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ABSTRACT
Next-generation implantable neural-interfacing devices are increasingly constrained by the coupled demands of electrode
miniaturization, electrochemical performance, and implantation infection risk. Femtosecond laser–based hierarchical surface
restructuring (HSR) technology has emerged as a scalable, manufacturing-compatible platform for overcoming electrochemical
performance limitations of conventional electrodes and (micro)electrode arrays by substantially increasing the electrochemically
active surface area of electrode contacts. However, imparting antibacterial functionality to HSR electrodes without compromising
electrochemical performance remains a critical challenge. We report a surface engineering strategy that integrates the HSR
technology with plasma-enhanced atomic layer deposition (PEALD) to controllably introduce antibacterial functionality. ZnO-
based ultrathin films were deposited using either oxygen PEALD (O-PEALD), yielding stoichiometric ZnO, or oxygen–hydrogen
PEALD (O-H-PEALD), producing a ZnO–Zn nanocomposite containing metallic Zn domains. While O-PEALD films impart
antibacterial activity under dark, aerobic conditions, they introduce a resistive barrier that degrades electrochemical performance.
In contrast, O-H-PEALD films preserve and enhance electrochemical performance, while maintaining robust antibacterial
efficacy against both Escherichia coli and Staphylococcus aureus. Collectively, this work establishes a scalable and commercially
viable strategy for decoupling and optimizing electrochemical performance and antibacterial functionality in implantable
neural interfacing electrodes, providing an antibiotic-free pathway toward infection-resistant, high-performance neural interfaces
suitable for long-term clinical deployment.
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FIGURE 1 Schematic overview of major neurostimulation therapies used in the treatment of drug-resistant epilepsy, illustrating representative
implantation architectures and electrode configurations. (a) Vagus nerve stimulation (VNS) system comprises an electrode with three helical contacts
connected to an implantable pulse generator. (b) Deep brain stimulation (DBS) system utilizing depth electrodes connected to an implantable pulse
generator. (c) Responsive neurostimulation (RNS) system incorporating depth electrodes and cortical strip electrodes connected to a cranially implanted
neurostimulator. Reprinted with permission [6]. Copyright 2024, Elsevier.
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Introduction

eural interfacing devices [1]—such as neurostimulation and
ardiac rhythm management devices—function by inhibiting,
timulating, modifying, or otherwise altering neural tissue
hrough the targeted delivery of artificial electrical signals to
pecific neurological sites within the body [2]. Over the past
everal decades, millions of patients worldwide have relied on
mplantable neural interfacing devices to treat a wide range of
ardiac and neurological disorders. In these devices, electrical
ignals are transmitted from a neurostimulator or implantable
ulse generator (IPG) to an implanted electrode or electrode array
3–5], where they modulate neural activity at the electrode–tissue
nterface. Figure 1 provides a schematic overview of repre-
entative neurostimulation therapies and implantation archi-
ectures, including vagus nerve stimulation (VNS), deep brain
timulation (DBS), and responsive neurostimulation systems
RNS) [6].

o meet the biological and functional demands of their intended
pplications, electrodes and electrode arrays are engineered
ith carefully selected sizes, geometries, material compositions,
urface characteristics, as well as electrical, electrochemical, and
echanical properties [7, 8]. These stringent requirements have
riven continuous innovation in neural interfacing technolo-
ies, with a pronounced trend toward electrode miniaturization
o improve specificity and spatial selectivity, enable higher
lectrode channel densities, and enhance patient comfort and
ompatibility with daily activities [9–14]. Figure 2 illustrates
clinically deployed example, highlighting the implantation
rchitecture of a responsive neurostimulation device and the role
f platinum–10% iridium (Pt–10Ir) cortical and depth electrode
ontacts interfacing directly with neural tissue during chronic
euromodulation.

owever, electrode miniaturization introduces fundamental
hallenges at the electrode–electrolyte interface. As electrode
imensions decrease, maintaining sufficient charge storage
apacity, charge injection capability, and low interfacial
mpedance becomes increasingly difficult, placing greater
emands on electrode materials and surface engineering
of 20
strategies [16, 17]. Consequently, the performance, stability, and
safety of neural interfacing devices are strongly governed by the
choice of electrode material and the ability to engineer its surface
to maximize electrochemical efficiency without compromising
long-term reliability.

Among thematerials used in implantable neural interfacing elec-
trodes, platinum–iridium alloys—particularly Pt–10Ir (Pt with
10% Ir by weight)—have emerged as a gold standard due to
their electrochemical stability, corrosion resistance, mechanical
robustness, and long clinical history. Nevertheless, conventional
smooth as-fabricated Pt–10Ir electrodes face inherent limitations
in electrochemical performance as device geometries continue to
shrink.

Pt–10Ir electrode surfaces can be hierarchically restructured
using femtosecond laser processing [17], dramatically
increasing the electrochemically active surface area (ESA)
[16, 17]. This laser-based hierarchical surface restructuring
(HSR) approach substantially enhances electrochemical
performance by increasing charge storage and charge injection
capacity, improving specific capacitance, and reducing
interfacial impedance [9]. Importantly, HSR enables these
gains while allowing a reduction in the geometric surface
area (GSA) of the electrodes [9, 17], supporting continued
device miniaturization without sacrificing electrochemical
functionality.

The use of implantable electrodes or leadless pacemakers typi-
cally necessitates surgical implantation. Unfortunately, surgical
site infections (SSIs) [9, 18, 19] remain a significant clinical
concern, occurring in approximately 2–5% of patients undergoing
surgical procedures, with an estimated annual incidence of
0.16–0.3 million cases in the United States [2]. However, these
figures may underestimate the true prevalence of infection, as
post-discharge surveillance remains challenging. In addition,
implantable devices carry an ongoing risk of infection at the
implantation site, which may present either as surgical site
infections within the first year following implantation or as
late-onset complications such as lead-associated endocarditis
[5, 20–25].
Advanced Functional Materials, 2026
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FIGURE 2 (a) Representative example of a responsive neurostimulation device (RNS System, NeuroPace, Inc.; photo used with permission and
courtesy of NeuroPace, Inc.); The neurostimulator is implanted within the skull, replacing a similarly shaped section of bone [6]. The cortical strip or
depth electrodes (Pt-10Ir alloy) are implanted in or on the epileptic seizure focus [6]. (b) A skull X-ray image [15] from a patient implanted with the
NeuroPace responsive neurostimulation device. The cortical and depth Pt-10Ir electrode contacts appear as bright features. The patient presented with
temporal lobe neocortical onset seizures. Reprinted with permission [15]. Copyright 2024, Elsevier.
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s global implantation rates continue to rise, the population
f patients living with permanent implantable devices is also
ncreasing, raising concerns about a corresponding growth in
nfection burden. In the context of long-term implantable neu-
ostimulation and cardiac rhythmmanagement devices, bacterial
ontamination of implanted components remains a significant
linical concern and can progress to severe infections and, in
ome cases, fatal outcomes [26]. However, the true incidence of
urgical site infections (SSIs) remains difficult to quantify due to
he limited availability of large-scale, long-term epidemiological
tudies. Most existing reports are derived from relatively small
atient cohorts and are primarily focused on identifying specific
isk factors, resulting in inconsistent findings across the liter-
ture [2, 20, 26–32]. Collectively, these limitations underscore
he need for more comprehensive and systematic investigation
f infection risk associated with implantable neurostimulation
nd cardiac rhythm management devices. Figure 3 provides a
road contextual overview of implantable cardiovascular devices
hat are susceptible to bacterial colonization and biofilm-related
nfection. In addition to highlighting representative classes of
mplantable cardiovascular devices, including pacemakers and
efibrillators (Figure 3a), the figure illustrates the implantation
rchitectures and electrode–tissue interfaces of both conventional
ransvenous pacemakers (Figure 3b) and leadless intracardiac
acing systems (Figure 3c), underscoring the shared materi-
ls and surface-exposure challenges across neural and cardiac
hythm management technologies.

n the context of long-term implantable devices [31, 32], bacterial
ontamination of implanted leads and electrode surfaces is well
ocumented and can progress to severe device-related infections,
nd in some cases fatal complications [26] if not addressed
romptly. Additionally, for implantable neuromodulation devices
e.g., deep brain and spinal cord stimulators), post-operative
nfection remains a major clinical concern, particularly because
hese implants remain in the body long term and access to
he device site is limited over extended periods. For example,
nfection rates for spinal cord stimulation (SCS) implants have
een reported at approximately 3.1% within 12 months post-
mplantation [37]. Similarly, reported infection rates for deep
rain stimulation (DBS) systems vary widely, ranging from
pproximately 1.5% to as high as 22.2%, depending on the clinical
dvanced Functional Materials, 2026
center, duration of follow-up, and patient-specific risk factors
[38].

