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Preface

Building on our previous edition, “Two-Dimensional Materials: From Synthesis to

Applications”, this reprint gathers a curated selection of contributions that map the evolving

landscape of low-dimensional materials science. The subject of this volume is intentionally broad:

it spans fundamental theory and modeling, materials synthesis and processing, heterostructure and

device engineering, electrochemical energy storage, catalytic and environmental applications, and

advanced spectroscopic characterization. It aims to present not only individual advances, but also the

links that unite seemingly disparate approaches into a coherent, multidisciplinary research program

that is accelerating both discovery and technological translation.

The scope of this reprint reflects the field’s current dynamics. At one end, atomically

thin crystals and their one-dimensional derivatives reveal new quantum, magnetic, and transport

phenomena that require rigorous first-principles description and careful experimental validation. At

the other end, practical architectures—composites, doped nanowires, supported nanoparticles, and

multifunctional heterojunctions—demonstrate how low-dimensional motifs can be embedded into

devices for sensing, energy conversion, and remediation. Between these poles, method development

(simulation, synthetic routes, and characterization techniques) provides the connective tissue that

turns conceptual ideas into robust, reproducible science.

We produced this reprint for several reasons. First, two-dimensional materials remain a fertile

ground for both fundamental questions and translational impact; documenting current best practices

and emerging strategies is invaluable for researchers entering or pivoting into the field. Second,

the accelerating pace of cross-disciplinary work—combining computational design, thin-film growth,

nano-fabrication, electrochemistry, and environmental engineering—means that insights produced

in one subdomain often enable progress elsewhere. Finally, this collection is intended to serve as a

reference and a stimulus, both to consolidate lessons learned and to provoke creative thinking about

future directions.

This volume addresses a broad audience: graduate students and postdoctoral researchers

seeking an entry point into contemporary 2D research; experimentalists and theorists wanting to

compare approaches across subfields; and applied scientists and engineers interested in incorporating

low-dimensional components into devices and systems. We hope the articles will be useful for course

reading lists, research group seminars, and as inspiration for collaborative proposals.

The reprint brings together contributions from many dedicated scientists and collaborators;

we are grateful to our authors from Bulgaria, China, Poland, Russia, and the USA for choosing

this Special Issue to publish their excellent science. We are thankful to the anonymous referees

whose constructive critiques strengthened the manuscripts, to the editorial team at Molecules for

their professional handling of submissions and proofs, and to colleagues who provided technical

advice, experimental samples, computational resources, and thoughtful discussions. Special

acknowledgment goes to laboratory staff and funding agencies whose support made the underlying

research possible.

It has been a privilege to assemble this collection and to witness the creativity and rigor of our

community. We hope you find the articles as enlightening and inspiring as we did and that you

contribute to the next edition of the Special Issue “Two-Dimensional Materials: From Synthesis to

Applications, 3rd Edition”.

Sake Wang, Nguyen Tuan Hung, and Minglei Sun

Guest Editors
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Editorial

Two-Dimensional Materials: From Synthesis to Applications,
2nd Edition

Sake Wang 1,*, Nguyen Tuan Hung 2 and Minglei Sun 3

1 College of Science, Jinling Institute of Technology, 99 Hongjing Avenue, Nanjing 211169, China
2 Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan;

nguyen.tuan.hung.e4@tohoku.ac.jp
3 NANOlab Center of Excellence and Department of Physics, University of Antwerp, Groenenborgerlaan 171,

2020 Antwerp, Belgium; minglei.sun@uantwerpen.be
* Correspondence: isaacwang@jit.edu.cn

1. Introduction

Two-dimensional materials continue to redefine modern materials science by offering
a unique combination of atomic-scale thickness, tunable electronic structures, and highly
accessible surfaces [1]. Since the emergence of graphene, the field has expanded dramati-
cally to include elemental 2D materials, transition-metal dichalcogenides, nitrides, oxides,
and a wide variety of hybrid and composite systems [2]. These materials have enabled
conceptual and technological breakthroughs across nanoelectronics, optoelectronics [3],
energy storage, catalysis, sensing, and environmental remediation [4].

Building upon the first edition [5], the second edition of the Special Issue “Two-
Dimensional Materials: From Synthesis to Applications” in Molecules captures this breadth
and maturity of the field. The contributions span theoretical modeling, controlled syn-
thesis, heterostructure engineering, device design, catalytic mechanisms, and advanced
characterization methodologies [6]. Collectively, the papers illustrate how fundamental
understanding at the atomic and electronic levels translates into real-world applications.

Notably, the contributors to this Special Issue come from Bulgaria, China, Poland,
Russia, and the USA, highlighting the global and collaborative nature of contemporary
research in low-dimensional materials.

2. Scope and Thematic Organization of the Special Issue

To provide a coherent overview, the eight contributions can be broadly classified into
four interrelated thematic categories:

1. Fundamental Physics and Electronic Structure of 2D Materials (Paper [7]).
2. Two-Dimensional Materials and Heterostructures for Optoelectronic and Electromag-

netic Devices (Papers [8,9]).
3. Energy Storage and Conversion Enabled by 2D and 2D-Derived Materials (Papers [10,11]).
4. Catalysis, Environmental Remediation, and Advanced Characterization (Papers [12–14]).

Table 1 summarizes the thematic classification, material systems, and targeted applica-
tions of each contribution.

Molecules 2026, 31, 215 https://doi.org/10.3390/molecules31020215
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Table 1. Overview and categorization of contributions in this Special Issue.

Ref. Material System Dimensionality/Structure Main Focus Key Application

[7] α-Borophene
nanoribbons

1D ribbons from 2D
sheet

Edge-dependent
electronic and

magnetic properties

Nanoelectronics,
spintronics

[8] ZnO–MoS2
heterostructure 2D/2D p–n junction Ultra-broadband

photodetection

Optoelectronics,
internet of

things sensing

[9] Graphene + Dirac
semimetals

Hybrid layered
structures

Tunable THz
absorption

Electromagnetic de-
vices

[10] ZnS/2D carbon films 2D carbon-supported
nanocomposites

Lithium storage
mechanisms Li-ion batteries

[11] Co-doped GaN
nanowires

1D/2D hybrid
architecture

Doping-enhanced
electrochemistry Li-ion batteries

[12] ZnO, ZnO/Eu2O3
Nanostructured oxide

catalysts
Tribocatalysis driven
by mechanical energy

Environmental remedi-
ation

[13] Pt–SnS2 nanosheets
2D

semiconductor/metal
hybrids

LSPR-assisted
photocatalysis Water purification

[14] (review) Zeolites Micro-/mesoporous
frameworks

NMR relaxation
characterization

Catalysis,
porous materials

3. Fundamental Physics and Electronic Properties of
Low-Dimensional Systems

A defining strength of 2D materials lies in their sensitivity to reduced dimensionality,
edges, defects, and external perturbations. Rakshit et al. [7] present a comprehensive
first-principles investigation of α-borophene nanoribbons, a 1D derivative of a metallic 2D
boron sheet. Their work demonstrates how edge geometry (armchair vs. zigzag), ribbon
width, and edge termination collectively determine electronic conduction and magnetism.

Of particular significance is the emergence of edge magnetism and spin-polarized
transport in zigzag nanoribbons, with spin filtering efficiencies exceeding 40%. Such
findings place borophene-based nanostructures at the forefront of spintronic interconnects,
where metallic conductivity and tunable magnetism must coexist. This study exemplifies
how theoretical modeling can guide the rational design of low-dimensional components
for future nanoelectronic circuits.

4. Two-Dimensional Materials for Optoelectronic and
Electromagnetic Devices

The integration of 2D materials into functional devices is strongly represented in this
Special Issue. Zhou et al. [8] report a ZnO–MoS2 type-II heterostructure [15,16] photode-
tector with an exceptionally broad operational range spanning from ultraviolet to MIR
wavelengths (365 nm–10 μm). The combination of experimental device fabrication and
DFT calculations reveals how defect engineering—specifically Mo vacancies—reduces the
effective bandgap to ~0.20 eV, enabling MIR detection.

Equally compelling is the demonstration of self-powered operation, fast response
times, and light-controlled hysteresis, which opens avenues for optical memory and neu-
romorphic computing. This work highlights the versatility of 2D heterostructures in
multifunctional optoelectronic platforms [3].

https://doi.org/10.3390/molecules31020215
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Complementing photodetection, Zhou et al. [9] explore THz absorption using hybrid
systems composed of graphene and bulk Dirac semimetals. Through electromagnetic
simulations and impedance-matching analysis, they demonstrate broadband absorption ex-
ceeding 80% in the 7.7–9.2 THz range. The dual tunability arising from graphene and Dirac
semimetals underscores how 2D materials can be engineered for adaptive electromagnetic
environments, relevant to sensing, communication, and stealth technologies.

5. Energy Storage: 2D Materials in Lithium-Ion Batteries

Energy storage remains a central challenge for sustainable technologies, and several
contributions address this domain. Wei et al. [10] introduce a general synthesis route to
ZnS nanoparticles embedded in 2D carbon films, derived from the thermal decomposition
of organic zinc salts. The resulting ZnS/C composites show excellent lithium storage
performance, benefiting from enhanced electrical conductivity and effective buffering of
volume changes during lithiation.

Wu et al. [11] further advance this theme by designing Co-doped GaN nanowires
grown directly on carbon paper. By combining experimental electrochemical measurements
with DFT calculations, the authors reveal how Co2+ substitution modifies the electronic
structure of GaN, lowers ion diffusion barriers, and significantly improves cycling stability.
The work exemplifies how doping strategies and hierarchical architectures can transform
traditionally inert semiconductors into high-performance battery electrodes.

Together, these studies demonstrate that 2D and quasi-2D materials are not merely
passive hosts but active participants in charge storage and transport processes.

6. Catalysis, Environmental Remediation, and Surface Phenomena

Catalytic and environmental applications are another strong pillar of this Special
Issue. Ivanova et al. [12] introduce an innovative tribocatalytic approach using ZnO and
ZnO/Eu2O3 sol–gel catalysts, where mechanical friction replaces light as the driving energy
source. The ability to degrade paracetamol under dark conditions highlights a promising
pathway for green chemistry and sustainable pollutant removal, leveraging ubiquitous
mechanical energy in natural environments.

In a complementary photocatalytic context, Feng et al. [13] investigate Pt-decorated
SnS2 nanosheets for tetracycline degradation. The synergy between sheet-like SnS2 mor-
phology and the LSPR of Pt nanoparticles leads to enhanced light absorption, efficient
charge separation, and high degradation efficiency. This work reinforces the importance of
metal–2D semiconductor interfaces in solar-driven environmental remediation.

7. Advanced Characterization and Conceptual Expansion Beyond Strictly
2D Systems

While this Special Issue focuses on 2D materials, Shelyapina [14] provides a timely and
insightful review on NMR relaxation techniques for probing zeolites. Although zeolites
are not strictly 2D materials, their hierarchical porosity, surface chemistry, and confined
diffusion phenomena resonate strongly with concepts central to 2D materials science.

The review highlights how 2D NMR relaxation methods (T1–T2 and T2–T2 correlations)
enable unprecedented insight into molecular mobility, surface acidity, pore size distribution,
and connectivity. These techniques are increasingly relevant for characterizing 2D-based
catalysts, membranes, and hybrid porous systems, thereby broadening the methodological
toolkit available to the community.

https://doi.org/10.3390/molecules31020215
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8. Outlook and Perspectives

The contributions collected in this second edition collectively demonstrate that the
field of 2D materials has progressed from isolated material discovery toward system-
level integration, multifunctionality, and real-world relevance [17]. From edge-engineered
borophene nanoribbons and defect-tuned heterostructures to mechanically driven catal-
ysis and advanced spectroscopic characterization, the Special Issue reflects both depth
and diversity.

This edition will stimulate continued interdisciplinary collaboration, inspiring both
curiosity and application-driven exploration in materials science, which we sincerely hope
will contribute to the next edition of this Special Issue, “Two-Dimensional Materials: From
Synthesis to Applications, 3rd Edition”.

Funding: S.W. was funded by the China Scholarship Council (No. 201908320001), the Natural Science
Foundation of Jiangsu Province (No. BK20211002), and Qinglan Project of Jiangsu Province of China.
N.T.H. was funded by financial support from the Frontier Research Institute for Interdisciplinary
Sciences, Tohoku University, Japan. M.S. was supported by funding from Research Foundation-
Flanders (FWO; no. 12A9923N).

Acknowledgments: The authors would like to thank all the staff in MDPI Publishing and the editors
of Molecules for establishing and running this Special Issue, as well as reviewers around the globe
who spent their valuable time thoroughly reviewing and improving the articles published in this
Special Issue. We also feel grateful to all the authors from Bulgaria, China, Poland, Russia, and the
USA for choosing this Special Issue to publish their excellent science.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

1D one-dimensional
2D two-dimensional
DFT density functional theory
LSPR local surface plasmon resonance
MIR mid-infrared
NMR nuclear magnetic resonance
THz terahertz
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α-Borophene Nanoribbons: Edge-Dependent Metallic and
Magnetic Properties for Low-Dimensional Nanoelectronics

Subrata Rakshit 1,2, Favian Sun 2, Nevill Gonzalez Szwacki 1 and Boris I. Yakobson 2,*

1 Faculty of Physics, University of Warsaw, Pasteura 5, PL-02093 Warszawa, Poland; srakshit@fuw.edu.pl (S.R.);
gonz@fuw.edu.pl (N.G.S.)

2 Department of Materials Science and NanoEngineering, Rice University, Houston, TX 77005, USA;
fs67@rice.edu

* Correspondence: biy@rice.edu

Abstract: We present a comprehensive first-principles study of nanoribbons made from
the α-borophene sheet. This study looks at how edge shape, ribbon width, and magnetic
ordering affect their structural, electronic, and transport properties. Ribbons cut along
armchair (ac) and zigzag (zz) directions with various edge designs—armchair (a), single
(s), and double (d) chains—are all stable. The double chain “dd” edges have the highest
binding energies and the lowest edge energies, which aligns with near-bulk coordination.
Our analysis of electronic structure and ballistic transport shows strong metallic charac-
teristics in almost all configurations. Only the narrowest “3-ad” ribbon shows a small
energy gap that disappears as the width increases. Zigzag ribbons (“zz”) display edge
magnetism that depends on width, changing from non-magnetic to antiferromagnetic and
finally to ferromagnetic states. Their spin-resolved transmission demonstrates clear spin
filtering with polarization exceeding about 40%. Edge passivation affects these properties:
hydrogen and fluorine reduce the “zz” edge magnetic moments and spin transport, while
oxygen maintains finite magnetism. Near the Fermi level, many ribbons allow for multiple
conducting channels. This feature supports low-resistance charge flow even for widths
below 10 nm, while higher-energy transmission shows greater dependence on width. These
findings position α-borophene nanoribbons as promising one-dimensional components
for nanoelectronic connections and spintronic devices, combining high stability, adjustable
edge magnetism, and strong metallic conduction.

Keywords: borophene nanoribbons; DFT; electronic properties; electronic transport

1. Introduction

Low-dimensional materials continue to reveal unique physical phenomena and hold
promise for nanoscale electronics, energy applications, and sensing technologies. Among
them, boron—a neighbor of carbon in the periodic table—has emerged as an especially
versatile element for constructing low-dimensional nanostructures due to its electron
deficiency, multicenter bonding, and polymorphism [1,2]. The possibility of boron-based
analogs to carbon structures, including fullerenes [3,4], nanotubes [5], and two-dimensional
(2D) borophene sheets [6], has opened a rich frontier in boron nanoscience [7,8].

Borophene, a single-atom-thick sheet of boron, has been synthesized on metallic
substrates such as Ag(111) and Ag(110) using physical vapor deposition methods under
ultrahigh vacuum conditions [9,10]. Unlike graphene, borophene is not a single-phase
material but comprises several polymorphic phases, including α, β12, χ3, and δ6, charac-
terized by a mixture of triangular and hexagonal motifs [11]. These polymorphs exhibit

Molecules 2025, 30, 4177 https://doi.org/10.3390/molecules30214177
6



Molecules 2025, 30, 4177

anisotropic bonding networks, high flexibility, and metallic behavior, making borophene
and its derivatives highly attractive for applications in flexible electronics, batteries, and
energy storage [12,13].

A natural variety of borophene’s two-dimensional (2D) structure is the formation of
borophene nanoribbons (BNRs, an analog of extensively studied GNR–graphene nanorib-
bon [14,15]), which are quasi-one-dimensional (1D) strips characterized by controlled edge
morphology and tunable widths. Conceptually, BNRs can be constructed by cutting a
borophene sheet along defined crystallographic directions, resulting in edge-dependent
properties [16]. Previous first-principles calculations show that hydrogen passivation of
zigzag boron nanoribbon (BNRs) edges stabilizes the structures and opens semiconducting
gaps that oscillate with ribbon width [17]. Transport calculations further indicate a pro-
nounced width dependence in BNRs devices, with wider ribbons delivering substantially
higher conductance [18]. In terms of structural origin, nanoribbons obtained from the
α-boron sheet are energetically favored over those from triangular or reconstructed sheets,
and their stability increases with width; while most BNRs are metallic, semiconducting
cases have also been reported [19]. Complementary NEGF/TB calculations on α-BNRs
FM/NM/FM junctions predict pure spin currents and spin voltages under thermal gra-
dients, with perfect spin filtering and diode-like response at low temperatures. The spin
figure of merit grows with stronger exchange fields and decreases with ribbon width, un-
derscoring the promise of narrow α-BNRs for spin-thermoelectric devices [20]. Recent DFT
studies indicate that nitrogen termination of zigzag α-BNRs edges stabilizes the ribbons
and can open a band gap. Subsequent Cr or Mn doping induces robust ferromagnetism
with Curie temperatures above 700 K, resulting in a magnetic metal for Cr and a diluted
magnetic semiconductor for Mn [21]. 1D boron chains undergo a transition from metallic
to semiconductor, driven by the formation of spin density waves [22]. Recent advances in
topological and mechanochemical design have enabled the fabrication of complex ribbon
architectures, including rectangular and bi-trapezium-shaped motifs derived from β12 and
χ3 borophene phase [23]. These designs provide powerful handles for tuning the band
structure, electronic transport and bonding networks of BNRs [24,25]. Furthermore, ad-
vanced many-body computational methods such as thermally assisted-occupation density
functional theory (TAO-DFT) have revealed that large BNRs exhibit pronounced size-
dependent electronic properties and strong static correlation effects due to their inherent
multiradical character [26]. Previous studies have shown that the presence of double- or
triple-chain edge structures enhances the stability of borophene nanoribbons [27].

Experimental efforts have succeeded in synthesizing BNRs with widths in the range
of 10–100 nm and lengths up to several micrometers using various vapor-phase techniques,
including chemical vapor deposition and magnetron sputtering [28,29]. Structural analyses
indicate that these nanoribbons may adopt tetragonal crystalline cores with amorphous
surface layers. Meanwhile, scanning tunneling microscopy (STM) and first-principles
simulations have confirmed the atomic-scale periodicity and polymorphism in epitaxial
BNRs grown on Ag surface [30].

In the present work, we investigate boron nanoribbons derived from the α-sheet
borophene polymorph, characterized by a hexagonal hole density of η = 1/9, where η

denotes the ratio of hexagonal vacancies to total atomic sites in the ideal triangular lattice.
This particular configuration is chosen because both theoretical predictions and experi-
mental observations identify α-borophene (η = 1/9) as one of the most stable borophene
phases [1,6]. We construct nanoribbons by trimming the α-sheet along two principal
crystallographic directions: armchair (ac) and zigzag (zz). For the ac-oriented nanorib-
bons, we design multiple edge configurations by combining distinct motifs—namely “a”
(armchair chain), “s” (single chain), and “d” (double chain)—to explore the impact of
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edge geometry on electronic behavior. To further investigate the influence of passivation,
borophene nanoribbons (BNRs) edges are passivated with hydrogen (H), oxygen (O), and
fluorine (F). Using density functional theory (DFT) calculations, we systematically examine
the structural stability, binding energies, electronic band structures, magnetic properties,
and ballistic transport characteristics of selected ribbon types. Our results demonstrate
the persistence of metallicity across a wide range of edge configurations and reveal clear
structure–property correlations. These findings offer valuable insight into the tunability of
α-borophene nanoribbons and their potential as functional one-dimensional components
in future nanoelectronic and spintronic devices.

2. Computational Methods

All first-principles calculations were carried out within the framework of DFT using
the Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional and norm-conserving
pseudopotentials from the PseudoDojo library [31], as implemented in the Quantum
ESPRESSO (QE) package (v7.2) [32]. The plane-wave kinetic energy cutoff was set to
80 Ry. Structural relaxations were performed by optimizing both atomic positions and
cell parameters until the forces on all atoms were below 0.3 meV/Å and the total energy
change per self-consistent cycle was less than 10−5 Ry. Spin polarization effects were
included, and the systems were sampled using a Γ-centered 1 × 16 × 1 Monkhorst–Pack
k-point mesh along the periodic direction. To simulate isolated 1D systems, we employed
vacuum regions of 12 Å. The electronic structures were obtained on dense k-point grids of
1 × 48 × 1 along periodic direction to ensure accurate interpolation of the electronic bands.
Visualization of atomic structures was performed using the VESTA software (v3.5.8) [33].

Ballistic transport calculations were performed using the TranSIESTA (v5.2.1) [34,35]
code under the Non-Equilibrium Green’s Function (NEGF) formalism. Without relaxing the
structures in SIESTA, the transmission steps have good agreement with the band structures
computed in QUANTUM ESPRESSO. The electrodes were sampled using 101 k-points in
the periodic direction, while the scattering region was sampled with only the gamma point.
Eigenchannel wavefunctions are computed using the Inelastica package (v1.3.7) [36,37].
Current under a finite voltage was computed using the Landauer–Büttiker equation,

I(V) =
e
h

∫
T(E, V)[ f (E, μ + V/2)− f (E, μ − V/2)]dE (1)

where T(E, V) is the mode-weighted transmission value under a bias V, f (E, μ) is the
Fermi distribution function at a chemical potential μ, e is the charge of an electron, and h is
Planck’s constant.

3. Results

We classify the borophene nanoribbons (BNRs) into seven distinct categories (as shown
in Figure 1): six derived from the armchair (ac) direction and one from the zigzag (zz)
direction. The adopted nomenclature is defined as follows: “aa” indicates ribbons whose
edges both consist of armchair chains; “as” denotes ribbons with one armchair edge and one
single chain edge; “ad” represents ribbons with one armchair edge and one double chain
edge. Similarly, “ss”, “ds”, and “dd” denote ribbons whose edges consist, respectively,
of single–single, double–single, and double–double chain combinations. The “zz” refers
to ribbons oriented along the zigzag direction. The parameter N specifies the number of
chains spanning the ribbon width. In addition to the pristine BNRs, the “zz” BNRs are
further investigated by edge passivation using hydrogen (H), oxygen (O), and fluorine (F)
atoms on their structural and magnetic properties. The “zz” BNRs are specifically chosen
because they exhibit magnetism at the zigzag edges. This makes it an ideal candidate to
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explore how different passivating atoms influence the stability and edge magnetism, in
contrast to non-magnetic configurations such as “dd” BNRs.

Figure 1. (a) N-aa (both edges are armchair chain), (b) N-as (one edge armchair chain and another
edge single chain), (c) N-ad (one edge armchair chain and another edge double chain), (d) N-ss (both
edges are single chain), (e) N-ds (one edge double chain and another edge single chain), (f) N-dd
(double chain at both edges), (g) N-zz, and (h) X-N-zz (edges are passivated with X, where X = H-,
O-, F-, shown as red dots). The red lines delineate the unit cell.

Figure 2 provides a systematic illustration of how the binding energy Eb varies with
nanoribbon width and edge shape. The binding energy is used to evaluate the stability
of the BNRs. It is calculated using the formula: Eb = (n × En − E)/n, where Eb is the
binding energy per atom, n is the number of atoms, En is the energy of one single boron
atom, E is the energy of one BNR. A higher (more positive) binding energy indicates
greater stability of the BNRs. A general and consistent trend observed across all edge types
is that the binding energy Eb increases monotonically with ribbon width (i.e., with the
number of chains N). This indicates that wider ribbons are more energetically favorable.
For instance, in “aa”, Eb increases from 5.386 eV/atom for “4-aa” to 5.798 eV/atom for
“16-aa”. Similar monotonic increase is evident for “ss” (from 5.379 to 5.816 eV/atom), “ds”
(from 5.645 to 5.858 eV/atom), and “dd” (from 5.80 to 5.895 eV/atom) edge families. This
trend is the same for all types of edges, reflecting a general tendency toward bulk-like
stability as the ribbon width increases and edge effects weaken, supporting the potential
feasibility of synthesizing such nanoribbons experimentally.

While width plays an important role, the edge structure shows an even more pro-
nounced effect on the stability. Among the seven categories of BNRs considered, the double
chain edge (“dd”) consistently exhibits the highest binding energy for any given width. For
example, at comparable widths (~12 Å), binding energy Eb = 5.870 eV/atom for the “11-dd”
ribbon, closely approaching the cohesive energy of the α-boron sheet, whereas the “10-aa”
ribbon yields 5.707 eV/atom. The higher stability of “dd” edges can be attributed to their
enhanced structural uniformity and minimal edge reconstruction. The double chain termi-
nation effectively saturates most of the dangling bonds at the boundary, reducing electronic
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localization and strain, which leads to higher binding energy. Moreover, the smaller edge
energy (ε≈ 0.20 − 0.21 eV/Å) observed for “dd” ribbons confirms that “dd” edges are more
favorable. In contrast, the armchair—armchair chain (“aa”) configuration has the lowest Eb

values (5.386–5.798 eV/atom), corresponding to the largest edge energy (ε ≈ 0.58 eV/Å).
The armchair chain edges host a large number of under-coordinated atoms and irregular
bond lengths ranging from 1.52 Å to 1.94 Å (Table 1), signifying enhanced local stress and
substantial bond-length variation. This geometric diversity introduces strain energy and
localized electronic states, both of which destabilize the structure. Therefore, the “aa” BNRs
are the least stable among all edge terminations. Between these extremes, there are several
intermediate edge configurations that bridge the stability gap. The single chain (“ss” and
“as”) and double chain (“ad” and “ds”) ribbons show progressively increasing Eb values.
For instance, “ad” BNRs exhibit Eb = 5.367 − 5.837 eV/atom with ε ≈ 0.41 − 0.45 eV/Å,
while “ds” shows Eb = 5.645 − 5.858 eV/atom and ε≈ 0.33 − 0.35 eV/Å. The edge energies
follow the trend as “dd” < “ds” < “ad” < “ss” < “as” ≈ “aa”. This systematic decrease in
edge energy (ε) confirms the energetic hierarchy deduced from the binding energy (Eb)
trends. The Eb follows the order “aa” < “as” < “ss” < “ad” < “ds” < “dd”, which clearly
shows an increasing stabilization as edge atoms become more coordinated. These trends
correspond to a gradual reduction in the number of unsaturated valences and dangling
bonds along the edge.

Figure 2. Binding energy vs. the number of boron chains. The value for the α-borophene phase is
Eb = 5.94 eV/atom. All follow closely an analytical relation E = Eb − ε/N, where ε values reflect
the energies of the edges.

