltage; nevertheless, at high anodizing voltages (up to 2 

1000 V), the gap between the breakdown voltage and the anodizing voltage is remarkable-as 3 

was evidenced in this research- and the reason for the low breakdown potential is unclear in 4 

the literature. Our research reports a breakdown voltage higher than the anodizing potential 5 

by performing a post-hydration treatment of the dielectric layer, a phenomenon that is not 6 

observed even in aluminum electrolytic capacitors 44,58,59. On the other hand, in high-voltage 7 

aluminum electrolytic capacitors, etched aluminum foils with many tunnel pits have been 8 

used to reach a high capacitance due to the high surface area.37,60,61 For increasing the 9 

breakdown voltage, a thicker dielectric layer is usually developed by applying higher 10 

anodizing voltages (~1000 V) 38, dramatically reducing the capacitance value due to the high 11 

dielectric layer thickness and the sealing of the tunnel pits. Consequently, the post-hydration 12 

treatment is a promising and simple treatment to enhance the breakdown voltage of solid 13 

conductive polymer capacitors and avoid a dramatic reduction in capacitance. 14 

 15 

 16 

 17 
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 1 

Figure 5. V-I responses of the anodized aluminum covered with PEDOT:PSS polymer 2 

obtained by (a) anodizing at 700 V (b) and anodized with post-hydration treatment. 3 

Measurement reproducibility is reported in the supporting information (Fig. S4). 4 

 5 

Table 3 and Figure 6 summarize the results obtained in the aluminum anodized at 700 V 6 

and the subsequent post-hydration treatment. After post-hydration treatment, the formation 7 

of nanovoids generates a highly resistive interphase layer in the hydrated layer/oxide 8 

interface. The slight increase in the ESR value after the post-hydration treatment may suggest 9 

the high electrical resistivity of the thin nanovoids layer (Table 1). Therefore, the current 10 

concentration at some local defects that cause the dielectric breakdown is avoided. This fact 11 

was seen from the low-intensity sparking above the breakdown voltage for the sample with 12 

the post-hydration treatment. In contrast, local intense sparking was found for the sample 13 

without the nanovoid layer, as schematically illustrated in Fig. 6. The breakdown voltage 14 

increase after the post-hydration treatment is the most crucial consequence generated by a 15 

simple hot water treatment of the dielectric layer formed by anodizing, which is higher than 16 
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the anodizing voltage. The slight increase in the capacitance is associated with the 1 

PEDOT:PSS penetration into the nanovoid layer formed at the upper part of the dielectric 2 

layer, reducing the dielectric layer thickness. The formation ratio (nm V-1) agrees with the 3 

literature values for anodizing hydroxide film-covered aluminum.33 4 

 5 

Table 2. Comparison between the results obtained in this research with literature reports 6 

Anode Cathode Anodizing 
condition 

Additional 
process 

Dielectric layer 
thickness (nm) 

Breakdown 
potential (V) 

Reference 

 
 
 
 

Al2O3 

TNCQ salt 50 V 
Boric acid-

borate solution 

-- -- 55 V 62 

TNCQ salt 200 V 
Boric acid-

borate solution 

-- -- 176 V 62 

PEDOT:PSS 500 V 
0.5 M H3BO3 

-- 470 ~350 V 35 

PEDOT:PSS 700 V 
0.5 M H3BO3 

 684  514 V This study 

PEDOT:PSS 700 V 
0.5 M H3BO3 

Post-hydration 
treatment 

535  790 V This study 

 7 

Table 3. Summary of the dielectric layer characteristics obtained after anodizing and the 8 

subsequent post-hydration treatment for the aluminum solid conductive polymer capacitors. 9 

Condition Breakdown 
voltage (V) 

ɣ’-Al2O3 coating 
thickness (nm) 