These infections can have serious clinical consequences. In DBS,
hardware-related infections may necessitate complete device
explantation, surgical revision, and prolonged antibiotic therapy,
and are associated with increased patient morbidity [39]. More
broadly, the management of neuromodulation-associated infec-
tions is often complex and resource intensive. While complete
device removal remains the most definitive treatment, device
salvage strategies—such as partial removal or device retention—
have been attempted in select cases, although with variable
success and often requiring prolonged follow-up [40].

Overall, outcomes for patients undergoing revision surgery are
significantly worse than for those who do not require secondary
intervention, including an increase in 10-year mortality rates
from approximately 29% to as high as 45% [41]. These infections
are often difficult to treat due to the persistence of bacteria on
implanted surfaces and their potential resistance to antibiotic
therapy [42, 43]. Consequently, the development of new strategies
to prevent bacterial infection and inhibit biofilm formation is
essential.

One promising approach involves imparting antibacterial func-
tionality directly to implantable electrode surfaces through the
use of antibacterial coatings [44–47]. However, most antibacterial
materials are electrically insulating, and conventional coating
methods can obscure the electrochemically active surface area
gained through HSR, thereby potentially diminishing electro-
chemical efficiency [46, 48, 49]. It is therefore critical that antibac-
terial coatings are both thin and conformal in order to minimize
adverse impacts on electrode electrochemical performance.

Ultrathin nano-coatings enable preservation of the underlying
hierarchical nanostructure, thereby maintaining key electro-
chemical properties [50]. Conformality is essential to ensure
complete coverage of the electrode surface by the antimicrobial
coating, while precise control over coating thickness is critical to
inhibit biofilm formation during the healing period and to enable
subsequent dissolution, thereby minimizing long-term exposure
to antimicrobial ions and potential health impacts.
3 of 20
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FIGURE 3 (a) Examples of implantable cardiovascular devices prone to bacterial- and biofilm-related infections, including stents, pacemakers,
defibrillators, heart valves, cardiac patches, flexible electronics [33], and leadless pacemakers [22, 23, 34, 35] (not shown in Figure 3a). Reprinted with
permission [21]. Copyright 2024, Elsevier. “Antimicrobial surfaces for implantable cardiovascular devices,” p. 100406, 2022 Elsevier, with permission.
(b) Schematic overview of a cardiac pacemaker system, consisting of a hermetically sealed implantable pulse generator connected to myocardial tissue
via an intracardiac pacing lead. Electrical coupling to the myocardium is achieved through either an actively fixed penetrating platinum–10% iridium
(Pt–10Ir) helix electrode (active fixation) or a passively fixed configuration employing tines that anchor within the myocardial trabeculations, with the
Pt–10Ir tip electrode positioned adjacent to the tines (passive fixation). Reprinted with permission [36]. Copyright 2024, Elsevier. (c) Schematic overview
of a leadless intracardiac pacing system (Micra Transcatheter Pacing System) positioned within the right ventricle. The device integrates the implantable
pulse generator and pacing electrodes within a single, self-contained titanium capsule. Electrical stimulation is delivered via a circumferential anode
pacing ring located along the proximal region of the device can, enabling direct myocardial pacing without the use of transvenous leads. Reprinted with
permission [34]. Copyright 2024, Elsevier.
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ur previous work [9] demonstrated that conformal, ultrathin
opper oxide (CuO) antibacterial coatings can be deposited using
tomic layer deposition (ALD) on hierarchically restructured
t–10Ir electrodes. The hierarchical nature of laser-restructured
t–10Ir electrodes, spanning micro- to nanoscale surface fea-
ures, presents both an opportunity and a challenge for surface
unctionalization. Figure 4 illustrates the multi-scale surface
rchitecture generated via femtosecond laser hierarchical sur-
ace restructuring (HSR), along with a schematic representation
f how ultrathin atomic layer deposition (ALD) coatings can
onformally envelop these complex features without obscur-
ng the underlying electrochemically active surface. This result
ighlights the potential of ALD [40, 51–53] as a versatile and
ommercially viable technique for applying ultrathin, confor-
al antimicrobial nano-coatings onto complex, hierarchically
estructured electrode surfaces used in neurostimulation and
of 20
cardiac rhythm management devices, while preserving their
electrochemical performance.

It is therefore important to evaluate both the antibacterial
efficacy and biocompatible safety of ALD-compatible antibac-
terial materials. Among these, zinc oxide (ZnO)—an n-type
semiconductor—has been extensively investigated for antibac-
terial and biomedical device applications due to its favorable
physicochemical properties [54]. These attributes make ZnO
highly versatile for applications spanningmedicine, environmen-
tal remediation, and electronics. In addition, ZnO is inexpensive,
classified as generally recognized as safe (GRAS) by the U.S.
Food and Drug Administration [55], biocompatible, and exhibits
strong photocatalytic antibacterial activity [56]. ZnO also exhibits
excellent chemical stability, strong mechanical durability, and
inherent surface hydrophobicity [54, 57–59]. Importantly, ZnO
Advanced Functional Materials, 2026
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FIGURE 4 (a-d) SEM micrographs of the hierarchical surface structure induced on the surface of a Pt-10Ir alloy electrode used for a paddle-lead
spinal cord stimulation electrode array [9, 17]. (e) Focused ion beam (FIB) cross section of the hierarchically restructured Pt10Ir alloy electrode shown in
(a) [17] illustrating the coarse-scale structure of peaks and valleys and the finer nano-structure subset on top of the coarse structures; (f) schematic of a
hierarchical surface structure showing the nano-structures (red) on top of the microstructures (purple); and, (g) schematic of an ultra-thin ALD coating
forming a conformal antibacterial layer (orange) [9].
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as been shown to be effective in preventing or eliminating
acterial growth [58–60], however, its inherently poor electrical
onductivity remains a significant limitation for electrochemical
pplications [61, 62] such as neural interfaces.

he antibacterial efficacy of ZnO, in both nanoparticle form
nd when deposited using various coating techniques [63], has
een extensively studied. Several antibacterial mechanisms have
een identified, including the induction of oxidative stress via
he generation of reactive oxygen species (ROS) under UV
llumination [64], the release of Zn2+ ions through dissolution,
nd the internalization of ZnO nanoparticles by bacterial cells,
ll of which contribute to cell mortality [65]. Among these mech-
nisms, ROS generation is generally considered the predominant
ontributor to ZnO’s bactericidal activity, primarily driven by
xidative stress and often accompanied by the release of Zn2+ ions
60, 66, 67].

owever, because implantable devices operate within the
ody without exposure to light, it is critical to understand
nO’s antibacterial activity under dark conditions [65]. Fur-
hermore, the release of zinc ions (Zn2+) can damage bacte-
ial cell membranes and potentially interfere with metabolic
rocesses, offering another mechanism for its antibacterial
ction [68].

revious studies investigating ZnO’s antibacterial properties
ave predominantly focused on ZnO in nanoparticle (NP) form
69–72]. ZnO nanoparticles have been shown to be biocompatible
ith human cells, making them attractive antibacterial agents
apable of effectively targeting microorganisms while maintain-
ng high compatibility with host tissue [58]. ZnO nanoparticles
xhibit strong antibacterial activity, largely attributed to their
igh surface-area-to-volume ratio, which enhances surface reac-
ivity and interaction with bacterial cells [58].
dvanced Functional Materials, 2026
Therefore, the application of ZnO thin films onto implantable
hierarchically restructured (HSR) Pt–10Ir electrodes, as demon-
strated in this study, may provide an effective surface-based
barrier against bacterial colonization under dark conditions
and could be broadly extended to both electrode contacts and
implantable leads.