A complementary understanding arises from examining bond-length variation at
the ribbon edges. Edge atoms in “aa” BNRs display the broadest bond-length range
(1.52–1.94 Å), indicating significant structural distortions and local stress accumulation.
But “dd” edges maintain a narrower and more uniform distribution (1.64–1.73 Å), sug-
gesting nearly bulk-like coordination and reduced edge reconstruction. This structural
homogeneity translates directly to improved binding energy, highlighting that uniform
bonding environments at the edges are a key factor governing nanoribbon stability. The
more regular the bond pattern, the lower the total energy, since localized distortions and
under-coordination are minimized.
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Table 1. Geometric, energetic, magnetic, and electronic transport properties of α-borophene nanorib-
bons (BNRs) with various edge configurations and widths. For each structure, we report the ribbon
width (in Å), binding energy per atom (Eb, in eV/atom), edge energy (ε, in eV/Å), minimum and
maximum bond lengths (dmin and dmax, respectively), total magnetic moment (M, in μB), and the
number of transmission channels T at the Fermi level (E = EF), (up/down) is transmission channels
of up spin and down spin of “zz” BNRs. Structures are grouped by edge type: “aa”, “as”, “ad”, “ss”,
“ds”, “dd”, and “zz”, as defined in the text.

Name Width (Å) Eb (eV/atom)
ε

(eV/Å)
dmin (Å) dmax (Å)

M
(μB/atom)

T (E = EF)
(up/down)

4-aa 4.11 5.386 0.52 1.54 1.94 0.012 3

7-aa 8.56 5.599 0.59 1.53 1.79 0.028 3

10-aa 12.96 5.707 0.59 1.52 1.80 0.017 3

13-aa 17.34 5.764 0.58 1.52 1.80 0.003 3

16-aa 21.73 5.798 0.58 1.52 1.80 0.001 3

5-as 5.79 5.507 0.56 1.51 1.79 0.019 4

8-as 10.18 5.674 0.55 1.51 1.79 0.006 3

11-as 14.55 5.749 0.55 1.51 1.79 0.004 3

14-as 18.94 5.791 0.55 1.51 1.79 0.000 4

3-ad 2.94 5.367 0.45 1.54 1.78 0.000 0

6-ad 7.28 5.669 0.43 1.52 1.79 0.000 4

9-ad 11.67 5.765 0.42 1.52 1.80 0.000 4

12-ad 16.06 5.811 0.41 1.52 1.79 0.000 4

15-ad 20.45 5.837 0.41 1.52 1.79 0.003 5

3-ss 2.98 5.379 0.46 1.60 1.70 0.015 3

6-ss 7.41 5.630 0.50 1.60 1.72 0.000 6

9-ss 11.77 5.733 0.50 1.61 1.71 0.000 4

12-ss 16.17 5.785 0.50 1.62 1.71 0.000 4

15-ss 20.53 5.816 0.49 1.62 1.74 0.000 4

4-ds 4.45 5.645 0.33 1.61 1.75 0.011 3

7-ds 8.87 5.758 0.35 1.62 1.74 0.019 4

10-ds 13.27 5.810 0.35 1.61 1.73 0.004 5

13-ds 17.65 5.839 0.35 1.62 1.73 0.003 5

16-ds 22.05 5.858 0.35 1.62 1.74 0.002 4

5-dd 5.98 5.800 0.20 1.64 1.72 0.009 3

8-dd 10.38 5.844 0.21 1.64 1.72 0.005 3

11-dd 14.78 5.870 0.21 1.65 1.73 0.000 4

14-dd 19.13 5.886 0.21 1.65 1.72 0.003 4

17-dd 23.52 5.895 0.21 1.66 1.72 0.002 5

5-zz 9.03 5.727 0.34 1.60 1.86 0.005 4

8-zz 14.13 5.802 0.35 1.62 1.83 1.335 3/6

11-zz 19.18 5.840 0.34 1.62 1.82 1.335 2/5

14-zz 24.24 5.862 0.34 1.62 1.82 1.325 3/6

17-zz 29.29 5.876 0.34 1.62 1.81 1.30 3/6

The “zz” BNRs obtained from zigzag directions show remarkably high binding en-
ergies (Eb = 5.727 − 5.876 eV/atom), exceeded only by the “dd” ribbons. The corre-
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sponding edge energies (ε ≈ 0.34 eV/Å) make them one of the most stable terminations.
This suggests that the zigzag-type edges allow efficient reconstruction and electron de-
localization, which effectively saturate edge bonds. Overall, both energetic and struc-
tural analyses show a clear stability trend among all investigated BNRs. Based on edge
energy (ε) and binding energy (Eb), the order of thermodynamic favorability follows:
“dd” (most stable) < “zz” < “ds”< “ad” < “ss” < “as” < “aa” (least stable).

Since passivation with different atoms can enhance the stability of pristine BNRs by
saturating dangling bonds and lowering edge energy, we further investigated the role
of edge passivation on the stability of the “zz” BNRs with hydrogen (H), Oxygen (O),
and Fluorine (F) at the edges. In Table 2, the formation energy of passivation per unit
length is presented. The formation energy of passivation per unit length is calculated using
the formula Ef = (EBNR+X − nX × EX − EBNR)/L; EBNR+X energy of passivated BNRs,
EBNR is the energy of pristine BNRs, nX is no of passivated X (X = H-, O-, F-) atom, EX is the
energy of an isolated X atom, and L is the length of the unit cell. As shown in Table 2, all the
passivated “X-N-zz” BNRs exhibit negative formation energies, which confirms that H-, O-,
and F- passivation processes are energetically favorable. Among them, fluorine-passivated
BNRs show the highest negative formation energy (Ef = −1.415 to −1.429 eV/Å), indi-
cating the strongest stabilization, followed by oxygen and hydrogen passivations. The
formation energy Ef oscillates with ribbon width. This peculiar behavior indicates a
stronger electronic correlation between the edge passivated atoms and the inner boron
atoms in the “zz” BNRs.

Table 2. For passivated “zz” structure, we report the formation energy per unit length (Ef, in eV/Å),
bond lengths between B and X atom (X = H-, O-, F-), total magnetic moment (M, in μB), and the
number of transmission channels T at the Fermi level (E = EF), (up/down) is transmission channels
of up spin and down spin of passivated BNRs.

Ef (eV/Å) dB-X (Å)
M

(μB/atom)
T (E = EF)

(up/down)

H-5-zz −0.916 1.189 0.0 3

H-8-zz −0.931 1.189 0.0 5

H-11-zz −0.935 1.189 0.0 2

H-14-zz −0.936 1.189 0.0 2

H-17-zz −0.937 1.189 0.0 2

O-5-zz −1.342 1.283 0.855 3/5

O-8-zz −1.338 1.283 0.791 4/6

O-11-zz −1.349 1.283 0.845 6/4

O-14-zz −1.347 1.283 0.855 2/6

O-17-zz −1.345 1.283 0.87 2/6

F-5-zz −1.415 1.339 0.0 3

F-8-zz −1.428 1.339 0.0 4

F-11-zz −1.429 1.339 0.0 2

F-14-zz −1.428 1.339 0.0 2

F-17-zz −1.428 1.339 0.0 2

The calculated electronic band structure and density of states (DOS) for all the BNRs
are shown in Figure 3 (and in Supplementary Figure S1). The results reveal that most of
the BNRs are metallic, with multiple bands crossing the Fermi level. Only “3-ad” BNR
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has an indirect band gap of 0.165 eV. This gap closes with increasing BNR width. There is
no evidence of Peierls-type distortions. Even after edge passivation with hydrogen (H),
oxygen (O), and fluorine (F) atoms, all BNRs retain their metallic character. This indicates
band structure is robust against passivation, highlighting their potential for nanoscale
electronic and spintronic applications.

Figure 3. (a) Electronic band structure and total density of states of the “3-ad” nanoribbon, showing a
finite band gap. (b,c) Spin-resolved band structure and DOS of the “8-zz” and “17-zz” nanoribbons,
respectively, symmetric and asymmetric DOS show AFM and FM behavior of the BNRs.

Magnetic moments indicate that ribbons cut along the armchair(ac) direction are
predominantly non-magnetic or only weakly magnetic. In contrast, zigzag-edge boron
nanoribbons (“zz”-BNRs) display a pronounced width-dependent anisotropy. As sum-
marized in Table 1, the narrow “5-zz” ribbon is non-magnetic, consistent with earlier
reports [21]. With increasing width, “zz” BNRs develop magnetic ground states: “8-zz”,
“11-zz”, and “14-zz” show ferromagnetic alignment along each edge with antiferromag-
netic coupling between opposite edges (i.e., AFM across the ribbon, as shown in Figure 4),
whereas “17-zz” is ferromagnetic both along and across the edges. The total magnetic
moment per atom is largest for “8-zz” (1.335 μB/atom) and decreases slightly with width,
reaching 1.30 μB/atom for “17-zz”. Edge passivation of hydrogen (H) and fluorine (F)
suppresses the magnetism on edges, and “zz” BNRs become non-magnetic. In contrast,
passivation of oxygen (O) at the edges retains finite magnetism. Pristine “5-zz” is non-
magnetic, but it becomes magnetic with O-passivation (“O-5-zz”) with a magnetic moment
are 0.855 μB/atom. The magnetic moment for other O-passivated “zz” are shown in Table 2
and magnetic alignments are the same as pristine “zz” BNRs.

Figure 4. Magnetic ordering in “8-zz” BNRs. The red and blue arrow shows antiferromagnetic spin
alignment at the opposite edges. The red line shows the unit cell.

To quantify the inter-edge exchange, we evaluate ΔEb
AFM−FM = Eb

AFM − Eb
FM.

The energy differences are 0.8 meV (“8-zz”), 0.172 meV (“11-zz”), 0.015 meV (“14-zz”)
and −0.02 meV (“17-zz”). The progressive reduction of ΔEb

AFM−FM signifies a gradual
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weakening of AFM inter-edge coupling with greater width, and a crossover to a slightly
FM-favored state at “17-zz”. For the passivated “zz” BNRs, the corresponding energy
differences are 0.3 meV (“O-5-zz”), 3.2 meV (“O-8-zz”), −0.01 meV (“O-11-zz”), 0.005 meV
(“O-14-zz”) and 0.003 meV (“O-17-zz”). These results confirm that all O-passivated BNRs
except “O-11-zz” favor AFM inter-edge coupling.

These findings highlight the tunability of both electronic and magnetic properties
in boron nanoribbons by controlling their width and edge geometry. The emergence of
magnetism in zigzag (zz) nanoribbons with decreasing width, along with the ability to
transition between AFM and FM orderings, points to their potential utility in nanoscale
spintronic devices.

The electronic transport properties of α-BNRs were studied in the ballistic regime since
mean free paths in similar BNRs are predicted to be on the order of ~30–100+ nm [20,38],
exceeding the nanowire dimension. Under the ballistic transport assumption, the ribbon’s
conductance is determined by the number of conducting channels at or near EF. For a
single conducting channel, the conductance is G0 = 2e2

h = 7.748 × 10−5 S, accounting for
spin degeneracy. With the exception of the semiconducting “3-ad”, all nanoribbons have
at least three spin-degenerate channels at E = EF, as shown in Table 1, which can support
~1 μA under a small bias of 4 mV. The “zz” BNRs show different numbers of open channels
depending on spin. Due to the high conductivity of these nanoribbons, they can operate as
low-contact resistance [39] interconnects for 2D electronics with very little power loss.

Since bulk borophene is metallic, the number of transmission channels is expected to
scale linearly with width. However, as shown in Table 1, the BNRs in this study do not
show any strong width dependence of T(E = EF), indicating the dominance of confinement
or edge effects on the transmission of low-energy carriers in α-BNRs. As the nanoribbons
increase in width, we expect the transmission to return to a linear dependence on width,
independent of edge structure. At energies away from EF, the transmission depends
strongly on the width.

The transmission plots for “dd” and “ss” BNRs of increasing widths are shown in
Figure 5. In the “dd” edge nanoribbons, a weak dependence on width at EF is shown.
However, in the “ss” BNRs, the second-smallest (“6-ss” BNR) has the highest transmission
near EF. Notably, the “6-ss” BNR has double the transmission at EF compared to ribbons
almost 3× its width. Careful selectivity of ribbon width and edge construction may be
necessary for optimized and consistent BNRs for electronic devices. It is apparent from
Figures 5a and 6c that the transmission away from EF is more dependent on width, owing
to more total electrons, and thus channels, in the wider ribbons. Transmission plots for
other edge configurations are shown in Supplementary Figures S2–S5.

The spatial distribution of transmission channels was analyzed using Inelastica [36,37].
Several edge-localized transmission channels at E = EF were identified and are shown in
Figures 6 and S6. The “s” and “d” edge channels persist independently of the structure of
the opposite edge. The “a” edge shows transmission channel wavefunctions with higher
magnitude on the edges, but not fully localized. These edge channel observations agree
with previous studies suggesting electron density build-up at other BNRs edges [16]. In the
thinnest ribbons, it is difficult to separate the edge orbitals from the non-edge orbitals from
differences in magnitude of the wavefunctions. However, the stability of transmission at
widths even under 0.5 nm indicates promising applications of these BNRs as ultrathin 1D
wires.
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Figure 5. (a) Transmission at V = 0 for various “dd” BNRs. Inset shows transmission close to
EF. Within the “dd” edge nanoribbons structures, T(E = EF) slightly increases with width. (b) I-V
characteristics of “dd” edge nanoribbons. (c) Transmission at V = 0 for various “ss” BNRs. slightly
increases with width. (d) I-V characteristics of “ss” edge nanoribbons.

Figure 6. Magnitude of the “d” edge state wavefunction on (a) “13-ds”, (b) “14-dd”, and (c) “15-ad” nanoribbons.

Note that these edge states are a result of hybridized orbitals of under-coordinated
edge atoms and are by no means topologically protected. This is to say that disorder
or substrate interactions can disrupt these edge channels. Additionally, many of the
transmission channels, especially in the thinner nanoribbons, correspond to wavevectors
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in the middle of the Brillouin zone, with real space wavelengths of a few nanometers.
In such cases, the coherence across the channel may easily be disrupted by finite length
nanoribbons and imperfect coupling across junctions. Careful mode-matching at interfaces
may be necessary to fully utilize the conducting channels of BNRs.

Spin-polarized transport calculations were performed for the “zz” BNRs structures.
Due to the magnetization on the edges, the transmission curves show clear spin dependence.
Interestingly, the minority spin carrier (spin down) has increased transmission at EF. These
magnetic nanoribbons show promise for use as a spin filter with polarization magnitude
up to 42.8% at E = EF, quantified as follows:

P(E) =
T↑(E)− T↓(E)
T↑(E) + T↓(E)

(2)

where T↑(E) and T↓(E) are the majority (spin up) and minority (spin down) transmissions.
Figure 7 below shows the spin-resolved transmission across “zz” BNRs widths. Again,

there is no strong dependence of width on the total transmission at EF. The spin-dependent
transport in magnetic BNRs has shown promise in spintronics applications [38,40]. Al-
though the spin polarization is moderate in the intrinsic nanoribbons, external modulations,
including gate control, doping, and phase junctions, offer promising methods to tune the
electronic and spin transport properties [20,40,41]. Looking at the spin polarization of the
thinnest magnetic ribbon, “8-zz”, we observe a swing from 100% to −60% polarization
within +/−0.25 eV of the intrinsic Fermi level. The wider nanoribbons also show a similar
flip of the polarization, but no half-metallic region characterized by +/−100% polarization.
This suggests that spin filtering effects can be dynamically modulated or flipped using
finite bias or gating, opening up applications for BNRs spintronic devices.

Figure 7. Transmission function for (a) spin up and (b) spin down channels for “zz” BNRs of
increasing width. (c) Spin polarization, per Equation (2), as a function of energy.

Upon passivation of the “zz” BNRs with hydrogen or fluorine, the ribbons become
non-magnetic and thus lose spin transport properties, as shown in Table 2. Additionally,
the transmission of the wider is suppressed to only two spin-degenerate channels near the
Fermi level, which is less conductive than all of the unpassivated BNR structures except
the insulating “3-ad” BNR. On the other hand, the “O-zz” BNR structures are all magnetic.

4. Summary and Conclusions

In this work, we conducted a thorough investigation of α-borophene-based nanorib-
bons. We revealed how their structural, electronic, magnetic, and transport properties

16



Molecules 2025, 30, 4177

depend on edge shape and ribbon width. Our detailed analysis across seven edge families
shows a clear energetic trend: “dd” > “zz” > “ds” > “ad” > “ss” > “as” > “aa”. This trend
corresponds to lower edge stress and better coordination. The double chain “dd” edges
have the highest binding energies (up to 5.90 eV/atom) and the lowest edge energies
(≈0.20 eV Å−1). This confirms their strong thermodynamic stability and consistent struc-
tural uniformity. The steady increase in binding energy with ribbon width suggests that
wide α-BNRs can be made with good stability, especially under conditions that promote
self-saturation of dangling bonds. Electronic structure calculations show that metallic be-
havior is stable across all edge types. Even after hydrogen, oxygen, or fluorine passivation,
the α-BNRs still have delocalized conduction channels at the Fermi level. The narrowest
“3-ad” ribbon does open a small 0.165 eV gap, but this quickly disappears as the width
increases. This enduring metallicity, along with edge-localized conduction states, explains
the low resistance of α-BNRs and provides a simple way to understand their adjustable
conductance. Magnetic analyses reveal width-dependent magnetism in zz nanoribbons.
Narrow “zz” BNRs do not show magnetism, but as the width increases, localized edge
moments appear. These moments shift from antiferromagnetic coupling between opposite
edges to ferromagnetic alignment at both edges. The magnetic moment per atom (≈1.3 μB)
and the small differences between AFM and FM energy (less than 1 meV) suggest that the
magnetic order can be easily switched using external fields or strain. Edge passivation has
a strong impact on magnetism. Hydrogen and fluorine atoms reduce local moments, while
oxygen termination secures finite magnetic states, allowing for chemical control of spin
order. Ballistic transport calculations show that most α-BNRs have at least three conduction
channels at E = EF, leading to conductance values of G ≈ 2–3 G0 (G0 = 2e2/h). The transmis-
sion spectra show little change with width near EF but show significant variation at higher
energies, indicating that both edge and bulk-like channels exist. Spin-resolved transport for
magnetic “zz” BNRs shows polarization above 40%, confirming their spin filtering ability
and suggesting potential applications as spin valves or thermospintronic devices.

Overall, these findings position α-borophene nanoribbons as an appealing option for
one-dimensional metallic interconnects and spintronic components. Their strong intrinsic
stability, controllable edge magnetism, and strong metallicity combine the benefits of
graphene nanoribbons with the chemical flexibility of boron. Future research should
examine how substrates, strain engineering, and heterostructure design influence their
transport and magnetic properties. Creating α-BNRs with controlled edge chemistry could
lead to advanced nanoscale conductors, spin filters, and quantum devices built on light,
flexible boron structures.

Supplementary Materials: The following supporting information can be downloaded at the fol-
lowing: https://www.mdpi.com/article/10.3390/molecules30214177/s1, Figure S1: (a) Electronic
band structure and density of states (DOS) of “aa” BNRs, (b) Electronic band structure and density of
states (DOS) of “as” BNRs, (c) Electronic band structure and density of states (DOS) of “ad” BNRs,
(d) Electronic band structure and density of states (DOS) of “ss” BNRs, (e) Electronic band structure
and density of states (DOS) of “ds” BNRs, (f) Electronic band structure and density of states (DOS) of
“dd” BNRs, (g) Electronic band structure and density of states (DOS) of “zz” BNRs, (h) Electronic
band structure and density of states (DOS) of H-passivated “zz” BNRs, (i) Electronic band structure
and density of states (DOS) of O-passivated “zz” BNRs, (j) Electronic band structure and density of
states (DOS) of F-passivated “zz” BNRs; Figure S2: (a) Transmission at V = 0 for various “aa” edge
nanoribbons. Inset shows no width dependence for transmission near EF; T(E = EF) = 3 for all 5 “aa”
edge nanoribbons. (b) I-V characteristics of aa-BNRs. “7-aa” and “10-aa” show non-linear I-V due to
the existence of band edges near EF. The equilibrium T(E) of “10-aa” shows a spike near EF due to a
flat region in the band structure near EF, but it does not play any role in the transport at finite voltages;
Figure S3: (a) Transmission at V = 0 for various “as” edge nanoribbons. Inset shows transmission
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near EF. (b) I-V characteristics of “as” edge nanoribbons; Figure S4: (a) Transmission at V = 0 for
various “ad” edge nanoribbons. Inset shows transmission near EF. (b) I-V characteristics of “ad” edge
nanoribbons; Figure S5: (a) Transmission at V = 0 for various “ds” edge nanoribbons. Inset shows
transmission near EF. (b) I-V characteristics of “ds” edge nanoribbons; Figure S6: Edge-localized
transmission channels for “ss” edge nanoribbons shown as absolute (left) and real (right) parts of the
wavefunction. Transmission channels (b) and (c) have identical absolute wavefunctions, but their
phases are symmetric/anti-symmetric across the ribbon width. When changing one edge, only one
of (b) and (c) exists.
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Abstract: This study presents the fabrication and characterization of ZnO-MoS2 heterostructure-
based ultra-broadband photodetectors capable of operating across the ultraviolet (UV) to
mid-infrared (MIR) spectral range (365 nm–10 μm). The p-n heterojunction was synthe-
sized via RF magnetron sputtering and spin coating, followed by annealing. Structural
and optical analyses confirmed their enhanced light absorption, efficient charge separation,
and strong built-in electric field. The photodetectors exhibited light-controlled hysteresis
in their I-V characteristics, attributed to charge trapping and interfacial effects, which
could enable applications in optical memory and neuromorphic computing. The devices
operated self-powered, with a peak responsivity at 940 nm, which increased significantly
under an applied bias. The response and recovery times were measured at approximately
100 ms, demonstrating their fast operation. Density functional theory (DFT) simulations
confirmed the type II band alignment, with a tunable bandgap that was reduced to 0.20
eV with Mo vacancies, extending the detection range. The ZnO-MoS2 heterostructure’s
broad spectral response, fast operation, and defect-engineered bandgap tunability high-
light its potential for imaging, environmental monitoring, and IoT sensing. This work
provides a cost-effective strategy for developing high-performance, ultra-broadband, flex-
ible photodetectors, paving the way for advancements in optoelectronics and sensing
technologies.

Keywords: two-dimensional materials; transition-metal dichalcogenides; photonics;
ZnO-MoS2 heterostructure; p-n heterojunction; photovoltaic mode; photoconduction mode;
ultra-broadband photodetectors; UV-MIR spectral range; vacancy defects; bandgap tuning;
Internet of Things (IoT) sensing

1. Introduction

Photodetectors play a vital role in modern optoelectronic systems by converting
light into electrical signals, enabling applications in optical communication, imaging,
environmental monitoring, medical diagnostics, and real-time Internet of Things (IoT)
sensing [1]. The increasing demand for high-performance photodetectors with broadband
sensitivity, capable of detecting light from the ultraviolet (UV) to the infrared (IR) and
terahertz (THz) regions, has driven extensive research into novel materials and advanced
device architectures. Among the wide array of broadband photodetectors, molybdenum
disulfide (MoS2)-based devices have emerged as highly promising due to their unique

Molecules 2025, 30, 1063 https://doi.org/10.3390/molecules30051063
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optoelectronic properties, including a tunable bandgap, high carrier mobility, and strong
light–matter interaction [2]. Recent advancements in MoS2-based photodetectors have
focused on leveraging heterostructures, doping, and plasmonic enhancement to extend their
detection capabilities across a broad spectral range, enhancing their sensitivity and response
times. Integrating MoS2 with other two-dimensional (2D) materials or nanostructures
has led to devices with an improved performance, as summarized in Table 1. However,
challenges remain in achieving a wide spectral response, high responsivity, fast response
times, and low power consumption [3–5].

A key strategy for addressing these challenges is the development of heterostructure-
based photodetectors that exploit the complementary properties of different materials
through bandgap engineering [6]. Although ZnO is a wide-bandgap semiconductor with
strong UV absorption only while MoS2 is sensitive to visible light, theoretical studies have
shown that vacancies and defects in ZnO-MoS2 heterostructures can significantly alter their
electronic and optical properties, possibly enabling efficient broadband absorption up to
the THz range [7–9]. Despite these predicted advantages, ZnO-MoS2 heterostructure-based
broadband photodetectors have scarcely been tested. Apart from theoretical studies, further
efforts are needed to investigate the fabrication methods and characterize the performance
of ZnO-MoS2 heterostructure-based broadband photodetectors, with a focus on addressing
key performance limitations in the spectral response range.

Table 1. State-of-the-art performance of MoS2-based broadband photodetectors.

Active Material
Wavelength λ

(μm)
Bias Voltage

(V)
Responsivity

(mA/W)
Response Time 1

(ms)
Ref.

MoS2 0.4–1.1 1.4 × 107 (@700 nm) 2.5 [10]

MoS2 0.445–2.717 50.7 [11]

MoS2 + Si 0.405–0.98 1 V 74.6 tr = 0.178, td = 0.198 [12]

MoS2 2D/0D 0.365–0.78 12.8 (@554 nm) [13]

MoS2 + ZnS 0.365–0.78 0.0179 (@554 nm) [14]

MoS2 + CuInSe2-QDs 0.355–1.064 5 V 74.8 × 103 (@1064 nm) [15]

MoS2 + PDPP3T 0.38–0.98 12.4 (@380 nm) [16]

MoS2 + Ga2O3 0.254–1.2 5 V 171 × 103 (@900 nm) tr = 0.097, td = 0.114 [17]

MoS2 + P(VDF-TrFE) 0.375–10 5 V 140 (@2.76–10 μm) 5.5 (@2.76–10 μm) [18]

MoS2 + V2O5 0.365–0.78 −1 V 65.1 (@554 nm) ~40,000 (@554 nm) [19]

MoS2 + SnS2-QD 0.365–0.78 1 V 435 × 103 (@554 nm) tr = ~100 [20]

MoS2 + CdS 0.365–0.7 1 V 5.5 × 103 (@700 nm) tr = 100 (@610 nm) [21]

Graphene + MoS2
+ graphene 0.405–2 −1 V 414 × 103 (@532 nm)

376 × 103 (@2 μm)
692.5 (@532 nm) [22]

ZnO + MoS2 0.365–10 0 V
0.5 V

0.17 (@940 nm)
1.46 (@940 nm) tr = 140, td = 100 This work

1 tr = rise time; td = decay time.

This paper describes the fabrication of ZnO-MoS2 heterostructure-based broadband
photodetectors through a two-step process aimed at enhancing MoS2’s optical absorption
properties. ZnO films were first deposited onto a silicon wafer via RF magnetron sputtering,
followed by the spin coating of MoS2 nanosheets. Multiple MoS2 layers were deposited
to ensure a uniform distribution, and the heterostructures were annealed to improve
the integration and material properties. Platinum electrodes were added to complete
the photodetector prototypes, which featured a simple and cost-effective design. The
devices were subsequently characterized to assess their performance, and the impact of
Mo vacancies on the ZnO-MoS2 bilayer’s band structure was also simulated.
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2. Properties of ZnO and MoS2 Heterostructures

As reported, ZnO nanostructures can be 0D, 1D, 2D, or 3D [23], depending on the
growth techniques and conditions. Hence, the surface morphologies of the prepared ZnO
and MoS2 samples were analyzed in their composition using a JEOL 6480LV scanning
electron microscope (SEM) (JEOL, Tokyo, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDX). Figure 1a shows the SEM images of a ZnO sample before and after
MoS2 spin coating. The synthesized ZnO nanoparticles (Figure 1a inset) have smooth
surfaces and diameters of 100 nm. The layer’s thickness was estimated to be approximately
1 μm [24]. In contrast, the ZnO-MoS2 heterostructures exhibit larger diameters and rougher
surfaces due to the MoS2 nanosheets coated onto the surface of the ZnO nanoparticles.
An average continuous MoS2 sheet has an estimated thickness of ~5 nm and a lateral size
of approximately 4 μm2, with the total MoS2 thickness reaching about 500 nm due to the
stacking of multiple randomly oriented MoS2 clusters [25].

