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Abstract: Anodic tantalum oxide films have attracted 
significant interest due to their highly favorable properties, 
such as corrosion resistance and biocompatibility, as well as 
the cost-effective and scalable nature of anodization as a 
fabrication method. However, the need for morphological 
control as well as strong adhesion of the resulting films to the 
substrate pose barriers to their application. In this work, the 
morphology and adhesion of anodic tantalum oxide films 
grown on electropolished, chemically etched, and pristine 
tantalum metal substrates in a fluoride-free electrolyte 
containing potassium phosphate and glycerol under varying 
voltage and temperature conditions were systematically 
investigated. Electropolishing significantly reduced substrate 
surface roughness and promoted the growth of native 
suboxide species. Current density-time characteristics during 
anodization suggest noticeable kinetic effects related to 
substrate pre-preparation, which were corroborated by 
significantly increased pore size in oxide films grown on 
electropolished substrates. Systematic variation in voltage and temperature provided evidence of improved control 
over size and morphology of the nanoporous anodized oxide films via anodization parameters in electropolished 
samples. In addition, pull tests demonstrated increased film-substrate adhesion in anodized oxide films on both 
chemically etched and electropolished substrates. These findings demonstrate that electropolishing is an effective 
strategy for improving the controllability of nanostructure morphology, film uniformity, and adhesion of anodic 
tantalum oxide coatings. 
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1. Introduction 

Tantalum oxide has attracted considerable interest for use in a variety of technologically significant 
applications, including catalysts [1], information storage devices [2–5], and protective coatings for biomedical 
applications [6]. Across these diverse fields, nanostructure plays a key role by affecting material properties such 
as photocatalytic activity [1], hydrophilicity [7], and memristive behavior [8]. In particular, nanoporous and 
nanotubular oxide films have been demonstrated to improve lithium ion diffusion kinetics for energy storage 
applications [9], as well as increase photocatalytic efficiency of water splitting for hydrogen generation [10]. For 
biomedical and photoelectrochemical applications, film structure and adhesion are especially critical, as they 
directly affect implant biocompatibility [6] and catalyst performance [11,12]. Consequently, strategies that enable 
precise control over oxide nanostructure and adhesion are of significant interest. 
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Electrochemical anodization utilizes competing field-assisted oxide formation and dissolution reactions 
during electrochemical oxidation of a valve metal substrate to grow nanostructured anodic oxide layers of 
controlled thickness and porosity [13,14]. It is notably cost-effective and scalable among the synthesis methods 
used for forming oxide coatings, particularly for Ta2O5. In order to facilitate the formation of highly ordered and 
well-adhered nanostructures, electropolishing is a popular substrate preparation technique prior to anodic oxide 
growth, as it enables efficient polishing to nanoscale smoothness [15,16]. The two techniques have previously 
been used in tandem to improve uniformity of oxide films grown via anodization such as Al2O3 [17,18], TiO2 [19], 
and Nb2O5 [16]. However, limited work has been done in understanding the effect of electropolishing on the 
anodization of tantalum [6,20–22]. 

The wide variety of electrolyte systems and conditions which have been investigated for tantalum anodization 
have been comprehensively summarized in recent review articles [23,24]. Fluoride-containing solutions 
predominate in prior work concerning nanostructured films [23], and the effect of fluoride concentration on oxide growth 
rate [25] and porosity [26] has been investigated in detail. However, several studies have indicated that the incorporation 
of fluoride ions into the anodic tantalum oxide films is a major factor responsible for film detachment and poor substrate 
adhesion [23,27–29], as a result of the enhanced inward mobility of fluoride ions compared to oxygen [30] and the 
subsequent build up of fluoride containing species between the oxide layer and the substrate [28]. Consequently, the 
use of non-fluoride-containing electrolyte solutions serves as an alternative to improve film adhesion, which is 
critical for a wide range of applications [23] including photoelectrochemical [11] and biomedical [6] purposes. 
Melody et al. first reported the anodization of tantalum foil using 10% dibasic potassium phosphate in glycerol at 
elevated temperatures (90–190 °C) and anodizing potential of 20 V [13]. Later, Lee and Schmuki investigated the effect 
of temperature and time on pore ordering and film thickness in the same electrolyte system, identifying a 1-h anodization 
procedure at 20 V and 180 °C as the conditions for optimal pore ordering. The formation of a 25 nm barrier layer at the 
anodic oxide-substrate interface was identified, but its effect on film adhesion was not studied [31]. By improving 
overall homogeneity of the substrate via electropolishing as well as removing the highly soluble fluoride-based 
barrier layer, strong attachment of the anodic oxide to the substrate may be facilitated. 

