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Abstract

Electroless nickel-phosphorus (Ni-P) coatings were deposited on steel substrates for 20,
40, and 60 min to examine the effect of deposition time on their pseudocapacitive behavior
in an alkaline electrolyte. The coatings were characterized by scanning electron micros-
copy (SEM/EDS), atomic force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochem-
ical impedance spectroscopy (EIS). Although coating mass, thickness, and roughness in-
creased monotonically with deposition time, the electrochemical response showed a pro-
nounced maximum at 40 min. The 40 min coating exhibited the highest areal capacitance
in both CV and GCD measurements, reaching 33.1 + 1.8 mF cm= at 10 mV s and 426.5 +
9.8 mF cm=2 at 5 mA cm?, whereas the 60 min coating showed substantially lower capac-
itance. SEM and AFM confirmed progressive nodular coarsening and increasing surface
roughness with time, but these geometric parameters alone did not explain the non-mon-
otonic capacitance trend. In contrast, XPS revealed that the 40 min coating possessed the
highest surface Ni content, while prolonged deposition led to a more P-enriched outer-
most surface. EIS further showed that the 40 min coating had the most favorable local
high-frequency interfacial response, whereas the 60 min coating exhibited the highest lo-
cal polarization. The results demonstrate that the electrochemical performance of electro-
less Ni-P coatings is more closely associated with the composition and accessibility of the
activated near-surface region than with coating thickness or roughness alone, and that 40
min represents an interfacial optimum under the applied deposition conditions.

Keywords: Ni-P coating; pseudocapacitance; supercapacitor electrode; deposition time;
surface composition; X-ray photoelectron spectroscopy; electrochemical impedance
spectroscopy

1. Introduction

Nickel-phosphorus (Ni-P) coatings prepared by electroless deposition are known
for their uniform thickness and good adhesion on various substrates [1-3]. In this process,
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a Ni-P alloy layer is deposited without external electrical power, which is advantageous
for coating complex geometries and obtaining uniform layers [4,5]. Ni-P coatings are
widely used in industries for their superior hardness [6,7], wear and corrosion resistance
[8,9], making them ideal for applications in electronics, automotive [10], and aerospace
[11] sectors.

Despite their widespread industrial use, Ni-P coatings have received relatively lim-
ited attention for supercapacitor applications, with only a few studies specifically explor-
ing their pseudocapacitive behavior [12-18]. Supercapacitors are electrochemical energy-
storage devices characterized by rapid charge/discharge capability and long cycle life.
They are classified into two main types: electric double-layer capacitors (EDLCs) and
pseudocapacitors [19,20]. EDLCs store energy through electrostatic charge separation,
which can be described with the Helmholtz model [21,22], whereas pseudocapacitors
store energy through surface or near-surface Faradaic reactions involving electron trans-
fer and therefore can exhibit higher capacitance than EDLCs [23-25].

Ni-P alloys are of interest for pseudocapacitive applications because nickel-based
surface species can participate in Faradaic charge storage, while phosphorus influences
the structure and surface composition of the deposit [3,23,26,27]. In electroless Ni-P coat-
ings, these features are sensitive to deposition conditions, which affect phosphorus incor-
poration, microstructure, and surface morphology [2,28].

Previous studies have clearly shown that electroless Ni-P deposition is sensitive to
bath composition and process parameters, including pH, temperature, hypophosphite
concentration, and deposition time. These parameters affect coating thickness, phospho-
rus incorporation, nodular morphology, crystallinity, and corrosion-related properties
[29-34]. At the microstructural level, previous studies on Ni-P and P-containing Ni sys-
tems have discussed Ni-P alloy formation, phosphorus segregation, grain-boundary ef-
fects, grain-growth behavior, and coating microstructure [35—41]. In particular, deposition
time has been investigated mainly from the viewpoint of coating growth, surface mor-
phology, and protective performance [42,43], whereas phosphorus content is known to
influence the amorphous/nanocrystalline character and structural development of Ni-P
deposits [3,28,41,44,45].

From an electrochemical energy-storage perspective, Ni-P-based materials are attrac-
tive because nickel-containing surface species can undergo reversible Faradaic reactions
in an alkaline electrolyte, while phosphorus can modify the structure, conductivity, and
surface chemistry of the deposit [12-18]. Previous Ni-P-related supercapacitor studies
have demonstrated high electrochemical activity using different electrode designs. For ex-
ample, amorphous Ni-P materials prepared by a solvothermal route have been reported
to reach 1597 F g1 at 0.5 A g, demonstrating the intrinsic pseudocapacitive potential of
amorphous Ni-P systems [12]. Electroless Ni-P coatings deposited on expanded graphite
paper have also shown high gravimetric capacitance, reaching 625 F g1 at 1 A g™; how-
ever, in that case, the high surface area and conductive graphite support strongly contrib-
utes to the electrode architecture [18]. In addition, chemically etched electroless Ni-P coat-
ings have shown markedly improved capacitance after porosity generation, highlighting
the importance of electrolyte-accessible surface area and surface activation [46,47].

These studies demonstrate that Ni-P-based systems can be electrochemically active
and that their performance can be enhanced by amorphization, high-surface-area sup-
ports, or post-deposition etching. However, such approaches do not directly clarify how
deposition time alone affects the activated near-surface composition and charge-storage
response of a directly deposited electroless Ni-P coating. Therefore, the present work ad-
dresses this gap by isolating deposition time as the main experimental variable and cor-
relating coating growth, nodular morphology, XPS-derived near-surface composition,
and CV/GCD/EIS response in an alkaline electrolyte.
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2. Materials and Methods

Electroless Ni-P coatings were deposited on steel from a sodium-hypophosphite—
containing bath, with deposition time (20, 40, and 60 min) as the primary experimental
variable. All other variables, like bath composition and pH, temperature control, agitation
geometry and set point, and fixture geometry, were held constant to isolate the time effect.
To increase the number of specimens per time point and quantify intra-batch variability,
the small-volume, single-specimen deposition approach reported by Czagany et al. [2],
using 50 mL of bath per sample, was scaled to a 500 mL bath containing ten specimens.
This modification preserved the same nominal bath volume per specimen while enabling
parallel sample preparation and statistical evaluation within the same bath. The stirring
set point in the larger vessel was chosen using standard mixing criteria (equal tip speed
or power per volume) and validated by a one-time PIV [48] measurement in the same
reactor geometry to ensure comparable hydrodynamic conditions across scales. A rigid
3D-printed holder maintained fixed sample orientation and constant sample-impeller
spacing during deposition. For each time condition, 10 independently prepared samples
were processed in a fresh bath, as bath-age effects were not investigated. The pH of the
electroless bath was verified before deposition at 25 °C. Post-deposition, structural/com-
positional characterization comprised cross-sectional SEM (thickness and uniformity),
EDS (surface Ni/P at.%), and XPS acquired after electrochemical activation. Electrochem-
ical testing employed a three-electrode configuration in 1 M KOH (CV, GCD, and EIS).

