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Abstract: Birnessite, a layered manganese oxide, shows strong oxidation
ability, but the main factor that controls its reactivity remains unclear. In
this study, ten natural and synthetic birnessite samples with different
interlayer cations and Mn(II1)/Mn(1V) ratios were used to study the effect of
electron affinity on oxidation behavior. The electron affinity measured by
ultraviolet photoelectron spectroscopy ranged from 5.55 to 6.10 eV.
Oxidation of Fe(Il) and As(11l) followed a pseudo-second-order model, with
rate constants increasing from "1.1x1" "0" ~"-3" "to5.6x1" "0" ""-3" g
mg ' min for Fe(ll) and from "6.8x1" "0" N'-4" "to3.3x]1" "0" "'-3" g
mg ' min~! for As(lll). A clear positive relation was found between electron
affinity and oxidation rate, showing that a higher electron affinity gives
stronger oxidation ability. Surface analysis showed that Mn(IV) was partly
reduced to Mn(Ill) and Mn(ll), and hydroxyl groups formed after the
reaction, which caused surface passivation and lower activity over time.
Theoretical calculations supported these results and linked the conduction
band position with electron affinity. The study proves that electron affinity
directly affects oxidation ability and provides a useful guide for developing
manganese oxide catalysts for pollutant control and environmental use.
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INTRODUCTION

Birnessite (6-MnO2), a common layered manganese oxide, exhibits strong oxidation
ability and plays a key role in environmental and catalytic processes [1]. Its crystal
structure consists of MnOs octahedral sheets separated by interlayer cations and water
molecules, allowing rapid ion exchange and efficient electron transfer [2]. The

coexistence of Mn(IIl) and Mn(IV) endows birnessite with flexible redox behavior,
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making it active in oxidizing metal ions and organic pollutants [3,4]. Owing to these
properties, birnessite has been extensively applied in water purification, air treatment,
and electrochemical energy systems [5]. Although the strong oxidizing ability of
birnessite is well established, its electronic origin remains unclear. Earlier studies
typically explained its reactivity in terms of redox potential, crystal structure, or the
Mn(IIT)/Mn(IV) ratio [6]. However, these factors alone cannot fully account for the wide
variation in oxidation rates among different birnessite samples. Recent research suggests
that electron affinity, defined as the energy released when a material accepts an electron,
is a key descriptor governing oxidation reactivity [7]. Materials with higher electron
affinity possess lower conduction-band levels, enabling easier electron acceptance and
thus stronger oxidative power. Experimental and computational results indicate that
birnessite has an unusually high electron affinity of approximately 6.0 eV, which may
explain its ability to oxidize a broad range of substrates [8]. This unusually high electron
affinity fundamentally reshapes the understanding of redox chemistry in layered
manganese oxides, suggesting that electron affinity is a controlling factor in their
catalytic and environmental applications [9].

Despite these advances, the quantitative relationship between electron affinity and
oxidation behavior has not been systematically examined. Many existing studies
investigate only one or two birnessite samples, making it difficult to decouple the effects
of interlayer cations, Mn valence ratios, and defect levels [10]. Moreover, oxidation
kinetics are rarely compared directly with band-structure parameters such as conduction-
band energy or charge-transfer energy [11]. Dynamic structural factors—including
hydration, defect migration, and surface passivation by MnOOH formation—can also
alter electronic structure during reactions, yet these effects are often overlooked [12].
Additionally, most reported datasets are too limited to allow statistically robust
correlation analyses, constraining the broader understanding of how electron affinity
dictates oxidation reactivity [13].

