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Abstract

Engineering metal hydroxide—carbon interfaces with controlled microstructure is critical
for optimizing electrochemical performance, yet conventional fabrication strategies
often suffer from non-uniform deposition and weak interfacial coupling. Herein, we
report an electrodeposition-driven strategy to construct Mn(OH)2-decorated carbon
nanofiber (CNF) electrodes with tunable morphology and enhanced electrochemical
activity. Importantly, polymeric ionomer (Nafion) is employed as a microenvironment-

regulating medium, functioning as a binder to govern Mn(OH)2 growth. Specifically,
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systematic modulation of Nafion concentration induces distinct Mn(OH)2 deposition
morphologies, which in turn give rise to pronounced differences in electrical
conductivity and interfacial charge-transfer kinetics. The optimized Mn(OH)2/CNF
electrodes exhibit the enhanced oxygen evolution reaction activity with lowered
charge-transfer resistance, demonstrating the strong correlation between deposition

microenvironment, morphological evolution, and electrochemical performance.
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Introduction

Electrochemical performance of carbon-based electrodes can be significantly
enhanced through surface functionalization with transition-metal hydroxides or oxides,
which introduce additional redox-active sites and improve interfacial charge-transfer
kinetics as well as intrinsic electrical conductivity [1-3]. Among various strategies,
integrating metal precursors onto conductive carbon substrates has attracted
increasing attention [4,5], as it enables synergistic coupling between the high electrical
conductivity of carbon frameworks and the catalytic or pseudocapacitive properties of
metal species. However, conventional approaches such as hydrothermal growth,
impregnation—calcination or physical mixing often suffer from limited interfacial contact,
non-uniform metal distribution and poor controllability over surface chemistry,
ultimately restricting electrochemical efficiency [6-8]. To overcome these limitations,
electrodeposition has emerged as a powerful technique for metal precursor integration,

offering precise control over deposition potential, duration and precursor concentration.
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This electrochemical approach enables preferential nucleation of metal precursors at
electroactive sites of carbon nanofibers, forming conformal coatings or nanoscale
clusters without the need for high-temperature treatment [9,10].

Compared with other template-free approaches such as chemical vapor
deposition, thermal vapor transport and laser-assisted growth, electrochemical
deposition on carbon substrates provides a versatile route for constructing hierarchical
architectures by directly modifying morphologically controlled conductive frameworks
[11,12], thereby enabling immediate applicability across diverse electrochemical
systems. In this context, manganese-based precursors are particularly attractive owing
to their earth abundance, low toxicity, and rich multivalent redox chemistry, which
enables reversible Mn?*/Mn®/Mn**  transitions and provides abundant
pseudocapacitive sites for electrochemical energy storage and catalytic applications
[13-15]. Moreover, manganese hydroxide species exhibit strong affinity toward
hydroxylated carbon surfaces and favorable proton-coupled electron-transfer behavior,
making them highly suitable for electrochemical environments [16]. These attributes
render manganese precursors a chemically versatile platform for tailoring interfacial
charge storage and reaction pathways while maintaining material sustainability and
cost effectiveness.

Herein, we demonstrate an electrodeposition-driven strategy to decorate carbon
nanofibers with Mn(OH)2, yielding structurally integrated hybrid electrodes with
enhanced electrochemical performance. By integrating metal precursor
electrodeposition with Nafion-mediated microenvironmental control, Nafion functions
beyond its conventional role as a binder and instead acts as an active regulating
medium that governs Mn(OH)2 growth behavior. Varying Nafion concentration leads to

distinct Mn(OH)2-deposition morphologies, which in turn translate into pronounced



differences in electrical conductivity and charge-transfer kinetics, manifested by

improved oxygen evolution reaction activity.

Results and Discussion

Figure 1 illustrates the overall preparation process of Mn(OH)2-decorated carbon
nanofiber electrodes. Carbon nanofibers (CNFs) as the conductive framework were
first fabricated by electrospinning and subsequent thermal treatment via carbonization.
Nafion was then introduced onto the as-prepared CNFs to tailor the local deposition
microenvironment, followed by electrochemical deposition of Mn(OH)2. During
electrodeposition, Mn?* ions undergo localized hydrolysis near the cathodic surface
[17], leading to the formation of Mn(OH)2 directly on CNFs. Importantly, Nafion plays a
dual role as both a proton-regulating medium and an ion-conducting binder [18],
enabling controlled nucleation and growth of Mn(OH)2 through modulation of local ionic

transport.
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Figure 1. Schematic illustration of synthesis of Mn(OH)2-decorated carbon nanofiber

electrodes.




Electrodeposition was carried out by cyclic voltammetry over a potential range

of 0.6-1.2 V for 10 cycles in an aqueous electrolyte containing 1.0 mM Mn(CH3COO)2

Figure 2: FE-SEM images of Mn(OH): electrodeposited on carbon nanofibers with
different Nafion coating concentrations: (a,b) pristine carbon nanofiber, (c,d) 0.2 wt%,
(e,f) 0.5 wt%, and (g,h) 1.0 wt%.




