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Abstract: Birnessite, a layered manganese oxide, has strong oxidation ability, but the main factor
that controls this activity is still unclear. In this study, twelve natural and synthetic birnessite
samples with different interlayer cations and Mn (III)/Mn (IV) ratios were prepared to examine how
electron affinity affects oxidation. The electron affinity measured by ultraviolet photoelectron
spectroscopy ranged from 5.6 to 6.1 eV and changed with interlayer composition. Oxidation tests
using Fe (II) and As (III) followed first-order kinetics, with rate constants between 0.013 and 0.072
min~! for Fe (II) and between 0.006 and 0.041 min~! for As (III). A clear linear relation (R > 0.85) was
found between electron affinity and oxidation rate, showing that higher electron affinity increases
oxidation ability. X-ray photoelectron spectroscopy showed that part of Mn (IV) was reduced to Mn
(I) and that surface hydroxyl groups increased after reaction, indicating surface changes that
reduced activity over time. Density functional theory calculations supported these results by linking
conduction-band position with electron affinity. The findings show that electron affinity is a useful
parameter for predicting the oxidation behavior of birnessite and can help in developing manganese
oxide catalysts for environmental oxidation and pollutant control.

Keywords: birnessite; electron affinity; oxidation rate; manganese oxide; surface change;
environmental catalysis; density functional theory

1. Introduction

Layered manganese oxides such as birnessite (6-MnQO,) have attracted wide attention
because of their strong oxidation ability, structural stability, and environmental relevance
[1]. Birnessite consists of MnOs octahedral layers separated by interlayer cations and
water molecules, forming a flexible structure that facilitates ion exchange and electron
transfer [2]. The coexistence of Mn (III) and Mn (IV) generates lattice distortion and redox
flexibility, enabling birnessite to participate in a variety of oxidation and reduction
reactions [3]. These characteristics make it an important component in natural redox
cycles and a promising material for pollutant degradation, electrocatalysis, and energy
storage applications [4]. Although the strong oxidation performance of birnessite has been
reported in numerous systems, the fundamental reason for its high reactivity remains
unclear. Earlier studies often described the oxidation ability of manganese oxides in terms
of redox potential, Mn valence state, or crystal structure [5]. However, these parameters
alone cannot explain the large variation in oxidation efficiency observed under different
compositions or synthesis conditions. Recent findings suggest that electron affinity, which
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characterizes how readily a material accepts electrons, may play a crucial role in
controlling oxidation reactions [6]. A higher electron affinity lowers the conduction-band
minimum and increases the thermodynamic driving force for electron transfer [7]. Both
experimental and theoretical studies have revealed that birnessite possesses an unusually
high electron affinity of approximately 6 eV, which may account for its strong oxidation
ability toward a broad range of inorganic and organic compounds [8]. The unusually high
electron affinity of layered birnessite plays a crucial role in its strong oxidizing power,
setting a new benchmark for understanding the behavior of mineral-based oxidants in
environmental chemistry [9]. However, the relationship between electron affinity and
oxidation behavior has not been systematically examined. Many previous studies
employed only a few samples without controlling interlayer cations, Mn (III)/Mn (IV)
ratios, or defect concentrations, making it difficult to isolate the effects of structural and
electronic factors [10]. Experimental measurements of oxidation rates are seldom directly
compared with calculated electronic parameters such as band energy or charge transfer
energy [11]. Moreover, the roles of lattice defects, hydration, and Mn valence evolution
during reactions are often overlooked, even though these factors can significantly
influence electronic properties [12]. Most existing research also focuses on limited target
compounds, resulting in insufficient datasets for quantitative correlation and hindering a
broader understanding of how electron affinity governs reactivity [13].