1.1 Objectives

The objective of this study is to establish a scalable and
manufacturing-compatible surface engineering strategy that
decouples and independently optimizes electrochemical perfor-
mance and antibacterial functionality in implantable platinum–
iridium (Pt–10Ir) neural interfacing electrodes. Specifically, this
work seeks to integrate femtosecond laser-based hierarchical
surface restructuring (HSR) technology, which enhances electro-
chemical efficiency through increased electrochemically active
surface area, with plasma-enhanced atomic layer deposition
(PEALD) as a controllable route for introducing antibacterial
zinc oxide (ZnO) thin films without compromising electrode
geometry, mechanical integrity, or manufacturability.

A central objective is to elucidate how ZnO film chemistry and
phase structure, controlled through oxygen plasma (O-PEALD)
and oxygen–hydrogen plasma (O-H-PEALD) processes, govern
the coupled electrochemical and antibacterial behavior of HSR
Pt–10Ir electrodes. By directly comparing stoichiometric ZnO
films (via O-PEALD) with ZnO–Zn nanocomposite (via O-H-
PEALD) coatings, this study aims to identify the mechanisms
by which antibacterial efficacy can be achieved under dark,
aerobic conditions while preserving—or enhancing—charge
storage capacity, specific capacitance, and interfacial impedance
characteristics.
5 of 20
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inally, this work aims to define a broadly applicable mate-
ials integration framework for incorporating functional thin-
ilm overlays onto hierarchically restructured neural interfacing
lectrodes. By demonstrating antibacterial activity driven by
ontrolled Zn2+ ion release and evaluating electrochemical sta-
ility under accelerated testing conditions, this study establishes
oundational design principles for infection-resistant, antibiotic-
ree implantable neural interfacing electrodes, providing a basis
or future investigations under physiologically relevant long-term
timulation conditions.

Materials andMethods

.1 Femtosecond Laser Hierarchical Surface
estructuring

t–10Ir electrodes (0.3 mm thick) were laser-cut and hierar-
hically surface restructured using a femtosecond laser system
FemtoChisel, Tescan, Storrs, CT) under ambient conditions
73, 74]. The laser system was equipped with a Monaco 1035
emtosecond laser source (Coherent, Santa Clara, CA, USA),
hich produces 257 fs pulses at a central wavelength of 1035 nm.
eamdeflection and targetingwere controlled via an IntelliSCAN
alvo scan head (SCANLAB, Pucheim, Germany), ensuring
recise patterning of the electrode surface for hierarchical surface
estructuring.

lectrodes were securely mounted on a porous ceramic vacuum
huck equipped with 3D stage controls (Zaber, Vancouver, BC,
anada) to ensure precise positioning. To maintain accurate
ocus, the electrodes were leveled with the focal plane of the scan
ead using a Keyence Confocal Displacement Sensor (Keyence,
saka, Japan). Targeting and alignment of the laser pattern were
erified using a digital microscope (IDS, Massachusetts, USA).

he electrodes included 1 cm squares for microscopy and
pectroscopy as well as 6 mm and 10 mm circular discs for elec-
rochemical, ion release and antibacterial studies, respectively.
lectrodes were fabricated using a laser fluence of 3.6 J/cm2

ince fluence is a key parameter that directly influences surface
orphology and electrochemical properties, and is defined as the
nergy delivered per unit area [16].

.2 Atomic Layer Deposition (ALD) of ZnO Thin
ilms

tomic layer deposition (ALD) is a self-limiting, sequential
hemical vapor deposition (CVD) process [75] in which the
ubstrate is exposed to alternating precursor and co-reactant
ulses, with intermediate purging steps using argon carrier gas.
he self-limiting surface reactions inherent to ALD enable the
eposition of films that are highly conformal, uniform, and
recisely thickness-controlled, even on substrates with complex
icro- and nano-morphologies.

umerous studies have reported the deposition of ZnO thin
ilms via thermal ALD using ozone as the oxidizing co-reactant
cross a wide range of substrate types [76]. ZnOx thin films
ere synthesized using two distinct deposition approaches in a
of 20
Veeco Fiji G2 plasma-enhanced atomic layer deposition (PEALD)
system (Veeco-CNT, Waltham, MA, USA), operated under con-
tinuous argon flow. Diethyl zinc (DEZ) (Strem Chemicals, Inc.,
Newburyport, MA, USA) was used as the zinc precursor, while
oxygen plasma served as the oxidizing reactant. Argon was
employed as both the carrier and purge gas, with flow rates of
30 and 100 sccm, respectively.

In the first deposition approach, each ALD cycle consisted of
a 1 s DEZ pulse carried by argon, followed by a 10 s argon
purge to remove residual precursor and reaction by-products.
In the subsequent reactant step, O2 was introduced at a flow
rate of 50 sccm for 10 s through an ignited plasma source
operating at 300 W, enabling complete oxidation of the surface-
bound DEZ species. The reactor chamber and precursor delivery
lines were maintained at 150◦C to ensure adequate precursor
vaporization and stable film growth. All depositions were per-
formed under high-vacuum conditions, with consistent argon
purging between precursor and reactant exposures to preserve
the self-limiting surface reactions characteristic of oxygen-
plasma-enhanced ALD (O-PEALD). This O-PEALD process
yields stoichiometric ZnO films, as demonstrated in the Results
section.

In the second deposition approach, an additional hydrogen
plasma step was introduced following the previously described
PEALD sequence (1 s DEZ pulse followed by 10 s oxygen plasma
exposure) to investigate the effects of combined oxygen and
hydrogen plasma treatments on the structural, compositional,
and surface properties of the resulting ZnOx films. Following
each PEALD cycle, H2 gas was introduced at a flow rate of 50
sccm for 10 s through an ignited plasma source operating at
100 W, resulting in partial reduction of the ZnO layer and the
formation of metallic Zn, as demonstrated in the Results section.
This process is referred to as oxygen-hydrogen-plasma-enhanced
ALD (O-H-PEALD).

Four substrate types were used for ALD deposition: (i) single-
crystal silicon (Si) wafers, (ii) mirror-finish 304 stainless steel
substrates, (iii) flat, un-restructured Pt–10Ir electrodes, and
(iv) hierarchically surface-restructured (HSR) Pt–10Ir electrodes.
To distinguish coated from uncoated regions for subsequent
characterization, Kapton tape was applied as a masking layer
prior to deposition—following a procedure similar to that used in
our previous study [9]—such that ZnOx coatings were deposited
only on the exposed areas.

2.3 Spectroscopic Ellipsometry and Atomic Force
Microscopy

The thickness and optical properties of the ALD thin films
were characterized using spectroscopic ellipsometry (M-2000,
J.A. Woollam, Lincoln, NE, USA). Ellipsometry data acquired
from ALD-coated silicon (Si) substrates were analyzed using
CompleteEASE software. Surface morphology and film thickness
were further examined onmasked Si wafers using an atomic force
microscope (AFM) (Park NX10, Park Systems, Santa Clara, CA,
USA) operated in non-contact (tapping) mode. Measurements
were performed using a pre-mounted Si cantilever tip (OMCL-
AC160TS, Santa Clara, CA, USA).
Advanced Functional Materials, 2026
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.4 Scanning ElectronMicroscopy (SEM),
nergy Dispersive Spectroscopy (EDS), and Focused
on Beam (FIB) Milling

urface morphology was examined using a field-emission
canning electron microscope (SEM) (Hitachi S-4800, Hitachi,
okyo, Japan). Elemental composition and spatial distribution
ere analyzed by energy-dispersive X-ray spectroscopy (EDS)
sing a Thermo Fisher Scientific Apreo S SEM system (Brno,
zech Republic) equipped with a thermally assisted field emitter
ource and an Oxford Instruments X-MAX 50 EDS detector
High Wycombe, United Kingdom). Data acquisition and
nalysis were performed using AZtec software (v3.3), enabling
oth elemental mapping and selected-area compositional
nalysis.