Here, we report a systematic study on the effect of electropolishing of Ta substrates on the morphology and 
adhesion of anodic Ta2O5 films grown in 10% potassium phosphate in glycerol electrolyte. The influence of 
anodization potential, electrolyte temperature, and the presence of the native suboxide species on the substrate 
were investigated. Atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS) were utilized to 
examine the roughness and surface chemistry of electropolished, chemically etched, and pristine tantalum foils. 
Current density transients during anodization were obtained to investigate the effect of native suboxide species on 
the anodization process. The morphology and thickness of the resulting anodic oxide films was examined using 
scanning electron microscopy (SEM). In addition, pull tests were used to investigate film adhesion. We demonstrate 
that while both chemical etching and electropolishing improve film-substrate adhesion compared to pristine samples, 
electropolishing offers more control over pore size and morphology of the resulting anodic oxide films, by facilitating 
the continuous competition between oxide growth & dissolution fundamental to nanostructure formation. 

2. Materials and Methods 

2.1. Substrate Preparation 

Pieces of tantalum foil (33 × 40 × 0.127 mm, 99.95% purity, Thermo Fisher Scientific, Waltham, MA, USA) 
were cleaned by sonication in acetone, isopropanol, and deionized water, for five minutes each, and dried prior to 
substrate preparation. The back of each piece was masked using packing tape, with the top edge of the foil left 
exposed to ensure good electrical contact in the case of electropolishing. Chemically etched samples were allowed 
to soak in a solution of 10% sulfuric acid in methanol for at least one hour before being rinsed in deionized water 
and dried immediately prior to anodization. Electropolishing was performed in a two-electrode cell with Ta foil as 
both the working and counter electrode using a solution of 10% sulfuric acid in methanol (Thermo Fisher 
Scientific, Waltham, MA, USA), prepared as previously described by Barnes et al. [16]. During electropolishing, 
the solution was kept below −10 °C in a bath of dry ice and acetone and continuously stirred. Samples were 
electropolished at a constant current of 0.1 A for 2 h using a BK 9206 power supply (B&K Precision Corporation, 
Yorba Linda, CA, USA). Following polishing, the foils were removed from solution, rinsed in deionized water, 
dried, and immediately placed under vacuum and transferred into an inert atmosphere glovebox (Ar, O2 <0.5 ppm). 
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2.2. Anodization 

Total air exposure for both chemically etched and electropolished substrates prior to anodization was kept to 
less than 10 min. Kapton tape was used to mask the back of all samples prior to anodization. Exposed working 
electrode area was 33 × 40 mm. Anodization was performed in a two-electrode cell using 10% dibasic potassium 
phosphate (98% pure, Thermo Fisher Scientific, Waltham, MA, USA) in glycerol (Thermo Fisher Scientific, 
Waltham, MA, USA) with Pt mesh as the counter electrode. Anodization was carried out under constant voltage 
with a current limit of 2 A. Anodization time was fixed at 5 min, while solution temperature (170–190 °C) and 
applied potential (20–40 V) conditions were systematically varied. Following anodization, samples were rinsed in 
deionized water and ethanol before being allowed to dry. 