Dielectric layer 
thickness (nm) 1 

Dielectric2 
constant εr 

Formation ratio          
nm V-1 

As anodized 514 ± 24 684 684 10.2 0.98 

Post-hydration 
treatment 

790 ± 72 685 ~ 535 9.86 -- 

1Dielectric layer thickness is related to the PEDOT:PSS-free region in the alumina (ɣ’- 10 
Al2O3) layer. 11 

2 The dielectric constant was calculated from the equation of a parallel plate capacitor. 12 
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 1 

Figure 6. Graphical illustration of the effect of the post-hydration treatment on the dielectric 2 

layer defects and its effects on the dielectric breakdown. 3 

 4 

3.2. Healing process of defects in the dielectric layer after post-hydration treatment.  5 

As mentioned above, aluminum solid conductive polymer capacitors have many 6 

advantages over aluminum electrolytic capacitors. They stand out in high thermal stability, 7 

low ESR, high ripple current, and low voltage fluctuations; nonetheless, their low breakdown 8 

voltage of ~100 V limits their applications.63,64 The current market demands capacitors with 9 

a maximum withstand voltage of up to 600 V, with a normal operating voltage range of up 10 

to 400 V.65 Immersion of the dielectric layer in hot water after anodizing is a promising 11 

treatment to increase the breakdown voltage without reducing the capacitance. However, the 12 

high leakage current could lead to overheating of the capacitor, causing a decrease in the 13 

filtering performance, polymer degradation, and reducing the capacitor's lifetime. Different 14 

strategies have been found in the capacitor industry to reduce the leakage current by healing 15 

the defects in the dielectric layer. One approach during dielectric layer formation is to 16 

perform a multi-step anodizing to reduce the leakage current caused by the healing of the 17 
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dielectric defects formed by the crystallization.34 In addition, in aluminum electrolytic 1 

capacitors, long-time storage increases the leakage current due to imperfections in the 2 

dielectric material caused by the chemical reactions inside the capacitor. Nonetheless, when 3 

a voltage is applied to the capacitor, the dielectric material can be regenerated by natural 4 

oxidation of the defects and leakage current density drops, reflecting a repair phenomenon 5 

of the dielectric layer 42. In the metalized film capacitors, the self-healing of the dielectric 6 

has also been reported, preventing the risk of dielectric breakdown. The self-healing 7 

mechanism in metalized film capacitors differs from that of aluminum electrolytic capacitors, 8 

where the energy during discharging in the former is used to vaporize the metallization 9 

around the defect, thereby electrically isolating it 41. Nevertheless, the scientific evidence of 10 

the healing process of the defects in the dielectric layer in aluminum solid polymer capacitors 11 

is scarce. In this study, two healing processes of the dielectric defects were evaluated, with 12 

the aim to reduce the high leakage current generated by the dielectric defects originated by 13 

the post-hydration treatment after anodizing. First, voltage sweeping from 0 to 400 V, a range 14 

below the breakdown voltage (~790 V), was evaluated in the solid conductive polymer 15 

capacitor with post-hydration treatment such as an in-situ "self-healing" process of the 16 

dielectric defects. Second, a re-anodizing process to repair the dielectric layer defects was 17 

evaluated on the anodized aluminum with post-hydration treatment. After the re-anodizing 18 

process was completed, the solid polymer capacitor was fabricated as described in the 19 

experimental section, and the breakdown voltage was evaluated by voltage sweeping at 1 V 20 

s-1 to reach the breakdown with sparking. 21 

Figure 7a shows the current-voltage curves for the voltage sweep below the breakdown 22 

voltage. The first two voltage sweep cycles were conducted from 0 to 400 V, and the last 23 



22 

 

cycle was from 0 V to the breakdown voltage. From the first two voltage sweep cycles (Fig. 1 

7a, black and red lines), the leakage current decreases, especially at low voltages, and the last 2 

voltage sweep cycle shows a reduced leakage current up to ~200 V. Then, the leakage current 3 

increases until it gets stable at ~500 V, showing a similar leakage current to the capacitor 4 

without healing the dielectric defects (Figure 5b). The breakdown voltage of the solid 5 

conductive polymer capacitor did not change by the voltage sweep cycles below the 6 

breakdown voltage. The current-voltage curves for the re-anodized aluminum are shown in 7 