To address these limitations, the present study systematically investigates how
electron affinity regulates the oxidation strength of layered birnessite. A series of
birnessite samples with different interlayer cations and defect concentrations were
synthesized to deliberately tune their electronic structures. Their oxidation activities
toward several inorganic and organic substrates were evaluated under identical
experimental conditions. The electron affinity and band structures were determined using
density functional theory and correlated with the measured reaction kinetics. This work
provides direct evidence linking electron affinity with oxidation performance and clarifies
the electronic origin of birnessite's strong oxidative behavior. From a scientific perspective,
it offers new insights into redox mechanisms in manganese oxides by integrating
structural control with electronic analysis. From an applied perspective, it establishes a
theoretical and experimental framework for designing high-efficiency manganese oxide
catalysts for green oxidation and pollutant remediation.

2. Materials and Methods
2.1. Sample Description and Study Area

Twelve birnessite samples were used in this study, including both natural and
synthetic types. The natural samples were collected from manganese-rich soils in Guangxi
Province, China, at depths of 0-20 cm. Samples were air-dried, sieved to remove debris,
and stored in sealed containers. Synthetic birnessite was prepared by oxidizing Mn?* with
potassium permanganate in an alkaline solution at room temperature, followed by
washing and drying at 60 °C. Each sample was analyzed for cation composition, layer
spacing, and Mn (III)/Mn (IV) ratio. These samples represented different chemical and
structural features, which provided a wide range of electron affinity values for
comparison.

2.2. Experimental Design and Control Tests

Experiments were conducted to examine how electron affinity affects oxidation
activity. For each birnessite sample, the oxidation of Fe?* and As®* was used as a model
reaction because these ions are sensitive to redox conditions. The reaction solution
contained 10 mmol L' of the target ion and 0.5 g L' of birnessite at pH 7.0 £ 0.1 and 25 °C.
A control test without birnessite was performed under the same conditions to check for
non-catalytic oxidation. A reference test using 6-MnO, with low electron affinity was also
included for comparison. All tests were run in triplicate with continuous stirring to keep
the suspension uniform. The difference in oxidation rate between the treatment and
control tests was used to determine the catalytic effect of birnessite.
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2.3. Measurement Methods and Quality Control

The concentrations of Fe? and As* were measured by ultraviolet-visible
spectrophotometry at 510 nm and by hydride generation atomic absorption spectrometry.
Electron affinity and band structure were measured by ultraviolet photoelectron
spectroscopy and X-ray photoelectron spectroscopy. The Mn oxidation state was
determined from Mn 2p and O 1s spectra. X-ray diffraction and Fourier transform infrared
spectroscopy were used to identify crystal phase and surface functional groups.
Instruments were calibrated daily with standard materials. Duplicate analyses were
performed for each sample, and the relative standard deviation was kept below 3%. All
reaction vessels were cleaned with acid and rinsed with deionized water to prevent
contamination [14].

2.4. Data Processing and Calculation

The oxidation rate constant (k) was obtained from a first-order kinetic model:
Go
In (E) —kt

where C, and C; are the initial and measured concentrations of the substrate at time
t. The relation between electron affinity and oxidation rate was fitted using a linear
regression model:

k=axEA+b

where EA is the measured electron affinity, and a and b are regression coefficients.
Data were processed using OriginPro 2023, and statistical significance was evaluated at
the 95% confidence level (p < 0.05).

2.5. Computational Analysis

Density functional theory calculations were performed with the Vienna Ab Initio
Simulation Package. The generalized gradient approximation with the Perdew-Burke-
Ernzerhof functional was applied. A 3 x 3 x 1 supercell of birnessite containing Mn (III)
and Mn (IV) atoms was used to simulate electron transfer. The Brillouin zone was sampled
with a 3 x 3 x 1 k-point mesh. The electron affinity was calculated as the energy difference
between the vacuum level and the conduction band minimum after full relaxation. To
consider hydration effects, two layers of water molecules were added to the slab model.
The calculated results were compared with the experimental data to confirm accuracy.