2.3. Characterization 

The surface roughness of pristine, chemically etched, and electropolished samples was characterized using a 
Bruker Dimension Icon atomic force microscope (AFM) with a Nanoscope V controller operated in PeakForce 
Tapping Mode by Nanoscope 9.4 software using a ScanAsyst Air probe (2 nm nominal tip radius). 5 × 5 μm images 
were taken with a scan rate of 0.5 Hz, 256 samples per line, and Peak Force setpoint of 2 nN. AFM images were 
processed using Nano Scope Analysis (Bruker Nano, Santa Barbara, CA, USA). Scanning electron microscopy 
(SEM) images were recorded using an FEI Teneo FESEM (Field Electron and Ion Company, Hillsboro, OR, USA) 
at 3–5 kV. X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics (PHI) 5600 ESCA 
system (Physical Electronics, Chanhassen, MN, USA) with a monochromated Al K-alpha source and 3 × 10 mm 
analysis area. Survey scans were performed using 187.85 eV pass energy and 0.8 eV step size; high resolution scans 
were performed using 23.50 eV pass energy and 0.05 eV step size. XPS data was analyzed using MultiPak 9.6 
(Physical Electronics, Chanhassen, MN, USA) and CasaXPS (Casa Software Ltd., casaxps.com; accessed 26 
August 2026). All spectra were referenced to the 1s peak (284.8 eV) of adventitious carbon. Spectra were background 
subtracted and subsequently deconvoluted using the standard FWHM positions for each of the known valence states. 
Fit constraints included constant binding energy separation and area ratios of 1.91 eV and 4:3 respectively. Adhesion 
tests were performed in accordance with ASTM standard D4541-22 using a DeFelsko AT-A20 A-B adhesion tester 
(DeFelsko, Ogdensburg, NY, USA). ResinLab EP11HT 2-Part Epoxy (ResinLab, Germantown, WI, USA) was used 
to adhere 10 mm Al dollies to the anodic oxide coating prior to pull tests, where the coating was exposed to 7550 N 
of pressure for 129.1 s at a rate of 60 N/s with 5 s hold. Measurements were duplicated for each sample grown on 
pristine, chemically etched, and electropolished substrates. 

3. Results and Discussion 

3.1. Effect of Substrate Preparation on Oxide Morphology 

Ta foil substrates were prepared under three conditions prior to anodization: (1) pristine foil, which was 
degreased via sonication in acetone, isopropyl alcohol, and deionized water for 5 min each prior to use; (2) 
chemically etched foil, which was degreased and then soaked in a solution of 10% sulfuric acid (H2SO4) in methanol 
for at least 60 min prior to use; and (3) electropolished foils, which were prepared based upon a method adapted from 
Barnes et al. [16] and Piotrowski et al. [15]. The effects of pretreatment on substrate morphology were characterized 
using AFM and are shown in Figure 1a–c. Surface roughness increased following chemical etching (Rq = 10.6 nm) 
compared to the pristine sample (Rq = 8.54 nm). For the electropolished sample, roughness decreased by 
approximately 3.81 nm (Rq = 4.73 nm) and surface homogeneity significantly improved. AFM measurements were 
conducted on duplicates for the electropolished condition, with <0.36 nm standard deviation in Rq. 

Tantalum metal is known to have native oxide and suboxide species present on the surface, which have been 
theorized to be responsible for its notable corrosion resistance and biocompatibility [32]. Consequently, one of the 
reasons for the use of hydrofluoric acid (HF) in the majority of anodization solutions used in the literature is the 
need for chemicals capable of etching through the native passivation layer. In order to investigate the effect of 
surface preparation on the native suboxide, samples were prepared and immediately transferred to an Ar-
atmosphere glovebox, where an air-free vessel was used to enable chemical characterization with XPS (Figure 1d–f); 
for the electropolished condition, measurements on duplicates were performed in order to check for differential 
charging and verify reproducibility. All XPS spectra were calibrated to the position of the 1s peak of adventitious 
carbon (284.8 eV) prior to deconvolution and fitting. For the electropolished sample, the Ta5+ 4f peak doublet 
appears at 26.74 eV (4f7/2) and 28.64 eV (4f5/2). These values are very close to those previously reported in the 
literature (26.8 ± 0.2 and 28.6 ± 0.2) [33,34]. Interestingly, the 4f peak doublet is shifted in both the pristine and 
chemically etched foils, located at 25.79 eV & 27.74 eV and 25.99 eV & 27.89 eV, respectively. Previous work 
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by Chakraborti et al. ascribes the peak shift towards lower binding energies as indicative of the presence of non-
stoichiometric oxides of tantalum [35], an observation which has been further corroborated by other researchers 
[36,37]. This implies that electropolishing may facilitate the formation of more stoichiometric native oxides, a 
phenomenon which may be related to the improvement in surface homogeneity. Analysis of the oxygen spectra 
for the same set of samples (Figure S1, Supplementary Information) revealed that the O1s peak for both the 
chemically etched and electropolished samples appears at 531.9 eV and 532.2 eV respectively, which is consistent 
with pentavalent tantalum oxide [35]. For the pristine sample, two distinct peaks can be observed, located at 530.1 
eV and 532.0 eV. One possible explanation for this phenomenon may be the presence of lower oxidation states of 
tantalum within the native oxide present on the surface [35]. 