Figure 1. (a) SEM image of ZnO coated with MoS2, with a scale bar of 1 μm. Inset: ZnO nanoparticles;
scale bar: 500 nm. (b) Raman spectrum of the ZnO-MoS2 sample. (c) EDX spectra of ZnO and
ZnO-MoS2 after annealing.

Micro-Raman scattering measurements were performed using a Jobin-Yvon T64000
Triplemate system (Horiba Jobin-Yvon, Edison, NJ, USA), with 514.5 nm (2.41 eV) radiation
from a coherent argon laser as the excitation source. The scattered data were collected
and processed using a liquid-nitrogen-cooled charge-coupled device (CCD) system, as
shown in Figure 1b. The MoS2 layer exhibited characteristic MoS2 Raman modes at 379
and 402 cm−1 corresponding to the E1

2g and A1g modes, respectively, with an interval of
23 cm−1, which indicated that the MoS2 nanosheets were predominantly multilayer [26],
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while the peak at ~200 cm−1, marked as E1g, most likely corresponded to the in-plane
vibrational mode of MoS2, activated due to the interlayer van der Waals interactions [27].

The Raman results show that the formation of the ZnO-MoS2 heterojunction led
to both band broadening and band shifting compared to these values in the individual
materials, indicating that the combination of MoS2 and ZnO in a heterostructure led to
changes in the electronic structure and enhanced the photoelectric performance compared
to that of single-material-based prototypes [28]. While defects and doping can influence
the Raman spectra, no significant peak shifts or additional defect-related features were
observed in our data, suggesting that these factors were not the primary contributors to
the 200 cm−1 peak. However, we acknowledge the possibility of ZnS’s formation at the
interface due to a chemical reaction between ZnO and MoS2, particularly during thermal
annealing. The weak and broad nature of the ~200 cm−1 peak may be linked to ZnS, as
reported in previous studies [29].

The Raman signal from the ZnO nanoparticles was weak and broad, attributed to
the lower degree of crystallinity due to the room-temperature deposition, as well as the
overcoating of the MoS2 layers. The peak at 520 cm−1, corresponding to the characteristic
first-order phonon of the silicon from the substrate with a (100) crystal orientation [30], has
been widely used as a reliable calibration of Raman measurements. As a comparison, when
a Raman measurement was taken along the edge of the synthesized layers, there was no
significant change, except a giant signal at this wavenumber being observed. The Raman
spectroscopy analysis also confirms the presence of amorphous carbon, as indicated by the
D band at 1350 cm−1 and the G band at 1580 cm−1, characteristic of sp2 hybridization.

Figure 1c exhibits the EDX mapping analysis of the ZnO sample before and after
MoS2 coating and annealing. Prior to MoS2 deposition, the atomic percentage ratio of Zn
to O was 42.5%/26.34% = 1.6, with additional signals from silicon (Si) originating from
the substrate and from carbon (C) from contamination in the RF magnetron sputtering
chamber. The observed Zn/O ratio indicates the presence of oxygen vacancies, which are
common native point defects in ZnO. These vacancies contribute to the material’s intrinsic
n-type conductivity by acting as positively charged donors. Following MoS2 coating and
annealing, the EDX spectra reveal no significant change in the Zn signal, apart from the
Mo and S signals overlapping at 2.3 keV. However, a notable increase in the C, O, and Si
signals suggests additional contamination introduced during the annealing process.

An elemental analysis post-MoS2 deposition and annealing identified zinc (21 at%),
oxygen (38 at%), molybdenum (0.96 at%), and sulfur (4.2 at%). The relatively low Mo
and S content is attributed to the simple and cost-effective spin-coating process, which
results in a thin MoS2 layer over the ZnO nanoparticles. While the synthesized ZnO
nanoparticles exhibited intrinsic n-type conductivity with a high electron density [31,32],
the Mo vacancies in the MoS2 induced p-type behavior [33]. These findings confirm the
formation of a p-n heterojunction in the ZnO-MoS2 samples.

Subsequently, Au electrodes were deposited using the plasma sputtering technique
onto the two sides of the synthesized ZnO–MoS2 heterostructures to build prototypes.
Figure 2a shows a schematic of a prototypic photodetector. The I-V properties were
characterized, as shown in Figure 2b, using an HP34401 and a Keithley 6517A multimeter
controlled via the LabVIEW 2024 Q3 program. The measurements were carried out in
standard ambient conditions without and with light illumination. Stable hysteresis loops
were observed when the heterostructure was operated at room temperature.

As shown in Figure 2b, the I-V curve exhibits the characteristic behavior of a simple
p-n junction diode [34]. In the reverse bias region, a low reverse saturation current through
the device indicates that the backward current is partially suppressed. In contrast, the
forward current increases gradually at first and then rapidly with an increase in the forward
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voltage. It is interesting to note that while neither ZnO nor MoS2 is intrinsically ferroelectric,
the synergistic effects within the heterostructure—arising from the piezoelectricity of ZnO
and the vacancy defects in MoS2—may facilitate polarization switching under an external
electric field.

(a)

Figure 2. (a) Schematic of the ZnO-MoS2 heterostructure-based broadband photodetector. (b) The
room-temperature current–voltage (I-V) characteristics without and with light illumination, corre-
sponding to a dark current and a photocurrent (illuminated by 450 nm light with an intensity of
50 mW/cm2). Each hysteresis loop represents 10 repeated measurements.

In the absence of light illumination, the observed hysteresis suggests resistive switch-
ing due to the bilayer’s interfacial properties and the intrinsic defects in the ZnO-MoS2

bilayer. The non-zero open-circuit voltage (Voc) is measured at −0.56 V and 0.68 V, respec-
tively, when the dark current is zero. Similarly, the short-circuit current (Isc) is −15 μA
and 15 μA, respectively, at zero bias voltage. Under 50 mW/cm2 blue light (λ = 450 nm)
irradiation, a light-controlled hysteresis loop emerges, demonstrating an increase in the
photocurrent with a rising bias voltage due to photoconductivity. Preliminary investiga-
tions of Voc and Isc were conducted in our previous work [6], which were influenced by
several factors like temperature, different light illumination, the active layer’s properties,
the quality of the interconnections, etc. The operating temperature appears to have a
significant impact on Voc, while light illumination directly affects Isc.

The changes in the hysteresis curve under light illumination are likely driven by
photo-induced modifications in the electronic and charge transport properties of the ZnO-
MoS2 bilayer. Photons with energy exceeding the bandgap of ZnO and MoS2 generate
electron–hole pairs, leading to an increase in the carrier density and enhanced conductivity,
which explains the higher current observed in the hysteresis curve. The increase in the
current under the applied bias suggests that the photovoltaic effect contributes to the
charge transport. Additionally, both ZnO and MoS2 contain abundant defect states, as
indicated by the EDX measurements, which can trap the charges during I-V cycling. Under
illumination, photon energy liberates these trapped charges, altering the overall charge
transport dynamics and reducing the hysteresis loop area. Furthermore, the built-in
electric field generated by the photovoltaic effect can facilitate the carrier transport, further
minimizing hysteresis and modifying the loop shape. These I-V characteristics confirm the
ZnO-MoS2 bilayer’s sensitivity to light, making it a promising candidate for photodetectors
or memory elements.

Figure 3a–e present the measured time properties of the prototype when tested under
light of various wavelengths ranging from 365 nm to 10 μm, all at a consistent intensity
of 1.2 mW/cm2. The device was operated at room temperature under zero voltage bias,
functioning as a self-powered photodetector. This capability minimizes the dependence on
external power sources, enhancing its sustainability and making the device well suited to
remote or inaccessible locations, aligning with the demands of IoT applications. However,
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at the 10 μm wavelength, the photocurrent exhibits a smaller signal with a significant
noise background.

Figure 3. The measured photocurrent of the prototype when the device was operating at room
temperature under 0 V bias, with on–off illumination light of different wavelengths at the same light
intensity of 1.2 mW/cm2. (a) λUV = 365 nm, (b) λblue = 450 nm, (c) λred = 650 nm, (d) λNIR = 940 nm,
and (e) λMIR = 10,000 nm. (f) The measured photocurrent under 0 V and 0.5 V bias as a function of
the illumination wavelength. (g) The response time and (h) recovery time corresponding to 940 nm
radiation.

As shown in Figure 3f, the photodetector demonstrates a broadband wavelength
response, with a photocurrent recorded under excitation wavelengths ranging from UV
(365 nm) to MIR (10 μm), approximately 3.39 eV to 0.124 eV. The highest responsivity was
observed at around 940 nm, reaching 0.17 mA/W at zero bias. In comparison, applying a
0.5 V bias increases the responsivity by a factor of eight, achieving 1.46 mA/W at 940 nm.
These measurements suggest that the photodetector may have an even broader response
extending into the THz range, though the experimental range validation was constrained by
the available radiation sources. A higher bias voltage could further enhance its responsivity.

The photodetectors also have a fast photocurrent rise time (140 ms) and recovery
time (100 ms), as shown in Figure 3g,h. The rise and recovery times follow the standard
definition, i.e., the time intervals taken for a change from 0.1 to 0.9 in the normalized pho-
tocurrents, or vice versa. Also, the rise and recovery times were consistent under different
wavelength illuminations, especially when the wavelength was further extended to 10 μm.
This phenomenon indicates that the photocurrent should likely be generated from the same
sensing mechanism, i.e., the possibility of thermal effects, such as a photothermoelectric
effect, which could take a longer time, is ruled out [35]. The real response and recovery
times might be shorter than those shown in Figure 3g,h due to the relatively large step size
used in the measurements.

The relatively low measured responsivity arose from the poor crystallinity of the
synthesized heterostructures. To enhance their crystallinity, high-temperature annealing
was performed post-synthesis. Crystallinity significantly influences the minority carrier
lifetime, which directly affects the device performance. Poor crystallinity introduces defects
that shorten the minority carrier lifetime, reducing the responsivity. In contrast, an extended
minority carrier lifetime increases the photocurrent but compromises the response speed.

26



Molecules 2025, 30, 1063

This intrinsic trade-off between the photocurrent gain and response time necessitates
careful optimization to achieve a well-balanced performance.

When operating in photoconductive mode with a non-zero voltage bias, similar time
characteristics to those in Figure 3 were observed but with larger photocurrent magnitudes
at these wavelengths. Despite this similarity, the two mechanisms differ slightly: photo-
conductive mode generates a photocurrent when the light excites free carriers, whereas
photovoltaic mode with zero voltage bias produces a photovoltage by separating the
light-generated carriers through a built-in electric field. As the bias voltage increases,
the response in photoconductive mode may become faster due to the enhanced carrier
collection facilitated by the applied bias.

An increase in the photocurrent under blue light illumination has been observed in
various nanomaterials and can arise from multiple factors, including localized surface
plasmon resonance with metal nanoparticles [36], a ferro-pyro-phototronic effect under
heating and cooling variations [37], photochemical reactions in nanofluidic devices [38],
and a piezophototronic effect when the ambient pressure on the junction is increased
to 23 MPa [39]. In the present study, while photoconductivity plays an important role,
the observed increase in the photocurrent under light is also influenced by trap-limited
processes and photovoltaic effects.

3. Discussion

Strain can induce bandgap narrowing in heterostructures; however, since our synthesis
employed a room-temperature coating process, the induced strain is minimal compared to
that in techniques such as molecular beam epitaxy (MBE) or chemical vapor deposition
(CVD). Previous studies [40–42] have reported a redshift of approximately 70 meV per
the percent of applied strain for direct transitions, implying an unrealistically high ~20%
strain would be required for 10 μm MIR detection. Given the small lattice mismatch (~2%)
between the hexagonal primitive unit cells of MoS2 and ZnO, along with the random
orientation of the MoS2 nanosheets, the strain effects are expected to be minimal. This
conclusion is further supported by previous characterizations using X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and high-resolution transmission electron
microscopy (HRTEM) [24,25,43]. Therefore, we primarily attribute the observed change in
the bandgap to the Mo vacancies.

As shown in Figure 4a, density functional theory (DFT) simulations confirm that the
ZnO monolayer is a wide-bandgap semiconductor with a calculated bandgap of 3.2 eV,
corresponding to a UV wavelength of 387 nm, while the MoS2 monolayer exhibits a
bandgap of 1.8 eV, corresponding to a red wavelength of 689 nm. The band structure of the
bilayer ZnO-MoS2 is presented in Figure 4b. The synthesized heterostructure exhibits a
narrower bandgap of 1.4 eV, enabling the absorption to shift towards longer wavelengths
of 886 nm in the NIR region. Furthermore, the transition to few-layer MoS2 results in a
shift towards an indirect bandgap of approximately 1.3 eV, corresponding to a wavelength
of ~954 nm [44]. The incorporation of MoS2 effectively narrows the bandgap of ZnO,
broadening the absorption spectrum to span the UV-NIR range. For simplicity, we only
consider the most stable stacking of the ZnO and MoS2 monolayers [45,46]. As shown
in Figure 5d,e, the ZnO/MoS2 heterostructure adopts an energetically favorable stacking
arrangement in which the Zn atoms are positioned directly above the Mo atoms, while O
and S atoms reside at the hexagonal centers of the opposing layers.

27



Molecules 2025, 30, 1063

Figure 4. Simulated energy bandgaps of (a) ZnO and MoS2 monolayers and (b) ZnO-MoS2 het-
erostructure. The valence band maximum (VBM) is set to zero. (c) Schematic presentation of type II
heterostructure formed of ZnO and MoS2. CBM: conduction band minimum.

(a) Side view

(b) Top view

(d) Side view

(e) Top view

Figure 5. (a) Side view and (b) top view of the hexagonal-shaped wurtzite crystal structure of a ZnO
monolayer with one Mo vacancy. (c) Band structure of MoS2 with one Mo vacancy. (d) Side view and
(e) top view of a ZnO-MoS2 bilayer with one Mo vacancy. (f) Band structure of a ZnO-MoS2 bilayer
with one Mo vacancy. The valence band maximum is set to zero.
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First-principle calculations further reveal that the heterostructure exhibits van der
Waals interactions at the interface [47]. A type II band alignment is observed in ZnO-MoS2

interfaces, facilitating effective charge separation driven by a built-in electric field, as
illustrated in Figure 4c, where the bandgap data are based on the reported experimental
values. The ZnO-MoS2 heterostructure demonstrates strong optical absorption across the
UV, visible, and infrared regions, ultrafast carrier dynamics, enhanced charge transfer, and
efficient photogenerated charge separation, making it highly suitable for photovoltaic and
photodetector applications.

Introducing vacancy defects enables the bandgap of the ZnO-MoS2 heterostructure to
be tailored to the sub-eV levels while maintaining the stability of the MoS2 [48]. Figure 5a,b
illustrate a side view and a top view of the most stable hexagonal crystal structure of
monolayer MoS2, comprising two sulfur atom layers sandwiching a molybdenum atom
layer. The layers are bonded by strong covalent bonds. For simplicity, we only consider
a single Mo vacancy, as depicted in Figure 5b. The corresponding band structure is
shown in Figure 5c, revealing a bandgap of 0.43 eV, which corresponds to a wavelength of
approximately ~2.9 μm.

DFT simulations indicate that Mo vacancies introduce shallow donor states near the
conduction band (CB) and deep acceptor states near the valence band (VB), effectively
narrowing the bandgap compared to that in pristine monolayer MoS2 without vacancies.
The localized electronic states within the MoS2 bandgap arise from dangling bonds, altering
the coordination environment around the vacancy site and enabling lower-energy (longer-
wavelength) photon absorption. As a comparison, the calculated band structure of the
ZnO-MoS2 bilayer (Figure 5f) with one Mo vacancy further confirms that the Fermi energy
lies within the valence band, indicating the p-type property of MoS2 with Mo vacancies,
and an even smaller bandgap of 0.20 eV is formed.

First-principle calculations by Yang et al. [48] show an interesting result—with an
increase in the number of Mo vacancies, such as from single to double or triple vacancies,
the bandgap narrows further, demonstrating that vacancy defect engineering is an effective
approach to tuning the bandgap. At higher concentrations of Mo vacancies, the localized
defect states overlap, forming impurity bands that can merge with the CB or the VB,
resulting in significant bandgap narrowing. Mo vacancies can also lead to the formation
of localized excitons with reduced binding energies, aligning with mid-infrared (MIR)
photon energies.

Our experimental results align with the theoretical predictions, indicating that the
Mo vacancies in MoS2 are critical for band structure engineering to enable mid-infrared
radiation absorption at wavelengths of around 10 μm. By introducing localized defect
states and impurity bands within the bandgap, the Mo vacancies effectively reduce the
bandgap, facilitating lower-energy electronic transitions corresponding to the MIR photon
energies. This defect-induced bandgap modulation is corroborated by both experimental
data and theoretical models. As a result, controlled Mo vacancy introduction is a promising
strategy for tailoring the optical and electronic properties of MoS2, broadening its potential
for MIR-based technologies and advanced optoelectronic devices.

4. Materials and Methods

4.1. Photodetector Fabrication

Most ZnO and MoS2 binary heterostructures reported for broadband photodetectors
are synthesized by depositing ZnO nanowires over MoS2 2D nanosheets. In this paper,
to emphasize the optical absorption properties of MoS2, we formed the heterostructure
by coating ZnO with MoS2 through a two-step process. First, ZnO was deposited using
RF magnetron sputtering. A silicon wafer with a 300 nm SiO2 insulating layer was used
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as the substrate, which was pre-cleaned through ultrasonic treatment in deionized water,
ethanol, and acetone for 20 min. The ZnO films were deposited onto Si (100) substrates
in a plasma sputtering deposition chamber, utilizing a commercial sintered ZnO target
(99.9%, 2 inches, MTI Company, Richmond, CA, USA). The substrate-to-target distance
was maintained at 7–8 cm. Deposition occurred at room temperature with an RF power of
200 W. The chamber’s base pressure was 10−5 Torr, and the working pressure, regulated by
argon gas, was 8–10 mTorr.

Next, MoS2 was applied using spin coating. A commercially available dispersion
of atomically thin MoS2 nanosheets (1 mg/mL in ethanol, XFNANO Materials Co., Ltd.,
Nanjing, China) was used. The thickness of the deposited layers was influenced by factors
such as the solution’s viscosity, concentration, rotation speed, and the number of spin-
coating cycles. To ensure a uniform distribution and minimize agglomeration, the MoS2

solution underwent ultrasonic cavitation for two hours prior to deposition. Each spin-
coating step lasted 20 s at 3000 rpm. After each spin-coating cycle, the sample was placed
in an oven at 80 ◦C for 5 min to dry before applying additional layers. Multiple layers were
deposited to achieve a denser distribution of the MoS2 nanostructures on the ZnO’s surface.
The ZnO-MoS2 heterostructures were then annealed in the air at 800 ◦C for two hours to
enhance the material integration and improve the physical and chemical properties.

Finally, the ZnO–MoS2 heterostructure-based photodetectors were fabricated. Gold
(Au) electrodes, 70–80 nm thick, were deposited on both sides of the active layer using
plasma sputtering deposition. The fabricated prototype had an active layer exposure area of
10 × 0.5 mm2. The device’s structure was simple, and the fabrication process was rapid and
cost-effective. Characterization and measurements of the photoconductor were conducted
using a custom-built station [49].

4.2. The Computation Method

The first-principle calculations were carried out using the Quantum Espresso (QE)
v.7.3 package [50], which is based on density functional theory (DFT) in a plane-wave
basis set [51]. Density functional calculations utilizing generalized gradient approxima-
tion (GGA) of the Perdew–Burke–Ernzerhof (PBE) form to treat the exchange correlation
contribution were performed to obtain the geometric structures [52]. For the monolayer
calculations, the projected augmented wave (PAW) method was adopted to describe the
pseudopotentials, and the valence configuration for the construction of the PAW poten-
tials was Zn (3d104s2), Mo (4s24p64d45s2), O (2s22p4), and S (3s23p4). For bilayers with
vacancies, norm-conserving (NC) pseudopotentials were used. Additionally, the DFT-D3
van der Waals (vdW) correction proposed by Grimme was utilized to describe weak vdW
interactions [53], which improved the accuracy of the structural and electronic property
calculations, aligning the theoretical bandgap values with the experimental results. As
confirmed by the DFT calculations, the interfacial coupling in the Zno-MoS2 vdW het-
erostructures significantly impacts the device performance.

It is well known that DFT is notorious for underestimating bandgaps [54,55]. Hence,
the Heyd–Scuseria–Ernzerhof (HSE06) hybrid density functional with a 25% Hartree–Fock
exchange energy was used to obtain more accurate electronic structures [56]. For the
monolayers, an energy cutoff of 800 eV, an energy convergence tolerance of 1.0 × 10−8 eV,
convergence thresholds for the atomic force of 10−2 eV/Å, and a Monkhorst–Pack k-point
grid of 13 × 13 × 1 for a 1 × 1 unit of the ZnO and MoS2 monolayers and 2 × 2 units of
the ZnO-MoS2 systems were found to be sufficient for the geometrical optimization and
electronic structure calculations. For bilayers with vacancies, an energy cutoff of 500 eV, an
energy convergence tolerance of 1.0 × 10−6 eV, and a 5 × 5 × 1 k-point grid were used for
4 × 4 units of ZnO-MoS2. A thickness of the vacuum space of 20 Å between neighboring
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nanocomposites was adopted to avoid interactions. All of the structures were fully relaxed
until the Hellmann–Feynman force on each atom was <0.01 eV/Å, leading to an interlayer
spacing of 2.92 Å in the ZnO-MoS2 bilayer.

5. Conclusions

The type II heterostructure of ZnO and MoS2 reported in this study leverages the
complementary properties of MoS2’s tunable bandgap and strong excitonic effects, along
with ZnO’s UV sensitivity and light-trapping capabilities. The synergistic interaction
between these two materials results in the ferroelectric-like property of the heterostructure,
as well as a p-n heterojunction. With ZnO’s high electron mobility and high chemical
stability and MoS2’s robust light–matter interaction over an ultrawide spectral range, the
interface structure of the heterojunction further enhances the charge separation and reduces
the recombination losses, thereby improving the overall device performance. Additionally,
the formation of built-in electric fields at the heterojunction facilitates efficient charge
transport, which is crucial for achieving high responsivity and fast response times.

The fabricated ZnO-MoS2 photodetectors have demonstrated remarkable advancements,
including enhanced light absorption over an ultrabroad spectral range of up to 10 μm, efficient
charge transfer, and fast response times. Under photovoltaic mode, self-powered devices
based on this heterostructure exhibit excellent sensitivity across the UV, visible, and MIR
regions, highlighting their potential for diverse applications in optical communication, imag-
ing systems, and environmental sensing, even though the photodetector operates in both
photovoltaic mode without bias and photoconductive mode with a bias voltage. Self-powered
operation is ideal for real-time Internet of Things (IoT) applications and wearable electronics,
complemented by the flexibility provided by the heterostructure obtained.
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Abstract: We employed the CST Microwave Studio software 2020 and the FDID algo-
rithm for simulation. We have designed a terahertz broadband absorber based on Dirac
semimetals and graphene, achieving continuous broadband absorption with a rate ex-
ceeding 80% over the range from 7.6776 to 9.172 THz. This broadband absorber features
two independent tuning modes, utilizing graphene and Dirac semimetals, and exhibits
strong electromagnetic adaptability. Furthermore, we conducted an in-depth analysis of the
physical mechanisms underlying the high absorption in these absorbers using impedance
matching theory and localized surface plasmon resonance (LSPR) theory. Variations in the
dielectric constants of different dielectric layers and the relaxation time of graphene can also
modulate the absorption rate. In summary, our proposed terahertz broadband absorber, em-
ploying two distinct tunable materials, enhances the device’s flexibility and environmental
adaptability, offering promising prospects for wideband absorption applications.

Keywords: absorber; metamaterial; Dirac semimetal; graphene; terahertz; wideband
absorption

1. Introduction

Currently, there remains substantial room for advancement in the development and
utilization of the terahertz frequency range (0.1–10 THz), often referred to as the “terahertz
gap” [1,2]. Researchers have recognized the significance of this range and the vast potential
it holds. Terahertz (THz) waves are poised to become the communication band for next-
generation technologies, including 6G. They hold the potential to advance various fields
such as defense, space exploration, biomedical applications, and economic development,
offering new impetus for the progress of human civilization [3–5]. The availability of
sophisticated electromagnetic sensors is a prerequisite for the effective exploitation of
specific frequency ranges and the advancement of related technologies. However, the
development and utilization of electromagnetic waves within the frequency range known
as the “terahertz gap” (1011–1013 Hz), characterized by its wide bandwidth, low energy,
strong penetration, and high resolution, have long remained underexplored [6–8]. A
critical factor for the advancement of electromagnetic wave technologies is the availability
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of functional devices capable of responding to specific frequency bands. Among these,
electromagnetic wave absorption is particularly significant, as it forms the foundation for
effective utilization of such waves [9,10].

The terahertz gap lies at the intersection of electronics and photonics in the electro-
magnetic spectrum, making it challenging for natural materials to exhibit robust responses
to terahertz waves. Consequently, the exploitation of this frequency range necessitates the
development of materials with specialized electromagnetic properties.

Metamaterials, with their ability to be flexibly designed due to their periodic atomic
structures, offer extraordinary electromagnetic characteristics not found in traditional
materials [11–13]. The flexibility of metamaterials has led to the design of various electro-
magnetic absorbers, addressing the limitations of natural materials and potentially bridging
the existing terahertz gap [14]. Since Landy et al. introduced the first metamaterial absorber
in 2008, there has been considerable interest in the research and application of metama-
terials in the electromagnetic field [15]. This has highlighted the immense potential of
metamaterials in electromagnetic wave technologies. In recent years, graphene, noted for
its exceptional optoelectronic properties, has garnered significant attention and is often
referred to as a “game-changing material” [16–18]. Additionally, bulk Dirac semimetals,
which represent a three-dimensional counterpart to graphene, have also attracted growing
interest and are considered a “three-dimensional graphene” [19–22]. Hu et al. proposed a
dynamic triple adjustable dual frequency metamaterial absorber that can be electrically,
thermally, and magnetically controlled [23]. Qi et al. developed a dual-band terahertz
broadband absorber using graphene [24].

Building upon the current research on terahertz absorbers based on graphene, Dirac
semimetals, and other metamaterials, this study explores a dual-control broadband tera-
hertz absorber combining the strengths of Dirac semimetals and graphene. This device
achieves continuous broadband absorption with an efficiency exceeding 80% over the range
from 7.6776 to 9.172 THz. Given that both Dirac semimetals and graphene can indepen-
dently tune the Fermi level, the electromagnetic adaptability of this device is notably robust.
We conducted a thorough investigation into the physical mechanisms underlying the high
absorption using impedance matching theory and localized surface plasmon resonance
(LSPR) theory. The impact of different dielectric layer refractive indices on device perfor-
mance was also examined. Additionally, we explored the influence of the properties of the
two metamaterials on the device. This absorber is expected to have significant applications
in terahertz modulation and attenuation.

2. Modeling and Structural Parameters of the Micro-Nano
Optical Devices

The proposed structure of our terahertz absorber is illustrated in Figure 1a, featur-
ing a four-layer configuration. The structure of the top graphene layer is designed to be
approximately complementary to that of the intermediate Dirac semimetal (DSM) layer
when viewed from the projection plane. The uncovered portions of the graphene layer
ensure that electromagnetic waves can penetrate to the DSM layer, thereby eliciting addi-
tional electromagnetic responses. The graphene pattern is derived from a difference set
operation involving a square, a circle, an annulus, and four rectangles connected to the
annulus, with detailed structural parameters provided in Table 1. The conductivity of gold
is 4.561 × 10+007 S/m, and the dielectric constant of aluminum oxide is 2.28.