2.1. Substrates and Surface Preparation

Rectangular steel samples (AISI 1345 20 x 12.5 x 1 mm) were prepared from plate
stock sourced from [Szatex Ltd., Miskolc, Hungary]. The nominal composition (wt%) pro-
vided by the supplier was: C 0.43-0.48, Mn 1.60-1.90, Si 0.15-0.35, P < 0.035, S < 0.040,
balance Fe (~97.2-97.8).

After cutting, the samples were ground and polished in multiple steps to minimize
roughness-related hydrodynamic effects during deposition. Grinding proceeded on a disc
sander with P80 — P220 — P500 SiC papers, respectively. Final finishing used a disc pol-
isher with a 1 um polishing cloth to reach mirror-like Ra = 0.05 um. Both faces were treated
identically, and edges were lightly deburred to avoid localized flow disturbances.

Surface preparation comprised three steps:

1.  Solvent ultrasonication (degrease/particle contaminant removal): samples were soni-
cated for 5 min in acetone (CAS 67-64-1 —manufacturer: ES Lab Hungary Ltd., De-
brecen, Hungary)

2. Alkaline cleaning: samples were immersed in a 10 wt% NaOH (CAS 1310-73-2—
manufacturer: ES Lab Hungary Ltd.) solution held at 80 °C, agitated at 80 rpm for 5
min to remove persistent oily contaminants.

3. Acid activation: prior to plating, surfaces were activated in concentrated HCl (37
wt%) (CAS 7647-01-0 —manufacturer: ES Lab Hungary Ltd.) for 30 s.

After each step, the samples were rinsed thoroughly with running distilled water

2.2. Electroless Bath Composition and Deposition
After surface preparation, the electroless deposition was performed from a Ni-P bath
containing the following constituents (per liter of deionized water), measured at 25 °C:

e Nickel (II) sulfate hexahydrate (NiSO+6H20, CAS 10101-97-0), 15 g L' —VWR Chem-
icals, Debrecen, Hungary.

e  Sodium hypophosphite monohydrate (NaH2PO2-H20, CAS 10039-56-2), 14 g L1 —
Molar Chemicals Kft, Halasztelek, Hungary.
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e  Sodium acetate trihydrate (C2H2NaO2-3H20, CAS 6131-90-4), 13 g L' —Molar Chem-
icals Kft.
e  Thiourea (CH2N2S, CAS 62-56-6), 1 mg L (stabilizer) —analytical grade.

The deposition times of 20, 40, and 60 min were selected to represent early, interme-
diate, and extended coating-growth stages within a stable electroless Ni-P deposition
window. This selection was motivated by previous observations that electroless deposi-
tion parameters can significantly influence coating thickness and related properties, such
as hardness [49]. In the present work, the bath composition, pH, temperature, agitation,
and geometry were fixed based on established deposition conditions from our previous
study and preliminary reproducibility tests that resulted in uniform, continuous coatings
with good adhesion and no visible cracks and cauliflower-like morphology [2]. This al-
lowed deposition time to be isolated as the main experimental variable. Longer deposition
times were not included since prolonged bath operation may introduce bath-age effects,
surface densification, and increased phosphorus enrichment of the outer surface. Both
sides of the AISI 1345 samples were plated; no masking was used.

The bath pH was verified at 6.2 with Laboratory Research Grade Two Channel
Benchtop pH/mV/ISE Meter-HI522.

To ensure temperature uniformity, the plating beaker was immersed in a circulating
water bath regulated by a laboratory-grade thermostat (Julabo CORIO CD-200F , 230 V,
50 Hz) (JULABO GmbH, Baden-Wiirttemberg, Germany). This setup held the process
temperature at 80.0 £ 0.1 °C during the deposition, minimizing drift and gradients across
the sample surface. Agitation was provided by magnetic stirring at 80 rpm (PTFE-coated
bar), yielding gentle bulk motion with small vortex formation. Ten AISI 1345 samples
were processed per bath. Between runs, the bath was discarded. To improve reproduci-
bility and reduce between-sample deviation, the commonly used 50 mL per specimen la-
boratory practice [2,49-51] was modified to a 500 mL/10-specimen configuration while
keeping all key bath parameters constant [52,53].

To support the 50 mL — 500 mL scale transition and keep the hydrodynamic forcing
comparable between vessels, we performed a Particle Image Velocimetry (PIV)-based cal-
ibration targeting the circumferential flow component generated by magnetic stirring.
Measurements were carried out using a TSI 2D PIV system comprising a Litron Lasers
Nano L PIV Nd:YAG laser (4 ns pulse, 800 m] output) (Sirius Aerospace Manufactureing,
Rugby, England), a TSI PowerView Plus camera (TSI GmbH, Shoreview, MN, USA) (At =
1 ms between paired frames), and INSIGHT 3G 9.0 (TSI GmbH, Shoreview, Minnesota,
USA) /PIVLab 3.12 (Optolution Messtechnik GmbH, Bremen, Germany) for acquisition
and postprocessing. Micrometer—scale tracer particles were dispersed in the liquid (mica
powder, selected for its near-water density and low settling tendency) and imaged under
high-power, pulsed planar laser illumination (horizontal light sheet) [54].

2.3. Structural and Surface Analysis

To relate the electrochemical trends to structural and compositional changes, the
coatings were characterized structurally and chemically using a complementary set of
surface- and cross-section-sensitive techniques. Prior literature consistently shows that
electroless Ni-P process parameters —particularly deposition time, bath temperature and
pH, and the hypophosphite/Ni?* ratio—affect coating thickness, phosphorus incorpora-
tion (and thereby the amorphous/nanocrystalline character), and surface morphology
[2,55-58]. These features are directly relevant to electrochemical performance in an alka-
line electrolyte because they govern the accessible interfacial area, the density and distri-
bution of electrochemically active sites, and charge-transfer pathways [59-61]. Since the
central aim of this work was to evaluate the pseudocapacitive response of directly depos-
ited electroless Ni-P coatings, electrochemical performance was treated as the primary
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functional property of interest. The CV, GCD, and EIS measurements were therefore used
to quantify charge-storage behavior and interfacial response in an alkaline electrolyte,
while SEM/EDS, AFM, and XPS were applied to identify the morphological and compo-
sitional factors responsible for the observed electrochemical trends.