DS spectra were acquired at an accelerating voltage of 10 kV,
hich exceeds the excitation energies of the relevant charac-
eristic X-ray lines: 2.05 keV for the Pt Mα line, 2.15 keV for
he Ir Mα line, 1.01 keV for the Zn Lα line, 0.53 keV for the O
α line, and 1.74 keV for the Si Kα line. This operating voltage
nsured efficient excitation and reliable elemental analysis from
he near-surface region. A detection threshold of 0.5 at.% was
elected for the elemental maps to suppress background noise
nd ensure that only meaningful compositional variations were
epresented.

apton tape was applied to mask the samples and define a sharp
oundary betweenZnO-coated anduncoated regions. To examine
nO infiltration into the nanostructured features of HSR Pt–
0Ir electrodes, cross-sectionsweremilled at the coated–uncoated
oundary using a Tescan S8252X plasma focused ion beam (FIB)
ystem (Brno-Kohoutovice, Czech Republic) equipped with a Xe
lasma source. Xenon ions were accelerated at 30 kV during ion
illing, and the resulting cross-sections were both milled and
maged within the same dual-beam system.

lemental compositional maps of the ZnO-coated and uncoated
egions across the masked boundary were acquired on silicon
ubstrates, flat/unrestructured Pt–10Ir electrodes, and hierarchi-
ally surface-restructured (HSR) Pt–10Ir electrodes. In addition,
rea-based compositional analyses were performed on electrodes
ounted on a tilted stage to assess coating penetration depth.
hese measurements enabled evaluation of the extent to which
he ZnO coatings infiltrated the hierarchical structure of the HSR
lectrodes.

.5 Grazing-Incidence X-Ray Diffraction
GIXRD), X-Ray Photoelectron Spectroscopy (XPS),
nd Raman Analysis

razing-incidence X-ray diffraction (GIXRD) measurements
ere performed using a Rigaku SmartLab X-ray diffractometer
Rigaku, The Woodlands, TX, USA) operated at a fixed incidence
ngle of 0.5◦. The system was equipped with a Cu Kα X-
ay source powered by a 2.2 kW generator, which was used
or all diffraction analyses. Parallel-beam optics were employed
or GIXRD measurements, selected from the available Bragg–
rentano and Parallel-Beam configurations. Diffraction scans
ere collected over a 2θ range of 30◦–70◦.
dvanced Functional Materials, 2026
X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Thermo Scientific K-Alpha+ system (Waltham,MA,USA)
equipped with a monochromatic Al Kα X-ray source (photon
energy = 1486.2 eV). The XPS spot size was adjustable between
30 and 400 µm; all measurements were performed using the
maximum spot size of 400 µm. Binding energy calibration was
carried out using the C─C component of the C 1s peak at
284.8 eV. Zn 2p spectra were acquired over the binding energy
range of 1020–1050 eV. XPS spectral analysis was performed using
CasaXPS software, with Shirley-type background subtraction
applied.

Lastly, Raman spectra were acquired using a WITec alpha300R
system (Oxford Instruments, Concord, MA, USA) equipped with
a 532 nm excitation laser operating at 29 mW power, with an
integration time of 50 s.

2.6 Zn2+ Ion Release Analysis

Zn2+ ion release from the electrodes under static conditions was
quantified using inductively coupled plasma mass spectrometry
(ICP-MS), following a previously reported methodology [77].
Each electrode was immersed in 10 mL of sterile distilled water
and incubated at 37◦C with continuous shaking at 225 rpm for
120 min. At predetermined time intervals, 0.5 mL aliquots were
collected, diluted with 5 mL of 1% nitric acid, and analyzed for
metal ion concentration using an Agilent 7900 ICP-MS system.
All measurements were performed using 8 replicates to ensure
statistical robustness, and the results are reported as mean values
± standard deviation.

2.7 Antibacterial Measurements

Active antimicrobial species (e.g., Zn2+ ions) released from the
coated electrode surfaces diffuse into the bacteria-laden agar
medium. When the local concentration of these released species
exceeds a critical threshold, bacterial proliferation is inhibited
in the surrounding region, resulting in the formation of a zone
of inhibition (ZOI). The ZOI appears as a transparent region
surrounding the sample on an otherwise opaque agar surface
densely populated with bacterial colonies.

The antibacterial performance of the electrode surfaces was
examined using a modified Kirby–Bauer ZOI assay [9, 78]. In
this adapted procedure, electrodes were aseptically positioned
with the coated surface facing downward on solidified agar (VWR
Life Science, Agarose RA, 7.5 g L−1) containing 14 g L−1 Luria
Broth (LB, RPI L24080) in petri dishes. In this adapted procedure,
electrodes were aseptically placed with the coated surface facing
downward onto solidified agar (VWR Life Science, Agarose RA,
7.5 g L−1) supplemented with 14 g L−1 Luria Broth (LB; RPI,
L24080) in Petri dishes.

Escherichia coli (E. coli) K12 (Gram-negative) and Staphylococcus
aureus (S. aureus) ATCC 27660 (Gram-positive) were used as
representative bacterial strains to assess the bactericidal efficacy
of the PEALD ZnO coated electrodes. Electrodes were first
placed on the surface of the agar plates and incubated for 2 h
at room temperature to promote electrode–agar contact and
7 of 20
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acilitate diffusion of released Zn2+ ions into the agar surrounding
he electrodes. Subsequently, log-phase bacterial suspensions
0.5–2 × 106 CFU per plate) were uniformly spread across the
gar and around the electrodes, allowed to dry for 10 min, and
hen incubated in darkness and aerobic conditions at 37◦C for
8 h. Specifically, the glass door of the incubator was covered with
luminum foil to ensure darkness and simulate implanted or dark
onditions. After incubation, the antimicrobial efficacy of each
lectrode was quantified by measuring the ZOI width relative to
he known diameter of the disc-shaped electrode. To account for
xperimental variability, three independent biological replicates
ere conducted for each electrode type.

.8 Electrochemical Measurements

yclic voltammetry (CV) and electrochemical impedance spec-
roscopy (EIS) measurements were performed using a BioLogic
SP-3 potentiostat in a custom-designed three-electrode Teflon
lectrochemical test cell, consistent with our previously pub-
ished reports [9, 79]. The electrochemical test cell consisted of
he working electrode (uncoated Pt–10Ir, O-PEALD-coated Pt–
0Ir, and O-H-PEALD-coated Pt–10Ir HSR electrodes), a coiled
latinum wire counter electrode, and an Ag/AgCl reference
lectrode (Gamry Instruments Inc., Warminster, PA, USA). A
hosphate-buffered saline (PBS) solution (Blood Bank Saline,
zer Scientific, USA) was used as the electrolyte.

he potential window was selected to remain within a range that
voids harmful electrochemical reactions at the tissue–electrode
nterface. CV measurements were conducted between −0.6 and
.8 V versus Ag/AgCl at a scan rate of 50 mV s−1 for 30 cycles,
ith all potentials reported relative to the Ag/AgCl reference
lectrode. The electrode–electrolyte contact area (13.8 mm2),
etermined from the exposed electrode footprint, was used to
alculate specific capacitance and total charge storage capacity
rom theCVdata. EISmeasurementswere performed at the open-
ircuit potential (OCP) using a 10 mV (Vrms) sinusoidal excitation
ver a frequency range of 0.1–105 Hz. EIS spectra were acquired
ollowing both 30 and 1500 CV cycles for all working electrode
onfigurations.

Results and Discussion

.1 Morphology andMicrostructure

total of 220 ALD cycles were performed for both O-PEALD
nd O-H-PEALD processes to deposit the ZnOx layers. Ellip-
ometry measurements on coated silicon wafers indicated film
hicknesses of 30.0 ± 0.1 and 25.0 ± 0.1 nm for the O-PEALD and
-H-PEALD ZnOx films, respectively. Accordingly, the PEALD
oatings correspond to average growth rates of approximately
.14 nm per cycle and 0.11 nm per cycle for the O-PEALD and
-H-PEALD ZnOx films, respectively.

he ALD film thicknesses measured by ellipsometry were
ndependently confirmed by atomic force microscopy (AFM)
nalysis of ALD-coated silicon wafers that had been selec-
ively masked with Kapton tape prior to deposition to define
sharp coating boundary. AFM line-scan analysis revealed
of 20

e

a step height of approximately 30 nm (Figure S1), in good
agreement with the ellipsometry measurements. The coated
region exhibited a distinct and uniform purple hue (not shown),
consistent with the presence of a uniform nanoscale film. The
uniform contrast observed across the coated region in the SEM
image (Figure S1a) further confirms the conformal growth and
excellent morphological homogeneity characteristic of the ALD
process.