The initial Fermi level of the graphene was set to 0.6 eV, with an initial relaxation
time of 0.6 ps and a thickness of 1 nm. The initial Fermi level of the Dirac semimetal
(DSM) was set to 90 meV. For the simulation, we employed CST software and utilized
the FDID algorithm [25,26]. Periodic boundary conditions were applied in the X and Y
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directions, while open boundary conditions were established in the Z direction, allowing
electromagnetic waves to incident normally from the negative z axis onto the surface of
the device [27,28].

Figure 1. (a) Schematic diagram of the 3D structure of the designed wideband absorber. (b) Structural
diagram of the graphene layer. (c) Structural diagram of DSM layer.

Table 1. Structural parameters of graphene layer.

Parameters Lx Ly Lz h1 h2 h3 d w r1 r2 d2 w2 r3 r4

Unit (μm) 25 25 12 0.5 2 5 3 0.5 2 7 6 2.9 2 6

Then, we gave the manufacturing methods in bottom-up order. First, a 0.5 μm gold
film was sputtered on the prepared substrate, and then a 12 μm thick alumina dielectric
layer was grown by CVD. After that, a layer of Dirac semimetal film was sputtered again,
with a thickness of 2 μm, and the desired microstructure was obtained through gluing,
development, exposure, etching, and stripping processes. The same process can be followed
separately to obtain an alumina dielectric layer and a graphene layer, which can then be
covered on top of the Dirac semimetal film. The repeated lithography process finally
obtains the array structure of the absorber [29,30].

In this paper, graphene conductivity can be described by the Kubo formula [31,32]:

σGraphene = σG_intra + σG_inter (1)

In the above formula, σG_intra and σG_inter are as follows:

σG_intra =
ie2kBT

πh̄2(ω+ iτ−1)

[
EF

KBT
+ 2ln(e−

EF
kBT + 1)

]
(2)

σG_inter =
ie2

4πh̄2 ln

[
2|EF| − h̄

(
ω+ iτ−1)

2|EF|+ h̄(ω+ iτ−1)

]
(3)

Here, h̄ represents the reduced Planck constant, kB is the Boltzmann constant, e denotes
the charge of an electron, and EF and τ refer to the Fermi level and relaxation time of the
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graphene layer, respectively. ω represents the angular frequency of the incident wave, and
T indicates the ambient temperature. Within the frequency range under investigation, the
interband conductivity σG_intra of graphene can be considered negligible (since σG_intra

approaches zero when EF >> kT). Thus, at room temperature (298 K), the conductivity of
graphene can be expressed in the Drude form [33]:

σ(ω) =
ie2|EF|

πh̄2(ω+ iτ−1)
(4)

In the above formula,

τ =
EFv
ev2

F
(5)

In Equation (4), v denotes the carrier mobility of the top-layer graphene material, and
vF = 106 m/s is the Fermi velocity. Additionally, the dielectric constant of graphene can be
expressed as follows [34]:

ε = 1 +
iσGraphene

ωε0Δ
(6)

where ε0 is the vacuum dielectric constant, and Δ represents the thickness of the graphene.
At the same time, the following expression can also be obtained by using the Kubo

formula for Dirac semimetals [35]:

σD_intra =
ie2

h̄
gkF

6π2Ω

[
1 +

π2

3

(
T
EF

)2
]

(7)

σD_inter =
ie2gω
3π2h̄vF

⎡
⎣−πi

2

G
(

h̄ω
2

)
4

+
∫ ∞

0

(
G(ε)− G(h̄ω/2)

h̄2ω2 − 4ε2

)
εdε

⎤
⎦ (8)

Here, g = 40 is the damping formula, Ω = h̄ω/EF, and εc = Ec/EF (where
εc = 3 represents the cutoff energy) are parameters related to the damping, G(E) =

sinh(E/T)/[cosh(EF/T) + cosh(E/T)] [36] is a relevant constant, and kF = EF/(h̄vF) de-
notes the Fermi momentum. According to the Random Phase Approximation theory, the
real and imaginary parts of the dynamic conductivity under condition T << EF can be
expressed as follows [37]:

Re σDirac(Ω) =
e2

h̄
gkF

24π
ΩG

(
Ω
2

)
(9)

Im σDirac(Ω) =
e2

h̄
gkF

24π2

⎧⎨
⎩ 4

Ω

[
1 +

π2

3

(
T
EF

)2
]
+ 8Ω

∫ εc

0

⎡
⎣G(ε)− G

(
Ω
2

)
Ω2 − 4ε2

⎤
⎦εdε

⎫⎬
⎭ (10)

Then, based on the two-band model, taking into account interband electron transport,
the effective dielectric constant of the DSM can be expressed as follows [38,39]:

εDirac = εb +
iσDirac

ωε0
= εb + i

Re(σDirac(Ω)) + Im(σDirac(Ω))

ωε0
(11)

where ε0 = 1, and εb = 1.

3. Results and Discussion

Through the preceding analysis, we obtained the S parameters. Subsequently, we
utilized these S parameters to calculate the absorption rate (A) and transmission rate (T).
The absorption rate is expressed as A = 1 − R − T, where R represents the reflectance,
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given by R = |S11|2, and the transmission rate is defined as T = |S21|2 [40,41]. Notably, the
thickness of the underlying metallic reflective layer is configured to ensure that terahertz
waves do not propagate through the absorber. Thus, the absorption rate can be simplified
to A = 1 − R [36,42].

Figure 2a presents a comparative analysis of the absorption spectra for different
absorber structures within the 6–10 THz frequency range under TE and TM mode elec-
tromagnetic wave incidence. The figure includes three absorber configurations: Absorber
One, Absorber Two, and an absorber with only the graphene layer, after removing the
intermediate Dirac semimetal (DSM) layer. All three absorber structures exhibited perfect
rotational symmetry, ensuring that the absorption spectra corresponding to the two modes
of incident electromagnetic waves would be identical [43]. When the absorber consisted
solely of the graphene layer, it achieved continuous broadband absorption with an effi-
ciency exceeding 80% over the range of 7.668–8.328 THz. This performance was evaluated
using the following formula [44]:

Bw = 2 × (fmax − fmin)

(fmax + fmin)
× 100% (12)

where fmax and fmin represent the highest and lowest frequencies of the corresponding ab-
sorption bands, respectively. The total absorption bandwidth of the device was calculated
to be 0.66 THz, with a relative bandwidth (Bw) of 8.25%. However, the incorporation of
graphene with a Dirac semimetal (DSM) significantly enhanced the broadband absorption
characteristics of the absorber. For Absorber Two, the frequency range where the absorp-
tion efficiency exceeded 80% extended from 7.676 to 9.172 THz, with a total absorption
bandwidth of 1.496 THz and a relative bandwidth of 17.76%, centered at 8.424 THz. This
represents more than a two-fold improvement in broadband absorption performance com-
pared to the graphene-only absorber. The superior broadband absorption is attributed to
the synergistic effect of the top graphene layer and the intermediate DSM layer, with the
DSM enhancing the response to electromagnetic waves [45,46]. As depicted in Figure 2b,
within the 7.5–9.5 THz range, Absorber Two exhibited five prominent resonant absorption
peaks, located at central frequencies of 7.928 THz (Mode I, absorption rate of 96.391%),
8.2 THz (Mode II, absorption rate of 99.05%), 8.516 THz (Mode III, absorption rate of
99.28%), 8.716 THz (Mode IV, absorption rate of 99.37%), and 9.016 THz (Mode V, absorp-
tion rate of 98.775%). The excellent broadband absorption characteristics of this absorber
suggest its promising applications in terahertz wave modulation and attenuation [47].

We know that in the terahertz region, impedance matching theory has been used
experimentally to achieve broadband absorption in other wavelength ranges, such as the
microwave and visible to infrared regions. Therefore, we looked to better explain the
absorption effect demonstrated by our above absorption devices. When the equivalent
impedance of the absorber matches the impedance of the free space, the relative impedance
Z = 1, the device will reach the critical coupling condition, thus showing strong electromag-
netic absorption characteristics [48]. We calculated the relative impedance of the absorber
in the 6–10 THz range according to Equation (13), with the results shown in Figure 3. The
highlighted region in the blue dashed box corresponds to the 7.676–9.172 THz frequency
range. It is evident that within the frequency range where the absorber achieved an ab-
sorption efficiency greater than 80%, the real part of the relative impedance remained close
to 1, exhibiting only minor fluctuations. Similarly, the imaginary part remained near 0
with minimal variation. Throughout the strong absorption band, the relative impedance of
the absorber was well matched with the impedance of free space, achieving near-perfect
matching at the center frequencies of the five absorption peaks, where Im(Zr) approaches 0
and Re(Zr) approaches 1 [49]. This impedance matching elucidates the mechanism behind
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the absorber’s broadband absorption performance from the perspective of impedance
matching theory [50,51]:

zr = ±
√√√√ (1 + S11)

2 − S2
21

(1 − S11)
2 − S2

21

=
z
η

(13)

Figure 2. (a) Absorption spectra of different structures of absorbers under the incidence of TE and
TM electromagnetic waves; (b) the absorption, reflection, and transmission spectra of the designed
wideband absorber.

Here, η represents the impedance in free space, z represents the impedance of the
absorber, and zr represents the relative impedance of the absorber.

To further investigate the physical mechanisms behind broadband absorption, we
computed the electric field distribution at the boundaries of the graphene layer, DSM layer,
and the absorber unit structure at the center frequencies of the five prominent resonant
absorption peaks [52,53]. As illustrated in the figures, under the influence of the external
electric field, LSPR excites the boundaries of both the graphene layer and the DSM layer.
This localization of the electric field in these specific regions leads to significant energy
loss of the incident electromagnetic waves, resulting in strong absorption [54]. A detailed
analysis reveals a transition in the electric field resonance modes, as shown in Figure 4a–e.
Specifically, the field patterns in Figure 4a,b are similar, with concentration around the inner
and outer boundaries of the central graphene ring, while the field at the outer graphene
boundary is notably weaker. Conversely, the field distributions in Figure 4d,e are similar,
with the fields at the IV and V central frequencies concentrated at the boundary of the outer
graphene, while the field at the graphene ring is very weak. The field pattern corresponding
to Mode III represents an intermediate state, with the primary field concentration shifting
from the graphene ring to the outer graphene boundary. This indicates that the broadband
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absorption achieved by the absorber results from the merging and expansion of adjacent
resonance modes. Additionally, Figure 4f–j show that after the electromagnetic waves
pass through the graphene layer and the upper dielectric plate to reach the DSM layer,
different resonance modes are also excited. Figure 4k–o demonstrate that the electric field
strength in the graphene layer is higher than in the DSM layer, indicating that graphene
plays a predominant role in broadband absorption. The response modes of the DSM
layer differ from those of the graphene layer, and its coupling with the graphene layer
further enhances the absorber’s effectiveness in absorbing electromagnetic waves [55].
This explains the significant improvement in broadband absorption characteristics when
combining graphene with a DSM compared to using a single graphene layer, as shown
in Figure 2a.

Figure 3. Virtual and real parts of the relative impedance of a wideband absorber in the range of
6–10 THz.

To explore the practical applicability of the absorber, we investigated its adaptability
to different electromagnetic wave modes, as shown in Figure 5a. The absorber consistently
exhibited excellent broadband absorption characteristics with high stability across a po-
larization angle range of 0–90◦, demonstrating polarization insensitivity and suitability
for complex electromagnetic environments [56–58]. Additionally, we examined the impact
of variations in the dielectric constant of the absorber’s dielectric layer on the absorption
spectrum, with the results presented in Figure 5b. As the dielectric constant of alumina
increased from 2.08 to 2.48, a noticeable shift in the absorption spectrum occurred. At a
dielectric constant of 2.08, the broadband absorption performance of the absorber signifi-
cantly weakened, primarily due to changes in the dielectric constant affecting the relative
impedance of the entire absorber, leading to poor matching with free space over a wide
frequency range [59,60]. However, within the dielectric constant range of 2.18 to 2.48, the
absorber maintained good broadband absorption characteristics, with a redshift in the
central frequency from 8.548 THz to 8.16 THz, while the absorption bandwidth remained
relatively stable. This variation in the dielectric constant enables effective modulation of
the absorption performance. The redshift in the central frequency results from the dielectric
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constant’s effect on the relative impedance of the absorber, allowing it to achieve better
impedance matching with free space at different frequencies.

Figure 4. (a–e) show the electric field distribution on the XY plane of the graphene layer in the
broadband absorber at the central frequencies of the five resonant absorption peaks. (f–j) illustrate
the electric field distribution on the XY plane of the DSM layer at these same central frequencies.
(k–o) depict the electric field distribution on the XZ plane at the interfaces of the absorber unit for the
central frequencies of the five resonant absorption peaks.

Figure 5. (a) The absorption spectrum of the wideband absorber in the range of 0–90◦ electric field
polarization angle. (b) Absorption spectra of wideband absorbers under different dielectric constants
of dielectric layers.

Given the dynamically tunable Fermi levels of both graphene and DSM, we em-
ployed a controlled variable method to separately investigate the relationship between the
Fermi levels of these materials and the absorption spectrum of the absorber, exploring the
graphene–Dirac semimetal dual-control adjustment mode [61,62]. When the Fermi level
of the DSM was fixed at 90 meV, Figure 6a illustrates that as the Fermi level of graphene
varied continuously within the range of 0.5–0.9 eV, the absorber’s absorption bandwidth
exhibited a trend of initial increase followed by a decrease. Within the Fermi level range of
0.58–0.64 eV, the absorber displayed optimal broadband absorption characteristics with
notable tunability of the absorption frequency. Specifically, at a graphene Fermi level of
0.58 eV, the absorber achieved a bandwidth of 1.364 THz with an absorption rate exceeding
80%, centered at 8.202 THz. As the graphene Fermi level increased to 0.64 eV, the absorption
bandwidth expanded to 1.7 THz, with a blueshift of the central frequency to 8.694 THz,
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yielding a tunable range of 0.492 THz for the central frequency. The cause of this blueshift
can be explained by the following equation:

λre = a + bnsp (14)

Figure 6. (a) Absorption spectra of wideband absorbers with Fermi levels of graphene in the range of
0.5–0.9 eV. (b) Changes in the absorption spectrum of the wideband absorber when the Fermi level of
graphene varies in the range of 0.52–0.68 eV. (c) Absorption spectra of wideband absorbers at the
Fermi level of DSM in the range of 50–130 meV. (d) Changes in the absorption spectra of wideband
absorbers when the Fermi level of DSM varies in the range of 80–100 meV.

In the equation, λsp represents the resonant wavelength, a and b are constants related
to the geometric structure of the model and the surrounding dielectric constants, and
nsp denotes the effective refractive index of graphene. There is a negative correlation
between the Fermi level of graphene and its effective refractive index. As the Fermi level
increases, the effective refractive index decreases, leading to a blueshift in the resonant
wavelength [63,64]. As depicted in Figure 6b, the average absorption rate of the absorber
in the 7.25–9.75 THz range exhibited an initial increase followed by a decrease as the Fermi
level of graphene rose from 0.52 eV to 0.68 eV. According to Equations (2) and (3), the
conductivity of graphene increases with its Fermi level. This suggests that the surface
plasmon resonance of the graphene layer first approaches saturation and then becomes
oversaturated, which explains the observed trend in the absorption bandwidth [65,66].

Figure 6c,d illustrate the impact of varying the Fermi level of the DSM on the per-
formance of the absorber when the Fermi level of graphene has been fixed at 0.6 eV [67].
Similarly to the variation in graphene’s Fermi level, an increase in the DSM’s Fermi level
from 50 meV to 130 meV initially enlarged and then reduced the absorber’s absorption
bandwidth, with a gradual splitting of Mode V. As shown in Figure 2, Mode V results
from the combined effects of graphene and the Dirac semimetal, exhibiting the strongest
coupling among all the resonant peaks. When the Fermi level of the DSM increased, the
corresponding central frequency experienced the most significant blueshift. Overall, each
of the five strong absorption peaks underwent a slight blueshift with increasing DSM Fermi
levels, presenting an additional avenue for tuning the absorber’s performance. The ab-
sorber’s dual-control adjustment mode offers flexibility for practical applications, allowing
for selection of the appropriate tuning method based on specific requirements.
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Moreover, as indicated by Equation (5), the incorporation of organic molecules on the
surface of graphene in practical applications can effectively modulate its carrier mobility,
thereby enabling control over the relaxation time without altering other parameters [68,69].
Figure 7 depicts the changes in the absorption spectrum of the absorber as the relaxation
time of graphene increased from 0.52 ps to 0.68 ps. It is evident that while the absorption
bandwidth and central frequency of the absorber remained relatively unchanged, there
was a noticeable decline in absorption rate. This decrease is attributed to the fact that
as the relaxation time increases, the carriers in graphene approach saturation, leading to
reflection of the incident electromagnetic waves and thereby reducing effective absorp-
tion. This approach can be utilized to adjust the absorber’s absorption rate based on
practical requirements.

Figure 7. The relaxation time of graphene is increased from 0.52 ps to 0.68 ps in the absorption
spectrum.

4. Conclusions

In this study, the proposed broadband absorber achieved continuous broadband
absorption with an absorption rate exceeding 80% within the 7.676–9.172 THz frequency
range, exhibiting an absorption bandwidth of 1.496 THz and a central absorption frequency
of 8.424 THz. The absorber features five prominent resonant absorption peaks within
its broadband absorption range. Analysis of the absorber’s relative impedance reveals
a good overall match with free space across the 7.676–9.172 THz band. The observed
broadband strong absorption is attributed to the excitation of surface plasmons in both the
graphene and DSM layers, with the coupling between these two metamaterials enhancing
the fusion of adjacent resonant modes. Additionally, the absorber demonstrates excellent
polarization insensitivity, maintaining robust broadband absorption performance under
various incident electromagnetic wave modes. By varying the dielectric constant of the
absorber’s dielectric layer, it is possible to tune the central frequency within the range
of 8.51–8.548 THz while maintaining nearly unchanged absorption bandwidth and good
performance, which is practically achievable. Furthermore, the dual-control tuning mode,
enabled by adjusting the Fermi levels of the Dirac semimetal and graphene, allows for
precise control over the absorption frequency. In practical applications, the choice of
tuning method can be tailored to specific needs. Finally, while the relaxation time of
graphene has a minimal impact on the absorption bandwidth and central frequency, it
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allows for adjustment of the absorption rate. In summary, the terahertz broadband absorber
presented in this study leverages two distinct tunable materials to enhance flexibility and
environmental adaptability. Its dual-control tuning mode suggests significant potential for
applications in terahertz modulation and attenuation.
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Abstract: This article reports a general method for carbon-composited ZnS nanoparticles.
By mixing thiourea with an appropriate amount of citric acid zinc, glycine zinc, lactate zinc,
and gluconate zinc, respectively, and then heating at 700 ◦C under a nitrogen atmosphere
for 4 h, four types of target product ZnS/C were obtained. Thiourea and organic zinc
salts serve as reactants, providing zinc, sulfur, and carbon sources. During the thermal
decomposition process, sulfidation and carbonization can be completed simultaneously.
As an anode material for lithium-ion batteries, all four products exhibit excellent lithium
storage performance. The two-dimensional carbon film can, on the one hand, enhance
the conductivity of the material, and on the other hand, act as a carrier for ZnS particles,
effectively cushioning the volume deformation of ZnS during the lithiation process.

Keywords: ZnS/C; carbon film; one-step reaction; lithium storage; general method

1. Introduction

Compared with metal oxides, metal sulfides generally have better conductivity, and
the band gap energy of M-S bonds is smaller, which is more easily broken in electrochemical
reactions. Therefore, metal sulfides as anode materials for lithium-ion batteries have better
electrochemical reactivity [1–8]. Among them, zinc sulfide (ZnS) has attracted widespread
attention from researchers (not only in the field of lithium-ion batteries [9–16], but also in
the fields of sodium-ion [17–20], potassium-ion [21], lithium-sulfur batteries [22–24], and
supercapacitors [25,26]) due to its abundant reserves, environmental friendliness, and high
capacity. ZnS stores lithium based on conversion and alloying reaction mechanisms, which
can cause significant volume expansion and contraction during the cycling process. The
stress generated by this change can lead to the pulverization and collapse of the electrode
structure, resulting in rapid capacity decay. Nanosizing and carbon composites are effective
methods to alleviate this problem [9–13]. When the size of the electrode material is reduced
to the nanoscale, the specific surface area increases, the contact area between the electrode
and the electrolyte increases, and the diffusion distance of lithium ions in the electrode
material is significantly reduced. Moreover, nanosizing can reduce the stress generated
during the intercalation and deintercalation process of lithium ions, thereby improving the
lithium storage performance of the material. In addition, the composite of zinc sulfide and
carbon can improve the conductivity of the electrode material and alleviate the volume
expansion and contraction during the cycling process (because amorphous carbon has a
certain flexibility), thereby improving the material’s cycle stability.

Molecules 2025, 30, 893 https://doi.org/10.3390/molecules30040893
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Based on the above analysis, we selected thiourea (primarily providing a sulfur
source, and also possibly providing a portion of the carbon source) and lactate zinc (zinc
source, carbon source) as reactants and carried out thermal decomposition and sulfidation
(synchronously completed) under a nitrogen atmosphere to prepare carbon composite ZnS
nanostructures. This composite acts as an anode material for lithium-ion batteries and
shows high capacity and cycle stability. We have expanded this method to prepare three
other types of carbon composite ZnS nanomaterials, and all have been tested for lithium
storage performance, with good results.

2. Results and Discussion

Figure 1 is a schematic diagram of the synthesis of ZnS/C. Organic zinc salts served
as zinc and carbon sources; thiourea mainly served as a sulfur source and may also have
provided some carbon source; sodium chloride acted as a heat transfer medium, a load
body for the reactants, and a template for pore formation. During the heat treatment under
a nitrogen atmosphere, carbonization and sulfidation could be completed synchronously,
resulting in the target product. After pyrolysis, the black product was washed with diluted
hydrochloric acid to remove impurities such as sodium chloride, resulting in various
ZnS/C products. Figure 2 is the XRD pattern of ZnS/C. It can be seen from the figure that
all the characteristic peaks correspond to the diffraction peaks of hexagonal ZnS crystals
(PDF# 79-2204). The diffraction peak of carbon is not obvious, indicating that the carbon
produced is amorphous. Figure 3 and Figures S1–S4 are the SEM morphologies of the
products. It can be clearly seen from the figure that in the ZnS/C-3 sample, ZnS and carbon
are the best composite, that is, ZnS nanoparticles (about 100 nanometers) are coated in the
carbon film. The image formed by the transmission electron microscope also confirms this
situation, as shown in Figure 4a–c. In the other three types of ZnS/C samples, some ZnS
particles are hidden in the carbon skeleton, and some particles are attached to the surface
of the carbon layer. The overall composite effect is not as good as that of ZnS/C-3. The
subsequent lithium storage performance test also confirmed this, that is, the performance
of ZnS/C-3 is superior.

Figure 1. Synthetic route to prepare Zn/C samples.
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(a)

(d)

(b)

(c)

Figure 2. XRD of the samples: (a) ZnS/C-1; (b) ZnS/C-2; (c) ZnS/C-3; and (d) ZnS/C-4.

Figure 4d–d3 show the elemental distribution mapping of ZnS/C-3. The results show
that the distribution of various elements in the sample is relatively uniform. Figure 4e
and Figure S5 are HRTEM images, from which more crystallographic information about
the ZnS/C-3 sample can be obtained. The measured interplanar spacings in the figure
are 0.333 nm and 0.294 nm, corresponding to the (100) and (101) planes of hexagonal ZnS
crystals, respectively. The electron diffraction results (Figure 4f) further confirm the crystal
structure of ZnS/C-3. Figure 5 shows the EDS spectra and elemental distribution of the
four types of ZnS/C samples. The results show that various elements are well distributed
in their respective samples, appearing in their respective EDS spectra. To identify the
carbon content in the ZnS/C products, we performed thermogravimetric analysis tests
on the four samples (Figure 6). Under an air atmosphere, the product would undergo the
following reaction:

ZnS/C + O2 = ZnO + SO2 + COx (1)
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c d
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ZnS/C-3

ZnS/C-4

Figure 3. SEM images of the samples: (a,b) ZnS/C-1; (c,d) ZnS/C-2; (e,f) ZnS/C-3; and (g,h) ZnS/C-4.
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Figure 4. TEM images (a–c), EDS mapping (d–d3), HRTEM image (e), and electron diffraction (f) of
the ZnS/C-3 sample.
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(a)

(d)(c)

(b)

Figure 6. TG curves of the ZnS/C materials under air atmosphere: (a) ZnS/C-1; (b) ZnS/C-2;
(c) ZnS/C-3; and (d) ZnS/C-4.

According to the reaction formula (1), the carbon content in each sample can be calcu-
lated, which is 27% (ZnS/C-1), 31.7% (ZnS/C-2), 13.8% (ZnS/C-3), and 55.6% (ZnS/C-4),
respectively. The carbon content in sample No.4 (ZnS/C-4) is the highest because its re-
actant is gluconate zinc, and the molar ratio of carbon to zinc in the gluconate zinc is the
largest, which is 12.

Figure 7a shows the first three CV curves of ZnS/C-3, with a voltage range of 0.01 to
3 V and a scan rate of 0.2 mV s−1. During the first scan, a reduction peak is lo-
cated near 0.4 V, corresponding to the conversion reaction of ZnS, generating Li2S
and elemental zinc [9–11]. The peak near 0.01 V corresponds to the alloying reac-
tion of lithium with zinc, as well as the formation of the solid-state electrolyte in-
terphase (SEI) film. In the initial anodic scan, the weak peaks between 0.2 and
0.7 V represent the delithiation process of the lithium-zinc alloy [10–12]. Several
peaks between 1.2 and 3 volts are attributed to the transformation of zinc to zinc
sulfide [11–14]. In the subsequent two CV curves, the position of the reduction peak
shifts to the right due to the activation of the electrode after the first cycle. Figure 7b
shows the first three charge–discharge curves of ZnS/C-3, with a current density of
0.2 A g−1 and a voltage range consistent with the CV test. The initial discharge capacity is
800 mAh g−1, and the charge capacity is 546 mAh g−1, with a corresponding initial
Coulomb efficiency (CE) of 68%. The loss of capacity in the first cycle is mainly due to the
formation of the SEI film, causing irreversible lithium ion extraction [1–9]. From the fourth
cycle, the CE remains above 95%, indicating that after three activation cycles, the ZnS/C-3
electrode exhibits good reversibility. Figure 7c–e show the cycling performance test results
of ZnS/C-3 at current densities of 0.2 A, 0.5 A, and 1 A g−1, respectively. The results show
that under the three different current densities, the capacity of the ZnS/C-3 electrode will
go through a process of initial decline followed by a gradual increase. The initial capacity
decay during cycling may be due to the insufficient contact between the particles inside ZnS
and the electrolyte, which cannot fully demonstrate their lithium storage capacity. As the
charge and discharge cycles continue, the battery capacity gradually increases, indicating
that the internal particles of the electrode material are gradually activated and gradually
exhibit lithium storage performance. Of course, the specific reasons for the capacity increase
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during the cycle need further research to confirm. After cycling for 1000 cycles at a current
density of 0.5 A g−1, the ZnS/C-3 electrode can still maintain a discharge capacity of
749 mAh g−1. The good lithium storage performance of ZnS/C-3 under different current
densities is mainly due to the following: the ZnS particles are almost fully encapsulated in
the carbon film during the formation process (Figure 3e,f and Figure 4), which can effec-
tively prevent particle aggregation during the charge and discharge process; the carbon film
with certain flexibility can buffer volume deformation; and although the ZnS particles will
still have problems such as pulverization and aggregation during the cycle, the changed
particles can still be attached to the carbon film, avoiding loss from the electrode. Compared
with the literature reports, the ZnS/C-3 material shows certain improvements in terms of
cycle numbers or capacity retention rate, as shown in Table S1. Moreover, the synthesis
method is simple: by selecting an organic zinc salt that is homologous with carbon and
reacting it with thiourea, the carbonization process and the formation of the zinc sulfide
phase can be simultaneously achieved. This method is universal, and when other types of
organic zinc sources are used, carbon composite zinc sulfide materials can still be obtained
(ZnS/C-1, ZnS/C-2, and ZnS/C-4), and the lithium storage performance of the resulting
materials is also quite excellent (Please refer to the section below).