2.3.1. SEM/EDS: Morphology, Thickness, and Compositional Analysis

Surface morphology and cross-sectional coating structure were examined by scan-
ning electron microscopy (SEM) using a Thermo Scientific Helios G4 PFIB SEM (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an EDAX Octane Elect EDS System
with EDAX TEAM EDS v1.20 Analysis Software. Top-view images were acquired to eval-
uate deposition-time-dependent changes in nodularity and surface texture. Cross-sec-
tional SEM was used to determine coating thickness and to assess thickness uniformity
along the section. Where indicated, energy-dispersive X-ray spectroscopy (EDS) was per-
formed to provide semi-quantitative Ni/P compositional analysis at the surface and/or
across the cross-section.

Since electroless Ni-P coatings commonly exhibit nodular or cauliflower-like surface
morphologies [29,42,43], the characteristic nodule sizes were also evaluated from cali-
brated top-view SEM micrographs. Image analysis was performed manually using Image]J
software (version 1.53m). The image scale was calibrated from the SEM scale bar, and
individual nodules were identified based on grayscale contrast and visible nodule bound-
aries. For each deposition time, the primary nodule population was measured separately.
Characteristic nodule size was expressed as the measured projected nodule diameter, and
the error bars represent the standard deviation of the measured nodule population.

2.3.2. AFM: Surface Topography and Roughness (AFM-Derived Surface Development)

Surface topography and roughness were quantified via atomic force microscopy
(AFM, AIST-NT Smart SPM-1000) (AIST-NT, Novato, CA, USA) operating in tapping
mode with HQ/Al BS cantilevers (Umasch). The resulting quantitative height maps
yielded roughness parameters (e.g., Ra, Rq, peak-to-valley statistics) and an areal surface
enlargement factor, enabling the comparison of surface development across different dep-
osition times.

AFM images were evaluated using Gwyddion (open-source SPM software, version
2.71), applying planefit leveling and third-degree polynomial background correction prior
to extracting quantitative parameters.

Since two-dimensional AFM height maps were evaluated, areal roughness parame-
ters were used instead of profile roughness parameters. The arithmetic mean height, S,
represents the mean absolute height deviation from the mean plane and corresponds to
the areal analogue of Ra, which denotes the arithmetic mean profile roughness. Similarly,
the root-mean-square height, Sy, represents the root-mean-square height deviation and
corresponds to the areal analogue of Rq, where Rq denotes the root-mean-square profile
roughness. The maximum peak height, Sp, maximum pit depth, Sv, were used to describe
the vertical amplitude of the surface topography.

AFM scans were collected over a representative field of view consistent with the
maps shown (typically on the order of ~100 x 100 um?) with an image resolution of ap-
proximately ~512 x 512 pixels, and at least n = 3 spatially separated areas were recorded
per sample to capture within-sample variability. The reported AFM-derived values rep-
resent the mean + standard deviation of these selected fields of view and not an average
over the entire macroscopic sample surface.

https://doi.org/10.3390/met16070709
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2.3.3. XPS: Surface Chemistry of the Electrode Interface

Since the electrochemically relevant region is the outermost surface (top few nanome-
ters) and because Ni-P surfaces undergo chemical/electrochemical transformation in al-
kaline media, X-ray photoelectron spectroscopy (XPS) was used to determine surface com-
position and chemical states at the electrolyte interface. Importantly, XPS was performed
after electrochemical activation/conditioning, i.e., following the same electrolyte exposure
and stabilization protocol used prior to electrochemical testing, to capture the chemically
relevant interfacial state (including Ni oxidation/hydroxylation and possible phos-
phate/oxyphosphate species) [62-65]. Electrochemical activation consisted of repeated CV
cycling in 1 M KOH (CAS 1310-58-3) within 0-0.55 V vs. Ag/AgCl, as described in the
conditioning protocol above.

XPS measurements were carried out using a SPECS system (Berlin, Germany)
equipped with an XR 50 dual-anode, non-monochromatized X-ray source and a Phoibos
100 MCD-5 hemispherical energy analyzer. Samples were mounted on copper holders
using double-sided adhesive tape and degassed overnight in the load lock (~10-7 mbar)
prior to transfer. The base pressure in the analysis chamber was 5 x 10-10 mbar, remaining
better than 10-8 mbar during measurements. Spectra were acquired using Al Ka radiation
(hv =1486.6 eV) at 10 kV acceleration voltage and 10 mA emission current (100 W X-ray
power).

2.4. Electrochemical Measurements

Electrochemical measurements were carried out at 25 + 0.5 °C, using an Autolab
PGSTAT302N potentiostat from Metrohm (Utrecht, Netherlands). The NOVA 2.1.5 soft-
ware was used for data analysis. Cyclic voltammetry and galvanostatic charge-discharge
measurements were carried out in 1 M KOH electrolyte prepared from potassium hydrox-
ide (KOH, CAS No. 1310-58-3) and deionized water. Electrochemical characterization was
conducted in a three-electrode cell to decouple working-electrode behavior from counter-
electrode polarization [66-68]. An Ag-AgCl-3M KClI glass electrode was used as the ref-
erence electrode, and a platinized platinum electrode was used as the counter electrode.
The working electrodes were Ni-P-coated plates. To ensure a stabilized electrode re-
sponse, all CV and GCD data reported in this work were recorded after an electrochemical
conditioning step consisting of 30 stabilization cycles [69,70]. Stabilization was performed
by cyclic voltammetry at 100 mV s over the same potential window used for evaluation
(0-0.55 V vs. Ag/AgCl), after which the subsequent CV/GCD/EIS datasets were acquired
using a potential window of 0-0.55 V, with scan rates of 10-20-30-50 and 100 mV s! and
charge—discharge current densities of 0.1-0.5 and 1 A dm=. Current densities reported in
A dm are referenced to the geometric (macroscopic) exposed area of the Ni-P-coated
working electrode.

For the EIS measurements, samples were embedded in a two-component epoxy resin
(cured for 12 h) to define a consistent working area of 1.00 cm? within the three-electrode
setup. Spectra were recorded at three distinct potentials derived from the CV: near the
cathodic peak, at the zero-current baseline, and close to the anodic peak. Prior to each
recording, the potential was set to the target potential and allowed to stabilize. The result-
ing impedance data were evaluated using a local circle fit applied to the initial high-fre-
quency Nyquist arc to extract the series resistance (Rs), a local high-frequency polarization
resistance (Rp), and the constant-phase element parameters (CPE, YO and n). The local
high-frequency arc was represented by the equivalent circuit R—(Rpl|CPE), where Rs is the
series resistance, Rp is the local high-frequency polarization resistance, and CPE represents
the non-ideal interfacial capacitance. The constant-phase element impedance is given by
ZCPE =[Y0(jow)n] — 1. Since this fit is explicitly confined to the high-frequency regime, Rp
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should be regarded as a local high-frequency resistance parameter rather than a global,
full-spectrum charge-transfer resistance [71].