 

Figure 1. Topographic AFM images of (a) pristine, (b) chemically etched, and (c) electropolished Ta foil; Ta 4f 

XPS spectra of (d) pristine, (e) chemically etched, and (f) electropolished samples. Solid lines represent fitted 

curves and open dots are the experimental data. 

With regard to the signal from the metal substrate, the Ta0 peak doublet is most prominent in the spectra for 
the pristine sample before becoming substantially decreased following both chemical etching and electropolishing. 
The intensity of the suboxide peaks (24.66 eV & 26.59 eV) follows an inverse trend, increasing significantly 
following both substrate preparation techniques and nearly surpassing the signal from the metal substrate in the 
electropolished sample spectra. Quantitative oxidation-state fractions for tantalum oxide, metal, and suboxide are 
reported in Table S1 (Supplementary Information). These results indicate that the surface treatment of tantalum 
foil by chemical etching or electropolishing, even in cases involving very limited exposure to air following 
treatment, facilitates the growth of native suboxides. 

In order to study the practical effects of surface roughness and native suboxide prevalence, anodization 
studies were performed for 5 min at 20 V 180 °C and a fixed current of 2 A, to allow for direct comparison of the 
effects of chemical and electrochemical treatment compared to the pristine foil. The current density-time (j − t) 
curves recorded during anodization are shown in Figure 2. The initial current density is between 0.111 and 0.099 
A/cm2 for all three samples, with the pristine and chemically etched samples having the highest and lowest values, 
respectively. Variations in duration of the current density decay reflect similar trends: for the pristine sample, its 
current density shows the most precipitous drop within the first minute before levelling out to a plateau until the end 
of the anodization period. The chemically etched sample exhibits the greatest level of decay, dropping below 0.001 
A/cm2 at just over three minutes. The electropolished sample retains higher overall current density compared to the 
chemically etched sample, but the curve decays continuously throughout the entire five minute period, as opposed to 
levelling out into the plateau characteristic of the continuous-growth behavior described by Melody et al. [13] and 
observed for the pristine foil within this study. One explanation for this behavior may be the increase in native 
suboxide prevalence following substrate preparation, which would consequently increase overall resistance at the 
interface and slow the electrochemical anodization process. 
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Figure 2. (a) Current density-time curves and (b) integrated charge density for anodization of pristine, chemically 

etched, and electropolished substrates at 20 V 180 °C. 

With regard to the difference between the chemically etched and electropolished samples, namely the 
improved current density following electropolishing despite the increase in suboxide as indicated by XPS—the 
competing dissolution-growth reactions characteristic of anodization may shed some light on this phenomenon. 