Fig. 7b. The second anodizing process effectively reduces the leakage current; nonetheless, 8 

the breakdown voltage remains above 600 V only for the re-anodizing voltages of 200 and 9 

400 V. When a voltage of 630 V is applied in the second anodizing process, a low leakage 10 

current is observed until the dielectric breakdown and a value below 600 V, close to the value 11 

obtained after the first anodizing process (~500 V). From the conditions evaluated in the 12 

second anodizing process, the second anodizing voltage of 400 V keeps the leakage current 13 

low from 0 to 400 V and the breakdown voltage above 600 V. The voltage sweep below the 14 

breakdown voltage and the second anodizing process heal the voids in the dielectric layer, 15 

and the decrease in current reflects the repair phenomenon of the dielectric defects. 16 

Nonetheless, different behavior is observed in both void healing processes, even when the 17 

same voltage is applied. Of the voltage sweep cycles and the second anodizing process at 400 18 

V, the second anodizing process effectively reduces the leakage current up to 400 V since 19 

the liquid electrolyte can impregnate in an effective way the defects in the dielectric layer 20 

than PEDOT:PSS dispersion. The self-healing process in solid polymer capacitors at low 21 

voltages has already been reported;7 nonetheless, our research found scientific evidence of 22 

the healing of dielectric defects in aluminum solid polymer capacitors at high voltages with 23 
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a new promising treatment to enhance the breakdown voltage, which is the post-hydration 1 

treatment after anodizing. 2 

 3 

 4 

 5 

Figure 7. Current-voltage curves of anodized aluminum with a post-hydration treatment 6 

covered with PEDOT:PSS polymer after (a) the voltage sweep from 0 to 400  V, (b) the re-7 

anodizing process at 200, 400, and 630 V voltages. Measurement reproducibility is reported 8 

in the supporting information (Fig. S5). 9 

 10 

SEM surface and cross-section images of the dielectric layer after the second anodizing 11 

process are shown in Fig. 8. From surface SEM, no significant changes are observed in the 12 

surface morphology of the dielectric after the second anodizing at different anodizing 13 

voltages (Fig. 8a, 8c, 8e). SEM cross-section images evidence the healing of the dielectric 14 

defects by the second anodizing process. The healing of the dielectric defects starts from the 15 

metal/oxide interface, which is possible given that liquid electrolytes can impregnate the 16 
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defects and the voids in the dielectric layer through the oxide thickness, and the thickness of 1 

the repaired defects is related to the formation ratio, which is ~1 nm V-1.33,66,67. For the second 2 

anodizing at 200 V, some voids above the thickness of ~200 nm from the metal/oxide 3 

interface are still present, in addition to the nanovoids obtained after the post-hydration 4 

treatment (Fig. 8b). The repair of the dielectric layer reduced the leakage current from 0 to 5 

200 V, and then the leakage current is increased until the dielectric breakdown. A similar 6 

behavior is evidenced after the second anodizing process at 400 V; voids in the dielectric 7 

layer are healed, and the nanovoids formed with the post-hydration treatment are still present 8 

(Fig. 8d). The leakage current is low from 0 to 400 V and then is increased until the dielectric 9 

breakdown. In contrast, the second anodizing at 630 V shows a dense oxide layer where 10 

almost all nanovoids were healed by the second anodizing process, which explains the low 11 

leakage current from 0 V until the dielectric breakdown (Fig. 8f). The breakdown voltage is 12 

again ~200 V below the first anodizing voltage (700 V), results that support the fundamental 13 

role of the nanovoids in the current distribution, avoiding the concentration of the current in 14 

isolated defects or voids where the dielectric breakdown can be initiated.  15 

STEM cross-section images show in detail voids distribution through the oxide layer and 16 

the interaction of PEDOT:PSS polymer with hydrated layer and oxide layer after two cycles 17 