In this context, the present study systematically explores how electron affinity governs
the oxidation strength of birnessite through combined experimental and computational
approaches. A series of natural and synthetic birnessite samples with controlled
interlayer cations and Mn(III)/Mn(IV) ratios were synthesized to tune their electronic
structures. Electron affinity was determined using ultraviolet photoelectron
spectroscopy and density functional theory, while oxidation experiments with Fe(II) and

As(IIT) were performed under identical conditions to establish quantitative correlations
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between electronic properties and reaction rates. The results provide direct evidence that
electron affinity is the key factor controlling the oxidation capacity of birnessite. From
a scientific perspective, this work elucidates the electronic origin of the strong oxidative
behavior of layered manganese oxides and advances the mechanistic understanding of
electron—structure interactions in redox materials. From an applied perspective, it offers
practical guidance for the rational design of high-efficiency manganese oxide catalysts

for pollutant removal and sustainable oxidation processes.
1. Materials and Methods

2.1 SAMPLE DESCRIPTION AND STUDY AREA

Ten birnessite samples were used in this study, including five natural and five synthetic
samples. Natural samples were collected from manganese-rich soils in Guangxi
Province, China, at depths between 5 and 25 cm. The soil temperature during sampling
was about 23 °C, and pH ranged from 6.3 to 7.0. Samples were air-dried, ground gently,
and sieved through a 100-mesh screen. Synthetic birnessite was produced by oxidizing
MnCl: with KMnOs in an alkaline solution (pH 9.0) at 25 °C. The solids were washed
repeatedly with deionized water until neutral and dried at 60 °C. All samples were sealed
in polyethylene bottles to avoid contamination. Each sample was analyzed for Mn

valence, layer spacing, and interlayer cation type to ensure comparability among groups.

2.2 EXPERIMENTAL DESIGN AND CONTROL TESTS

The experiments were carried out to study how electron affinity affects oxidation. Each
test used 0.5 g of birnessite added to 100 mL of 10 mmol L™ FeSO4 or NaAsO: solution.
The pH was adjusted to 7.0 £ 0.1 using NaOH or HCI. The suspensions were stirred at
25 °C in a thermostatic water bath. A control test without birnessite was used to measure
background oxidation caused by dissolved oxygen. Another control with a-MnQO2, which
has a lower electron affinity, was included for comparison. All experiments were
performed in triplicate to confirm reproducibility. The design ensured that observed
differences in oxidation rate were mainly due to electron affinity, not to changes in

particle size or pH.

2.3 MEASUREMENT METHODS AND QUALITY CONTROL

Fe(I) concentration was measured by the 1,10-phenanthroline spectrophotometric
method at 510 nm using a UV—Vis spectrophotometer (Shimadzu UV-2600). As(III)
concentration was measured by hydride generation atomic absorption spectrometry

(PerkinElmer AAnalyst 400). Electron affinity was determined by ultraviolet
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photoelectron spectroscopy (UPS, Thermo ESCALAB 250Xi) with He I radiation
(21.22 V). The Mn oxidation state was analyzed by X-ray photoelectron spectroscopy
(XPS), and the crystal structure was confirmed by X-ray diffraction (XRD, PANalytical
X’Pert PRO). Instruments were calibrated before each test using standard materials.
Duplicate measurements were performed, and the relative standard deviation was kept
below 3%. All glassware was cleaned with 5% nitric acid and rinsed with deionized

water before use.

2.4 DATA PROCESSING AND MODEL EQUATIONS
The reaction kinetics were analyzed using a pseudo-second-order model [14]:
t 1 t

q ka q,
where q, and q_ (mg g™') are the amounts of Fe(Il) or As(III) oxidized at time t and at
equilibrium, and k; is the rate constant. The activation energy (E,) was calculated by the

Arrhenius equation [15]:

E,
k=A exp (- ﬁ)

where k is the rate constant, A is the pre-exponential factor, R is the gas constant, and T
is temperature (K). Data analysis was carried out using OriginPro 2023. The correlation
coefficient (R?) and residuals were used to assess model accuracy, and significance was

tested at the 95% confidence level.