Figure 5 presents SEMmicrographs of uncoated and ALD-coated
electrodes, demonstrating that both O-PEALD and O-H-PEALD
layers conformally coat the electrode surface without altering the
underlying hierarchical structure and morphology of the HSR
electrodes. Figure 6a–c shows high-resolution SEM micrographs
of the three electrode types—uncoated, O-PEALD ZnOx-coated,
and O-H-PEALD ZnOx-coated HSR Pt–10Ir electrodes. These
micrographs indicate that both O-PEALD and O-H-PEALD films
partially cover and blunt nanoscale surface features, particularly
at the dome apexes of the hierarchically structured electrode
surface. Figure 6d presents an SEM micrograph of a focused ion
beam (FIB)-milled electrode cross-section, demonstrating that
the PEALD coatings, in general, uniformly and conformally cover
the electrode surface.

3.2 Compositional and Structural
Characterization

Figure S2 presents an SEM micrograph and corresponding EDS
elemental maps of a partially O-PEALD-coated silicon wafer
substrate. Figures 7 and 8 show SEMmicrographs and associated
EDS elemental mappings of partially coated HSR Pt–10Ir elec-
trodes processed by O-PEALD and O-H-PEALD, respectively. All
electrodes were partially masked with Kapton tape during ALD
deposition to create well-defined coated and uncoated regions.
The EDS elemental maps reveal several consistent trends:
(a) signals from the underlying substrates—Si in Figure S2, and
Pt and Ir signals in Figures 7 and 8—are slightly attenuated in the
ALD-coated regions due to coverage by the ZnOx layer; (b) Zn is
detected exclusively within the ZnOx-coated regions, confirming
spatially selective deposition; and (c) oxygen is present in both
coated and uncoated areas, although its intensity is higher in the
ZnOx-coated regions, as expected for ZnOx films.

Collectively, the EDS elemental mappings indicate that the ALD
process achieves uniform deposition of ZnOx across all sub-
strates and electrode surfaces. Quantitative EDS analysis of the
O-PEALD coating on the silicon wafer reveals an approximately
1:1 Zn:O atomic ratio, confirming that the deposited film is
predominantly stoichiometric ZnO. Quantitative EDS analysis of
the O-H-PEALD coating on the Si wafer shows an approximate
Zn:O atomic ratio of 2:1, suggesting that the film consists of a
mixture of ZnO andmetallic Zn, as further confirmed by the XRD
results discussed below.

Figure 9a presents the Zn2p XPS spectra of O-PEALD ZnOx
films deposited on flat Pt–10Ir electrodes, and hierarchically
restructured (HSR) Pt–10Ir electrodes, while Figure 9b shows the
Zn2p spectrum of an O-H-PEALD ZnOx film deposited on anHSR
Pt–10Ir electrode. Distinct Zn2p doublet peaks are observed for the
O-PEALD ZnOx films at binding energies of 1022.0 eV (Zn2p3/2)
Advanced Functional Materials, 2026
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FIGURE 5 SEMmicrographs of HSR Pt–10Ir electrodes: (a,b) uncoated electrodes; (c,d) O-PEALD ZnOx-coated electrodes; and (e,f) O-H-PEALD
ZnOx-coated electrodes.
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nd 1045.0 eV (Zn2p1/2), which are characteristic of Zn2+ in a fully
xidized ZnO chemical environment [80, 81].

he absence of any detectable peak shift or asymmetry confirms
he chemical uniformity and stability of Zn–O bonding across all
ubstrates and electrodes, indicating that the ZnOx coatings are
hemically consistent and independent of surface morphology
r underlying substrate type. The narrow full width at half
aximum (FWHM) of the Zn2p peaks further indicates the
resence of a single Zn oxidation state, with no evidence of
etallic Zn or sub-oxide species within the near-surface region
f the O-PEALD and O-H-PEALD films [82].

igure S3 presents the O1s XPS spectra of O-PEALD and O-H-
EALD ZnOx thin films deposited on HSR Pt–10Ir electrodes.
oth spectra exhibit a single, symmetric O1s peak centered at 530.1
0.1 eV, which is characteristic of lattice oxygen (O2−) bonded

o Zn2+ within the wurtzite ZnO crystal structure [83]. Moreover,
he O1s spectra exhibit no discernible shoulders or secondary
eaks, which are typically associated with oxygen-deficient sites,
ydroxyl groups, or adsorbed molecular species [82, 83]. This
dvanced Functional Materials, 2026
further confirms that the near-surface regions of both O-PEALD
and O-H-PEALD thin films are chemically stoichiometric ZnO,
with negligible incorporation of defect-related oxygen states.

Figure 9c presents the grazing-incidence X-ray diffraction
(GIXRD) patterns of ZnOx thin films deposited on Si substrates
via the O-PEALD and O-H-PEALD processes. The O-PEALD
ZnOx film exhibits diffraction reflections corresponding exclu-
sively to the wurtzite ZnO phase (JCPDS No. 36-1451), indicating
the formation of phase-pure ZnO. In contrast, the O-H-PEALD
ZnOx film exhibits the coexistence of metallic Zn (JCPDS No. 04-
0831) and wurtzite ZnO (JCPDS No. 36-1451), indicating partial
reduction of ZnO during the hydrogen plasma exposure step.
For the O-PEALD ZnOx film, the strong diffraction peak at
approximately 34.4◦ corresponding to the (002) plane indicates
a pronounced preferential c-axis orientation/growth, which is
a characteristic feature of PEALD-grown ZnO films on smooth
substrates [84]. For the O-H-PEALD ZnOx film, the pronounced
diffraction peak at approximately 36.2◦ (101) correspond to
wurtzite ZnO, indicating a reoriented growth compared to the
O-PEALD film. Additionally, distinct diffraction reflections near
9 of 20
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FIGURE 6 High-resolution SEM micrographs of HSR Pt–10Ir electrodes: (a) uncoated, (b) O-PEALD ZnOx–coated, and (c) O-H-PEALD ZnOx-
coated electrodes. (d) Focused ion beam (FIB) cross-sectional micrograph of a masked HSR Pt–10Ir electrode, showing the uncoated and O-PEALD
ZnOx-coated regions separated by the dashed red demarcation line.

FIGURE 7 SEMmicrograph and corresponding EDS elemental maps of a partially O-PEALD-coated HSR Pt–10Ir electrode.
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39.0◦ (101) and ≈43.2◦ (102) are indexed to metallic Zn (JCPDS
o. 04-0831), confirming the presence of crystalline Znwithin the
-H-PEALD film.

t should be noted that, although GIXRD reveals the presence
f metallic Zn, the corresponding XPS analysis of the
-H-PEALD ZnOx film does not exhibit signatures of
0 of 20
metallic Zn. This apparent discrepancy is attributed to the
fundamentally different probing depths of the two techniques:
GIXRD probes the full film thickness (≈30 nm), whereas
XPS is highly surface-sensitive, with an information depth
limited to only a few nanometers. The metallic Zn detected
by GIXRD is therefore attributed to subsurface regions of
the film, whereas the near-surface region becomes fully
Advanced Functional Materials, 2026
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FIGURE 8 SEMmicrograph and corresponding EDS elemental maps of a partially O-H-PEALD-coated HSR Pt–10Ir electrode.