Specific capacitance was calculated and reported from both cyclic voltammetry (1)
and galvanostatic charge—discharge (2) measurements using the corresponding standard
slope-based approaches. In the case of CV, the specific capacitance was calculated as fol-
lows:

AV
Jo H()lav
2AVv- 1T

@™

Cev =
where AV is the potential window, v (mV s7) is the scan rate, [ OA VII (N)|dV is the area of
the cyclic voltammetry curve and IT represents the normalization quantity used to express
electrode-specific capacitance. In the case of GCD, the specific capacitance was calculated
as follows:

21-ftt01 V(t)dt

ccp = 2
(AV)?-1

Here, to corresponds to the onset of the GCD step and ti to its discharge.

Measurement uncertainty and data scatter were evaluated according to the type of
experiment. For coating growth, deposited mass and cross-sectional thickness were deter-
mined from independently prepared specimens and are reported as mean + standard de-
viation. The relative standard deviation was used to assess the reproducibility of the elec-
troless deposition process. For SEM-based nodule-size analysis, the error bars represent
the standard deviation of the measured nodule population. AFM-derived roughness pa-
rameters were calculated from at least three spatially separated scan areas after identical
leveling and background-correction procedures; therefore, these values describe the var-
iability of representative local surface regions rather than the entire macroscopic sample.
For electrochemical testing, five independently prepared electrodes were measured for
each deposition time, and capacitance values are reported as mean + standard deviation
unless otherwise stated. For the EIS analysis, the quality of the local high-frequency fit
was evaluated using the root-mean-square error (RMSE), which is reported together with
the fitted parameters.

3. Results

The results are presented by first evaluating coating growth and morphology, fol-
lowed by electrochemical characterization and surface-sensitive XPS analysis. Since such
microstructural and compositional changes can alter both accessible interfacial areas and
the distribution of electrochemically active surface states in an alkaline electrolyte, a time-
resolved analysis is essential to interpret capacitive trends beyond simple mass loading
[18,72]. Accordingly, the mass gain of the samples was determined by weighing them be-
fore and after deposition, then thickness quantification and surface development by cross-
sectional SEM and AFM. Finally, we relate these structural surface parameters to electro-
chemical metrics (CV/GCD/EIS) and to the post-conditioning surface chemistry obtained
by XPS, which captures the electrolyte-relevant interfacial state rather than the as-plated
surface alone.

3.1. Coating Measurements and Surface Morphology

The deposition characteristics, including coating mass and thickness as a function of
bath time, are summarized in Table 1. The samples were deposited together in the same
500 mL bath using the previously described specimen holder. The holder maintained a
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fixed substrate orientation relative to the stirring direction, ensuring consistent hydrody-
namic conditions across all specimens. While the literature predominantly relies on con-
ventional single-specimen bath configurations [73], multi-specimen configuration pro-
vided excellent reproducibility under the present conditions. This is reflected in the low
relative standard deviations (RSD) observed for both deposited mass (0.50-1.05%) and
coating thickness (2.2-2.5%), confirming excellent spatial and batch-to-batch uniformity
of the deposited layer.

Table 1. Coating thickness (um) and coating mass (mg) as a function of deposition time for electro-

less Ni-P coatings (mean + SD as indicated).

Deposition Time Mean Coating SD-Mass Mean Thickness SD-Thickness

(min) Mass (mg) (mg) (um) (um)
20 94 0.05 2.27 0.05
40 35.50 0.23 8.34 0.19
60 46.9 0.49 11.31 0.28

While the total mass gain increased monotonically over the investigated deposition
window, the apparent areal mass gain rate decreased at longer times: the incremental
mass gain dropped from ~0.221 mg cm™ min~ between 20 and 40 min to ~0.096 mg cm™2
min~ between 40 and 60 min, indicating a clear deceleration of growth at longer deposi-
tion times, in qualitative agreement with prior reports on electroless Ni-P deposition
[42,74]. An analogous slowdown is also observed in thickness growth, where the incre-
mental thickness increase changed from ~0.304 um min (20-40 min) to ~0.149 um min™'
(40-60 min). This behavior is consistent with an initially faster growth stage followed by
a gradual slowdown, rather than a true saturation within 60 min.

These mass-gain data, together with the corresponding thickness evolution, provide
a quantitative baseline for interpreting the time-dependent evolution of coating thick-
ness/morphology and for comparing electrochemical responses as a function of deposited
loading.

Cross-sectional SEM imaging confirms the formation of a continuous Ni-P layer for
all deposition times, with a well-defined coating/substrate interface and no obvious signs
of delamination, in agreement with the generally adherent and compact character of elec-
troless Ni-P coatings reported in the literature [41,75,76]. As a representative example, the
cross-sectional view of the 40-minute sample (Figure 1d) demonstrates good thickness
uniformity at the examined scale, corroborating the systematically increasing thickness
trend discussed previously.

https://doi.org/10.3390/met16070709
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P(at%)  Ni(at%)
4.86 95.14

(at%)

Figure 1. SEM micrographs of electroless Ni-P coatings: surface morphology and elemental compo-
sition with EDS (inset tables) after deposition for (a) 20 min, (b) 40 min, and (c) 60 min. Image (d)
shows a cross-sectional view of the 40-minute sample, with representative thickness measurements

(pm).