(Figure S1). Subsequently, the as-prepared electrodes showed distinct morphological
features, as shown in SEM images (Figure 2). In contrast to pristine CNFs with smooth
surfaces (Figures 2a and 2b), Mn(OH)z is sparsely distributed at a low Nafion
concentration (0.2 wt%), indicating insufficient nucleation on the substrates (Figures
2c and 2d). Note, as shown in Figure S2, Mn(OH)2 electrodeposition is negligible on
pristine CNFs in the absence of Nafion coating, underscoring the critical role of Nafion
in facilitating nucleation and growth. At an intermediate Nafion concentration (0.5 wt%;
Figures 2e and 2f), uniform nanoscale Mn(OH)2 decoration is achieved along individual
nanofibers, underscoring the advantage of the three-dimensional CNF network in
promoting homogeneous nucleation and enhanced interfacial contact. In contrast, at a
high Nafion concentration (1.0 wt%; Figures 2g and 2h), aggregated Mn(OH)2 domains
are observed, accompanied by excessive deposition across the entire substrate, which
ultimately obscures the intrinsic CNF morphology.

These structural distinctions establish CNFs as an ideal platform for
electrodeposition-driven surface functionalization. XPS was employed to elucidate the
chemical states of Mn(OH)2 deposited on CNFs as a function of Nafion concentration.
In O 1s region (Figure 3a), all samples exhibit two characteristic components centered

at ~532 and ~529 eV, which are assigned to Mn—-OH and Mn-O-Mn species,
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Figure 3: XPS spectra of as-prepared electrodes with different Nafion concentrations
in (a) O 1s and (b) Mn 2p regions, and (c) schematic illustration of Nafion—dependent

electrodeposition mechanism.




respectively, confirming the presence of hydroxylated manganese oxide environments
[19]. Figure 3(b) presents the spectra in Mn 2p region, where two prominent peaks at
approximately 644 and 654 eV correspond to Mn 2pa2 and Mn 2pu/2, indicative of Mn?*
species [20]. Collectively, these XPS results verify the successful formation of Mn(OH)2
across all three Mn(OH)2-decorated CNF electrodes prepared under different Nafion
concentrations. More importantly, Figure 3(c) schematically illustrates the

electrodeposition mechanism proposed in this study. The Nafion coating, bearing



negatively charged sulfonate groups, facilitates local proton retention and Mn?*

transport, thereby promoting the nucleation and growth of Mn(OH)2 across the CNF

surface [21]. Consequently, the Mn(OH)2 deposition behavior exhibits a strong

dependence on Nafion concentration. At low Nafion content, insufficient proton

regulation and weak ionic pathways lead to sparse Mn(OH)2 nucleation, resulting in

isolated deposits. In contrast, excessive Nafion forms a thick polymeric layer that

partially impedes electron transfer and mass transport, thereby suppressing effective

Mn(OH)2 deposition.
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Figure 4. Electrochemical performance of Mn(OH)2/CNF electrodes prepared with

different Nafion concentrations: (a) overlaid cyclic voltammograms recorded at 100

mV st in 1.0 M KNOs, (b) plots of the absolute charging/discharging current

differences at —0.75 V (Ai-o.75v) VS. scan rate, (c) LSV curves, and (b) Nyquist plots.

The cyclic voltammograms corresponding to (a) and (b) are provided in Figure S3.




The electrochemical properties of Nafion-regulated Mn(OH), deposition on
CNFs (denoted as x wt% Mn(OH).,/CNFs, where x represents the Nafion concentration
used during synthesis) were evaluated. To examine the interfacial capacitive behavior
of the Mn(OH),/CNF electrodes prepared with different Nafion concentrations, cyclic
voltammograms were recorded in the non-faradaic potential region at scan rates
ranging from 10 to 200 mV s (Figure S3). As shown by the overlaid CVs collected at
100 mV st in Figure 4(a), Nafion-coated CNFs exhibit enhanced current responses
compared to bare CNFs. For all samples, the current response increases linearly with
scan rate, indicating dominant capacitive behavior [22]. Notably, the 0.5 wt%
Mn(OH)2/CNF electrode fabricated with an intermediate Nafion concentration displays
a significantly larger enclosed CV area than those prepared with either lower or higher
Nafion contents, suggesting an increased density of electrochemically accessible
surface sites. As shown in Figure 4(b), plotting the absolute difference between anodic
and cathodic current densities (Ai) at —0.75 V as a function of scan rate yields linear
fits for all samples (R? = 0.9992). Notably, the Mn(OH)2/CNF electrode prepared with
0.5 wt% Nafion exhibits the highest slopes, confirming the presence of a larger
electrochemically active interface. This enhancement can be attributed to ionomer-
mediated regulation of Mn(OH)2 nucleation and growth, which promotes the formation
of interconnected nanonet structures with increased surface exposure and improved
electrolyte accessibility.