2.5 COMPUTATIONAL ANALYSIS

Density functional theory (DFT) calculations were performed using the Vienna Ab Initio
Simulation Package (VASP). The generalized gradient approximation with the Perdew—
Burke—Ernzerhof (PBE) functional was used. A 3 X3 X1 supercell containing Mn(III)
and Mn(IV) sites was constructed to represent the mixed-valence structure of birnessite.
The Brillouin zone was sampled with a 4X4X1 k-point mesh, and structure
optimization was completed when energy convergence reached 10~ eV. The electron
affinity was calculated as the difference between the vacuum level and the conduction
band minimum after full relaxation. Two layers of water molecules were added to
simulate hydration effects. The calculated results were compared with the experimental

UPS values to verify consistency.
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2. Results and Discussion

3.1 STRUCTURE AND ELECTRON AFFINITY OF BIRNESSITE

X-ray diffraction confirmed that all samples maintained the layered birnessite structure,
showing clear (001) and (002) peaks near 12° and 24°. The peak width increased slightly
in samples with more interlayer cation exchange, suggesting a moderate degree of
stacking disorder. Ultraviolet photoelectron spectroscopy (UPS) showed that the
electron affinity (EA) ranged from 5.55 to 6.10 eV. Samples with Na* and Mg** had
higher EA values, while H"-exchanged samples showed lower ones. This difference
indicates that interlayer cations directly affect band structure and electronic properties.
The result agrees with the findings which reported that high electron affinity enhances
the oxidizing ability of birnessite [16].
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Fig. 1. XRD patterns of birnessite showing the (001) and (002) peaks that confirm its

layered structure.

3.2 OXIDATION KINETICS RELATED TO ELECTRON AFFINITY

The oxidation of Fe(Il) and As(IIl) followed a pseudo-second-order model with R?
values above 0.96. The rate constant (k,) for Fe(Il) oxidation increased from
1.1x107t05.6x107 g mg ' min' as EA increased from 5.55 to 6.10 eV. For As(III), k,
increased from 6.8x10#t03.3x10° g mg min'. These results show that a higher
electron affinity gives stronger oxidation performance. The trend is consistent with
previous research on the electronic properties of Mn oxides, which showed that a lower

conduction-band minimum provides a greater electron-transfer driving force [17]. These
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data confirm that electron affinity can be used as a simple and reliable parameter to

estimate oxidation strength.

3.3 SURFACE CHANGES AND REACTION PATHWAYS

After reaction, XPS results showed a decrease in Mn(IV) and a corresponding increase
in Mn(III) and Mn(Il), indicating partial reduction during oxidation. The O 1s spectra
showed stronger hydroxyl peaks, suggesting surface hydration and the formation of Mn—
OH groups. These changes reduced the number of active sites and caused slower rates
in the later stage of reaction. The formation of a thin MnOOH layer on the surface likely
blocked electron transfer, consistent with previous findings on birnessite passivation
[18]. The observed mechanism matches that reported in similar light-assisted oxidation

systems, where surface restructuring and hydroxyl buildup reduce long-term activity.
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Fig. 2. Time curves of As(IIl) oxidation on birnessite showing a slower rate caused by

surface passivation.

3.4 MECHANISTIC INTERPRETATION AND APPLICATION OUTLOOK

The combination of UPS and kinetic results shows that higher electron affinity enhances
oxidation by reducing the energy barrier for electron transfer. Samples with EA above
5.9 eV consistently showed faster oxidation for both Fe(Il) and As(IIl). The relation
between EA and reaction rate followed an exponential trend, suggesting a strong
electronic control of surface reactivity. This finding supports the concept that modifying
interlayer composition and hydration can tune electronic structure and catalytic

efficiency. For practical use, maintaining high electron affinity and minimizing surface
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passivation are key for long-term stability. These insights provide a foundation for
improving birnessite-based catalysts in pollutant removal, water treatment, and energy
conversion applications.

3. Conclusion

This study shows that electron affinity is an important factor that controls the oxidation
ability of birnessite. Samples with higher electron affinity, ranging from 5.55 to 6.10
eV, showed faster oxidation of Fe(Il) and As(III), proving a clear relation between
electron structure and oxidation performance. Surface analysis showed that part of
Mn(IV) was reduced to Mn(III) and Mn(II), and that hydroxyl groups formed during the
reaction, which caused surface passivation and slower oxidation over time. The results
give direct evidence that electron affinity affects the energy needed for electron transfer
and determines the strength of oxidation. This finding provides a simple way to design
and evaluate manganese oxide catalysts for water treatment and pollutant removal.
Future work should focus on how hydration, defects, and phase changes influence

electron affinity and the long-term stability of birnessite in real environments.
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