Top-view SEM images reveal the characteristic nodular or cauliflower-like morphol-
ogy typically associated with electroless Ni-P deposition, arising from an autocatalytic
growth process where newly formed Ni-P islands act as active sites for further reduction
and competitive growth [29,76-78]. The morphological evolution follows a clear time-de-
pendent scenario. At 20 min (Figure 1a), the coating surface is dominated by relatively
large, rounded primary nodules. This indicates an early-stage growth regime where dis-
crete nuclei have already coarsened. At 40 min (Figure 1b), morphology becomes more
clearly hierarchical. Smaller nodules form on top of the previously developed larger ones,
yielding a pronounced cauliflower-like appearance and a visibly reduced fraction of open
gaps between adjacent nodules [76]. This morphology is consistent with the appearance
of secondary nodules on the previously formed larger surface features [29,42,79]. At 60
min (Figure 1c), the surface appears denser and more laterally continuous at lower mag-
nification. The coating still exhibits a nodular substructure, while the overall morphology
appears more continuous. This suggests progressive coverage of the regions between
neighboring nodules as deposition proceeds, rather than a complete loss of nodular sur-
face features. A similar interpretation has been reported in the literature for continued
growth of electroless Ni-P coatings via nodular enlargement and partial filling of inter-
nodular regions [42,80,81]. Taken together, the 40 and 60 min coatings exhibit a more de-
veloped nodular hierarchy than the 20 min coating. In particular, the 40 min surface likely
provides a higher density of inter-nodular boundaries and related surface features, which
may improve electrolyte access to electrochemically active Ni sites. Similar boundary-con-
trolled accessibility has also been reported for electroless Ni-based coatings, where pore-
and boundary-related surface features were identified as ion-accessible regions contrib-
uting to the electrochemical response [46,82]. These observations indicate clear time-de-
pendent changes in surface morphology. To quantify these differences, the characteristic
nodule sizes were evaluated from the SEM images (Figure 2). The results confirm that the
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primary nodules became larger with increasing deposition time, while a secondary pop-
ulation of smaller nodules was distinguishable for the 40 and 60 min coatings. The rela-
tively large standard deviations, especially for the primary nodule population, are at-
tributed to the broad nodule-size distribution and to the gradual merging of neighboring
nodules during growth. As the boundaries between adjacent nodules become less well
defined, the error bars in Figure 2 mainly reflect the variation in nodule size and morphol-
ogy within the analyzed SEM fields of view.

8 -

7 _
£ 6 Ni-P-20
2 5] w [ INi-P-40-L
B ol [ |Ni-P-60-L
© [ |Ni-P-40-S
% 31 l [ |Ni-P-60-S
Z 2 i J

; .

0 :

Figure 2. Characteristic nodule sizes of electroless Ni-P coatings obtained from top-view SEM image
analysis. For the 40 and 60 min coatings, both large nodules (L) and smaller secondary nodules (S)
growing on the large nodules were identified, whereas the 20 min coating exhibited only the large-

nodule population.

The semi-quantitative EDS results, summarized in the inset tables of Figure 1, con-
firm that the coatings are predominantly composed of Ni and P and reveal a distinct dep-
osition-time-dependent shift in the measured elemental composition. As the process pro-
gresses from 20 to 60 min, the phosphorus content increases from 4.86 at% to 8.16 at%,
accompanied by a corresponding decrease in the nickel content from 95.14 at% to 91.84
at%. Similar deposition-time- and analysis-depth-dependent compositional variations
have been reported for electroless Ni-P coatings based on EDS, EPMA, and XPS measure-
ments [29,43,83]. The observed increase in P content is consistent with the time-dependent
growth of electroless Ni-P coatings, where continued deposition can lead to higher phos-
phorus incorporation and the formation of P-enriched regions on the growing nodular
surface [84,85]. Such P-containing surface regions may locally reduce the availability of
Ni-rich active growth sites, contributing to the apparent increase in the measured P/Ni
ratio at longer deposition times. Since EDS averages the composition over a near-surface
interaction region and is affected by local surface morphology, these values are treated as
semi-quantitative.

AFM height maps (Figure 3) reveal a nodular surface topography for all electroless
Ni-P coatings, with a clear time-dependent increase in the vertical amplitude and rough-
ness [86,87]. Quantitatively, the areal roughness parameters increase monotonically with
deposition time (Table 2): the mean areal roughness Sa rises from 107.96 nm (20 min) to
148.25 nm (40 min) and 202.15 nm (60 min). Consistent with the height maps, both the
maximum peak height (Sp) and the maximum pit depth (Sv) increase with deposition time,
with Sp rising from 0.77 pm (20 min) to 0.90 pm (40 min) and 1.10 pum (60 min), while Sv
increases from 0.54 pm to 0.62 pm and 1.02 pm, respectively.
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Figure 3. AFM height maps of electroless Ni-P coatings deposited for (a) 20 min, (b) 40 min, and
(c¢) 60 min.

Table 2. AFM-derived areal roughness and surface-area parameters of electroless Ni-P coatings

deposited for 20, 40, and 60 min. Surface area values are compared with a projected area of 10,000

um?.
Samples by Coating Times 20 min 40 min 60 min
Mean roughness (Sa) [nm] 107.96 148.28 202.15
Maximum peak height (Sp) [nm] 0.77 0.90 1.10
Maximum pit depth (Sv) [nm] 0.54 0.62 1.02
Surface area [pm?] 10,186.03 10,191.23 10,297.63

Although the AFM results indicate a gradual increase in surface development with
deposition time, the calculated area enlargement remains limited, amounting to only
~1.9% for the 2040 min coatings and ~3.0% for the 60 min coating (Table 2). A similarly
moderate AFM-derived surface-area increase was previously observed for electroless Ni-
B coatings despite clear morphology changes [82]. This should be interpreted with cau-
tion, since the surface area measured by AFM does not necessarily reflect the true specific
surface area of the coating, thus the method cannot fully account for nano-, meso-, and
microporous structural features [88]. Instead, AFM mainly characterizes the outer topog-
raphy of the surface. Therefore, SEM-based analysis of nodular morphology may provide
a more realistic description of the surface structure relevant to electrolyte accessibility.

3.2. Electrochemical Characterization of Electroless Ni—P Coatings

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and gal-
vanostatic charge-discharge (GCD) measurements were employed to compare the elec-
trochemical response of electroless Ni-P. Prior to evaluation, preliminary scans were used
to define a potential window appropriate for reversible charge-storage comparison while
avoiding electrolyte decomposition. Based on these tests, a window of 0-0.55 V vs.
Ag/AgCl was selected.

The voltammetric response was first assessed by CV curves recorded at 100 mV s
(Figure 4a). It showed a strong dependence on deposition time [89,90]. Among the inves-
tigated Ni-P coatings, the 40 min deposit exhibits the largest enclosed CV area and the
highest anodic and cathodic current response, whereas the 60 min coating shows the
smallest response, and the 20 min coating remains intermediate. The electroless Ni refer-
ence, included here for comparison, was taken from our previous work [82] and displays
a markedly smaller voltammetric response than the optimized Ni-P coating under the
same conditions. Since the enclosed voltammetric area provides a direct comparative
measure of the charge-storage response, the areal capacitance derived from CV can be
expressed from equation (1). However, the CV profiles within the selected window are
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dominated by pronounced Faradaic features; therefore, the CV data were interpreted pri-
marily based on the integrated response and the peak-current evolution.
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Figure 4. Electrochemical characterization of electroless Ni-P coatings deposited for 20, 40, and 60