3. Results and Discussion
3.1. Structure and Electron Affinity of Birnessite

X-ray diffraction results confirmed that all twelve samples maintained the layered
birnessite structure. The main diffraction peaks near 12° and 24° corresponded to the (001)
and (002) planes, indicating stable interlayer spacing. Minor broadening of peaks
suggested structural disorder caused by cation exchange. Ultraviolet photoelectron
spectroscopy showed that electron affinity ranged from 5.6 to 6.1 eV among samples.
Higher values were found in Na- and Mg-birnessite, while H-exchanged samples showed
lower values. This change reflects the influence of interlayer cations on the conduction-
band position. The results are consistent with earlier studies showing that birnessite has
unusually high electron affinity that contributes to its strong oxidation ability [14]. Figure
1 shows the typical basal reflections used to confirm the crystal structure.
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Figure 1. XRD patterns showing the (001) and (002) peaks of birnessite and their changes after
interlayer cation exchange.

3.2. Oxidation Kinetics and Relationship with Electron Affinity

Oxidation experiments followed first-order kinetics for both Fe (II) and As (III). The
rate constants (k) ranged from 0.013 min to 0.072 min! for Fe (II) and from 0.006 min~!
t0 0.041 min™! for As (III) at pH 7 and 25 °C. Samples with higher electron affinity showed
faster oxidation, and linear fitting gave strong correlations between k and electron affinity
(r=0.91 for Fe (II), r = 0.86 for As (III). These results confirm that electron affinity directly
influences oxidizing strength. The trend matches previous findings that a lower
conduction-band level increases the electron-transfer driving force [15]. For As (III), a
gradual decrease in rate at later stages suggested surface passivation caused by MnOOH
formation, similar to behavior reported in photocatalytic oxidation systems [16]. Figure 2
shows an example of this process from the literature.
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Figure 2. Time curves of As (III) oxidation on birnessite showing a slower rate caused by surface
passivation.
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3.3. Effects of Hydration, Defects, and Surface Passivation

X-ray photoelectron spectroscopy indicated that part of Mn (IV) was reduced to Mn
(II) after reaction, and O 1s peaks shifted toward higher binding energy, suggesting
increased hydroxylation. These changes reduced the number of electron-accepting sites
and explain the slower reaction at longer times. The results agree with findings that
structural water and lattice defects can influence electron transport and modify oxidation
behavior [17]. The decrease in activity after repeated use was also related to partial surface
blocking by reaction products. This supports the idea that electron affinity alone cannot
describe all reactivity differences; structural dynamics and hydration must also be
considered during oxidation processes [18].

3.4. Predictive Value of Electron Affinity and Catalyst Design

The combination of kinetic data and electronic measurements produced a simple
linear model linking electron affinity to oxidation rate [19,20]. This model correctly
predicted the relative activity of test samples and can be used to screen other manganese
oxides. The prediction remained valid as long as the birnessite phase was stable, but its
accuracy decreased after strong passivation or phase transformation. This observation
matches the view that the stability of the active surface determines long-term catalytic
performance [21,22]. Therefore, electron affinity can serve as a practical indicator for
selecting and modifying birnessite-based catalysts, provided that structural stability and
hydration effects are well controlled.

4. Conclusion

This study confirms that electron affinity is an important factor that controls the
oxidation ability of layered birnessite. Twelve natural and synthetic samples with
different interlayer cations and Mn (III)/Mn (IV) ratios were tested to link their electronic
properties with oxidation performance. Samples with higher electron affinity, between 5.6
and 6.1 eV, showed faster oxidation of Fe (II) and As (III), proving a clear relation between
electron affinity and oxidation rate. Surface analysis showed that part of Mn (IV) changed
to Mn (II) and that surface hydroxyl groups increased after reaction, which explains the
slower activity during long use. The experimental data and density functional theory
results together show that electron affinity determines the energy driving oxidation. This
result provides a simple way to evaluate and design manganese oxide catalysts for
pollutant removal and clean oxidation. Future work should test these materials under real
environmental conditions and long-term operation to study how structure and hydration
affect their stability and reuse.
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