of voltage sweep from 0 to 400 V (Fig. 9 a, b, c) and second anodizing at 400 V (Fig. 9 d, e, 18 

f). As observed from SEM cross-section images, voids in the dielectric layer were healed, 19 

and the outer nanovoid layer generated with the post-hydration treatment remained in both 20 

conditions (Fig. 9a, 9d). The dielectric oxide layer thickness remains without any significant 21 

variation, so the primary purpose of the voltage sweep cycles and the second anodizing 22 

process is repairing the defects in the dielectric layer. The PEDOT:PSS polymer is present in 23 
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the outer nanovoid layer; the EDS area analysis reveals the presence of sulfur species (Fig. 9 1 

c, f). The above results suggest that PEDOT:PSS does not suffer any alteration after the 2 

voltage sweep and after the second anodizing process, PEDOT:PSS can still penetrate the 3 

nanovoids layer even though this process is performed before the solid polymer capacitor is 4 

made.  5 

It has been believed that no self-healing of physical defects occurs in the Al solid 6 

electrolytic capacitors because of the absence of a liquid electrolyte. However, the present 7 

study demonstrated clearly that physical defects in the dielectric layer of the Al solid 8 

electrolytic capacitor using PEDOT:PSS conductive polymer could be healed during the 9 

voltage sweep. A PEDOT:PSS dispersion aqueous solution containing ethylene glycol and 10 

sorbitol was used to coat a PEDOT:PSS layer. The coating should still contain ethylene 11 

glycol and sorbitol, both of which have a hygroscopic nature. Thus, it is likely that water 12 

molecules are present in the PEDOT:PSS coating, contributing to the healing of physical 13 

defects in the dielectric layer. 14 

 15 

 16 
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 1 

Figure 8. SEM images of the surface (a, c, and e) and cross-sections images (b, d, and f) of 2 

the anodized aluminum with post-hydration and posterior re-anodizing process at (a, b) 200 3 

V, (c, d) 400 V and (e, f) 630 V. 4 

 5 
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 1 

Figure 9. HAADF and (a, d) BF (b, e) scanning transmission electron micrographs of the 2 

cross-sections for the anodized aluminum with post-hydration treatment covered with 3 

PEDOT:PSS polymer after (a, b) two cycles of voltage sweep from 0 to 400 V and (d, e) and 4 

the second anodizing at 400 V. EDS area analysis, focus on % S, for the anodized aluminum 5 

with post-hydration treatment after (c) two cycles of voltage sweep from 0 to 400 V and (f) 6 

and the second anodizing at 400 V. EDS spectra and elemental composition are reported in 7 

the supporting information (Fig. S9-S10; Tables S4-S5). 8 

 9 

The electrical properties of the capacitors after the void healing process were evaluated by 10 

AC impedance spectroscopy (Fig. 10). As described above, a deviation from the ideal 11 

dielectric behavior is observed after the post-hydration treatment due to the defects present 12 

in the oxide layer. Bode plots for the voltage sweep and the second anodization show nearly 13 

ideal capacitor behavior due to the healing of the voids. The impedance at low frequencies is 14 
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increased (highlighted by the red square), showing a more linear behavior of the impedance 1 

from low frequencies to the resonant frequency. The phase shift vs. frequency after healing 2 

of the defects in the dielectric layer also shows values close to -90° (Fig. 10a). Table 4 3 

summarizes the capacitance, ESR, and breakdown voltage before and after the voltage sweep 4 

and second anodization. Similar capacitance values are obtained except for the second 5 

anodizing to 630 V, where the nanovoid layer is no longer present. The second anodizing to 6 