min, together with an electroless Ni reference. Adapted from Ref.[82]. (a) Cyclic voltammograms
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recorded at 100 mV s for the Ni-P coatings and the electroless Ni coating. (b—d) Cyclic voltammo-
grams recorded at different sweep rates (10, 20, 30, 50, and 100 mV s™) for the (b) 40 min, (c) 20 min,
and (d) 60 min Ni-P coatings. (e) Dependence of anodic and cathodic peak currents on the square
root of sweep rate for the Ni-P coatings, together with linear fits. (f) Nyquist plots of the Ni-P coat-
ings. The inset highlights the high-frequency region used for the local R—(RplICPE) fit. (g) Galvanos-
tatic charge—discharge curves of the Ni-P coatings and the electroless Ni reference recorded at 5 mA

cm2,

To assess scan-rate dependence, CV series were recorded over 10-100 mV s (Figure
4b-d). Across this range, each sample retained its characteristic voltammetric shape, and
no additional redox processes emerged within the chosen potential window. For all three
coatings, the anodic and cathodic peak currents increased systematically with scan rate.
Accordingly, the peak current densities were plotted against v (Figure 4e). The approx-
imately linear dependence of peak current on square root of scan rate indicates that the
response in this window is strongly influenced by diffusion-assisted Faradaic kinetics ra-
ther than by purely ideal capacitive charging [91,92]. The 40 min coating gave the highest
anodic and cathodic peak currents at all investigated scan rates, in line with the qualitative
trend observed in the CV profiles. The 20 min coating again occupied an intermediate
position, while the 60 min sample showed the weakest peak-current response.

The resistive and interfacial contributions were examined by EIS (Figure 4f). The
Nyquist plots consist of a high-frequency intercept followed by a depressed arc and a low-
frequency tail, indicating the combined presence of ohmic resistance, local interfacial po-
larization, and lower-frequency capacitive transport-related contributions [93]. Since the
low-frequency region showed distributed, non-ideal behavior, the quantitative evaluation
was restricted to the initial high-frequency arc. Accordingly, the fitted Ry values are inter-
preted here as indicators of the local high-frequency interfacial polarization response ra-
ther than as full-spectrum charge-transfer resistances.

For all coatings, Rp decreased from the lower to the middle and upper potential
points, indicating a more favorable fast interfacial response at more anodic potentials
[71,94]. At the middle point, Rp was 0.48, 0.99, and 1.14 Q cm? for the 40, 20, and 60 min
coatings, respectively (Table 3). The fitted Rs values remained in the range of 0.76 Q, while
the CPE exponent n ranged from 0.7 to 0.75, consistent with a non-ideal but strongly ca-
pacitive interfacial response [95]. The magnified high-frequency region in Figure 4f shows
the smallest local arc for the 40 min coating, an intermediate response for the 20 min coat-
ing, and the largest arc for the 60 min coating.

Table 3. Local high-frequency circle-fit parameters and fitting errors (RMSE) for electroless Ni-P

coatings at the middle point.

Deposition Time Ry Selected Points, RMSE
(min) (Q-cm?) N ()
20 0.99 0.002149
40 0.48 10 0.000866
60 1.14 0.002181

At lower frequencies, however, the relative ordering of the spectra changes. This in-
dicates that the high- and low-frequency regions reflect different contributions to the over-
all impedance response: the initial high-frequency arc mainly probes the fast local re-
sponse of the outer active surface, whereas the low-frequency branch increasingly in-
cludes distributed charge-storage, ion-transport, and accessibility-related effects [71,96].
Overall, the EIS results indicate that the 40 min coating exhibits the most favorable local
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high-frequency interfacial response, while the differences at lower frequencies reflect ad-
ditional transport-related contributions beyond the HF response alone.

Galvanostatic charge-discharge measurements were used to quantify charge storage
under constant-current conditions. Representative GCD profiles recorded within 0-0.55 V
vs. Ag/AgCl at 5 mA cm2 are shown in Figure 4g, including the electroless Ni reference.
In agreement with the CV results, the 40 min Ni-P coating exhibits the longest discharge
time, the 20 min coating is intermediate, and the 60 min coating shows the shortest dis-
charge duration. The electroless Ni reference displays a considerably shorter discharge
profile than the optimized Ni-P layer. The non-linear shape of the GCD curves confirms
that the electrochemical response within this window is not purely electric-double-layer-
like but contains a substantial Faradaic contribution [97]. The areal capacitance derived
from GCD was calculated from the discharge branch according to

_JAt
A AVeff

®)

where ] is the applied current density, At is the discharge time, and AV.y is the effective
potential window used for evaluation. In the present work, AV corresponded to the ap-
plied discharge interval of 0-0.55 V. This expression is equivalent to Equation (2) but is
reformulated in terms of geometric current density for the areal capacitance evaluation.

To examine load-dependent behavior within the Ni-P series, areal capacitances were
evaluated at both 5 and 10 mA cm-2 (Figure 4). At 10 mA cm, the resulting areal capaci-
tances were 149.0, 300.8, and 43.8 mF cm-2 for the 20, 40, and 60 min coatings, respectively.
At 5 mA cm?, the same ordering was preserved, yielding 189.2, 426.5, and 66.2 mF cm-2
for the respective samples. Independent of the applied galvanostatic load used here, the
40 min coating consistently delivered the highest area-normalized charge-storage re-
sponse, while the 60 min sample remained the weakest performer. Thus, the GCD results
independently confirm the deposition-time-dependent ordering observed by CV and EIS.

From each batch of electroless Ni-P plating, five samples were used for electrochem-
ical measurements.

Although direct benchmarking is difficult because most reported Ni-P systems differ
in substrate, morphology, metric, or post-treatment, the present values fall within a
broader literature landscape in which as-deposited electroless Ni-P coatings show modest
or composition-insensitive capacitance, whereas substantially higher values are typically
achieved only after introducing porous structures or high-surface-area supports [18,46].

3.3. XPS Results

XPS analysis of the electroless Ni-P coatings further revealed a clear deposition-time-
dependent variation in surface composition (Figure 5) [85]. The survey spectra (Figure 5
a,c) confirmed the presence of the characteristic Ni and P signals for all coatings, together
with O 1s and C 1s contributions originating from the outermost surface layer. While the
overall spectral shape remained similar for the 20, 40, and 60 min samples, noticeable dif-
ferences in the peak intensities of the Ni- and P-related features were observed as a func-
tion of deposition time.