ZnS/C-3

Figure 7. CV curves (a), charge–discharge profiles (b), and cycle performance (c–e) of the ZnS/C-3.

To further understand the excellent lithium storage performance of ZnS/C-3, we
conducted additional characterizations on this product, such as Raman spectroscopy
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(Figure 8a), specific surface area testing (Figure 8b), and X-ray photoelectron spectroscopy
(XPS) analysis (Figure 8c–e). Raman spectroscopy is a very powerful tool to verify the
presence of carbon in the composite and the degree of graphitization. As shown in Figure 8a,
the IG/ID ratio based on the area under the D- and G-band was 1.83, implying that a portion
of the carbon component in the ZnS/C-3 sample had been graphitized, which helped to
enhance the electronic conductivity of the sample when used as an anode material for
lithium storage [9]. Figure 8b shows the nitrogen adsorption–desorption isotherms and
the BJH pore size distribution curve (the inset) of the ZnS/C-3 sample. The measured data
indicate that the specific surface area of the sample is 54.541 m2/g (as, BET), and the average
diameter of pores is 10.85 nm (based on the BJH model analysis). This pore structure
is beneficial for the electrode material to be fully wetted by the electrolyte, and it may
also increase some active sites, thereby enhancing the lithium storage performance of the
material [9,11]. Figure 8c shows the XPS spectrum of Zn 2p, with two peaks located at
1021.95 eV and 1044.95 eV, corresponding to Zn 2p3/2 and Zn 2p1/2, respectively, thereby
confirming the presence of Zn ions (Zn2+) [9]. It is worth noting that the binding energy
values of these peaks are slightly higher than those of Zn ions in pure ZnS, indicating a
strong interaction between ZnS particles and the carbon film (C-Zn-S-C), which facilitates
electron transfer between ZnS particles and the carbon film [12,19]. Figure 8d shows two
peaks at 161.6 eV and 162.8 eV, confirming the presence of sulfur ions (S2−). Figure 8e
presents the XPS spectrum of C 1s, further revealing the existence of C-S bonds (at 285.8 eV),
which is consistent with Figure 8c.

(a) (b)

(c) (d)

(e)

Figure 8. Raman spectrum (a), N2 adsorption–desorption and pore size distribution diagrams (b) of
ZnS/C-3. XPS spectra of Zn 2p (c), S 2p (d), and C 1s (e) of the ZnS/C-3 sample.
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To understand the mechanism of charge storage in the ZnS/C-3 electrode, the elec-
trochemical kinetic behavior was investigated via CV curves with different scan rates.
Figure 9a shows the CV curves at different scan rates. It can be observed that the shapes
of the CV curves are basically similar at different scan rates, and the peak current is di-
rectly proportional to the scan rate. With the increase in scan rate, the peak positions of
the CV curves shift, indicating that the electrode material undergoes a certain degree of
polarization [9,11,12]. Figure 9b shows the fitted curves of log(i) versus log(v). Calculations
reveal that for the ZnS/C-3 electrode, the b values corresponding to the oxidation peak and
reduction peak are 0.86 and 0.74, respectively (both values lie between 0.5 and (1)). This sug-
gests that the electrochemical reactions of the electrode involve both diffusion-controlled
behavior and capacitive behavior [9,11,12]. As the scan rate increases, the contribution
of capacitance increases (Figure 9c,d), which is beneficial for the cycling stability of the
electrode material [9,11,12]. This also explains the excellent lithium storage performance of
ZnS/C-3 (Figure 7c–e).
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Figure 9. (a) CV curves at various scanning rates, (b) Linear relation between log (peak current) and
log (scan rate), (c) surface capacitance contributions (dark cyan) at 0.8 mV s−1 and (d) the percentage
of surface capacitance contributions at various scanning rates of the ZnS/C-3.

Although the composite situation of ZnS and carbon in the other three ZnS/C mate-
rials is not as ideal as ZnS/C-3, we also conducted lithium storage performance tests on
them to verify the effectiveness of the presence of the carbon framework, and the results
are shown in Figure 10. In the cycle tests, the capacity also went through a process of
initial decline followed by a gradual increase (corresponding to the capacity retention rate
shown in Figure 11), which is consistent with that of the ZnS/C-3. At a current density of
0.5 A g−1, after cycling for hundreds or even a thousand times, the capacity could basically
be maintained above 500 mAh g−1. Due to the formation of the SEI film and the irreversible
intercalation of lithium ions, the initial CE of the three materials was relatively low. After
a few cycles, it quickly increased to above 90%. In the subsequent cycling process, the
CE remained close to 100% (Figure 11), indicating that all three materials exhibited good
electrochemical reversibility. This also confirms the effectiveness of this general synthesis
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method for ZnS/C composites (used as anode materials for lithium storage) from different
organic zinc salts.

ZnS/C-2ZnS/C-1

ZnS/C-4

Figure 10. Charge–discharge profiles and cycle performances of the ZnS/C anode materials: (a,e)
ZnS/C-1; (b,f) ZnS/C-2; (c,d,g) ZnS/C-4.
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Figure 11. Capacity retention rates and Coulomb efficiency over multiple cycles for the other three
composites (ZnS/C-1, ZnS/C-2, and ZnS/C-4).

3. Experimental Section

Synthesis of ZnS/C-1: In a ball milling jar (50 mL), 2 g of citric acid zinc (Macklin
Reagents, Shanghai, China). All the reagents mentioned below are from this manufacturer),
0.955 g of thiourea, 3 g of sodium chloride, and 10 mL of ethanol were added, ball milled for
8 h (200 revolutions per minute), dried, and then transferred to a corundum boat. Then, the
white powder was heated at 700 ◦C under a nitrogen atmosphere for 4 h (with a heating rate
of 5 degrees per minute) and naturally cooled down to room temperature to obtain a black
powder. The product was dispersed in 50 mL of diluted hydrochloric acid (0.1 mol L−1),
stirred for two hours, vacuum filtered, washed with water and ethanol several times,
and dried.

Synthesis of ZnS/C-2: The preparation method was the same as that of the ZnS/C-1,
with the materials added being 2.135 g of glycine zinc, 0.914 g of thiourea, 3 g of sodium
chloride, and 10 mL of ethanol.

Preparation of ZnS/C-3: Here, 2.435 g of lactate zinc, 0.914 g of thiourea, 3.4 g of
sodium chloride, and 10 mL of ethanol were mixed, ball milled, and dried. Then, the white
powder was pressed into several circular columns with a diameter of 15 mm (4–6 MPa
for 20 s) and then heated to 700 ◦C for 4 h with the heating rate of 5 ◦C min−1 under N2

atmosphere. The subsequent treatment process was the same as that of ZnS/C-1.
Preparation of ZnS/C-4: Then, 2.5 g of gluconate zinc, 0.5 g of thiourea, and 3 g of

sodium chloride were mixed, ball milled, and dried. The subsequent treatment process was
the same as that of ZnS/C-3. The amount of hydrochloric acid used was changed to 25 mL.

3.1. Characterization

The phase analysis of the product was completed by X-ray diffraction (XRD)
(D8 ADVANCE diffractometer, Bruker Co., Berlin, Germany). The morphology was
observed by scanning electron microscopy (SEM) (Merlin Compact, Carl Zeiss AG,
Oberkochen, Germany) and transmission electron microscopy (TEM) (Thermo Fischer,
Talos F200x, Waltham, MA, USA). Electron diffraction, lattice, energy-dispersive spec-
troscopy, and element distribution were completed using a scanning electron microscope
and a high-resolution transmission electron microscope (HRTEM) (Thermo Fischer, Talos
F200x, Waltham, MA, USA) with an energy spectrometer attachment. The carbon content
was determined by thermogravimetric analysis. Raman spectroscopy, specific surface area
testing, and X-ray photoelectron spectroscopy (XPS) analysis were also performed.
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3.2. Lithium Storage Performance Test

According to the ratio of 75:10:15, the prepared samples (ZnS/C), acetylene black,
and PVDF (PVDF dissolved in NMP, prepared into a 3% mass concentration PVDF solu-
tion) were weighed, that is, 0.15 g of the prepared sample, 0.02 g of acetylene black, and
1 g of PVDF solution. The weighed materials were added to a mortar and ground for
40 min. If the paste was found to be sticky, an appropriate amount of NMP solvent could
be added, and the materials could be ground for another 10 min. The obtained paste was
applied to a copper foil. A 75-micron-thickness caliper was used. Then, the copper foil
was transferred to a vacuum drying box, heated at 60 degrees for 8 h, and naturally cooled,
and the copper foil was taken out and cut into a circle with a diameter of 12 mm. The load
of the active material was about 0.7~1.0 mg cm−2. The circle was placed in a glove box,
with a metal lithium sheet as the counter electrode, Celgard 2400 film as the separator, and
1 mol L−1 LiPF6 [in the mixture of EC:DEC (1:1 Vol% with 5% FEC)] as the electrolyte, to
assemble a button battery. The assembled battery was left to stand overnight to ensure that
the electrolyte could fully soak the electrode material and separator. Cyclic voltammetry
(CV) was performed at a scan rate of 0.2 mV s−1 from 0.001 V to 3.0 V using a coin cell.
Charge–discharge tests were performed between 0.01 and 3.0 V using a LANDCT2001A
battery tester.

4. Conclusions

We used commercial thiourea and zinc lactate as raw materials and obtained a ZnS/C
composite by heating at a nitrogen atmosphere for 4 h. At high temperature, the ther-
mal decomposition process and the sulfidation process can be completed simultaneously,
with ZnS nanoparticles being well encapsulated within the carbon framework. As an
anode material for lithium-ion batteries, ZnS/C exhibits good reversible capacity and
cycling stability. We expanded this synthesis method to obtain three other types of
ZnS/C materials and tested their lithium storage performance, achieving satisfactory
results. Furthermore, these four types of ZnS/C materials may also find applications in
other electrochemical fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30040893/s1, Figure S1. SEM images of ZnS/C-1.
Figure S2. SEM images of ZnS/C-2. Figure S3. SEM images of ZnS/C-3. Figure S4. SEM images of
ZnS/C-4. Figure S5. HRTEM image of ZnS/C-3. Table S1. comparison between the ZnS/C-3 and
reported ZnS/C-based materials.
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Abstract: Due to its distinctive structure and unique physicochemical properties, gallium nitride
(GaN) has been considered a prospective candidate for lithium storage materials. However, its
inferior conductivity and unsatisfactory cycle performance hinder the further application of GaN as
a next-generation anode material for lithium-ion batteries (LIBs). To address this, cobalt (Co)-doped
GaN (Co-GaN) nanowires have been designed and synthesized by utilizing the chemical vapor
deposition (CVD) strategy. The structural characterizations indicate that the doped Co elements in
the GaN nanowires exist as Co2+ rather than metallic Co. The Co2+ prominently promotes electrical
conductivity and ion transfer efficiency in GaN. The cycling capacity of Co-GaN reached up to
495.1 mA h g−1 after 100 cycles. After 500 cycles at 10 A g−1, excellent cycling capacity remained
at 276.6 mA h g−1. The intimate contact between Co-GaN nanowires and carbon paper enhances
the conductivity of the composite. Density functional theory (DFT) calculations further illustrated
that Co substitution changed the electron configuration in the GaN, which led to enhancement of
the electron transfer efficiency and a reduction in the ion diffusion barrier on the Co-GaN electrode.
This doping design boosts the lithium-ion storage performance of GaN as an advanced material in
lithium-ion battery anodes and in other electrochemical applications.

Keywords: GaN; doped; CVD method; lithium-ion batteries; DFT

1. Introduction

Lithium-ion batteries (LIBs) are considered one of the most promising energy storage
devices [1–3]. However, commercial anodes based on graphite materials fail to satisfy
practical utilization requirements due to their limited capacity and rate performance [4].
Metal nitrides (MNs) have emerged as potential alternatives [5–8], but their slow charge
transport and poor cycling stability hinder their widespread adoption as anode materials [9].
As a result, research on new anode materials with enhanced structure stability and ion
transport kinetics is crucial for achieving high-rate performance and cycling stability in
LIBs [10,11]. Gallium nitride (GaN) is a strong candidate material for LIBs owing to its
excellent structure stability and lithium storage mechanism [12,13]. Nevertheless, the rate
performance of GaN is often restricted by inadequate ion transfer kinetics. Moreover, the
low anode capacity of unsubstituted GaN (189 mA h g−1) remains a significant challenge
for broader applications [14].

Molecules 2024, 29, 5428. https://doi.org/10.3390/molecules29225428 https://www.mdpi.com/journal/molecules63



Molecules 2024, 29, 5428

Recent research on improving the conductivity and ion transfer in GaN-based materi-
als has mainly focused on morphological and structural modifications. Common strategies,
such as nanostructuring and surface graphitization, have reinforced the lithium storage
performance and the kinetics of GaN-based composite anodes. However, the lithium stor-
age properties of pure GaN are hindered by its intrinsically low charge transfer efficiency,
and improvements to GaN at this point are still challenging [15]. One potential approach
to alleviate this shortcoming is to regulate the mobility of electrons enhancing lithium-ion
storage kinetics in GaN-based materials for advanced LIBs [16].

The electron configurations of atoms in GaN control the diffusion efficiency during
electrochemical reactions and determine the rate performance of GaN anode materials [17].
Electron density engineering has been proposed as an effective strategy to improve ion
diffusion efficiency [18]. Consequently, designing the electronic structure of GaN anodes
is crucial. In particular, many studies have proven that metal cationic substitution is
an efficient strategy for regulating electron mobility and charge transfer efficiency in
anode materials [19]. For example, Fe-doped GeO2 introduces active sites for lithium
storage and enhances conductivity, resulting in ultra-long cycling stability [20]. The Fe-
doped ZnS materials demonstrated an impressive capacity retention of 651 mA h g−1

with 94% of the capacity reserved [21]. Among the various cation substitution candidates,
cobalt (Co) stands out because it is easy to access, inexpensive, and demonstrates superior
electrical properties. Co cation substitution has been shown to enrich active sites for
lithium insertion and optimize the adsorption energy of lithium ions [22,23]. Moreover,
Co cation substitution activates the lithium storage processes by creating an increased
number of active sites [24,25]. Considering the electron configuration of the Co element,
Co cation substitution is an efficient way to enhance ion diffusion in GaN-based anodes.
However, studies on the reorganization of the electronic structure of GaN through Co
cation substitution for optimized electrochemical performance remain limited.

In this work, Co-substituted GaN (Co-GaN) nanowires on carbon paper were designed
and synthesized via a facile chemical vapor deposition (CVD) strategy. Electrochemical
measurements and DFT calculations confirmed improvement of the lithium-ion storage
performance in the Co-substituted GaN. The orbital hybridization between the Co and N
elements revealed a significant decrease in the bandgap and increased electron delocal-
ization. Consequently, Co substitution enhanced electron conductivity and ion transfer
in GaN, thus achieving high-rate performance with stable cycling capacity. The lithium
storage capacity of the Co-GaN electrode reached 813.2 mA h g−1 after 200 cycles at a
current density of 0.1 A g−1. This electron density reorganization engineering through
Co cation substitution offers profound insights into designing high-performance lithium
storage anode materials and in other realms.

2. Results and Discussion

2.1. Morphology Characterization

Co-GaN nanowires were synthesized using the CVD method. The scanning electron
microscopy (SEM) image in Figure 1a illustrates the nanowire morphology of Co-GaN.
The high-resolution SEM image (Figure 1b) reveals that the surface of Co-GaN remained
smooth and showed no significant changes after cobalt substitution. The energy-dispersive
X-ray (EDX) analysis (Figure 1c) confirmed the presence of Co, Ga, and N elements in the
nanowires, with atomic percentages of approximately 5.3%, 40.5%, and 54.2%, respectively.
Elemental mapping (Figure 1g–j) directly showed the uniform distribution of Co, Ga, and
N, indicating successful Co doping in the nanowires. The transmission electron microscope
(TEM) image (Figure 1d) shows the fine structure of Co-GaN nanowires with a diameter
of around 50 nm. The high-resolution TEM (HRTEM) image in Figure 1e depicts the fine
crystallization structure of Co-GaN with an interplanar spacing of 2.76 Å. Selected area
electron diffraction (SAED) (Figure 1f) confirmed that the Co-GaN nanowires grew along
the (100) direction. The fine crystal structure of Co-GaN, which is crucial for achieving
high-rate performance in lithium anodes, was further confirmed by means of HRTEM
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imaging [26]. Furthermore, interface integration between the Co-GaN nanowires and the
carbon paper, which can greatly reduce the lithium-ion transport distance and ensure
efficient electron conductivity, was confirmed. These designed structural characteristics
and synergistic effects contribute to the enhanced electrochemical performance.

 

Figure 1. (a,b) SEM images at different magnifications. (c) Energy-dispersive X-ray (EDX) elemental
test. (d) TEM image. (e) High-resolution TEM images. (f) SAED images. (g–j) EDS mapping analysis
of Co-GaN.

2.2. Structure Characterization

The crystallographic structure of both pristine GaN and Co-GaN was further charac-
terized using X-ray diffraction (XRD). As depicted in Figure 2a, all peaks for both pristine
GaN and Co-GaN nanowires were indexed to a hexagonal crystal system [C 6v4 P63mc,
JCPDS: No. 50-0792]. The peak intensity result shows that Co doping has limited effect on
Co-GaN crystallinity. Figure 2b shows that the primary peaks of (100), (002), and (101) in
Co-GaN shifted to higher angles compared to the GaN pattern. This shift is attributed to the
substitution of smaller Ga ions with Co ions according to the Bragg equation (2d sin θ = kλ).
Additionally, the full width at half-maximum (FWHM) of the Co-GaN nanowire peaks
increased compared to that for the GaN pattern, illustrating the presence of the Co dopant,
which changed the crystal structure of GaN (Figure 2c). No impurity peaks were found
in the Co-GaN patterns, allowing us to infer that there was no pollution in the Co-doped
sample. In the Raman spectra (Figure 2d), two peaks were found at 534 cm−1 and 569 cm−1.
The 534 cm−1 peak corresponds to the A1 mode of GaN, while the 569 cm−1 peak indicates
the E2 mode of GaN [27]. In the Co-GaN sample, a broad peak located at 664.7 cm−1 was
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observed, which was caused by the defect states introduced by Co doping [28]. The simi-
larity in Raman spectra between the GaN and Co-doped GaN nanowires confirms that the
origin microstructure of GaN was well-preserved after Co doping. This well-maintained
structure facilitates efficient electron transport, which is essential for elevating the rate
performance of the active Co-GaN nanowires.

 

Figure 2. (a) XRD patterns, (b) amplified XRD patterns from 32◦ to 38◦, and (c) the corresponding
schematic structure model of Co-GaN (White ball for hydrogen atom, pink ball for gallium atom,
blue ball for nitrogen atom and red ball for cobalt atom). (d) Raman spectra, (e) Co 2p, (f,g) Ga 3d,
and (h,i) N 1s XPS spectra of GaN and Co-GaN, respectively.

X-ray photoelectron spectroscopy (XPS) was implemented to examine the chemical
bonding of Co, Ga, and N in the Co-GaN nanowires and to reveal the change in the
chemical environment after the Co doping. The XPS spectra of the Co 2p are shown in
Figure 2e. These spectra are deconvoluted into two primary peaks. The peaks at 781.3 eV
and 797.5 eV correspond to the Co 2p3/2 and Co 2p1/2 levels, respectively. The Co 2p3/2
spectrum possesses a satellite peak at 785.4 eV [29], and the observed energy separation
(ΔE) reveals the exchange interaction energy. The spin-orbit splitting of 16.2 eV for the
Co 2p doublet indicates a blended valence state of Co of approximately 2+ and 3+. The
existence of Co2+ and Co3+ indicates that Co donated electrons to GaN and changed the
electron distribution in GaN. Based on the Co 2p spectra, the Co concentration in the
Co-GaN nanowires was calculated to be 4.6% (atomic percent). These results confirm that
the Co element was successfully doped into the GaN nanowires. Figure 2f shows the high-
resolution core-level spectra of Ga 3d for both GaN and Co-GaN nanowires. The Ga XPS
spectra were deconvoluted into a peak located at 19.5 eV, indicating the Ga-N bond, and a
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peak located at 21.2 eV, indicating the Ga-O bond. The presence of Ga-O bonds is due to
the slight oxidation during the nitridation process of Co-GaN nanowire formation. Notably,
Co doping reduced the percentage of Ga-O bonds, as reflected by the diminished Ga-O
peak intensity in Figure 2g. This reduction is likely due to Co’s lower electronegativity
increasing the electron density around Ga atoms. The negative shift in the Ga 3d binding
energy confirms enhanced coupling between Co and GaN due to Co doping. The N 1s
spectra of pristine GaN (Figure 2h) and Co-GaN nanowires (Figure 2i) reveal N-Ga bonds
at 397.9 eV [30]. Additionally, in the Co-GaN nanowires, the characteristic binding energy
for N-Co bonds at 396.4 eV was observed, further confirming the incorporation of Co into
the nanowires. The Co 2p and N 1s spectra together provide strong evidence for successful
Co doping in the Co-GaN nanowires.

2.3. Electrochemical Analysis

Figure 3a shows the cyclic voltammetry (CV) test result for the Co-doped GaN. In
the first cycle, the broad peaks observed at 0.5 and 1.1 V denote the formation of the
solid electrolyte interphase (SEI) layer [31]. In the subsequent cycles, a peak located at
0.85 V corresponds to the interaction between Li and N [32]. The following CV curves
overlaid with the former one indicate excellent stability in the cycling processes, with
the similarity in peak positions suggesting that Co doping does not change the lithium
storage mechanism. The cycling capacity and stability of Co-GaN are shown in Figure 3b.
The irreversible capacity was 747.2 mA h g−1 in the first discharge cycle. The irreversible
capacity reduction in the first discharge and charge process may have been induced by the
consumption of lithium ions forming SEI layers [33]. In subsequent cycles, the overlapping
galvanostatic charge and discharge (GCD) profiles suggest stable structure retention and
the steady lithium storage mechanism of the Co-GaN sample [34]. The cycling capacity
remained at 495.1 mA h g−1, with the Coulombic efficiency maintained at ~100% after
100 cycles (Figure 3c). The reasons for this elevated lithium-ion storage performance are
the improved ion diffusion kinetics and the lowered ion diffusion barrier after Co doping.
As shown in Figure 3d, the Co-GaN electrode achieved rate capacities of 452.9, 431.1, 426.5,
403.4, 337.3, and 276.6 mA h g−1 at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1,
respectively. Even at the high current density of 10.0 A g−1, the electrode demonstrated
a specific capacity of 181.5 mA h g−1, significantly better than the capacity of the GaN
sample. After the current density changed back to 0.1 A g−1, the specific capacity returned
to 455.8 mA h g−1, reflecting excellent reversibility in lithium storage. The excellent
rate performance presented by the Co-GaN sample is due to the improved ion diffusion
and enhanced electron conductivity [35]. The ultralong cycling performance of Co-GaN
was also tested at the high rate of 10.0 A g−1 (Figure 3e). After 500 cycles, the cycling
capacity remained at 167.7 mA h g−1, indicating that Co doping significantly improved
the lithium-ion activity in the Co-GaN nanowires. Figure 3f provides a direct model of the
lithium diffusion channel in the Co-doped GaN sample; this model illustrates the decreased
lithium diffusion length and the utility of the Co dopant [36]. The increased cycling and
rate performance demonstrate the excellent electrochemical properties of Co-GaN.

The CV curves for Co-GaN under various scan rates are depicted in Figure 4a. The
CV curves at various scan rates have similar shapes, indicating the stable lithium storage
mechanism and small polarization during the lithium storage reaction under high current
densities [37]. The lithium storage behavior and the pseudocapacitive contribution of
Co-GaN can be calculated according to Equation (1),

i = avb (1)

where i is the current, and v is the scan rate. Constants a and b denote the lithium storage
behavior, which can be calculated from the data under different scan rates [38]. The cal-
culated b value (Figure 4b) shows the lithium storage behavior containing both diffusion
contributions and capacitive contributions. These two contributions can be calculated from
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the capacitive effect (k1v) [39]. In the Co-GaN nanowire electrode (Figure 4c), over 40% of
the total capacity results from the capacitive process (the purple region).

Figure 3. Electrochemical test results of the Co-GaN nanowires: (a) CV tests at a scan rate of
0.1 mV s−1. (b) Galvanostatic charge and discharge (GCD) tests. (c) Cycling performance test.
(d) Rate performance test of GaN and Co-GaN nanowire electrodes. (e) The long cycling at a high
current density of 10.0 A g−1. (f) Schematic illustration of lithium transfer channel.

 

Figure 4. (a) CV tests of Co-GaN at various scan rates. (b) Determination of the calculated b value.
(c) Pseudocapacitive contribution at 1.0 mV s−1. (d) Pseudocapacitive contribution illustration at the
scan rate of 1.0 mV s−1. (e) Electrochemical impedance spectra (EIS) with the fitted Nyquist plots
and the equivalent circuit of the GaN and Co-GaN electrodes. (f) The calculation of relationships
between Z’ and ω−1/2.
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The two different capacitive contributions can be calculated from the various CV
plots under various scan rates. The calculated contributions of Co-GaN at different scan
rates are shown in Figure 4d. The pseudocapacitive contribution in Co-GaN increases
with an increasing scan rate, which is consistent with previous test results [40]. To further
assess the elevating effect of Co cation substitution on ion diffusion, Nyquist plots were
analyzed (Figure 4e). The semicircles at high-to-medium frequencies denote the charge-
transfer resistance (Rct), while the inclined lines at low frequencies correspond to the
mass-transfer resistance [41]. After the data were fitted to an equivalent circuit (inset of
Figure 4e), the Rct of the Co-GaN electrode (204.6 Ω) was significantly lower than that of
GaN (297.5 Ω), indicating improved conductivity and enhanced ion diffusion efficiency
after Co doping [42]. In the low-frequency region, the slope of Co-GaN was steeper than
that of the pristine GaN sample, confirming improved lithium-ion mobility and a more
favorable pore structure or diffusion pathway in the Co-GaN electrode [43]. According to
Equation (2),

DLi+ = R2T2/2A2n4F4C2σ2, (2)

where T, F, and R are constants that stand for the absolute temperature, Faraday’s con-
stant, and the gas constant. A is the area of the electrode, and C is the lithium-ion molar
concentration. The Warburg factor (σ) can be calculated using Equation (3):

Zreal = Re + Rct + σω−1/2 (3)

In Figure 4f, the calculated σ values for Co-GaN and GaN are 121.6 and 87.3; the
σ value for Co-GaN is much higher than that for GaN (87.3). The lithium-ion diffusion
coefficient (DLi+) for Co-GaN is 4.9 × 10−12 cm2 s−1 according to the calculation, which is
much higher than that for GaN (6.2 × 10−13 cm2 s−1). The enhanced diffusion coefficient
indicates elevated ion diffusion efficiency and enhanced charge transfer kinetics in Co-GaN
brought about by the Co doping. Moreover, one can infer from the electrochemical results
that there was no conversion or alloy lithium storage mechanism in the Co-doped GaN,
further illustrating the derivation of the stable lithium-ion storage performance. These
results also indicate that Co doping had a minimal impact on the fundamental lithium-ion
storage mechanism, highlighting the enhanced conductivity and improved ion diffusion
kinetics achieved through Co doping.