Nanostructuring during anodization depends upon the balance between field-assisted oxide dissolution vs. 
growth [14,38]. Upon formation of an initial oxide layer, field-aided ion transport of O2− and Ta5+ ions controls 
further growth [38]. By continued exposure of the growing oxide to an electric field, the Ta-O bond is weakened 
by polarization, resulting in field-assisted metal cation dissolution, in addition to chemical dissolution by the 
electrolyte [39]. As a result of the interaction between these processes, suppression of oxide growth is one approach 
for promoting a relative increase in oxide dissolution. The shallower decay curve exhibited by the electropolished 
sample is consistent with continuous competition between oxide growth and dissolution, as opposed to the distinct 
stages seen in the pristine and chemically etched samples for continuous oxide growth. Consequently, the 
continuous dissolution of the oxide during relatively slow oxide growth may manifest increased current density at 
the electropolished surface by decreasing oxide thickness and subsequent resistance, compared to the increased 
resistance produced by faster oxide growth on the chemically etched surface. In order to further elucidate the effect 
of electropolishing and chemical etching on the balance between oxide growth and dissolution, the morphology of 
the anodized oxide layers, as well as their thickness and porosity, were characterized using SEM (Figure 3a–c). 
All three samples exhibited nanoporous morphologies with pore diameters ranging from 10 to 17 nm and an 
average pore size of 14.35 nm ± 0.366 nm. Interestingly, cross-sectional SEM of a total of six samples revealed 
substantial differences in oxide film thickness as a function of surface preparation (Figure 3d–f), providing further 
evidence that substrate pretreatment significantly influences anodization kinetics. The oxide film grown on the 
pristine substrate reached a thickness of approximately 1.43 μm, whereas the chemically etched and 
electropolished substrates produced progressively thinner films of approximately 0.928 μm and 0.405 μm, 
respectively. In addition to the reduction in thickness, the chemically etched and electropolished samples exhibited 
more uniform oxide layers throughout the film cross section. Several possible explanations for this phenomenon 
exist, such as changes in surface composition as a consequence of pre-preparation, and changes in local electric 
fields and surface wettability with surface roughness. Furthermore, native oxide thickness may also play a role by 
influencing reaction rate, as well as resistance at the electrode-electrolyte interface. With regard to the experimental 
results of this work, the thicker oxide formed on the pristine substrate is consistent with the XPS results, which 
showed a lower abundance of native suboxide species prior to anodization. A thinner native suboxide barrier 
facilitates ionic transport during the early stages of anodization, leading to more rapid field-assisted oxide growth 
and ultimately a thicker anodic film. In contrast, the higher abundance of native suboxide species on the chemically 
etched and electropolished substrates may increase the initial resistance to ion transport, slowing anodic oxide 
growth and resulting in thinner films. Notably, the electropolished substrate produced the thinnest anodic oxide 
layer despite exhibiting enhanced pore uniformity and nanostructural control. Combined with the current density 
transients, this observation suggests that electropolishing shifts the anodization mechanism toward a dynamic 
balance between field-assisted anodic oxide growth and oxide dissolution. In comparison, anodization of the 
chemically etched substrate appears to remain predominantly growth-controlled during the plateau region, 
resulting in greater film thickness. These findings indicate that electropolishing may modify the substrate surface 
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properties in a manner that promotes a more balanced anodization process, leading to improved control over anodic 
oxide morphology while limiting overall film growth. 

 

Figure 3. SEM of the top-view surface and cross-section of anodic tantalum oxide films grown at 20 V 180 °C on 

(a,d) pristine, (b,e) chemically etched, and (c,f) electropolished Ta foil. 

3.2. Effect of Anodization Voltage and Temperature 

The nanostructure of anodized films plays a key role in coating properties such as hydrophilicity [40] and 
diffusion kinetics [41]. During anodization, the relative rate of oxide growth versus dissolution is key to control 
over the size and morphology of produced nanostructures. The most typical method of increasing the rate of 
dissolution is via the use of stronger chemical etchants like HF, or higher applied potentials which facilitate field-
assisted dissolution in addition to chemical etching. An alternative strategy is to suppress the oxide growth rate 
while maintaining a relatively constant dissolution rate. In the previous section, we demonstrate that substrate 
surface preparation modifies the abundance of native suboxide species, as well as influences anodic oxide growth 
kinetics without directly altering the electrolyte chemistry or anodization conditions. Next, we will investigate 
how anodization conditions influence the morphology of the anodized films. 