The high-resolution Ni 2p spectra (Figure 5a) showed a distinct Ni 2ps2 contribution
at 854.1 eV, accompanied by the corresponding Ni 2p12 component at higher binding en-
ergy [98]. The presence of the Ni 2ps» feature at 854.1 eV indicates that the outermost
surface contains oxidized Ni?* species, typically associated with NiO- and/or Ni(OH):-like
surface states. The intensity of the Ni 2ps» signal varied systematically among the samples.
As summarized in Figure 5b, the 40 min coating exhibited the highest Ni 2ps. peak inten-
sity, followed by the 20 min sample, whereas the 60 min coating showed the lowest value.
Since oxidized Ni surface species, particularly hydroxide/oxide-type nickel states, are
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closely related to pseudocapacitive charge storage in alkaline media, the more intense Ni?*
related signal observed for the 40 min coating is consistent with its superior electrochem-
ical performance. A similar role of surface Ni(OH)2-type species in enhancing the capaci-
tive response was also observed by Czagany et al. previously for electroless Ni-B coatings
[82].

Quantitative XPS evaluation of the surface composition (Figure 5d) showed that the
Ni and P atomic contents also changed with deposition time. The 20 and 40 min coatings
were characterized by Ni-rich surfaces, with Ni contents of approximately 63 and 65 at.%,
respectively, and corresponding P contents of about 37 and 35 at.%. In contrast, the 60 min
coating showed a markedly different surface composition, with the Ni content decreasing
to approximately 48 at.% and the P content increasing to about 52 at.%. Thus, prolonged
deposition resulted in a more P-rich outermost surface layer, whereas the intermediate
deposition time produced the highest relative Ni signal and the highest surface Ni atomic

fraction.
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Figure 5. XPS characterization of electroless Ni-P coatings deposited for 20, 40, and 60 min. (a) High-
resolution Ni 2p spectra of the Ni-P coatings, highlighting the Ni 2ps region at 854.1 eV and the Ni
2p12 component. (b) Signal intensity of the Ni 2ps2 peak at 854.1 eV for the coatings deposited for
different times. (c) XPS survey spectra of the Ni-P coatings with the main photoelectron and Auger
features indicated. (d) Surface atomic contents of Ni and P determined from XPS quantification as a

function of deposition time.

4. Discussion

The electrochemical response of the electroless Ni-P coatings showed a clear non-
monotonic dependence on deposition time. Although the deposited mass, coating thick-
ness, and AFM-derived roughness increased progressively from 20 to 60 min, both CV-
and GCD-derived areal capacitances reached a pronounced maximum at 40 min and de-
creased sharply at 60 min. This decoupling shows that the charge-storage response does
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not scale with deposited mass alone but is more closely associated with the composition
and electrochemical accessibility of the activated near-surface region [90,99,100].

To place the obtained capacitance values in the context of the current literature, the
present coating was compared with representative Ni-P supercapacitor electrodes (Table
4). Direct numerical comparison should be treated with caution because the reported ca-
pacitance values are strongly affected by the normalization method, electrode architec-
ture, substrate, active-material loading, and post-treatment route. In the present work, the
best-performing electroless Ni-P coating delivered an areal capacitance of 426.5 mF cm
at 5 mA cm=2. This value was obtained for a directly deposited, binder-free coating on
steel, without a porous carbon support or post-deposition etching. By contrast, several
literature systems report higher gravimetric capacitance values, but they typically rely on
different Ni-P architectures, such as amorphous or powder-type Ni-P materials, conduc-
tive high-surface-area supports, flexible substrate-supported Ni-P films, or post-deposi-
tion etched Ni-P coatings. Therefore, the present results should not be interpreted as a
direct performance competition with porous, etched, or support-assisted Ni-P electrodes.
Rather, their significance lies in demonstrating that deposition time alone can generate a
clear electrochemical optimum in a simple electroless Ni-P coating system.

Table 4. Comparison of the present electroless Ni-P coating with representative Ni-P supercapaci-

tor electrodes reported in the literature.

Reported Electrochemical

Electrode System Preparation/Architecture Metric Ref.
Present work Dlrect.ly deposlted electroless 426.5 mF cm™ at 5 mA cm™ -
Ni-P coating on steel
. Disordered or powder-type o 4
Amorphous Ni-P Ni—P material 1597 Fgtlat05Ag [15]
Electroless Ni—P/expanded Electrolessﬁ Ni-P deP051ted ) ]
. on conductive graphite sup- 625Fglatl1 Ag! [18]
graphite paper
port
El 1 i-P i—P thin fil flexi-
ectro es§ Ni-P on waste Ni-P thin m on flexi 57143 F g at 1 mA cm? [101]
plastic substrate ble/waste-plastic substrate

Electroless Ni-P coating after

Acid-etched Ni-P coating acid etching

1254Fglat1 Ag? [46]

Surface roughness and nodular morphology can influence the capacitance response
by increasing the electrolyte-contacting area and the number of potentially accessible in-
terfacial sites. In the present case, however, the morphological trends do not follow the
electrochemical response directly. SEM revealed a time-dependent transition from rela-
tively large primary nodules at 20 min to a more hierarchical surface at 40 min, followed
by a denser and more laterally continuous morphology at 60 min. AFM also showed a
monotonic increase in roughness with deposition time; however, the calculated surface-
area increase remained modest, amounting to about 1.9% for the 20 and 40 min coatings
and about 3.0% for the 60 min coating relative to the projected area. If surface geometry
alone controlled the electrochemical response, the 60 min coating would be expected to
show the highest capacitance, which is clearly not the case. This indicates that topographic
roughness contributes to the electrode response but does not determine the capacitance
trend by itself. Moreover, the AFM-derived surface enlargement describes only the outer
topography and does not necessarily represent the electrochemically active surface area
available for Faradaic charge storage. Therefore, the lower capacitance of the 60 min coat-
ing, despite its higher roughness, is more likely related to reduced accessibility of Ni-con-
taining redox-active sites, surface densification, P enrichment, and/or transport limita-
tions within the more developed nodular surface [47,102,103].
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The strongest correlation was observed with the XPS-derived surface composition.
After electrochemical conditioning, the 40 min coating exhibited the highest surface Ni
signal, while the 60 min coating showed a lower Ni contribution together with a more P-
enriched surface state. This trend is also reflected in the surface Ni/P atomic ratio, which
changed from 1.69 at 20 min to 1.87 at 40 min and then dropped to 0.92 at 60 min. In
parallel, the surface P fraction increased at the longest deposition time. These observations
associate the 40 min optimum with a more Ni-rich near-surface composition, whereas
prolonged deposition promotes a less favorable, P-enriched outermost surface. Since the
pseudocapacitive response in an alkaline electrolyte is expected to originate primarily
from electrochemically accessible Ni-containing surface sites, the depositiontime-depend-
ent change in surface composition provides the most plausible explanation for the non-
monotonic capacitance trend within the present dataset [100,103]. A comparison of the
phosphorus content obtained by EDS and XPS measurements (Figure 6) further supports
the interpretation proposed above. Although both techniques indicate an increase in P
content at 60 min, the XPS-derived values show a much stronger deposition-time depend-
ence than the EDS results. In particular, the XPS surface P content is lowest for the 40 min
coating and highest for the 60 min coating, which is opposite to the capacitance trend. By
contrast, the EDS-derived P values vary only slightly with deposition time and do not
reflect the electrochemical behavior as clearly. This difference indicates that the capaci-
tance is governed primarily by the outermost surface region rather than by the average
near-surface composition. Accordingly, the stronger inverse correlation between XPS-de-
rived surface P content and capacitance supports the conclusion that surface P enrichment
becomes unfavorable for electrochemical performance, most likely because it is accompa-
nied by a reduced accessibility of active Ni-based surface sites.