2.4. First-Principles Analysis

To determine the chemical origin of the enhanced lithium storage performance in
Co-GaN, DFT analysis was utilized to study the effects of Co doping on the electronic
configuration of Co-GaN. The calculated band structures based on the models of GaN and
Co-GaN are illustrated in Figure 5a,b. In Figure 5a, discrete energy levels can be observed
in the pristine GaN band structure, resulting in semiconductor behavior in GaN [13].
For Co-GaN, the band structure indicates a continuous energy band near the Fermi level
(Figure 5b) compared with the GaN band structure. Therefore, Co doping results in stronger
conductivity brought about by the additional orbits around the Fermi level. These DFT
results indicate that Co doping effectively modulated the electron density in the GaN.
Therefore, the change in the band structure accelerated the electrochemical kinetics for
lithium-ion storage. Furthermore, a charge density analysis was conducted to provide a
better understanding of the charge transfer produced by Co doping (Figure 5c,d). The
results showed that charge density accumulates at the Co atom side after Co doping. After
the Co doping, the bond length between Co and N was shortened due to the strong covalent
link. Due to the stronger electronegativity of Co, the electrons accumulate near the Co
atom while the Ga atoms possess the electron depletion region. These results definitively
demonstrate the uneven distribution of charge density in Co-GaN (Figure 5d). Therefore,
based on the DFT calculation, the enhanced electrochemical properties and improved
lithium storage performance are derived from the significant charge transfer induced by
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Co doping. This pronounced charge transfer facilitates more efficient lithium-ion storage,
contributing to the superior electrochemical performance of Co-GaN.

 

Figure 5. Band structure of (a) GaN and (b) Co-GaN. (c,d) Differences in charge density of GaN
and Co-GaN.

3. Materials and Methods

3.1. Synthesis of Co-GaN Loaded on Carbon Paper

Co-GaN nanowires on carbon paper were synthesized using a designed chemical
vapor deposition (CVD) method. In this process, 0.5 g of Ga2O3 and 0.32 g of CoCl2 were
placed in an alumina boat and then set at the center of a tube furnace. A carbon paper
substrate was positioned approximately 2 inches from the alumina boat. The tube was
initially purged with nitrogen (N2) to remove any residual air before initiating the growth
process. After evacuation, the tube was heated to 1100 ◦C at a rate of approximately
8 ◦C/min using a local heater while maintaining a constant N2 flow acting as a protective
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gas. Once the furnace reached the set temperature, ammonia (NH3) was introduced at a
flow rate of 100 sccm to trigger the reaction. After the growth was completed, the furnace
was cooled under continuous N2 flow.

3.2. Electrochemical Measurements

The lithium storage performance was evaluated using CR2016-type coin cells. The
assembly was conducted in an argon-filled glove box. Carbon paper coated with Co-GaN
nanowires (12 mm in diameter) was used as the anode, with an average loading density of
approximately 1.9 mg cm−2. A lithium metal cathode, along with pristine GaN and Co-GaN
electrodes, was electronically separated by glass microfiber filters (Whatman GF/D), which
were saturated with an electrolyte solution of 1 M LiPF6 in a 1:1:1 volumetric mixture of
ethylene carbonate, dimethyl carbonate, and diethyl carbonate.

The electrochemical performance was measured using an EWARE battery testing sys-
tem and a CHI660D electrochemical workstation (Shanghai CH Instruments Co., Shanghai,
China). Electrochemical impedance spectroscopy (EIS) was performed with a frequency
range of 0.01 Hz to 1 MHz and at a 5 mV amplitude signal.

3.3. Measurement and Characterization

The structure and morphology of pristine GaN and Co-GaN nanowires were charac-
terized using scanning electron microscopy (SEM, SigmaHD, Cambridge, UK). Powder
X-ray diffraction (XRD) tests were conducted on a Rigaku D/MAXRB diffractometer, over a
2θ range from 20◦ to 80◦, utilizing Cu Kα radiation (λ = 0.15 nm) (BRUKER D8 ADVANCE,
Karlsruhe, Germany). Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were obtained with a JEOL JEM-F200 microscope operated at an accelera-
tion voltage of 200 kV. Raman spectra were recorded using 532 nm laser excitation on a
DXR2 micro-Raman spectrometer (Thermo Fisher, Carlsbad, CA, USA) equipped with an
Olympus BX 41 optical microscope. X-ray photoelectron spectroscopy (XPS, Kratos Analyt-
ical Ltd., Manchester, UK) was conducted to verify the surface’s chemical composition and
electron configuration.

3.4. Density Functional Theory Calculation

We performed first-principles calculations based on density functional theory (DFT)
using the Vienna Ab-initio Simulation Package (VASP). The generalized gradient approxi-
mation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional was employed for the
exchange-correlation potential. A plane-wave energy cutoff of 500 eV was applied. Struc-
tural relaxations were carried out until the forces were below 0.01 eV/Å, and the energy
convergence criterion was set to 10−6 eV per atom. To simulate Co doping, a Ga atom was
substituted with a Co atom, resulting in a Ga23Co1N24 bulk structure. For comparison, a
GaN bulk supercell containing 48 atoms was also constructed, with an expansion coefficient
of 2 × 3 × 2. The Brillouin zone was sampled using a 3 × 2 × 3 Monkhorst–Pack k-point
mesh. The valence electrons included the 2s and 2p orbitals of N, the 4s and 4p orbitals of
Ga, and the 4s and 3d orbitals of Co.

4. Conclusions

In summary, Co-GaN nanowires were designed and synthesized via the facile CVD
method. An XPS analysis confirmed that Co doping effectively modulated the elec-
tronic properties of the GaN nanowires. Compared to pure GaN, the optimized Co-GaN
nanowires exhibited significantly higher cycling capacity, enhanced rate performance, and
superior cycling stability. More importantly, a DFT analysis revealed the emergence of
hybridized electronic states after Co doping, which improved both the conductivity and
lithium-ion diffusion. An electrochemical analysis further validated the exceptional lithium
storage performance of the Co-GaN nanowires. This design strategy provides a practical
approach for activating GaN by regulating its electronic structure and provides a profound
understanding about the influence of transition metal doping at the atomic level.
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Abstract: In the natural environment, mechanical energy is widely available as a sustainable
and green energy source. In this paper, we successfully convert mechanical energy on
ZnO and ZnO/Eu2O3 tribocatalysts via a friction route. Electrons were transferred across
the contact interface when the catalyst particles and the polytetrafluoroethylene (PTFE)-
sealed magnetic bar rubbed against each other under magnetic stirring. At the same
time, holes were left on the catalyst while the PTFE absorbed the electrons. Similar to
photocatalysis, organic pollutants can be effectively oxidized by the holes in the valence
band of sol-gel catalysts due to their strong oxidative ability. The tribocatalytic tests
demonstrated that ZnO and ZnO/Eu2O3 could eliminate organic analgesics (paracetamol)
under magnetic stirring in the dark. By controlling the quantity of rare earth elements
(1, 2, and 3 mol%), stirring speed, and the number of magnetic rods, we could further
enhance the tribocatalytic performance. In addition to developing a green tribocatalysis
approach for the oxidative purification of organic pollutants, this work offers a potential
route for converting environmental mechanical energy into chemical energy, which could
be used in sustainable energy and environmental remediation.

Keywords: tribocatalysis; sol-gel ZnO; ZnO/Eu2O3; paracetamol

1. Introduction

The increasing demand for clean and sustainable water resources, combined with
the persistent contamination of aquatic systems by pharmaceutical residues, has driven
the development of various advanced oxidation processes (AOPs) for the degradation of
organic pollutants [1,2]. Techniques that utilize physical activation sources—such as light,
ultrasound, electric, and magnetic fields—have attracted considerable interest for their effi-
ciency in degrading recalcitrant compounds [3–7]. In particular, the contamination caused
by pharmaceuticals such as antibiotics is of growing concern due to their persistence and
potential to promote antibiotic resistance. While conventional AOPs, such as photocatalysis
and electrochemical oxidation, are effective, they often rely on external energy sources such
as light or electricity, limiting their practicality in ambient or off-grid conditions [8–14].

Recently, mechanical energy-driven processes, including tribocatalysis have emerged
as sustainable and light-independent alternatives. Tribocatalysis is a mechanochemical
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process that utilizes friction-induced charge generation to produce reactive oxygen species
capable of oxidizing organic pollutants [15–17]. Its mechanism shares conceptual similari-
ties with piezocatalysis and mechanochemistry, where mechanical forces are harnessed to
drive redox reactions [18,19].

Zinc oxide (ZnO), a wide-bandgap semiconductor with intrinsic piezoelectric prop-
erties, is widely studied for such applications due to its low cost, chemical stability, and
environmental friendliness [20]. Therefore, we believe that the triboelectric properties of
ZnO could be used to oxidize pollutants, achieving the frictional conversion of mechanical
energy to chemical energy [21–24]. Thus, the use of nanomaterials’ frictional effects to
degrade pollutants has emerged as a novel concept. ZnO, an excellent semiconductor
material with great chemical stability and environmental friendliness, can significantly
affect catalytic activity due to its various morphologies [21,25]. In fact, more active sites
are found in nanomaterials with a higher specific surface area, and these sites are crucial
for accelerating the breakdown of organic compounds. The tribocatalytic efficiency of zinc
oxide can be significantly enhanced through doping with rare-earth elements, which can
improve charge carrier separation, tailor surface states, and modulate the band structure.
Europium (Eu), capable of existing in multiple oxidation states (Eu3+ and Eu2+), is a promis-
ing dopant that can influence the surface chemistry and electronic properties of ZnO-based
materials [26]. While Eu-doped ZnO has shown promising activity in photocatalytic and
luminescent applications, its behavior under tribocatalytic conditions remains largely un-
explored. Furthermore, there is a lack of systematic studies on how tribocatalysis affects
the surface chemistry of doped ZnO systems, including changes in oxidation state, surface
composition, and defect generation.

In this study, we investigate the tribocatalytic degradation of paracetamol using pure
and Eu3+-modified ZnO nanomaterials (0, 1, 2, and 3 mol%) synthesized by a sol-gel
method. The materials are evaluated under dark stirring conditions to simulate ambient
mechanical activation. The impact of Eu doping on the catalytic activity is correlated with
changes in surface chemistry and structural properties. A comprehensive suite of char-
acterization techniques—X-ray photoelectron spectroscopy (XPS), electron paramagnetic
resonance (EPR), scanning and transmission electron microscopy (SEM and TEM), X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), and UV–vis spectroscopy—
is employed to elucidate the relationship between material structure and tribocatalytic
performance. This work offers new insights into the role of rare-earth elements in enhanc-
ing tribocatalysis and demonstrates the potential of Eu-doped ZnO as an effective catalyst
for the degradation of pharmaceutical pollutants in water.

2. Results and Discussion

2.1. Structure Analysis

The morphology of pristine and Eu2O3-modified ZnO particles is investigated using
scanning electron microscopy (SEM), as shown in Figure 1. Identifying the structural mor-
phological changes between pure ZnO and ZnO modified with europium is straightforward.
A generally homogeneous dispersion of particles with varying sizes and shapes is visible
in the ZnO/Eu2O3 SEM images. The europium ions strongly promote crystal nucleation.
One possible explanation for this trend is the difference in ionic radii between europium and
zinc [27]. The results of Chao et al. [28] are similar to the SEM results obtained.

Energy-dispersive X-ray spectroscopy (EDS) analysis is carried out on the ZnO/Eu2O3

samples to verify the presence of Eu on the surface of the ZnO. Figure 1 displays repre-
sentative spectra. The atomic percentages of elements in the four types of tribocatalysts
are established: ZnO (Zn 12.18 at%, O 87.82 at%), ZnO/1 mol%, Eu2O3 (Zn 21.07 at%,
O 77.22 at%, Eu 1.71 at%), ZnO/2 mol%, Eu2O3 (Zn 25.40 at%, O 70.90 at%, Eu 3.70 at%),
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and ZnO/3 mol%, Eu2O3 (Zn 22.26 at%, O 73.90 at%, Eu 4.48 at%). Eu content rises
marginally for particles treated with the highest concentration. The four catalysts were
prepared on a carbon patch and coated with gold during their characterization. For this
reason, carbon and gold peaks are observed in the EDS spectra. No other elemental peaks
were found; the purity of the ZnO and ZnO/Eu2O3 tribocatalysts was confirmed.

 

 

 

 

(a) (b) 

 

 

 

 
(c) (d) 

Figure 1. SEM micrographs and EDS spectra of ZnO (a), ZnO/1 mol% Eu2O3 (b), ZnO/2 mol%
Eu2O3 (c), and ZnO/3 mol% Eu2O3 (d). The insets show composition maps of Zn, O, and Eu.

Figure 2 displays TEM images of the two distinct phases (ZnO and Eu2O3). The ZnO
particles, exhibiting a hexagonal wurtzite structure, are depicted in Figure 2a. The modified
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ZnO/Eu2O3 is presented in Figure 2b. The high-resolution TEM (HRTEM) of the two-phase
interface, located in the chosen region of Figure 2b, is shown in Figure 2. The (400) plane
of Eu2O3 single crystals, PDF 76-0154 (cubic structure), corresponds to the continuous
(400) atomic plane.

 

Figure 2. HRTEM image of ZnO and ZnO/Eu2O3 tribocatalysts. The inset in (a,b) is the corresponding
SAED pattern. (c) The composition map of elements using STEM-XEDS analysis.
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The hexagonal wurtzite structure of ZnO is confirmed by selected area electron diffrac-
tion patterns (SAED, insets in Figure 2a,b) derived from TEM images, which align with
the XRD data. The insets reveal no change in the interplanar distances of the crystal
lattice of both pure and modified ZnO catalysts (d100–0.2817 nm, d101–0.2478 nm, and
d102–0.1807 nm). The composition map generated by STEM-XEDS analysis was utilized to
examine the distribution of elements in the sol-gel sample. The findings from the mapping
study indicate that the Zn, O, and Eu elements coexist and are uniformly distributed
(Figure 2c). These results also demonstrate that the Eu doping in the ZnO nanoparticles
was uniform.

The XRD patterns of the prepared ZnO and ZnO/Eu2O3 samples are shown in Figure 3.
Diffraction from the (100), (002), and (101) planes of the hexagonal wurtzite structure of
ZnO resulted in three prominent peaks. The indices (102), (110), (103), (200), (112), (201),
and (202) also appear in the samples as additional diffraction peaks. This analysis indicates
that the wurtzite structure, which possesses a polycrystalline nature, is present in ZnO
produced with varying europium concentrations. For pure ZnO nanoparticles, the observed
diffraction peaks were very similar to the data reported by Wang, R. H., et al. [29] and
Aydin et al. [30]. The XRD patterns demonstrated that the (101) plane was the preferred
growth orientation. Although only two diffraction peaks, (222) and (400) (cubic Eu2O3

phase JCPDS Card No. 34-0392 and 76-0704), were detected, other europium oxide peaks
were not observed. No peaks from other impurities were found, suggesting that Eu2O3

NPs are present on the ZnO surface but were not integrated into the ZnO lattice [31]. As
shown in Figure 3, the intensities of the diffracted peaks decreased as the Eu concentration
increased to 3 mol%, indicating a reduction in the sample’s crystallization. This decrease
in crystallinity is likely due to the significant ionic size difference between Zn2+ and
Eu3+ [32,33]. Furthermore, Table 1 presents all of the calculated structural parameters for
pure and modified tribocatalysts.

Figure 3. XRD patterns of ZnO/Eu2O3 samples prepared by the sol-gel method at europium
concentrations of 0, 1, 2 and 3 mol%.
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Table 1. The structural parameters calculated from XRD patterns of the ZnO and ZnO/Eu2O3 samples.

Tribocatalysts ZnO Phase Eu2O3 Phase

Crystal.
Size

Parameters

Vol. Mi-
% Crostrain

Crystal.
Size

Parameters

Vol. At.
% %

Mi-
Crostrain

ZnO: 42.4
a, b: 3.2407

c: 5.2017
100 1.8 × 10−3 — — —

ZnO/1 mol% Eu2O3 39.0
a, b: 3.2484

c: 5.2043
ZnO/2 mol% Eu2O3 36.0

a, b: 3.2475
c: 5.2032

ZnO/3 mol% Eu2O3 30.2
a, b: 3.2485

c: 5.2039

97.8 3.3 × 10−4

94.8 2.1 × 10−4

93.7 9.2 × 10−4

33.4
a, b, c:

10.8485
34.1

a, b, c:
10.8592

26.8
a, b, c:

10.8587

2.2 0.68
5.2 1.65
6.3 2.01

1.5 × 10−3

9.9 × 10−4

2.5 × 10−1

The addition of europium ions had no discernible effect on the crystal size, as shown in
the XRD results. Nevertheless, the intensity of the ZnO peaks dropped when the particles
were modified. The average crystallite size shrank as the concentration of europium
increased, suggesting that the crystalline lattice remained relatively stable. The structural
parameters of the pure and 1, 2, and 3 mol% europium-modified sol-gel samples are
presented in Table 1. The pure ZnO’s unit cell parameters were found to be extremely
similar to those of the europium-modified samples. Tensile strain was represented by
positive values in the computations. According to the estimations in Table 1, the modified
particles exhibited a higher magnitude tensile strain than the pure samples, and the strain
in the sol-gel-derived samples was tensile.

Electron spectroscopy for chemical analysis (ESCA), more commonly known as X-
ray photoelectron spectroscopy (XPS), was employed to investigate the surface atomic
composition and oxidation states of elements in the ZnO/xEu (x = 0, 1, 2, and 3 mol%)
samples before and after tribocatalytic testing. Our analysis focuses on the Eu 3d5/2 core
level, due to europium’s role in modifying the ZnO surface, and the O 1s core level, where
changes were observed with increasing europium content. The Zn 2p core level exhibited
no significant variations and is therefore not discussed in detail; its binding energy remains
consistent with that reported for pure ZnO, as shown in Ivanova et al. [34]. Survey and
high-resolution X-ray photoelectron spectra of Eu 3d and O 1s core levels for ZnO/xEu
samples (x = 0, 1, 2, and 3 mol%) before and after tribocatalytic testing are shown in Figure 3.
The survey spectra measured using AlKα radiation identify core level peaks corresponding
to zinc (Zn2p, Zn3p, Zn3s and Auger peak ZnLMM), oxygen (O 1s, O2s), and europium
(Eu3d, Eu4d), which constitute the studied surfaces. Additionally, adventitious carbon
(C 1s core level) as a contamination from the vacuum system is also detected. Further
insights can be obtained from the high-resolution XP spectra.

Figure 4 presents high-resolution XPS spectra of (b) Eu 3d5/2 and (c) the curve-
fitted O 1s region for the samples before tribocatalytic testing, with increasing europium
concentration from bottom to top. The Eu 3d5/2 spectra show an intensity increase and
the emergence of a peak-like structure centered around 1135 eV, indicating the presence of
Eu3+ ions in the 1Eu, 2Eu, and 3Eu samples [34]. Additionally, a feature near 1127 eV is
attributable to Eu2+ species [35], suggesting the coexistence of Eu2+ on the sample surfaces.
The presence of Eu2+ is further confirmed by EPR analysis. Figure 4c shows the curve-
fitting of the O 1s core level spectra into three components. The most intense peak (green)
is assigned to lattice oxygen in Zn–O bonds (~530.7 eV) [34]. The second peak (blue),
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located at ~531.5 eV, corresponds to non-lattice oxygen species such as oxygen vacancies
and low coordination sites. The third component (magenta), found between 532.5–533.0 eV,
is attributed to oxygen from adsorbed water.

Figure 4. (a) Survey and high-resolution X-ray photoelectron spectra of (b) Eu 3d and (c) O 1s core
levels for ZnO/xEu samples (x = 0, 1, 2, and 3 mol%) before and after tribocatalytic testing (d) Eu 3d
and (e) O 1s core levels for ZnO/xEu samples (x = 0, 1, 2, and 3 mol%).

Table 2 summarizes the surface atomic concentrations (at.%), binding energies (BE, eV),
and associated oxidation states or bonding environments for the ZnO/xEu samples prior to
tribocatalytic testing. Despite the relatively poor signal-to-noise ratio in the Eu 3d5/2 spec-
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tra, the surface europium concentration shows a clear increasing trend with nominal doping
level. Meanwhile, the concentrations of non-lattice oxygen and adsorbed water remain
relatively unchanged within error margins, indicating minimal surface modification at
low europium levels. Figure 4d,e presents the Eu 3d5/2 and O 1s spectra of the samples
after tribocatalytic testing, again shown with increasing europium content from bottom to
top. The Eu 3d5/2 spectra retain a prominent peak at ~1135 eV, confirming the presence of
Eu3+ ions post-reaction. However, no distinct feature is observed near 1127 eV, suggesting
the absence of Eu2+ species after testing. This observation is consistent with EPR results,
which also failed to detect Eu2+ after the tribocatalytic process. In Figure 4e, the same color
scheme is used for O 1s peak fitting: green for Zn–O lattice bonds (~530.7 eV), blue for
non-lattice oxygen (~531.7 eV), and magenta for adsorbed water (~532.9 eV).

Table 2. Surface atomic concentrations (at.%), binding energies (eV), and corresponding oxidation
states/bond types of elements in xEu/ZnO samples (x = 0, 1, 2, and 3 mol%) prior to tribocatalytic testing.

Before O 1s
Tribocatalysts

Zn2p Eu3d5/2

BE,
eV

Conc., BE, at% eV
Conc.,
at%

BE,
eV

Conc.,
at%

ZnO 530.6
531.6
532.5

27.67 1021.7
15.78
6.76

49.80 — 0.00

ZnO/1 mol% Eu2O3 530.7
531.6
532.5

ZnO/2 mol% Eu2O3 530.7
531.7
532.7

ZnO/3 mol% Eu2O3 530.7
531.5
532.4

29.40 1021.7
14.27
6.21

28.88 1021.7
14.75
5.79

28.32 1021.7
15.30
8.32

50.16
50.35
42.73

~1135.0
~1135.9
~1136.0

0.17
0.23
0.32

Table 3 presents the surface atomic concentrations and corresponding chemical states
for the post-reaction samples. Interestingly, the trend of increasing europium concentration
observed before testing is no longer present. For instance, the 3 mol% Eu sample shows the
lowest measured surface concentration (0.16 at%), indicating a possible redistribution or
loss of europium during tribocatalysis. A new correlation is observed between europium
content and non-lattice oxygen: samples with lower surface europium exhibit higher
concentrations of non-lattice oxygen.

Comparison of the XPS data before and after tribocatalytic testing indicates that Eu3+

is the dominant surface species in both cases, while Eu2+ is present only prior to testing.
Furthermore, a correlation between surface europium and non-lattice oxygen is evident
after tribocatalysis—lower europium concentrations are associated with increased non-
lattice oxygen levels. This trend was not observed in the pre-reaction samples, where
the europium content increased without significantly affecting non-lattice oxygen. These
findings suggest that non-lattice oxygen species, including oxygen vacancies and low
coordination sites, may play an active role in the tribocatalytic process.

EPR spectroscopy was used to investigate the influence of increasing Eu2O3 content
on the electronic properties of ZnO, as well as on the local site symmetry around doped
paramagnetic ions (rare earth ions). Figure 5a shows the X-band EPR spectra of ZnO
doped with increasing amounts of Eu2O3 quantity (1, 2, and 3 mol%), recorded at room
temperature. The Eu2+ ion, with an electron configuration of 4f7 and a ground state of
8S = 7/2, is an EPR active species. Naturally occurring europium consists of two isotopes:
151Eu (48% abundance) and 153Eu (52% abundance), with a nuclear spin I = 5/2. This led
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to the splitting of the absorption line into 2I + 1 hyperfine components due to an electron-
nucleus Zeeman interaction. Several resonance absorptions may occur depending on the
strength of the crystal field [36]. A crystal field stronger than the Zeeman interaction
typically leads to resonance absorptions at g > 2, whereas a weak crystal field results in
signals near g ≈ 2 [37]. In the current EPR study, Eu2+ signals at g > 2 were observed in
the ZnO samples doped with 2 and 3 mol% Eu2O3, suggesting that some Eu2+ ions are
located at lattice sites with strong crystal fields, likely with octahedral symmetry. Eu2+

tends to substitute Zn2+ ions at octahedral sites within the host lattice [38]. Several lines
with resolved hyperfine structure were recorded at the range of magnetic fields from
80 mT to 180 mT for the ZnO/Eu2O3 (2 mol%), which can be attributed to transitions of
Eu2+. The observed spectrum, consisting of around 12 overlapping lines, arises from the
superposition of signals of Eu with natural isotopic composition. A similar spectrum was
reported for Eu:YAG single crystals by Petrosyan et al. [39]. In the ZnO/Eu2O3 (3 mol%)
sample, a broad unresolved signal was observed at g ≈ 4.2. A similar signal was previously
reported by Reddy et al. in ZnO:Eu (0.1 mol%) nanopowders [40]. It is reasonable to
suggest that an increased Eu2O3 content in the samples leads to a higher amount of Eu2+

ions, which in turn results in increased intensity of the EPR peak at g ≈ 4.2. Trivalent
Europium (4f6, 7F0) does not give an EPR signal since it is diamagnetic in nature.

Table 3. Surface atomic concentrations (at.%), binding energies (eV), and corresponding oxidation
states/bond types of elements in ZnO/xEu samples (x = 0, 1, 2, and 3 mol%) after tribocatalytic testing.

After O 1s
Tribocatalysts

Zn2p Eu3d5/2

BE,
eV

Conc., BE, at% eV
Conc.,
at%

BE,
eV

Conc.,
at%

ZnO 530.7
531.6
533.0

24.46 1021.7
19.19
7.28

49.06 — 0.00

ZnO/1 mol% Eu2O3 530.7
531.7
532.7

ZnO/2 mol% Eu2O3 530.7
531.7
532.9

ZnO/3 mol% Eu2O3 530.7
531.6
532.9

28.70 1021.7
16.12
7.07

31.76 1021.7
13.59
8.30

28.05 1021.7
19.00
6.70

47.89
46.08
46.09

~1135.6
~1135.4
~1134.5

0.21
0.27
0.16

Figure 5. (a) EPR spectra of ZnO modified with 1 mol% Eu2O3 (1), 2 mol% Eu2O3 (2), and 3 mol%
Eu2O3 (3); (b) EPR spectra of undoped ZnO and ZnO modified with 1, 2 and 3 mol% Eu2O3. The
signal gain in the europium samples is one time greater than the undoped sample.
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A broad, asymmetric signal was observed in all samples, most likely due to the overlap
of several signals with close g-factors. This complicates the precise identification of all
recorded signals. A resonance at g = 2.07 (observed in spectra 1 and 2 in Figure 5a) may
originate from O2− species formed due to traces of oxygen being present in the system [41]
or from OH• radicals adsorbed on the catalyst surface [42]. Additionally, a weak signal
at g = 2.02 was recorded in spectrum 1, possibly associated with oxygen radicals, which
typically exhibit g-values between 2.00 and 2.03 [42]. While in the ZnO/Eu2O3 (3 mol%)
sample, a weak resonance line at 325 mT (g = 2.04) was observed (spectrum 3). A similar
signal was reported in N-implanted ZnO films and attributed to V0–VZn divacancy [43].
Stan et al. detected a signal at g = 2.03, which was attributed to coupled defects, such as
negatively charged zinc vacancy-interstitial zinc (V-Zn:Zni

0) complexes. A weak, narrow
singlet at g = 1.956 was detected in all samples and can be attributed to shallow effective
mass donor (SD) centers in ZnO. Some studies have assigned the resonance at g = 1.96 to
bulk defects originating from negatively charged Zn vacancies [44] or to oxygen vacancy-
related defects in ZnO. An increase in europium content led to a slight increase in the
intensity of the signal with geff = 1.956, with similar intensities recorded for the 2 and
3 mol% doped samples.