FIGURE 9 (a) Zn2p XPS spectra of O-PEALD-coated flat/unrestructured Pt–10Ir and HSR Pt–10Ir electrodes. (b) Zn2p XPS spectrum of an O-H-
PEALD-coated HSR Pt–10Ir electrode. (c) Grazing-incidence X-ray diffraction (GIXRD) patterns of ZnOx films deposited on Si substrates via O-PEALD
(red, top) and O-H-PEALD (black, bottom) processes. Blue crosses denote diffraction peaks corresponding to ZnO, while green stars indicate peaks
associated with metallic Zn. (d) Raman spectra of ZnOx films deposited via O-PEALD (red, top) and O-H-PEALD (black, bottom) processes.
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FIGURE 10 Zn2+ ion concentration in water measured by ICP-MS
for uncoated, O-H-PEALD and O-PEALD ZnO-coated Pt–10Ir electrodes.
Electrodes were immersed in distilled water, and aliquots were collected
at defined time intervals to quantify Zn2+ ion release as a function of
immersion time. Error bars represent the standard deviation from two to
eight independent measurements.
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xidized during the terminal oxidation steps of the ALD
rocess.

igure 9d presents the Raman spectra of the O-PEALD (top)
nd O-H-PEALD (bottom) ZnOx coatings deposited on stainless-
teel substrates, revealing distinct differences in their spectral
eatures. The O-H-PEALD ZnOx film exhibits prominent vibra-
ional modes at approximately 437 cm−1 (E2 high) and 599 cm−1

A1(LO)), which are characteristic of crystalline ZnO and corre-
pond to Zn–O lattice vibrations within the wurtzite structure
85]. The O-PEALD ZnOx film shows a dominant band near 300
m−1, suggesting a different wurtzite ZnO orientation [85].

inally, the ZnLMMAuger spectra shown inFigure S4 for bothO-
EALD and O-H-PEALD films deposited on Si substrates exhibit
eaks centered at approximately 989–990 eV. These features
re characteristic of Zn2+ in stoichiometric ZnO and clearly
istinguish the oxidized zinc state from metallic Zn, which
ypically exhibits Zn LMM Auger peaks near ≈992 eV [86].

his confirms that hydrogen plasma exposure does not alter
he oxidation state of Zn within the near-surface region of
he crystalline ZnO film. Consistent with the XPS results,
he apparent discrepancy between the Auger spectroscopy and
IXRD analyses for the O-H-PEALD ZnOx thin film is most
ikely attributable to depth sensitivity differences between the
echniques. Specifically, any metallic Zn present near the film
urface is expected to be oxidized during the terminal oxidation
teps of the PEALD process, rendering it undetectable by surface-
ensitive techniques such as XPS and Auger spectroscopy, while
emaining observable by GIXRD, which probes the full film
hickness.

hus, by combining XPS, GIXRD, Raman, and Auger spec-
roscopic analyses, it is evident that the O-PEALD ZnOx film
onsists predominantly of stoichiometric wurtzite ZnO, with no
ignificant oxygen vacancies or zinc interstitials. In contrast, the
-H-PEALD ZnOx film is effectively a ZnO–Zn nanocomposite
oating, comprising stoichiometric wurtzite ZnO together with a
ubstantial fraction of metallic Zn.

.3 Zn2+ Ion Release Behavior of ALD-Deposited
nOx Films

o quantify Zn2+ ion release from the ALD-deposited ZnOx
ayer and assess its relevance to antibacterial activity, inductively
oupled plasma and mass spectrometry (ICP-MS) measurements
ere performed on uncoated, O-PEALD-coated and O-PEALD-
oated flat/unrestructured and HSR Pt–10Ir electrodes immersed
n distilled water, as shown in Figure 10. The uncoated flat and
SR Pt–10Ir electrodes exhibited no detectable Zn2+ ion release,
ith concentrations remaining below the ICP-MS detection limit,
s expected. In contrast, PEALD-coated flat and HSR Pt–10Ir
lectrodes showed measurable and significant Zn2+ ion release
nto the surrounding medium.

or the PEALD-coated HSR Pt–10Ir electrodes, the Zn2+ ion
oncentration increased with immersion time, reaching approxi-
ately 0.5 ppm for the O-PEALD-coated electrodes and 0.8 ppm
or the O-H-PEALD-coated electrodes after ≈120 min, respec-
2 of 20
tively. In contrast, the Zn2+ ion concentration released from
O-PEALD-coated flat Pt–10Ir electrodes was approximately
threefold-fourfold lower over the same time period. As a function
of immersion time, after 60 min of release, the Zn2+ ion release
rate from the O-PEALD-coated HSR Pt–10Ir electrodes was more
than twofold higher than that observed for the O-PEALD-coated
flat electrodes. Notably, Zn2+ ion release did not reach a plateau
within the 2 h measurement window, indicating that continued
immersion would likely result in further increases in Zn2+ ion
concentration.

The substantially higher Zn2+ ion release rate observed for the
ZnOPEALD–coatedHSR electrodes, relative to their flat counter-
parts, is attributed to the significantly larger specific surface area
provided by the hierarchically restructured (HSR) architecture of
the electrodes [9]. Thus, the ALD-deposited ZnO coating enables
substantial Zn2+ ion release into the surrounding medium, with
the ZnO-coated HSR electrodes exhibiting significantly higher
Zn2+ ion release efficiency compared to their ALD-coated flat
counterparts.

The maximum Zn2+ concentration released from the ZnO-
coated electrodes was approximately 0.5–0.8 ppm within a
2-hour releasing time (Figure 10). This concentration is substan-
tially lower than Zn2+ levels (in the order of ≈15 ppm) that
have been reported to induce observable cytotoxic responses in
mammalian cells [87–89]. Previous studies have demonstrated
that many mammalian cell types, including fibroblasts and
neuronal cells, generally tolerate Zn2+ concentrations in the
range of 10–100 µM, with appreciable reductions in cell viabil-
ity occurring only at substantially higher concentrations [89].
Consequently, the relatively low Zn2+ release observed in the
present study suggests that the antibacterial ZnO coatings may
provide antimicrobial functionality while releasing Zn2+ within a
concentration range that is unlikely to cause significant cytotoxic
effects.
Advanced Functional Materials, 2026
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FIGURE 11 Zone-of-inhibition (ZOI) assays for uncoated HSR-Pt10Ir electrodes and those coated with O- and O-H-PEALD coatings against (a) E.
coli and (b) S. aureus strains.

TABLE 1 Zone-of-inhibition extension width (ZOI-EW) measurements for ZnOx-coated (O-PEALD and O-H-PEALD) HSR Pt–10Ir electrodes
evaluated under dark, aerobic conditions againstEscherichia coli (E. coli) K12 (Gram-negative) and Staphylococcus aureus (S. aureus) ATCC 27660 (Gram-
positive).

Bacteria ↓
Uncoated HSR Pt–10Ir

ZOI-EW (mm)
O-PEALDHSR Pt–10Ir

ZOI-EW (mm)
O-H-PEALDHSR

Pt–10Ir ZOI-EW (mm)

E. coli 0 6.9 ± 0.4 7.9 ± 0.5
S. aureus 0 6.3 ± 0.6 7.2 ± 0.9
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.4 Antibacterial Properties

he antibacterial efficacy of ZnO-coated HSR Pt–10Ir electrodes
nder dark conditions was evaluated using a modified Kirby–
auer method [78]. As shown in Figure 11, a pronounced
one-of-inhibition (ZOI) formed around both O-PEALD- and O-
-PEALD-coatedHSRPt–10Ir electrodes in cultures ofE. coli and
. aureus, respectively, indicating strong antibacterial activity in
he absence of light.

n this study, antibacterial efficacy was estimated using the zone-
f-inhibition extension width (ZOI-EW) rather than the conven-
ional ZOI diameter [9]. ZOI-EW provides a direct measure of the
nhibited region surrounding the electrode and is independent
f electrode size, allowing for consistent comparison between
lectrodes with different geometries. Furthermore, a ZOI-EW
alue of zero clearly denotes negligible or absent antibacterial
ctivity.

able 1 summarizes the ZOI-EW measurements for ZnOx-
oated (O-PEALD and O-H-PEALD) HSR Pt–10Ir electrodes
valuated under dark, aerobic conditions against E. coli K12
Gram-negative) and S. aureus ATCC 27660 (Gram-positive).
ncoated HSR Pt–10Ir electrodes exhibit a ZOI-EW of zero,
ndicating negligible antibacterial activity, which is consistent
ith our previous findings [9] and confirms that hierarchi-
al surface restructuring alone does not impart antibacterial
unctionality.
dvanced Functional Materials, 2026
Furthermore, both O-PEALD- and O-H-PEALD-coated HSR
Pt–10Ir electrodes exhibit large ZOI-EW values, demonstrat-
ing strong antibacterial efficacy against both E. coli and S.
aureus. Compared to O-PEALD, the O-H-PEALD ZnOx coatings
exhibit significantly larger ZOI-EW values (by approximately
14%) against both E. coli and S. aureus, indicating enhanced
antibacterial efficacy relative to their O-PEALD counterparts.