To investigate how substrate pretreatment influences the morphology of the anodic oxide films in relation to 
anodization conditions, tantalum substrates with pristine, chemically etched, and electropolished surfaces were 
anodized over a range of applied voltages (20–40 V) and electrolyte temperatures (170–190 °C). Overall, 
electropolished substrates produced significantly larger nanopores (15–41 nm) compared to chemically etched 
(14–18 nm) substrates (Figure 4; Table S2, Supplementary Information). Only minor differences were observed 
between anodic oxide samples grown on chemically etched versus pristine substrates (Figure 3a–f). For each 
condition, 2–3 samples were synthesized for analysis. Pore morphology and uniformity remained relatively 
consistent across all conditions and substrates, with some merging of pores present in samples with increased pore 
sizes. More importantly, electropolished substrates exhibited a clear relationship between pore size and 
anodization conditions. Specifically, pore diameter exhibited a distinct increase with applied voltage (Figure 5a 
and Table S2), indicating that electropolishing enhances the responsiveness of pore formation to the role of the 
applied voltage in facilitating oxide dissolution. These observations are consistent with previous studies of 
tantalum anodization in fluoride-containing electrolytes. Almeida Alvez et al. [30] reported a strong linear 
relationship between pore size and applied voltage (20–50 V) for anodization in H2SO4 with HF electrolytes at 
room temperature, in agreement with earlier work by El-Sayed et al. [42] and more recent reviews by Mohapatra 
and Sulka [23]. In contrast, chemically etched samples showed no discernible correlation between pore size and 
anodization voltage over the same range (Figure 5b and Table S2). 
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Figure 4. Top view SEM images of anodic oxide films grown at a range of voltage (20–40 V) and temperature 

(170–190°) conditions on (a) chemically etched and (b) electropolished substrates. 

 

Figure 5. Trends in pore size (a,b) and wall thickness (c,d) as a function of anodization parameters for anodic 

tantalum oxide films grown on electropolished vs. chemically etched substrates. Error bars represent standard 

deviation in pore size measurements. 

A similar trend was observed with electrolyte solution temperature. Increasing the solution temperature led 
to an average 7.53 nm increase in pore size with each 10 °C interval for electropolished substrates (Figure 5a), 
while the chemically etched samples remained largely insensitive to temperature. Wall thickness exhibited similar 
behavior between the two surface preparations (Figure 5c,d). Electropolished samples showed smaller distribution 
of wall thicknesses across all conditions (6.9–10.5 nm) as well as decreased standard deviation in wall thickness 
measurements (Table S2, Supplementary Information), while chemically etched samples displayed substantially 
greater variability (5.6–13.0 nm) as well as higher standard deviation (Figure 5d; Table S2, Supplementary 



Mater. Interfaces 2026, 3(3), 287–297 https://doi.org/10.53941/mi.2026.100019  

294 

Information). For both substrate types, a weak dependence of wall thickness on temperature was observed, 
consistent with enhanced ionic diffusion and accelerated oxide dissolution at elevated temperatures. 

Overall, the anodic oxide films grown on chemically etched substrates exhibited limited sensitivity to changes 
in anodization voltage and temperature, whereas electropolished substrates showed systematic and predictable 
variations in pore morphology. We hypothesize that this enhanced sensitivity results from the suppression of oxide 
growth kinetics by the electropolished surface, which shifts anodization toward a regime in which pore 
morphology is governed more strongly by the competing effects of field-assisted oxide growth and dissolution. As 
a result, changes in anodization voltage and electrolyte temperature have a more pronounced influence on the 
resulting nanostructure. 

3.3. Effect of Substrate Preparation on Film Adhesion 

One of the practical properties of anodized Tantalum critical to the performance of protective and 
biocompatible coatings is anodic oxide film adhesion to the substrate. One of the previously identified limitations 
of current anodization methods for tantalum is the need for coatings capable of withstanding the minimum 30 N 
adhesion requirement for abrasion resistant applications [43,44]. Towards this goal, the presence of a fluoride or 
oxyfluoride rich barrier layer between the anodic oxide and the substrate is one of the drawbacks of fluorinated 
electrolytes due to the increased likelihood of film delamination [10,27–29]. A previous study of films grown in 
potassium phosphate-glycerol electrolyte reported the formation of a dense barrier layer over the course of 1-h 
anodization [31], and we observed formation of a similar layer in this study (Figure S1, Supplementary 
Information). Despite the presence of this barrier layer, films grown in potassium phosphate-glycerol electrolytes 
have previously been reported to display exceptional adhesion properties across multiple anodic metal oxides [45]. 
One possible mechanism for the improved adhesion of such films may be differences in the rate determining step 
for formation of the barrier layer between fluoride-containing and phosphate/glycerol electrolytes. Tsuji et al. 
investigated the relationship between barrier layer thickness and formation potential during formation of anodic 
TiO2 in hot phosphate/glycerol electrolyte via cyclic voltammetry [46]. In fluoride-containing electrolyte, the 
electric field strength at the barrier layer was reported to decrease during the negative potential sweep, indicating 
a continuous increase in barrier layer thickness. In contrast, current density did not decrease even during the 
negative sweep in the hot phosphate/glycerol electrolyte, suggesting that diffusion of the oxygen sources in the 
electrolyte, rather than ion migration, may act as the rate determining step in barrier layer formation [46]. In the 
case of both their work on TiO2 and our investigation of Ta2O5, the decrease in build up of foreign species at the 
interface may correspondingly promote direct contact between the anodic oxide and the metal substrate, improving 
oxide-substrate adhesion [28,47]. 