630 V converts the nanovoid layer to a compact dielectric layer, thickening the dielectric 7 

layer and reducing the capacitance. 8 

The complete healing of the nanovoid layer by the second anodizing at 630 V reduced the 9 

breakdown voltage significantly to ~533 V. It is important to emphasize that the presence of 10 

a nanovoids layer containing a small amount of highly dispersed PEDOT:PSS above the 11 

dielectric layer is crucial to keep the breakdown voltage above 600 V. According to the 12 

results obtained, the most promising processing route found in our study is first, dipping in 13 

hot water, second, anodizing at 700 V, then a second hot water treatment, and a second 14 

anodizing at 400 V, processing route that keeps the capacitance invariable with a breakdown 15 

voltage enhanced. On the other hand, the voltage sweep below the breakdown voltage is 16 

important due to being an in-situ process, given that it is performed with the capacitor. It is 17 

well known that applying a voltage in aluminum electrolytic capacitors allows the repair of 18 

the dielectric defects after anodizing or long-time storage conditions. Our research found 19 

similar behavior in solid conductive polymer capacitors, with an additional and 20 

straightforward treatment of immersion in hot water of the dielectric layer after anodizing as 21 

a strategy to increase the breakdown voltage. 22 

 23 
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 1 

Figure 10. Bode plots of the anodized aluminum with post-hydration treatment after (a) the 2 

voltage sweep from 0 to 400 V (b) and the second anodizing.  3 

Table 4. Capacitance and resistance of the anodized aluminum with post-hydration treatment 4 

covered with PEDOT:PSS polymer and healing process of the voids in the dielectric layer. 5 

Condition Capacitance, C 

 (nF.cm-2) 

RESR 

 (Ω.cm-2) 

Breakdown 
voltage (V) 

Voltage sweeping 12.34 ± 0.17 1.25 ± 0.08 818 ± 9 

2nd anodizing at 200 V 12.02 ± 0.19 1.15 ± 0.06 674 ± 39 

2nd anodizing at 400 V 12.06 ± 0.10 1.02 ± 0.04 669 ± 44 

2nd anodizing at 630 V 10.73 ± 0.34 0.94 ± 0.02 533 ± 40 

  6 
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4. Conclusions 1 

The present study demonstrates that the breakdown voltage of PEDOT:PSS-coated Al solid 2 

polymer capacitor is greatly enhanced by introducing a nanovoids-dispersed layer on the 3 

dielectric alumina layer. The nanovoids layer is formed by the post-hydration treatment after 4 

forming a dielectric alumina layer by anodizing. A small amount of PEDOT:PSS is 5 

incorporated into the nanovoids, making a nanovoids layer highly electrically resistive. This 6 

layer avoids the local current concentration at high voltages, enhancing the breakdown 7 

voltage.  8 

The negative influence of the post-hydration treatment is the increased leakage current 9 

because the existing voids in the dielectric alumina layer are exposed to the electrolyte. 10 

However, self-healing of the physical defects in the dielectric layer occurs during voltage 11 

sweep after the PEDOT:PSS coating, reducing the leakage current. This finding provides 12 

scientific evidence of the defects healing in the dielectric layer in a solid capacitor with an 13 

electrolyte-free conductive polymer cathode. In addition, the second anodizing after the post-14 

hydration treatment is also effective in reducing the leakage current. Even after the second 15 

anodizing, the high breakdown voltage is maintained if the nanovoids layer remains. The 16 

present study demonstrates that introducing a nanovoids-dispersed layer containing a small 17 

amount of a conductive polymer is a promising approach to developing solid capacitors with 18 

high capacitance, ripple current, thermal stability, and high withstand voltage. 19 

 20 

Supporting information:  21 

Experimental: Graphical illustrations of the solid polymer capacitor configuration and the 22 

experimental set-up of the AC impedance spectroscopy are observed (Figure S1-S2).  23 



31 

 

Results: the reproducibility of the experimental results (Figure S4-S5) is shown in the 1 

supporting information. Furthermore, the interaction between the PEDOT:PSS and the 2 

dielectric material is observed by the amount of S incorporated through the oxide layer due 3 

to PEDOT:PSS containing S in its chemical Formula. EDS analysis and the elemental 4 

composition (Table S1-S5) reported during the STEM analysis are shown in the supporting 5 

information (Figure S6-S10). 6 
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