Finally, the ZOI-EW values for bothO-PEALD- andO-H-PEALD-
coated HSR Pt–10Ir electrodes are slightly (≈10%) larger in
E. coli cultures than in S. aureus cultures, suggesting that
the PEALD ZnOx coatings exhibit modestly higher antibac-
terial efficacy against E. coli compared to S. aureus. These
findings confirm that conformal ZnOx films deposited via
PEALD impart potent antibacterial activity even under dark
conditions, indicating that Zn2+ ion release—rather than pho-
toinduced reactive oxygen species (ROS) generation—is the
dominant mechanism driving bacterial inhibition. The enhanced
antibacterial response observed for the O-H-PEALD films is
likely attributable to the presence of metallic Zn domains,
which undergo corrosion in aqueous environments and conse-
quently generate higher concentrations of Zn2+ ions compared to
O-PEALD ZnO films, whose intrinsic solubility in water is
extremely low.

Notably, prior studies [90] have shown that the dissolution of
antimicrobial metals can be slower in nutrient-rich media than
in pure water; therefore, the ability of the O-H-PEALD coatings
13 of 20
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FIGURE 12 Cyclic voltammograms of (a) uncoated, (b) O-PEALD-coated, and (c) O-H-PEALD-coated HSR Pt–10Ir electrodes recorded at a scan
rate of 50 mV s−1, (d) specific capacitance (red) and total charge storage capacity (blue) vs. the CV cycle number, respectively.
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o sustain Zn2+ release under such conditions further underscores
heir capacity to deliver an effective antibacterial dose.

lthough the modified Kirby–Bauer assay provides a convenient
nd widely used method for screening antibacterial activity, the
esulting zone of inhibition should be interpretedwith caution for
mplantable applications. The extent of bacterial growth inhibi-
ion is influenced by the diffusion of antibacterial species through
he agar matrix and therefore may not directly represent antibac-
erial efficacy under physiological conditions. Indeed, implanted
aterials rapidly become coated with adsorbed proteins and are
xposed to complex tissue environments that influence ion trans-
ort, bacterial adhesion, and biofilm formation. Therefore, these
romising in vitro studies will need to be validated with future
tudies involving different geometries (e.g., coated cylindrical
lectrodes) and simulated or in vivo conditions.

.5 Electrochemical Performance

igure 12a–c presents the cyclic voltammetry (CV) curves of
ncoated and ZnOx-coated HSR Pt–10Ir electrodes. Represen-
ative CV curves are shown for the 2nd, 15th, 30th, and 1500th
ycles to illustrate the electrochemical evolutionwith cycling. The
orresponding specific capacitance and charge storage capacity
4 of 20
(CSC) values as a function of cycle number are presented in
Figure 12d and summarized in Table 2. Figure 12d indicates that
the specific capacitance and CSC values slightly (≈4%) increase
from CV cycle 2 to 15 and then drop significantly (≈11%).

For the uncoated HSR Pt–10Ir electrode, Figure 12a shows a
nearly semi-rectangular CVprofile across all cycles, characteristic
of predominantly capacitive charge exchange behavior. As shown
in Figure 12d, both the specific capacitance and total charge
storage capacity (CSCt) increase slightly (≈3.7%) from the 2nd to
the 15th CV cycle, followed by a decrease (≈10.7%).

The initial increases in specific capacitance and total charge
storage capacity can be attributed to progressive wetting and
electrochemical activation of the porous hierarchical surface
structure of the electrodes, which facilitates improved electrolyte
penetration and more complete utilization of electrochemically
active sites.

For the O-PEALD–ZnOx-coated HSR Pt–10Ir electrodes,
Figure 12b shows CV profiles with substantially reduced
enclosed areas across all cycles, indicating significantly
lower electrochemical activity. Specifically, both the specific
capacitance and total charge storage capacity are reduced by
approximately 85% at the 30th cycle relative to the uncoated
Advanced Functional Materials, 2026
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TABLE 2 Specific capacitance values in µF mm−2 exhibited by uncoated, O-PEALD ZnO-coated and O-H-PEALD ZnO-Zn-coated HSR electrodes
at the specified CV cycles.

Specific capacitance ↓ (µF
mm−2) CV cycle number→ 2 15 30 1500

Uncoated HSR Pt–10Ir 477.35 495.11 441.97 405.87
O-PEALD ZnO-coated HSR Pt–10Ir 20.42 41.10 64.28 179.34
O-H-PEALD-ZnO-Zn coated HSR Pt–10Ir 429.50 498.12 530.94 526.48
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 articles are governed by the applicable C
lectrodes. Figure S5 presents CV profiles plotted on an
xpanded current scale,more clearly revealing the predominantly
apacitive behavior of the O-PEALD–ZnOx-coated electrodes. As
hown in Figure 12d and summarized in Table 2, both the specific
apacitance and total charge storage capacity increase markedly
rom the 2nd to the 1500th CV cycle. The specific capacitance
ncreases substantially from ≈20 µF mm−2at the 2nd cycle to ≈179
F mm−2 at the 1500th cycle.

similar trend was reported in previous studies [63] of ZnO-
oated HSR Pt–10Ir electrodes prepared by reactive magnetron
puttering, where extended electrochemical cycling was accom-
anied by progressive ZnO dissolution, resulting in gradual
tripping of the ZnO layer into the electrolyte over time. In the
resent study, the likely removal of the conformal O-PEALD-
nO coating, which has inherently low electrical conductivity
91], appears to expose the underlying metallic Pt10Ir HSR
urface, restoring electron transport pathways and leading to the
bserved increase in specific capacitance. Despite slight capacity
ncrease over extended cycling, in general, the O-PEALD-ZnO
oating largely compromise the HSR electrode’s electrochemical
erformance [91].

ere, the O-PEALD process deposits an ultra-conformal ≈30 nm
nO coating across the entire nanostructured surface of the HSR
t–10Ir electrode, introducing a resistive barrier to electron trans-
ort and impeding charge percolation at the Pt–10Ir/electrolyte
nterface, thereby limiting the electrode’s total charge storage
apability.

or the O-H-PEALD-coated HSR Pt–10Ir electrodes, Figure 12c
hows predominantly capacitive behavior across all cycles. As
hown in Figure 12d, both the specific capacitance and total
harge storage capacity increase significantly (≈24%) from the
nd to the 30th CV cycle, after which they stabilize and remain
ssentially constant from the 30th through the 1500th cycle, with
o observable degradation. Similar to the uncoated electrodes,
he initial increases in capacitance and total charge storage
apacity are attributed to progressivewetting and electrochemical
ctivation of the porous hierarchical surface. Notably, compared
o the uncoated counterpart, the O-H-PEALD–coated HSR Pt–
0Ir electrodes exhibit substantially higher (≈25%) capacitance
nd total charge storage capacity during extended CV cycling
30th–1500th cycles) at a scan rate of 50mV s−1. This enhancement
n electrochemical performance can be attributed to the presence
f metallic Zn within the O-H-PEALD ZnO–Zn nanocom-
osite coating, which improves electron transport and facili-
ates more efficient charge transfer at the electrode–electrolyte

nterface.

dvanced Functional Materials, 2026
Both O-PEALD and O-H-PEALD coatings remained electro-
chemically functional throughout the testing period, indicating
that the ALD ZnO films can withstand repeated electrochemical
polarization without catastrophic degradation. However, ICP-
MS measurements reveal measurable Zn2+ release from both
coatings, with the O-H-PEALD films exhibiting greater ion
release than theO-PEALD films, suggesting comparatively higher
dissolution rates.