Figure 5b presents the EPR spectra of undoped and Eu2O3-doped ZnO samples after
tribocatalytic treatment. Some differences are observed between the EPR spectra recorded
before and after mechanical activation. The EPR measurements show the absence of
resonance signals attributable to paramagnetic europium species, suggesting that Eu2+ ions
are either not present in detectable concentrations or have been oxidized to the diamagnetic
Eu3+ state. This assumption is supported by XPS analysis, which indicates a shift in the
Eu3+ ↔ Eu2+ redox equilibrium toward the trivalent state. Similar to the pre-catalysis
spectra, overlapping signals are observed, complicating detailed analysis via X-band EPR.
Therefore, only distinct EPR signals are discussed. A signal at g = 2.07 appears in both
undoped ZnO and the 3 mol% Eu2O3-doped sample, while a different signal with g = 2.12
is observed in ZnO doped with 1 and 2 mol% Eu2O3. The g = 2.07 signal was previously
discussed and is attributed to O2− species or OH• radicals adsorbed on the catalyst surface.
The shift from g = 2.145 to 2.12 is likely due to overlapping signals and is commonly
associated with Zn vacancies [40]. Singly ionized oxygen vacancies (g ≈ 2.000) are most
likely present in all samples [43,45]. As in the pre-catalysis spectra, shallow donor (SD)
centers are observed at g = 1.956. Their concentration increases in the 2 and 3 mol% Eu-
doped ZnO samples, with the 3 mol% sample exhibiting approximately twice the intensity
compared to the undoped and 1 mol% doped samples. As mentioned, the EPR signal with
geff = 1.956 is responsible for the donor states. Since the intensity of this signal depends on
the europium concentration, it can be assumed that Eu atoms are involved in the structure
of these donor centers. The remaining unidentified signals are most likely due to ZnO
impurities containing metal ions.

Figure 6 presents a comparison of the Raman spectra of the pure ZnO powder and the
ZnO/Eu2O3 sample modified with 3 mol% Eu2O3, recorded in the 110–1300 cm−1 range.
The Raman data confirm the hexagonal wurtzite phase composition of ZnO, consistent
with the XRD patterns. The most prominent Raman peaks appear at 330 and 438 cm−1,
corresponding to the E2H–E2L and E2H Raman modes, respectively [46], followed by
a broad feature at 1152 cm−1, attributed to the 2A1(LO) and 2E2(LO) modes. No significant
spectral changes are observed in the Eu2O3-doped powder, regardless of the dopant
concentration, except for a reduction in intensity and broadening of the Raman modes. This
observation is consistent with the XRD analysis. A slight redshift (~1 cm−1, discernible but
below the resolution of the Raman instrument used) of the observed Raman modes is also
noted, which may indicate partial substitution of lattice Zn atoms by Eu [47].
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Figure 6. Raman spectra of ZnO and ZnO/3 mol%, Eu2O3 samples.

2.2. Optical Analysis

UV–vis absorption spectroscopy was employed to examine the optical characteristics
of the tribocatalysts. Figure 7a indicates that pure ZnO exhibited an absorption band in the
UV region at approximately 370 nm. The interaction between Eu and the semiconductor
resulted in a slight shift of the absorption band (λmax = 367 nm) in the europium-modified
samples. This interaction was attributed to strong interfacial electronic coupling between
ZnO and Eu2O3. Consequently, the loss of light energy was further minimized [48].

Figure 7. (a) UV–visible patterns of tribocatalysts and (b) linear plots of (αhv)2 versus Eg for tribocatalysts.

The three samples exhibited band gap energies of 3.23, 3.22, and 3.21 eV for 1, 2, and
3 mol% Eu-modified ZnO, respectively, according to the relationship Eg (eV) = 1240/λmax
(nm), Figure 7b [49]. The value of the band gap energies decreased from 3.25 eV for pure
ZnO to 3.21 eV for ZnO/3 mol%, Eu2O3. Chandrasekhar et al. [50] and Ntwaeaborwa
et al. [51] reported similar findings for europium-modified ZnO semiconductors. The
presence of Eu3+ in the ZnO lattice can explain the variations in Eg values. The incorpora-
tion of Eu3+ ions as substitutes at Zn site introduces 4f states into the ZnO band gap [52].
These states are situated near the conduction band edge of ZnO and, unlike non-metal and
transition metal ion dopants, do not hybridize with O2p states and Zn3d states due to the
strong shielding effect of the 5s2 and 5p6 orbitals [53]. Nevertheless, spectroscopic data
reveal a distinctive intra-shell luminescence transition of europium-modified, indicating
that weak interactions with the environment cause the 4f states of europium to become
somewhat delocalized upon substitution [54]. Because the influence of Zn3d states is less-
ened, the observed decrease in Eg value can be understood as a lowering of the conduction
band minimum of ZnO. Therefore, the lowest Eg value at 3 mol% indicates that the dopant
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concentration has an optimal effect, most likely by raising the density of 4f states of Eu3+

replacing zinc ions in the ZnO lattice.

2.3. Tribocatalytic Decomposition of Paracetamol

The tribocatalytic decomposition of paracetamol without light, utilizing a magnetic
stirrer with one PTFE magnetic bar at 300 rpm, is employed to estimate the tribocatalytic
efficiency of ZnO and ZnO/Eu2O3 particles. Each friction test uses the same drug concen-
tration of 15 ppm. The concentration of the drug solution was determined using the PCA
molecule’s distinctive absorbance at 243 nm. Figure 8a shows the tribocatalytic degradation
of a paracetamol initially at a rotation speed of 300 rpm using pure and europium-modified
ZnO particles. The results of the degradation process demonstrated the drug’s break-
down under the tribocatalytic action. After a 24 h friction period, the ZnO/3 mol% Eu2O3

particles degraded 82.44% of the paracetamol.

 
(a) (b) 

 
(c) (d) 

Figure 8. (a) Tribocatalytic degradation of paracetamol solution using ZnO and ZnO/Eu2O3 particles
by magnetic stirring conditions at 300 rpm with one stirring rod; (b) kinetic fitting. The effect of
various stirring speeds (c) 100 and (d) 500 rpm on the decomposition of paracetamol.

The catalytic efficiencies of ZnO/Eu2O3 particles are higher than those of pure ZnO.
The findings indicate that tribocatalysis is significantly influenced by the morphological
surface, crystallite size, and Eg values. The Ln(Ct/C0) = −kt pseudo-first-order approx-
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imation yields the rate constant values (Figure 7b), which are consistent with the trend.
The ZnO sample (k = 0.0383 h−1) has a lower reaction rate than the ZnO/1 mol% Eu2O3

sample (k = 0.0492 h−1). The catalyst with the highest molar concentration of europium
has the highest rate constant (k = 0.0698 h−1).

To investigate the factors that influence the breakdown of paracetamol, a suspension
of analgesic and ZnO and ZnO/Eu2O3 samples was agitated at different speeds and with
varying numbers of stirring rods. The data are summarized in Figure 8 and Table 4. The
logarithm of the concentration ratio with ZnO and ZnO/Eu2O3 particles is displayed in
Figure 8 using a single Teflon stirring rod at varying stirring speeds. The rate constant and
the decomposition of paracetamol using ZnO/3 mol% Eu2O3 at 500 rpm are k = 0.0962 h−1

and D = 85.1% after 24 h of stirring. At 300 and 100 rpm, the decomposition ratios are
k = 0.0698 h−1 and D = 82.4%, k = 0.0558 h−1 and D = 74.5%, respectively. The data suggest
that a higher stirring speed could produce more friction energy, which would be advan-
tageous for the breakdown of drugs. Increases in rotation speed can enhance the contact
probability between the drug molecules and the catalyst, promoting the tribocatalytic
reaction and boosting the tribocatalytic efficiency. Similarly, when Dong et al. [55] studied
the tribocatalytic degradation of RhB by Bi2WO6, they discovered that the degradation
efficiency of dyes improved with an increase in rotation speed. However, if the rotation
speed is too high, the stirrer may rebound during stirring and splash the catalyst onto the
beaker wall, resulting in a decrease in catalytic efficiency. The aforementioned research has
demonstrated not only the significance of magnetons in the tribocatalytic experiments but
also a strong correlation between the generation of tribocatalytic charges and the frequency,
friction area, and charge transfer efficiency between materials.

Table 4. The values of rate constants and percentages of paracetamol degradation at 500 rpm using
various amounts and types of PTFE rods.

Tribocatalysts 1 Rod 2 Rods 3 Rods

k, h−1 D, % k, h−1 D, % k, h−1 D, %

ZnO 0.0383 70.45 0.0564 74.07 0.0671 74.07
ZnO/1 mol%, Eu2O3 0.0492
ZnO/2 mol%, Eu2O3 0.0559
ZnO/3 mol%, Eu2O3 0.0698

75.62 0.0647
81.20 0.0795
85.12 0.0939

78.20
85.02
89.67

0.0778
0.0969
0.1054

81.71
89.15
92.15

The decomposition results obtained with varying quantities and types of stirring rods
at a 500 rpm stirring speed are displayed in Table 4. The decomposition ratio with one
Teflon stirring rod is the lowest, while the decomposition ratio with three Teflon stirring
rods reaches the maximum percentage of paracetamol degradation. With three Teflon
stirring rods, there was a noticeable increase in the decomposition ratio, which can be
attributed to the increased total contact area. Two 1-mm-thick PVC belt rings were wrapped
around a stirring rod to confirm the impact of total contact area on the decomposition ratio.
This alteration prevents the stirring rod from making contact with the suspension’s glass
beaker bottom, as indicated in Table 4, which leads to a low decomposition ratio of about
25.8%. It offers proof that tribocatalytic drug breakdown is significantly influenced by the
total contact area.

The contact area between the stirring rod and the catalyst, and the reactor bottom is
increased by the greater number of stirring rods. Consequently, the tribocatalytic efficiency
will rise as the number of stirring rods increases. Table 4 demonstrates that employing
two stirring rods significantly enhances the tribocatalytic degradation efficiency of parac-
etamol compared to using only one stirring rod. The significance of friction between the
stir bar and the vessel bottom is further illustrated by the three stirring rods.
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The higher surface area, which provides more active sites for participation and permits
greater adsorption of drugs in the reaction, may help to separate tribogenerated charge
pairs and enhance carrier participation in the redox reaction, both of which may lead to
improved tribocatalysis efficiency [56]. When ZnO absorbs mechanical energy during
friction, excited e− represents electrons, while the resulting h+ signifies holes. O2

− super-
oxide radicals are generated when oxygen molecules interact with electrons during the
degradation of the drug. Following their interaction with OH−, the holes convert into
hydroxyl radicals, or OH•. The enhanced activity of the europium-modified ZnO sample
may be attributed to the efficient electron–hole separation across the ZnO/Eu2O3 interface
and the increased generation of O2

− and OH• radicals. The higher adsorption of hydroxyl
ions onto the ZnO surface and the greater number of oxygen vacancies in the Eu-modified
ZnO, resulting from the differing charge and electronegativity of europium and zinc ions,
contribute to the higher efficiency [26]. The formation of OH• is facilitated by the reaction
between the holes and OH−. Organic contaminants on the surface of europium-modified
ZnO are degraded by strong non-selective oxidants such as hydroxyl radicals and other
tribogenerated active species [57,58]. Higher catalytic efficiency is achieved when ZnO is
modified with the europium oxide phase, likely due to the suppression of tribogenerated
charge recombination. The incorporation of the europium phase is advantageous as it
traps electrons, inhibits electron-hole recombination reactions, and increases the quantity
of superoxide and hydroxyl radicals, all of which accelerate the degradation of pollutants.

A radical scavenger assay that we conducted provides evidence for the role of the
superoxide and hydroxyl radicals that are involved. Figure 9 displays the data. The
addition of ascorbic acid (AA) and isopropyl alcohol (IPA) scavengers, which capture the
corresponding reactive species, allowed for the quantification of the roles that superoxide
and hydroxyl radicals play in the degradation of paracetamol [59,60].

Figure 9. Scavengers’ effects on the decomposition of paracetamol in the tribocatalysis process using
ZnO, ZnO/1 mol% Eu2O3, ZnO/2 mol Eu2O3, and ZnO/3 mol% Eu2O3 particles.

Figure 9 shows that adding AA and IPA to the four tribocatalyst systems had compa-
rable effects, with the former showing a more noticeable inhibition. This suggests that the
superoxide radical has a greater impact on the paracetamol tribo-degradation rate.

A three-cycle investigation into the recyclability of tribocatalysts made of pure and
europium-modified zinc oxide is depicted in Figure 10. Following three cycles in distilled
water, the tribocatalytic decomposition of paracetamol decreased by approximately 2% for
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all catalyst types, indicating that the catalytic performance of the tribocatalysts diminished
slightly with each cycle. Despite this decrease, the stability of the drug decomposition cycle
of the sol-gel samples was found to be good. These results demonstrate their potential for
repeated use in the breakdown of paracetamol. The most stable and effective catalyst over
many cycles is Eu2O3, although ZnO/3 mol% shows a slight decrease with repeated use.

 

Figure 10. Decolorization rate of paracetamol at 500 rpm for three successive cycles using (a) 1 rod,
(b) 2 rods, and (c) 3 rods.
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3. Materials and Methods

3.1. Chemicals

Zinc acetate dihydrate (>99.0%), 1-propanol (>99.0%), triethylamine (>99.5%), and
europium oxide (>99.0%) were from Fluka (Buchs, Switzerland). Distilled water was used
in all experiments. All other chemicals and reagents were of analytical reagent grade.
Paracetamol (C8H9NO2, λmax = 243 nm, Teva, Dupnitsa, Bulgaria) was chosen as the model
pollutant for the tribocatalytic experiments due to its extensive application in the real world.

3.2. Synthesis of Sol-Gel ZnO and ZnO/Eu2O3 Particles

Four series of ZnO doped with Eu2O3 (0, 1, 2, and 3 mol%) powders were produced
using a simple and eco-friendly sol-gel process. Zinc acetate dihydrate (0.5 g), ethylene
glycol (0.15 mL), 1-propanol (20 mL), and triethylamine (0.35 mL) were mixed in a round-
bottom flask with a reflux condenser and stirred (300 rpm) at room temperature for 15 min.
The resulting solution was stirred for 60 min at 80 ◦C. ZnO tribocatalyst modified with
Eu3+ (1 mol%) was prepared using the same method and conditions. Europium oxide was
separately dissolved in 1-propanol and sonicated for 20 min to enhance dispersion. The
pure reaction mixture was then added to this sonicated suspension of europium oxide,
ensuring uniform doping. The resulting ZnO and ZnO/Eu2O3 particles were separated by
centrifugation at 6000 rpm for 30 min, washed twice with pure 1-propanol, and dried in
open air to yield powders. The remaining catalysts (ZnO/2 mol% Eu2O3 and ZnO/3 mol%
Eu2O3) were prepared under the same optimal conditions.

3.3. Methods

A scanning electron microscope (SEM, JSM-5510, JEOL, Krefeld, Germany) was used
to image the obtained samples in order to examine their morphology and microstructure.
The samples were analyzed using energy-dispersive X-ray spectroscopy (EDX, detector:
Quantax 200, Bruker Resolution 126 eV, Berlin, Germany) for elemental analysis or chemi-
cal characterization. Transmission Electron Microscopy (TEM) analyses were conducted
on a JEOL JEM 2100 instrument (Akishima, Japan) at an accelerating voltage of 200 kV
to analyze the morphology of the samples. The samples were prepared by dispersing
them in ethanol for six minutes after ultrasonically grinding them. The suspensions were
dripping onto standard carbon/Cu grids. The presence of all participating elements in
the examined samples was further supported by elemental mapping studies using X-ray
energy dispersive spectrometry (XEDS). Crystallinity and phase composition of the cata-
lysts were analyzed using XRD (Siemens D500 with Cu Kα radiation, Karlsruhe, Germany).
The average crystallite sizes were estimated using Scherrer’s equation. Rietveld analysis
was executed employing PowderCell [61], and the March-Dollase texturing model [62]
was used to examine whether the pure and Eu-modified ZnO samples showed signs of
preferential orientation. Using a Zeiss Evo 15 microscope (Bruker Resolution 126 eV, Berlin,
Germany), the energy dispersive X-ray spectroscopy (EDS) analysis was performed. X-ray
photoelectron spectroscopy (XPS) was carried out using an ESCALAB MkII (VG Scientific,
now Thermo Scientific, Manchester, UK) electron spectrometer at a base pressure in the
analysis chamber of 5 × 10−10 mbar (during the measurement, 2 × 10−9 mbar), with an
AlKαX-ray source having excitation energy hα = 1486.6. The pass energy of the hemispher-
ical analyzer was 20 eV for O 1s and Zn2p spectra, whereas for Eu3d 50 eV pas energy
of the analyzer was used because of the weak spectrum intensity resulting from the low
concentration of europium on the surface. The instrumental resolution is about 1 eV for
the photoelectron peak, as determined from the full width at half maximum (FWHM) of
the Ag3d5/2. Data analysis was conducted using SpecsLab2 CasaXPS software (2.3.25PR1.,
Casa Software Ltd., Tokyo, Japan). The processing of the measured spectra includes a
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subtraction of X-ray satellites and Shirley-type background [61]. The peak positions and
areas are evaluated by a symmetrical Gaussian-Lorentzian curve fitting. The relative con-
centrations of the different chemical species are determined based on the normalization of
the peak areas to their photoionization cross-sections, calculated by Scofield [62,63]. EPR
measurements were performed using a standard TE011 cylindrical resonator that came
with a JEOL JES-FA 100 EPR spectrometer (Tokyo, Japan). Under the following conditions,
the EPR spectra were recorded at room temperature: a modulation frequency of 100 kHz,
a microwave power of 6 mW, a modulation magnitude of 0.2 mT, a time constant of 0.1
s, and a sweep time of 2 min. Raman spectra of the ZnO and ZnO/Eu samples were
acquired using a ThunderOptics TO-ERS-532 system, equipped with a 20× microscope
objective and a 532 nm laser source operating at 30 mW power. The spectra were collected
with an integration time of 2000 ms (Thunder Optics S.A.S., Montpellier, France). Raman
spectral data acquisition and processing were performed using Spectragryph software
(version 1.2.16.1).

3.4. Tribocatalysis for Degradation of Paracetamol

Tribocatalysis was employed to break down a 50 mL solution of paracetamol. The drug
was made in a 100 mL glass beaker with distilled water and a magnetic stirrer. Without
light, the tribocatalytic reaction was conducted at a steady room temperature of 23 ± 2 ◦C.
Initially, there were 15 ppm of analgesic present. Fifty mg of catalyst (pure or Eu3+-modified
ZnO) was added to a glass reactor containing drug solution. Next, a magnetic bar sealed
with polytetrafluoroethylene (PTFE) was used to stir the suspension magnetically. For
30 min in the dark, the resulting mixture was magnetically agitated with a PTFE to attain
adsorption equilibrium between the tribocatalysts and the paracetamol solution. It then
triggers the glass reactor, which initially spins at 300 revolutions per minute. Regularly,
two-milliliter aliquots of the reaction solution were collected. After that, the tribocatalyst
was centrifuged at 6000 rpm. This procedure was comparable to every other decomposition
performance test, except for variations in the number of magnetic rods (2 and 3), magnetic
stirring conditions (100 and 500 rpm), and catalyst types (ZnO/Eu (0, 1, 2, and 3 mol%
powders). Friction between the catalyst and the vessel or between the stirrer and the reactor
bottom may cause electron transfer during the stirring process. As a result, the vessel’s
material is now considered during the tribocatalysis process, as the vessel significantly
influences the tribocatalytic efficiency. Polytetrafluoroethylene (PTFE) has been found to
be able to absorb more electrons during the friction process than glass and polypropylene
(PP) [64]. As a result, the catalyst has higher tribocatalytic efficiency when it comes into
contact with the PTFE beaker and PTFE stirrer, releasing more electrons. All these studies
related to the type of reaction vessel will be examined in other future experiments of ours.
Thermo Scientific’s Evolution 300 spectrophotometer (Madison, WI, USA) was used to
acquire paracetamol’s UV–vis spectra in the 200–600 nm range.

A scavenger test was used to look into the reactive species that were causing the
paracetamol to degrade. As scavengers, isopropyl alcohol (IPA) and ascorbic acid (AA)
were employed to absorb hydroxyl and superoxide radicals, respectively. Six milligrams of
each scavenger were used independently in order to pinpoint the precise reactive species
that caused the organic drug (50 mL) to degrade due to tribocatalysis.

4. Conclusions

In conclusion, three different types of ZnO sol-gel particles modified with Eu2O3 (0,
1, 2, and 3 mol%) are employed to achieve strong tribocatalysis for the decomposition of
paracetamol by harnessing the friction energy from stirring. Among these, the ZnO/3 mol%
Eu2O3 composite demonstrated the most efficient degradation and the highest specific

91



Molecules 2025, 30, 2265

surface area. When the drug is stirred with three PTFE rods for 24 h at 500 rpm, the
tribocatalytic drug decomposition ratio reaches approximately 92%. The influence of
various factors, such as stirring speeds and the quantities and types of stirring rods, on the
breakdown of paracetamol is assessed. The data show that electrons and holes in ZnO and
ZnO/Eu2O3 particles are efficiently excited by mechanical energy absorbed during friction,
resulting in effective drug decomposition. An environmentally friendly and promising
method of using mechanical energy from the environment to combat pollution is the
tribocatalytic effect. Tribocatalysis facilitates drug degradation, creating new opportunities
for controlling environmental contamination.
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Abstract: Constructing highly efficient catalysts for the degradation of organic pollutants driven by
solar light in aquatic environments is a promising and green strategy. In this study, a novel hexagonal
sheet-like Pt/SnS2 heterojunction photocatalyst is successfully designed and fabricated using a
hydrothermal method and photodeposition process for photocatalytic tetracycline (TC) degradation.
The optimal Pt/SnS2 hybrid behaves with excellent photocatalytic performance, with a degradation
efficiency of 91.27% after 120 min, a reaction rate constant of 0.0187 min−1, and durability, which
can be attributed to (i) the formation of a metal/semiconductor interface field caused by loading Pt
nanoparticles (NPs) on the surface of SnS2, facilitating the separation of photo-induced charge carriers;
(ii) the local surface plasmon resonance (LSPR) effect of Pt NPs, extending the light absorption range;
and (iii) the sheet-like structure of SnS2, which can shorten the transmission distance of charge
carriers, thereby allowing more electrons (e−) and holes (h+) to transfer to the surface of the catalyst.
This work provides new insights with the utilization of sheet-like structured materials for highly
active photocatalytic TC degradation in wastewater treatment and environmental remediation.

Keywords: sheet structure; Pt/SnS2; tetracycline; photodegradation; heterogeneous junction

1. Introduction

Antibiotics are crucial for preventing and treating bacterial infections in humans and
infectious diseases in livestock [1,2]. Tetracycline (TC), as a broad-spectrum antibiotic, is
renowned for its potent antibacterial properties and better cost-effectiveness [3,4]. Unfor-
tunately, due to the chemical stability and resistance to biodegradation of TC, the residual
TC will eventually be released into the soil and aquatic environments, causing serious pol-
lution to the environment, and then posing significant threats to ecosystems and human
health [5,6]. Despite various wastewater treatment methods such as adsorption, biologi-
cal treatment, membrane separation, and advanced oxidation processes, the drawbacks of
secondary pollution, high energy consumption, low efficiency, and complicated treatment
processes restrict the widespread application of these strategies [7,8]. Therefore, develop-
ing effective, environmentally friendly, and economical strategies to remove TC antibiotic
residues in aquatic environments is an important and urgent issue of crucial significance to the
ecological environment, people’s health, and the achievement of sustainable development [9].

So far, photocatalytic TC degradation driven by inexhaustible green solar energy is
considered one of the most promising solutions owing to its high efficiency and stability,
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low toxicity and cost, sustainability, and recyclability [10–12]. In a nutshell, photocata-
lysts generate photo-generated e−/h+ pairs with redox properties under light illumination,
which can transfer to the surface of the photocatalyst and react with H2O and O2 to produce
active species such as hydroxyl radicals (·OH) and superoxide anion radicals (·O2

−), and
then the radicals are exploited to degrade TC to form harmless products [13,14]. The key
factors enhancing the photodegradation efficiency include increasing light capture and
absorption, hindering the fast recombination of photo-induced charge carriers, and improv-
ing mass transport. Thus, the delicate design of the macro-structure and elaborate choice
of micro-composition are highly required to achieve satisfactory degradation efficiency.

Two-dimensional (2D) sheet-like materials possess unique merits in the field of pho-
tocatalysis [15–25], such as shortening the transport path of charge carriers to make more
photo-excited e− and h+ pairs to participate in reactions on the surfaces of the catalysts, ex-
posing specific crystal planes to provide more reactive sites, and preventing catalysts from
aggregating together during the reaction process [26–37]. Additionally, the semiconductors
with 2D structures, such as TiO2 [38], g−C3N4 [39], Fe2O3 [40], ZnO [41], and SnS2 [42],
etc., are considered to be promising candidates for the efficient photocatalytic degrada-
tion of TC. Among them, SnS2, an n-type semiconductor with a fascinating band gap of
~2.2 eV and the advantages of being non-toxic, harmless, easy to prepare, inexpensive,
and environmentally friendly, has been extensively studied for the photodegradation of
water pollutants [43,44]. However, pure SnS2 tends to suffer from the weakness of rapid
carrier recombination, restricting its photocatalytic efficiency. In view of this, constructing
heterojunctions as well as decorating noble metal NPs is an effective method to overcome
this intrinsic limitation. Noble metals, such as Ag, Au, Pt, and Pd, have been verified
to display unique LSPR effects and are extensively employed as co-catalysts to enhance
photocatalytic efficiency [45]. The noble metal NPs can absorb and scatter visible light,
causing a strong local electromagnetic field, which benefits the excitation, separation, and
transfer of photo-induced carriers, improving the photocatalytic activity. Vishal et al. [46]
successfully designed and synthesized a novel ternary Z-Scheme Ag/HAp/SnS2 catalyst
for the photodegradation of metronidazole, which behaved with excellent photodegrada-
tion efficiency because of the formation of heterogeneous junctions and Ag NPs acting as a
charge transfer medium and e− accumulators delaying e−/h+ recombination. Li et al. [47]
successfully prepared a hollow-structured Pt/TiO2 hybrid as a catalyst for photocatalytic
TC degradation, exhibiting great photodegradation performance and durability attributed
to the formation of Schottky junctions and the LSPR effect of Pt.

In this work, Pt NPs loaded on sheet-like-structured SnS2 hybrids were designed and
synthesized through a simple hydrothermal process and photodeposition reaction toward
TC photodegradation. Pt NPs extended the light absorption range due to the LSPR effect as
well as captured the e− of SnS2 with plasmonic hot h+ caused by tough electron oscillation
of LSPR excitation. Additionally, Pt NPs also played the role of e− grooves, which could
promote the separation of charge carriers and enrich e−. Benefiting from the Schottky junction
constructed between Pt and SnS2 and the natural advantages of the sheet-like structure of
a short carrier transfer path and more exposed active reaction sites, the optimal specimen
showed outstanding photocatalytic TC degradation activity with a degradation efficiency of
91.27% under light illumination for 120 min, a rate constant of 0.0194 min−1, and durability in
five cycles without apparent activity reduction. Thus, we believe that the sheet-like-structured
Pt/SnS2 heterogeneous junction catalyst provides a different strategy for the construction of
highly efficient photocatalysts for the degradation of water pollutants.