Consistent with this behavior, the electrodes prepared with the optimized Nafion
concentration display markedly enhanced electrochemical oxygen evolution reaction
relative to both bare CNFs and the electrodes fabricated with suboptimal Nafion
contents, as shown in Figure 4(c). Specifically, the optimized electrode delivers higher
current density and a lower onset potential in LSV measurements. Furthermore, EIS

analysis (Figure 4d) reveals a reduced charge-transfer resistance for the optimized
9



Mn(OH)2/CNF electrode, confirming improved interfacial conductivity and accelerated
electron-transport pathways [23]. This enhanced performance arises from the
synergistic integration of Mn(OH)2 and CNFs under a Nafion-regulated deposition
environment, where appropriate Nafion content optimizes ionic accessibility without
impeding charge transfer. These results demonstrate that Nafion-mediated
electrodeposition provides an effective strategy for engineering metal hydroxide—

carbon interfaces with tunable morphology and enhanced electrochemical functionality.

Conclusion

In summary, we demonstrate a Nafion-mediated electrodeposition strategy for
fabricating Mn(OH)2-decorated carbon nanofiber (CNF) electrodes with tunable
morphology and enhanced electrochemical performance. By directly integrating
Mn(OH)2 onto conductive CNF substrates, homogeneous nanoscale decoration is
achieved without the need for multistep synthesis or post-thermal treatment.
Importantly, Nafion concentration is identified as a key parameter governing the local
electrodeposition microenvironment, regulating ionic accessibility and Mn(OH)2
nucleation behavior. The optimized Mn(OH)2/CNF electrodes exhibit accelerated
charge-transfer kinetics and reduced interfacial resistance, leading to markedly
improved electrochemical activity. This work, therefore, reports electrodeposition-
assisted microenvironment engineering as an effective approach for constructing metal
hydroxide—carbon hybrid electrodes and offers a scalable platform for designing

advanced electrochemical interfaces for energy conversion and storage applications.
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Experimental

Materials: Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), manganese(ll)
acetate (Mn(CH3COz2)2) and Nafion were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol (EtOH, 99.9%) was purchased from Daejung (Korea). All agueous
solutions were prepared using deionized water (resistivity 2 18 MQ-cm). All chemicals
were of analytical grade and used without further purification.

Fabrication of Carbon Nanofibers: Carbon nanofibers (CNFs) were prepared by
electrospinning followed by thermal treatment. PAN (300 mg) was dissolved in DMF
(1.6 mL) to obtain a homogeneous spinning solution. Electrospinning was conducted
at an applied voltage of 18 kV with a feeding rate of 1.2 mL h= and a tip-to-collector
distance of 15 cm. The collected PAN nanofibers stabilized in air at 180 °C for 1 h and
subsequently carbonized under Ar atmosphere at 600 °C for 3 h. The resulting CNFs
were used as conductive substrates.

Electrodeposition: CNF electrodes were prepared using Nafion solutions with
different concentrations. Nafion stock solution (5 wt%) was diluted with ethanol to
obtain Nafion concentrations of 0.2, 0.5 and 1.0 wt%. The CNF substrates were coated
with Nafion by drop-casting 10 pL of solution and dried at room temperature. Mn(OH)2
was electrodeposited in a three-electrode configuration using 45 ug-loaded CNF onto
GC electrode (d = 3 mm) as the working electrode, Pt wire as the counter electrode,
and saturated calomel electrode (SCE) as the reference electrode. Electrodeposition
was performed by repetitive cyclic voltammetry between 0.6 and 1.2 V for 10 cycles in
an aqueous electrolyte containing 1.0 mM Mn(CH3COO).. After deposition, the
electrodes were rinsed with DI water and dried.

Physical Characterization: The morphology characterization was examined using

field-emission scanning electron microscopy (FE-SEM; JEOL JSM-6700F). Surface
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chemical states and crystallographic structures were analyzed by angle-resolved X-
ray photoelectron spectroscopy (AR-XPS; Thermo Fisher Scientific K-ALPHA XPS, Al
Ka radiation at 12 kV).

Electrochemical Characterization: All electrochemical measurements were
performed in a standard three-electrode configuration, employing the as-prepared
Mn(OH)2/CNFs as the working electrode, a SCE as the reference electrode, and a
coiled Pt wire as the counter electrode. The OER activity was evaluated by rotating
disk electrode (RDE) voltammetry using an electrochemical analyzer (RDE-1
rotor/Epsilon electrochemical analyzer, BASI) in Nz-saturated 1 M KOH (aq) at a
rotation rate of 1600 rpm. Current densities were calculated by normalizing the
measured current to the geometric surface area (GSA) of the electrode. The GSAs
were determined by chronocoulometry measurements in 0.1 M KNOs containing 10
mM KsFe(CN)s [24]. All electrochemical measurements were performed using a CHI
920C electrochemical workstation (CH Instruments). AC electrochemical impedance
spectroscopy (EIS) measurements were conducted in 1 M KOH (aq) at potentials
corresponding to an OER current density of 10 mA cm~2 for each electrocatalyst, over
a frequency range from 1 Hz to 10 kHz. The iR drop in the three-electrode configuration

was automatically compensated.
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