In order to investigate the influence of substrate pre-preparation and this type of barrier layer on the adhesion 
properties of the anodic oxide film, pull tests were performed in accordance with ASTM standard D4541-22 [48] 
on films grown at 20 V 180 °C on pristine, chemically etched, and electropolished substrates. The adhesion of 
anodic oxide layers grown on both chemically etched and electropolished samples showed significant improvement 
compared to oxide grown on the pristine substrate, resisting 96 MPa at a pull rate of 60 N/s even through repeated 
tests. Oxide removal was only achieved for the pristine sample following a 5 s hold under the same conditions, 
resulting in delamination of the oxide coating. No delamination or film rupture were observed for coatings grown on 
chemically etched and electropolished substrates, indicating a pull-off adhesion strength > 96 MPa. An inverse 
correlation was observed between the adhesion strength of the films and the oxide thickness measured by SEM 
(Figure 3). These results are in agreement with the higher strain resistance of thinner films previously reported by 
Choo and Devereux for films grown on chemically polished substrates, which was attributed to the ability of thin 
films to accommodate certain degrees of substrate slip not permitted in thicker films [49]. Further study would be 
necessary to determine the precise adhesion strength of the oxide films as well as deconvolute the effects of 
substrate roughness versus oxide thickness on film adhesion; however, the resistance of films grown on pre-
prepared substrates to delamination under the tested conditions provides encouraging data with regard to the lower 
bounds of adhesion for coatings synthesized by this method. These results demonstrate the highly promising 
mechanical characteristics of films grown in potassium phosphate-based electrolyte as well as the potential benefits 
of substrate pre-preparation for such applications. 

4. Conclusions 

An effective strategy for improving the morphology and adhesion of anodic tantalum oxide films has been 
developed via electropolishing Ta foil substrates prior to anodization. Electropolishing reduced the substrate 
surface roughness below 6 nm while increasing the abundance of native suboxide species at the metal surface. 
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These surface modifications are hypothesized to alter the anodization kinetics by suppressing field-assisted oxide 
growth, thereby shifting the balance between anodic oxide growth and dissolution. As a result, films grown on 
electropolished substrates exhibited enhanced control over nanopore size and morphology as a function of 
anodization voltage, together with improved coating uniformity and stronger film–substrate adhesion. These 
results indicate that engineering the initial surface condition through electropolishing provides an effective route 
for tailoring anodic oxide growth. This approach offers a promising strategy for improving the fabrication of 
tantalum oxide coatings and may be extended to other anodic tantalum nanostructures, including highly ordered 
nanotubular architectures. 

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/ 
articles/others/2609031334329283/MI-26070174-SI.pdf. Figure S1: XPS O1s spectra for (a) pristine, (b) chemically etched, 
and (c) electropolished Ta foil.; Figure S2: Cross-sectional SEM of anodic tantalum oxide films grown at 20V180°C on (a) 
electropolished, (b) chemically etched, and (c) pristine substrates. Table S1: Quantitative oxidation-state fractions for XPS of 
pristine, chemically-etched, and electropolished samples.; Table S2: Pore sizes and wall thicknesses for films grown on 
chemically etched and electropolished substrates. 
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