60 - XPS
EDS

50 ~

40 H

P (at%)
[\ W
(e S

—
(e}
1

g | [ |

20 min 40 min 60 min

Deposition time (min)

Figure 6. Comparison of phosphorus contents obtained by XPS and EDS for electroless Ni-P coat-

ings as a function of deposition time.

The EIS results further support this interpretation. In the local high-frequency region,
the 40 min coating showed the smallest arc, while the 60 min coating exhibited the largest
one. This trend is consistent with the fitted middle-potential Rp values, which were 0.48,
0.99, and 1.14 QO cm?-for the 40, 20, and 60 min coatings, respectively. Thus, the 40 min
sample exhibited the most favorable local interfacial response, whereas the 60 min coating
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was associated with the highest local polarization. At lower frequencies, however, the rel-
ative ordering of the spectra changed, indicating that the full impedance response also
includes distributed charge-storage, transport, and accessibility-related contributions
[71,96,104]. Accordingly, the EIS results do not simply indicate a difference in local HF
polarization but also suggest that the thicker 60 min coating likely experiences additional
transport- or utilization-related limitations beyond the outermost active surface [90].

Taken together, the results indicate that the electrochemical optimum is reached at
40 min deposition time. In an alkaline electrolyte, charge storage is associated primarily
with the reversible Ni(OH)2/NiOOH surface redox transition [47],

Ni(OH), + OH™ « NiOOH + H,0 + e~ 4)

rather than with metallic Ni itself. In this context, the higher Ni signal observed by XPS
for the 40 min coating is important because it points to a more favorable surface state for
the formation and participation of electrochemically active oxidized nickel species. Phos-
phorus appears to play a different role. Previous studies on electroless Ni-P coatings have
shown that P content strongly influences the amorphous character of the deposit, its cor-
rosion and dealloying behavior, and the microstructure that develops during subsequent
surface modification [46,47]. This helps explain why the 60 min coating does not exhibit
the best electrochemical performance despite its greater roughness. Although prolonged
deposition increases the surface development, it is accompanied by a marked decrease in
the relative surface Ni content and a pronounced surface P enrichment, together with a
less favorable interfacial response. Specifically, the XPS-derived surface Ni content de-
creased from 65.16 at% at 40 min to 48.00 at% at 60 min, while the surface P content in-
creased from 34.84 to 52.00 at%. In parallel, the local polarization resistance increased from
0.48 to 1.14 Q-cm?. Phosphorus is nevertheless not detrimental. Its presence is important
for the formation of the amorphous Ni-P structure, which is known to provide signifi-
cantly higher capacitance than electroless Ni coatings without phosphorus. At the same
time, the present results suggest that excessive surface P enrichment becomes unfavora-
ble, because it reduces the accessibility of electrochemically active Ni-based surface sites,
including oxidized Ni species associated with NiO- and Ni(OH)2-like states, and thereby
deteriorates the electrochemical response. This behavior can be rationalized by consider-
ing the dual role of phosphorus at the Ni-P/electrolyte interface. While phosphorus con-
tributes to the amorphous character and chemical stability of electroless Ni-P coatings, a
P-enriched outermost region can also act as a passivating or site-diluting surface layer. In
an alkaline electrolyte, the pseudocapacitive response of nickel-based surfaces is primarily
associated with the reversible Ni(OH)2/NiOOH redox transition; therefore, a decrease in
the relative amount or accessibility of oxidized Ni surface sites directly limits the Faradaic
charge-storage response. In this sense, the P-rich surface of the 60 min coating may par-
tially block or dilute the electrochemically active Ni sites, which is consistent with its
lower Ni 2p signal, higher P content, weaker CV/GCD response, and higher local polari-
zation resistance. The 40 min coating, therefore, appears to provide the most favorable
balance between the structural role of phosphorus and the preservation of a Ni-rich, elec-
trochemically accessible surface.

The scope of the present work is defined by the controlled variation of deposition
time under fixed electroless Ni-P plating conditions. This approach allowed the effect of
coating growth time to be separated from other bath-, substrate-, and hydrodynamics-
related factors; however, it also means that the identified 40 min optimum should be in-
terpreted within the applied parameter window. Further studies may examine whether
the same interfacial optimum is preserved under different bath compositions, substrate
materials, agitation conditions, or post-deposition activation strategies. Within the present
experimental range, the combined electrochemical and surface-analytical results show
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that the capacitance trend does not simply follow coating growth or geometric surface
development, but is more consistently associated with the composition and accessibility
of the activated near-surface region.

5. Conclusions

Electroless Ni-P coatings showed a clear electrochemical optimum at intermediate
deposition time in an alkaline electrolyte. While deposited mass and thickness increased
substantially from 20 to 60 min (2.27 — 8.34 — 11.31 um), the electrochemical response
did not scale with loading: areal capacitance reached a pronounced maximum at 40 min
and decreased sharply at 60 min.

Morphological analysis showed a time-dependent evolution from primary nodules
at 20 min to a more hierarchical nodular structure at 40 min, followed by a denser and
more laterally continuous surface at 60 min. AFM confirmed a monotonic increase in
roughness and only a modest increase in developed surface area, indicating that geomet-
ric surface enlargement alone does not explain the electrochemical optimum. In this re-
spect, AFM and SEM provide useful information on surface evolution, but they are not
sufficient on their own to account for the capacitance maximum.

The strongest correlation with electrochemical performance was obtained from the
surface-sensitive compositional analysis. XPS showed that the 40 min coating exhibited
the highest surface Ni signal and Ni atomic fraction, whereas the 60 min coating became
distinctly more P-enriched. These changes indicate that prolonged deposition produces a
less favorable outermost interfacial state, likely reducing the population of electrochemi-
cally accessible Ni-containing surface sites. The EIS results support this interpretation: the
40 min coating showed the smallest local high-frequency arc and the lowest middle-po-
tential Rp, while the 60 min coating exhibited the highest local polarization and additional
low-frequency contributions associated with transport- and accessibility-related limita-
tions.
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