Although direct mechanical adhesion testing was not per-
formed, no visible signs of coating delamination or failure were
observed during electrochemical measurements or handling,
qualitatively indicating good adherence of the ALD coatings to
the hierarchically restructured Pt-10Ir electrodes. The observed
gradual Zn2+ release suggests that the coatings are not rapidly
depleted and are expected to retain antibacterial functionality
during the early post-implantation period, when the risk of
implant- and surgery-associated infection is the greatest. Future
research involving extended electrochemical cycling, quantitative
adhesion measurements, and long-term stimulation experiments
under physiologically relevant conditions are required to more
rigorously establish the optimal coating thickness, the coating
lifetime, and degradation kinetics.

To further corroborate the role of metallic Zn in enhancing
electrochemical charge transport and interfacial conductivity,
Figure 13a,b presents electrochemical impedance spectroscopy
(EIS) Bode plots collected after 30 and 1500 CV cycles, respec-
tively, for uncoated, O-PEALD-coated, and O-H-PEALD-coated
HSR Pt–10Ir electrodes. The O-PEALD–coated HSR Pt–10Ir
electrodes exhibit substantially higher impedance across the
entire frequency range compared to both the uncoated and
O-H-PEALD-coated electrodes, indicating that the conformal
crystalline ZnO layer grown under oxygen plasma conditions
significantly restricts electrical conduction. In contrast, the
O-H-PEALD-coated electrodes exhibit the lowest impedance,
particularly in the mid- to low-frequency regime, consistent with
enhanced electrical conductivity arising from metallic Zn within
the ZnO–Zn nanocomposite structure formed during hydrogen
plasma processing. Following extended electrochemical cycling
up to 1500 CV cycles, all electrodes display an overall reduction
in impedance.

As discussed earlier, this decrease is likely attributable to the
progressive dissolution of the low-conductivity ZnO coating
from the electrode surface [63], which reduces the overall resis-
tance to charge transfer at the electrode–electrolyte interface.
More importantly, Figure 13a,b shows that the O-H-PEALD-
coated HSR Pt–10Ir electrodes consistently maintain the lowest
15 of 20
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FIGURE 13 Bode impedance plots for uncoated, O-PEALD-coated,
andO-H-PEALD-coatedHSRPt–10Ir electrodes after (a) 30 CV cycles and
(b) 1500 CV cycles. Expanded views of panels (a) and (b) are provided in
Figure S6.
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mpedance profile across the measured frequency range. As
hown in Figure S6a,b, the O-H-PEALD-coated HSR Pt–10Ir
lectrodes exhibit approximately 17% lower impedance than
he uncoated counterparts, confirming that the incorporation
f metallic Zn domains within the ZnO matrix significantly
nhances electrical conductivity and facilitates more efficient
harge transfer and capacitive behavior.

.6 Comparison with State-of-the-Art
ntibacterial Electrode Coatings

o benchmark the performance of the developed PEALD ZnO
oatings, Table 3 compares the previously reported coating sys-
ems with representative antibacterial coatings for implantable
lectrodes. Although Ag- [92] and Cu-based [93] coatings exhibit
xcellent antibacterial efficacy, their clinical translation may be
imited by concerns regarding cytotoxicity and long-term ion
elease. TiO2-based coatings require UV/light to create ROS for
ntibacterial efficacy so that they are not compatiblewith antibac-
6 of 20
terial implantation applications in dark conditions. In contrast,
the O-H-PEALD ZnO coatings developed in this work provide
antibacterial activity under dark conditions while maintaining
acceptable electrochemical characteristics and releasing Zn2+
concentrations below reported cytotoxic thresholds. Further-
more, the conformal nature of PEALD enables uniform coating
of the complexHSR Pt-10Ir electrode architecture, demonstrating
a favorable balance between antibacterial performance, elec-
trochemical stability, and biocompatibility for multifunctional
implantable neural interfaces.

4 Concluding Remarks

This work establishes a dual-step surface engineering
strategy that decouples and independently optimizes
electrochemical performance and antibacterial functionality
in implantable Pt–10Ir neural interfacing electrodes. By
integrating femtosecond laser-based hierarchical surface
restructuring (HSR) with plasma-enhanced atomic layer
deposition (PEALD), antibacterial zinc oxide (ZnO) thin films
are introduced as a functional overlay onto hierarchically
restructured Pt–10Ir electrodes without compromising
electrodes’ geometric fidelity, mechanical integrity, or
manufacturability.

A direct comparison between oxygen plasma PEALD (O-
PEALD) and oxygen–hydrogen plasma PEALD (O-H-PEALD)
reveals that film chemistry and phase structure play a decisive
role in governing coupled electrochemical and antibacterial
performance. While stoichiometric crystalline ZnO deposited
via O-PEALD provides effective antibacterial activity under
dark, aerobic conditions through Zn2+ ion release, its intrin-
sically low electrical conductivity introduces a resistive bar-
rier that degrades electrochemical efficiency. In contrast, O-
H-PEALD produces a ZnO–Zn nanocomposite coatings in
which conductive metallic Zn domains enable efficient elec-
tron transport while sustaining antibacterial efficacy, resulting
in enhanced capacitance, increased charge storage capacity,
and reduced interfacial impedance relative to uncoated HSR
electrodes.

Importantly, antibacterial activity is maintained under dark con-
ditions, confirming that controlled Zn2+ ion release—rather than
photo-induced reactive oxygen species—dominates the bacteri-
cidal mechanism. The enhanced antibacterial response observed
for O-H-PEALD coatings is attributed to sustained Zn2+ release
arising from dissolution of metallic Zn domains, demonstrating
a mechanism that is both effective and relevant for long-term
implantation.

Beyond the specific ZnO-based system investigated here, this
work defines a broadly applicable platform for integrating
functional thin-film overlays onto hierarchically restructured
Pt–10Ir electrodes without sacrificing electrochemical
performance or scalability. Collectively, these findings
establish a scalable, commercially viable, and antibiotic-free
pathway toward infection-resistant, high-performance neural
interfacing electrodes, advancing the translation of next-
generation implantable neural interfaces for long-term clinical
deployment.
Advanced Functional Materials, 2026
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TABLE 3 Comparison of antibacterial performance, electrochemical characteristics, biocompatibility, and stability of representative antibacterial
coatings for implantable electrodes and the O-H-PEALD ZnO-coated HSR Pt-10Ir electrodes developed in this work.

Coating
system

Antibacterial
mechanism

Antibacterial
performance

Electrochemical
performance Biocompatibility Stability/limitations Refs.

Ag nano-
particles

Ag+ ion release,
ROS generation

Excellent against
Gram-positive

and
Gram-negative

bacteria

Can increase
impedance and
alter charge

transfer properties

Potential
cytotoxicity at
elevated Ag+
concentrations

Long-term ion depletion
and cytotoxicity

concerns

[92]

Cu/CuO Cu2+ ion release,
membrane
disruption,

oxidative stress

Strong
antibacterial
activity in dark
conditions

May reduce
impedance
depending on
morphology

Dose-dependent
cytotoxicity due to

Cu2+ release

Oxidation and high ion
release may limit
chronic use

[9, 93]

TiO2 Photocatalytic
ROS generation

Effective
primarily under

UV/light
activation

Limited
electrochemical
performance

Excellent
biocompatibility

Limited antibacterial
efficacy in dark
physiological
environments

[94]

ZnO Zn2+ release,
ROS generation,
membrane
damage

Good
antibacterial
activity

Electrochemical
properties depend
on deposition
method and
thickness

Generally favorable
at low Zn2+

concentrations

Stability dependent on
film adhesion and
dissolution rate

[63, 60]

O-H-
PEALD
ZnO
(current
work)

Controlled Zn2+
release and
bacterial
membrane
disruption

Strong
antibacterial
activity in dark

Good
electrochemical
characteristics

Zn2+ release below
reported cytotoxic

thresholds

Conformal ALD coating
on hierarchical surfaces

and good
electrochemical stability

This
work
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