2. Results and Discussion

2.1. Morphological and Structural Characterization

The synthesis procedure of a sheet-like Pt/SnS2 hybrid is illustrated in Figure 1a.
Briefly, the hard template method was used to synthesize the SnO2 hollow sphere, with CMS
and SnCl4 as a sacrificial template and metal ion precursor, and then sheet-like-structured
SnS2 was obtained through sulfuration treatment in the presence of TAA. After that, 2D
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heterogeneous junction Pt/SnS2 hybrids were prepared via a subsequent photodeposition
process. As shown in the transmission electron microscopy (TEM) image (Figure 1b),
the SnO2 hollow spheres display a coarse surface with an outer diameter of 600–700 nm.
After sulfuration, it could be obviously observed that the SnO2 hollow sphere became
the hexagonal sheet-like-structured SnS2 (Figure 1c). It must be pointed out that the
structure has changed from three-dimensional (3D) to two-dimensional (2D), resulting in a
significant increase in size. Figure 1d demonstrates the TEM of the Pt/SnS2 hybrid, and the
Pt NPs with an average diameter of 10.56 nm are uniformly dispersed on the surface of the
SnS2 sheet. The high-resolution TEM (HRTEM) image of the Pt/SnS2 hybrid displayed in
Figure 1e indicates that the heterojunction formed by SnS2 and Pt and the Pt NPs are tightly
anchored at the surfaces of SnS2. Two lattice fringes were measured with the interplanar
distances of 0.18 and 0.23 nm, which corresponded to the (110) plane of SnS2 [48] and the
(111) plane of Pt [49], respectively. Furthermore, the corresponding high-angle annular
dark-field scanning transmission electron microscopy (HAADF−STEM) and elemental
mapping images (Figure 1f–i) of the Pt/SnS2 hybrid verified that the elements of Sn, S,
and Pt were well dispersed throughout the catalyst and further confirmed the uniform
distribution of Pt nanoparticles loaded on the surfaces of sheet-like Pt/SnS2, indicating the
formation of ample intimate heterointerfaces between Pt and SnS2.

Figure 1. (a) Schematic illustration of the synthesis process of sheet-like-structured SnS2 and Pt/SnS2

hybrids; TEM images of (b) SnO2 hollow sphere, (c) SnS2 and (d) SnS2-2.0Pt with inset of particle
size distribution of Pt NPs; HRTEM image of (e) SnS2-2.0Pt; (f) HAADF−STEM and (g–i) elemental
distribution images of SnS2−2.0Pt; and (j) XRD patterns of SnS2 and SnS2−2.0Pt with standard
diffraction peaks of SnS2 and Pt (vertical lines).

The crystallographic properties and phase composition of the SnS2 and SnS2−2.0Pt hy-
brids were investigated by X-ray diffraction (XRD) patterns (Figure 1j). The typical diffraction
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spectrum with specific peaks of pure SnS2 is indexed by hexagonal SnS2 (PDF#23-0677) [48],
and the diffraction peaks located at 15.029, 28.199, 32.124, 41.886, 49.960, 52.451, 54.960, 60.619,
67.152, and 70.333◦ are well attributed to (001), (100), (101), (102), (110), (111), (103), (201), (202),
and (113) crystal facets with lattice constants of a = b = 3.6486 Å and c = 5.8992 Å. The absence
of no impurity peaks demonstrates that pure SnS2 has been successfully fabricated. As for
SnS2−2.0Pt, loading Pt NPs does not influence the crystalline structure of SnS2. The deposition
of Pt NPs at SnS2−2.0Pt concentrations was not detected in the XRD pattern with JCPDS card
no. 4−802 because of the small particle size of Pt NPs with highly uniform dispersion onto the
sheet-like SnS2. Nevertheless, the energy-dispersive spectroscopy of SnS2−2.0Pt illustrated in
Figure S1 displays that Pt NPs do exist.

2.2. XPS Analysis

An X-ray photoelectron spectroscopy (XPS) test was used to investigate the element
composition and valence state of as-prepared samples. Figure 2a depicts the survey XPS
spectra of SnS2 and SnS2−2.0Pt, and the peaks of Pt only can be observed in SnS2−2.0Pt,
proving once again the successful modification of Pt onto SnS2. The peaks at 486.9 and
495.3 eV in Figure 2b mainly focus on Sn 3d5/2 and Sn 3d3/2, belonging to the binding
energies of Sn4+ states [50]. And the high-resolution XPS scans of the S 2p spectrum exhibit
two peaks with the binding energies of 161.9 and 163.1 eV (Figure 2c), corresponding to S
2p3/2 and S 2p1/2, respectively, confirming the chemical state of S with −2 valence in the
SnS2 sheet. However, compared to the pure SnS2, the binding energies of S 2p and Sn 3d
for SnS2−2.0Pt showed a slightly negative shift toward a lower direction of 0.5 eV (S 2p)
and 0.5 eV (Sn 3d), indirectly confirming the closed interaction between Pt NPs and SnS2,
which shows that the e− of SnS2 migrate to Pt at the interface. As shown in Figure 2d, the
Pt 4f XPS spectrum of SnS2−2.0Pt can be divided into two double peaks. The peaks located
at 71.7 eV and 75.1 eV belong to the Pt 4f7/2 and Pt 4f5/2 of metal Pt0, while the peaks at
73.0 eV and 76.3 eV correspond to the Pt 4f7/2 and Pt 4f5/2 of Pt2+ [51–54], existing in the
interfaces of Pt and SnS2 or the oxidized Pt atoms [55]. Moreover, the ratio of Pt0/Pt is
70.18% (Table S1), demonstrating that Pt is mainly presented in the metallic form.

 

Figure 2. XPS spectra of SnS2 and SnS2−2.0Pt: (a) survey; high-resolution XPS spectra of (b) Sn 3d,
(c) S 2p, and (d) Pt 4f.
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2.3. Photocatalytic TC Degradation Evolution

The photocatalytic property tests of TC degradation for all as-prepared samples were
carried out under 300 W Xe lamp irradiation. The standard curve of absorbance vs. varied
concentrations of TC is displayed in Figure S2. The initial TC solution containing catalysts
was stirred for 30 min in a dark environment, aiming to achieve adsorption/desorption
equilibrium between TC and the catalyst before illumination. Firstly, the blank experiment
was conducted. The test result (Figure 3a) showed that the TC was difficult to degrade under
the condition of no light irradiation, while the concentration of TC significantly decreased in
the existence of light and the catalyst. The pure SnS2 demonstrated a degradation efficiency
of 52.15% for TC within 120 min. And for Pt/SnS2 hybrids, there was a rise in the Pt NP
amount loaded on the SnS2 sheet. The degradation activity was improved; however, the
excess loading amount of Pt NPs caused a decrease in the performance of TC degradation.
The degradation efficiency of TC was 76.32%, 84.76%, 91.27%, and 83.65% for SnS2−1.0Pt,
−1.5Pt, −2.0Pt, and −2.5Pt, respectively, and SnS2−2.0Pt showed optimal photocatalytic
TC degradation performance behaviors.

 

Figure 3. (a) Photocatalytic activities of all as-prepared samples during the degradation of TC,
(b) kinetic curves, (c) the reaction rate constant, and (d) durability tests of SnS2−2.0Pt.

Then, the reaction kinetics of the catalytic process for all as-prepared samples was
studied using the first-order reaction kinetic equation of −ln(Ct/C0) = kt, where t is re-
action time, Ct stands for the concentration of TC after t min light irradiation, C0 is the
concentration of TC after adsorption/desorption equilibrium in a dark environment, and
k is the reaction rate constant (min−1). The fitting data (Figure 3b) demonstrate a very
good linear relationship between −ln(Ct/C0) and t, and the R2 values of SnS2, SnS2−1.0Pt,
−1.5Pt, −2.0Pt, and −2.5Pt are 0.9301, 0.9619, 0.9845, 0.9927, and 0.9699. And the slopes
of the fitted lines are represented by the value of k, which is 0.0057, 0.0111, 0.0149, 0.0187,
and 0.0142 min−1 for SnS2, SnS2−1.0Pt, −1.5Pt, −2.0Pt, and −2.5Pt (Figure 3c). Notably,
SnS2−2.0Pt demonstrates the best performance of TC photodegradation among all samples
and also possesses strong competitiveness compared with the published papers with the
SnS2-based materials under similar reaction conditions [48,56–60] (Table 1). In addition,
Figure 3d shows the recyclability and stability of SnS2−2.0Pt, in which the degradation
rate of TC has no obvious change during five cycles, suggesting the stability of SnS2−2.0Pt
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for photocatalytic TC degradation. And the high stability of the SnS2-2.0Pt sample crystal
structure and morphology can also be proved by the XRD pattern and TEM image (Figure
S3). Furthermore, the pH value of the initial TC solution as a major effect parameter was
studied during the process of TC degradation. As shown in Figure S4, SnS2−2.0Pt demon-
strated excellent performance under a wide pH range with a TC degradation efficiency of
92.50%, 91.56%, 88.17%, and 83.28 under the initial solution pH values of 3, 5, 9, and 11,
respectively. The degradation rate decreased slightly but not significantly in an alkaline
environment, indicating that SnS2−2.0Pt could exhibit good performance in a wide range
of pH values.

Table 1. Comparison of TC photodegradation activity of previously published papers with SnS2-
based catalysts.

Catalyst
Initial

Concentration of
TC (mg/L)

Dosage
(g/L)

Reaction Time
(min)

Degradation
(%)

Kinetic
Constant
(min−1)

Ref.

Pt/SnS2 20 0.33 120 91.27 0.0187 This work
Fe/SnS2/Kaolinite

a 40 0.50 60 80.38 0.0257 48

Zn2SnO4/SnS2 10 0.10 120 83.00 0.0176 56
BiVO4/SnS2 10 0.20 150 80.80 0.0100 57

LaFeO3/SnS2 50 0.33 120 28.80 0.0028 58
Bi2MoO6-x/SnS2 20 0.20 90 89.00 0.0139 59

Ti3C2/SnS2 10 0.50 90 87.70 0.0156 60
a A total of 8 mM of H2O2 was added to the reaction system.

2.4. Photoelectronic Tests

In order to investigate the reasons why the SnS2−2.0Pt sample behaved with such
properties during the photodegradation of TC, a series of photoelectronic characterizations
were carried out. Figure 4a shows the steady-state photoluminescence (PL) spectra of SnS2
and SnS2−2.0Pt with the peak position located at ~550 nm. And SnS2−2.0Pt displays a
weaker peak intensity compared to that of pure SnS2, suggesting that the heterogeneous
structures constructed between SnS2 and Pt NPs hinder the recombination of photo-induced
e−/h+ pairs [61]. In addition, time-resolved PL was used to study the characteristics of
photo-excited charge carriers. As illustrated in Figure 4b, the average lifetimes (τAve.) of
SnS2 and SnS2−2.0Pt were calculated to be 0.30 and 0.26 ns using the biexponential func-
tion, respectively. The shorter average fluorescence lifetime of SnS2−2.0Pt demonstrated
the improved transfer and separation efficiency of charge carriers [62]. Moreover, the
electrochemical impedance spectra (EIS) exhibited in Figure 4c show the fitted semicircle
diameter values of 69.66 and 19.99 kΩ for SnS2 and SnS2−2.0Pt, respectively, and smaller
semicircles of SnS2−2.0Pt indicate lower charge carrier transfer resistance. Furthermore,
SnS2−2.0Pt shows higher photocurrent density than that of SnS2 (Figure 4d), demonstrat-
ing a promotion of the generation and separation efficiency of charge carriers due to the
heterojunctions in SnS2−2.0Pt. All these characterization results confirm that the genera-
tion, separation, and transfer of photo-induced e−/h+ pairs can be enhanced in SnS2−2.0Pt
during photocatalytic TC degradation [63,64], resulting in higher photocatalytic activity.

100



Molecules 2024, 29, 5423

 

Figure 4. Photoelectronic characterizations of SnS2 and SnS2−2.0Pt: (a) steady-state PL spectra,
(b) time-resolved PL spectra, (c) EIS Nyquist plots and the fitting circuit diagram (inset), and (d) pho-
tocurrent density−time curves.

2.5. Mechanism Analysis

Free-radical trapping experiments were implemented to examine the main active species
in TC photodegradation. Normally, the active substances, e−, hydroxyl radicals (·OH), h+,
superoxide radicals (·O2

−), and singlet oxygen (1O2), were generated during the process of
photocatalytic TC degradation, which could be captured using the scavengers of IPA, K2S2O8,
EDTA, BQ, and FFA, respectively. As displayed in Figure 5a,b, the TC degradation efficiency
decreased after adding IPA, K2S2O8, EDTA, BQ, and FFA, with the degradation efficiency
of 75.30%, 82.72%, 76.11%, 17.56%, and 28.60%, respectively. BQ was a great obstacle to TC
degradation, followed by FFA, and IPA, K2S2O8, and EDTA illustrated a relatively small
impact on TC degradation. Thus, ·O2

− played a dominant role in the degradation process of
TC, followed by 1O2, and e−, ·OH, and h+ played an auxiliary role [65,66].

 

Figure 5. (a) Photocatalytic activities of the degradation of TC and (b) TC removal efficiency with the
SnS2−2.0Pt catalyst in the presence of various scavengers.

To unveil the catalytic reaction mechanism, corresponding tests were conducted to
define the energetic band structure. The UV−Vis light absorption spectra of SnS2 and
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SnS2−1.0Pt, −1.5Pt, −2.0Pt, and −2.5Pt are revealed in Figure 6a. The light absorption
edge is approximately 580 nm for pure SnS2. After loading Pt NPs on SnS2, the light
absorption of Pt/SnS2 hybrids is significantly enhanced compared to that of pure SnS2,
which contributes to the LSPR effect of Pt. The Tauc plots can be obtained through the
UV−Vis light absorption data. And then the energy band gap (Eg) of as-prepared samples
can be determined according to the intercept of the straight lines of the Tauc curves on
the x-axis. As exhibited in Figure 6b, the Eg values of SnS2 and SnS2−2.0Pt are 2.14 and
1.98 eV, respectively. In addition, the Mott−Schottky measurement is used to confirm
the location of the flat band (Ef). Figure 6c demonstrates the Mott−Schottky plots under
various frequencies of SnS2, whose slopes are positive, indicating an n-type semiconductor
of SnS2. As for the n-type semiconductor, compared to the position Ef, the conduction band
(ECB) potential is negative 0.1 V [67]. According to the intercept of the straight section of
the Mott−Schottky curves with various frequencies on the x-axis, the Ef potential of SnS2 is
−0.60 V (vs. NHE). And the position of the ECB of SnS2 is −0.70 V (vs. NHE). The valence
band potential (EVB) of SnS2 is calculated to be 1.44 V (vs. NHE) from the following formula:
EVB = Eg + ECB [68]. Thus, the proposed main mechanism of TC photodegradation for the
Pt/SnS2 hybrid is illustrated (Figure 6d) and the related reactions are as follows: Under
light irradiation, the e− are excited and move from the valence band (VB) to the conduction
band (CB) of SnS2; in the meantime, an equal quantity of h+ is produced in the VB of SnS2
(Reaction 1). Because of the tough electron oscillation induced by LSPR excitation, the
generated plasmonic hot h+ can capture the e− in the CB of SnS2, which can effectively
suppress the recombination of photo-excited e−/h+ pairs. Then, the oxygen is reduced to
·O2

− (Reaction 2) by the e−. Subsequently, the 1O2 can be generated through ·O2
− reacting

with h+ (Reaction 3). Finally, TC is degraded by the active species (Reaction 4).

Pt/SnS2 + light → e− + h+ (1)

O2 + e− → ·O2
− (−0.33 V vs. NHE) (2)

·O2
− + h+ → 1O2 (0.67 V vs. NHE) (3)

·O2
−/1O2 + TC → CO2 + H2O + other products (4)

 

Figure 6. (a) UV−Vis spectra of all samples, (b) Tuac curves of SnS2 and SnS2−2.0Pt,
(c) Mott−Schottky plots of SnS2 and (d) the main proposed photocatalytic TC degradation mechanism
diagram of the sheet-like SnS2−2.0Pt heterogeneous catalyst.
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3. Materials and Methods

3.1. Materials

Thioacetamide (TAA) and sodium sulfate anhydrous (Na2SO4) were purchased from
Shanghai Aladdin Biochemical Technology CO., Ltd., Shanghai, China. Tin (IV) chloride
pentahydrate (SnCl4·5H2O), chloroplatinic acid (H2PtCl6), absolute ethanol, methyl alcohol,
isopropyl alcohol (IPA), TC, potassium persulfate (K2S2O8), ethylene diamine tetraacetate
dehydrate (EDTA), furfuryl alcohol (FFA) and p-ben-zoquinone (BQ) were purchased
from Shanghai Macklin Biochemical Technology CO., Ltd., Shanghai, China. Sucrose was
supplied from Xilong Science Co., Ltd., Shantou, China. All the above chemicals were
analytical reagent grade and were utilized directly without further purification.

3.2. Preparation of Photocatalysts
3.2.1. Preparation of Carbonaceous Microsphere (CMS) Templates

The details can be seen in Supporting Information.

3.2.2. Preparation of SnO2 Hollow-Structured Microspheres

The synthesis process can be found in Supporting Information.

3.2.3. Preparation of Sheet-Like SnS2

Firstly, 1.0 g TAA and 100.0 mg SnO2 hollow spheres were gradually added into
30.0 mL deionized (DI) water, and the suspension was vigorously stirred with a magnetic
stirrer for 30 min at room temperature to form a mixed homogeneous solution. Next, the
obtained suspension was placed in a 50 mL stainless steel autoclave and crystallized in a
180 ◦C oven for 3 days. After the stainless steel autoclave was naturally cooled to room
temperature, the product was separated by centrifugation and washed several times with
deionized water and ethanol in sequence. Finally, the product was dried in a 60 ◦C oven
for 24 h to obtain the yellow powder.

3.2.4. Synthesis of Pt/SnS2 Hybrids

Firstly, 2 mg/mL H2PtCl6 aqueous solution was prepared. Subsequently, 40 mL of
deionized water, 10 mL of methanol, and different volumes of H2PtCl6 solutions of 1.05,
1.57, 2.10, and 2.62 mL were poured into the beakers in sequence, and this was stirred for
30 min to form a uniform solution. Then, 100 mg of SnS2 (Pt/SnS2 mass ratios were 1.00,
1.50, 2.00, and 2.50%, respectively) was added to the above solution with constant magnetic
stirring for 2 h under a Xe lamp. Finally, after centrifugal separation, the obtained gray
solid powder was washed with deionized water and ethanol, collected, and then dried in
a 60 ◦C oven for 24 h. According to the different deposition amounts of Pt on SnS2, the
synthesized samples are denoted as SnS2−1.0Pt, SnS2−1.5Pt, SnS2−2.0Pt, and SnS2−2.5Pt.

3.3. Characterization

This part can be seen in Supporting Information.

3.4. Evolution of Photocatalytic TC Degradation

Under the irradiation of a 300 W Xe lamp (HF−GHX−XE−300, Shanghai Hefan Instru-
ment Co., Ltd., Shanghai, China), the photocatalytic reactions of the as-prepared samples
were evaluated by photodegradation of TC aqueous solution (20 mg/L). The synthesized
sample (20 mg) was dispersed into an aqueous TC solution (60 mL), and the suspension
was stirred in a dark environment for 30 min to reach adsorption/desorption equilibrium
before turning on the light. Subsequently, the photocatalytic suspension system was sam-
pled (3 mL) at specific time intervals during the process of light illumination and then
centrifugated to remove the photocatalyst (10,000 rpm/min, 2 min). Finally, the absorbance
of the residual TC was measured using a UV−Vis spectrophotometer at 357 nm [42]. For
comparison, the degradation of TC under light illumination without a photocatalyst, the
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degradation of TC with a photocatalyst under no light, and the degradation of TC in the
absence of a photocatalyst and light were also investigated.

4. Conclusions

In summary, Pt NPs loaded on SnS2 sheet hybrids were successfully designed and
synthesized via a simple hydrothermal approach and photodeposition process for photocat-
alytic TC degradation. Benefiting from the formation of a metal/semiconductor interface
field between SnS2 and Pt enhancing the separation of photo-induced charge carriers, the
LSPR effect of Pt strengthening the light absorption, and the sheet-like structure shortening
the transfer path of charge carriers, the best catalyst displayed an excellent photocatalytic
activity of TC degradation with a degradation efficiency of 91.27%, and a reaction rate
constant of 0.0187 min−1, and durability. Our finding not only proposes a feasible strategy
for utilizing the combined capabilities of sheet-like structures and the LSPR effect of Pt NPs
but also paves a new avenue for the design of efficient and sustainable photodegradable
materials for wastewater treatment technologies.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules29225423/s1: Figure S1: The energy-dispersive spectroscopy of
SnS2−2.0Pt; Figure S2: The standard curve of absorbance vs. various concentrations of TC; Figure S3:
(a) XRD patterns of fresh and used SnS2−2.0Pt and (b) a TEM image of used SnS2−2.0Pt; Figure S4:
Photocatalytic TC degradation curves under various pH values of initial of TC; Table S1: A summary
of peak area ration and the full width at half maximum of each peak for SnS2−2.0Pt according to XPS
peak-fitting results.
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Abstract: Unique structural and chemical properties, such as ion exchange, developed inner surface,
etc., as well as the wide possibilities and flexibility of regulating these properties, cause a keen interest
in zeolites. They are widely used in industry as molecular sieves, ion exchangers and catalysts.
Current trends in the development of zeolite-based catalysts include the adaptation of their cationic
composition, acidity and porosity for a specific catalytic process. Recent studies have shown that
mesoporosity is beneficial to the rational design of catalysts with controlled product selectivity and an
improved catalyst lifetime due to its efficient mass-transport properties. Nuclear magnetic resonance
(NMR) has proven to be a reliable method for studying zeolites. Solid-state NMR spectroscopy
allows for the quantification of both Lewis and Brønsted acidity in zeolite catalysts and, nowadays,
27Al and 29Si magic angle spinning NMR spectroscopy has become firmly established in the set of
approved methods for characterizing zeolites. The use of probe molecules opens up the possibility
for the indirect measurement of the characteristics of acid sites. NMR relaxation is less common,
although it is especially informative and enlightening for studying the mobility of guest molecules
in the porous matrix. Moreover, the NMR relaxation of guest molecules and NMR cryoporometry
can quantify pore size distribution on a broader scale (compared to traditional methods), which is
especially important for systems with complex pore organization. Over the last few years, there has
been a growing interest in the use of 2D NMR relaxation techniques to probe porous catalysts, such as
2D T1–T2 correlation to study the acidity of the surface of catalysts and 2D T2–T2 exchange to study
pore connectivity. This contribution provides a comprehensive review of various NMR relaxation
techniques for studying porous media and recent results of their applications in probing micro- and
mesoporous zeolites, mainly focused on the mobility of adsorbed molecules, the acidity of the zeolite
surface and the pore size distribution and connectivity of zeolites with hierarchical porosity.

Keywords: nuclear magnetic resonance; spin relaxation; zeolites; microporous materials; mesoporous
materials; hierarchical porosity; Lewis acid sites; Brønsted acid sites; diffusion; NMR cryoporometry;
pore connectivity

1. Introduction

Zeolites form a large group of crystalline aluminosilicates. Their crystal structures
can be represented as open three-dimensional frameworks assembled from [SiO4]4− and
[AlO4]5− tetrahedra, connected by vertices that form regular cavities and channel systems
in one, two or three dimensions depending on the zeolite framework topology. At the
moment, 256 different topologies of the zeolite framework are known [1]. Selected zeolite
structures and brief information about their channels, taken from the International Zeolite
Association database [1], are shown in Figure 1.
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MFI BEA (Polymorph Beta A) MOR

 3D 
 Dincl = 6.59 Å 
 Da = 4.7 Å; Db = 4.46 Å; Dc = 4.46 Å 
 Channels: 5.1 Å x 5.5 Å (10-MR) 
   5.3 Å x 5.6 Å (10-MR) 
 

 3D 
 Dincl = 6.59 Å 
 Da = 5.94 Å; Db = 5.94 Å; Dc = 5.94 Å 
 Channels: 6.6 Å x 6.7 Å (12-MR) 
   5.6 Å x 5.6 Å (12-MR) 

 2D 
 Dincl = 6.7 Å 
 Da = 1.57 Å; Db = 2.95 Å; Dc = 6.45Å 
 Channels:  6.5 Å x 7.0 Å (12-MR) 
   2.6 Å x 5.7 Å (8-MR) 
 

FAU LTA FER

 3D 
 Dincl = 11.24 Å 
 Da = 7.35 Å; Db = 7.35 Å; Dc = 7.35 Å 
 Channels: 7.4 Å x 7.4 Å (12-MR) 

3D 
Dincl = 11.05 Å 
Da = 4.21 Å; Db = 4.21 Å; Dc = 4.21Å 
Channels:    4.1 Å x 4.1 Å (8-MR) 

2D 
Dincl = 6.31 Å 
Da = 1.56 Å; Db = 3.4 Å; Dc = 4.69 Å 
Channels:    4.2 Å x 5.4 Å (10-MR) 
     3.5 Å x 4.8 Å (8-MR)

Figure 1. Selected zeolite frameworks and information about their pore structure: channel dimension-
ality; the maximum diameter of a sphere that can be included (Dincl) and that diffuses in a specific
direction x (Dx); the channel size and the N-membered ring it is formed by (in parenthesis).

The size of the formed voids varies from 0.3 to 1.0 nm. This means that, according to the
International Union of Pure and Applied Chemistry (IUPAC), 3D zeolites are microporous
materials (the IUPAC classification of porous materials according to their pore sizes d is
as follows: microporous if d < 2 nm, mesoporous if 2 < d < 50 nm and macroporous if
d > 50 nm). Depending on the framework type, zeolites can be stable in different ranges of
the Si/Al ratio. The substitution of Al3+ for Si4+ results in the negative charge of the zeolite
framework that is compensated by extra-framework cations, such as Na+, K+, NH4

+, Ca2+,
etc., located in the zeolite voids, or protons that form various OH groups on the zeolite
inner surface [2].

The unique structural and chemical properties of zeolites, such as ion exchange, their
developed inner surface and their ordered pore structure, as well as the wide possibilities
and flexibility of regulating these properties either during synthesis or as a result of post-
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synthetic processing, cause a wide interest in zeolites and, nowadays, this interest is
only increasing, especially in view of the accepted strategies for sustainable development
and the transition to resource-saving energy [3]. It should be noted that zeolites are
quite common minerals and are widely used in industry as molecular sieves and ion
exchangers [4]. Another important application of zeolites that is demanded in the market
is catalysis. Until recently, synthetic zeolites have dominated in this field [5,6]. Current
trends in the development of zeolite-based catalysts include the adaptation of their cationic
composition [4,7–9], porosity [10–12] and acidity [13–15] for specific catalytic processes.

Synthetic ZSM-5 (MFI), beta-zeolite (BEA), mordenite (MOR), zeolite Y (FAU) and
ferrierite (FER) form the so-called “big five” zeolites, which are widely used in industry as
catalysts [16]. The main reasons for their use are their unique pore structure, which ensures
a perfect match with the requirements of the target reactions, and the presence of active
sites and accessibility of these sites to guest molecules [17]. Brønsted and Lewis acid sites
play key roles in the efficiency and selectivity of many catalytic processes. The reactivity of
these acid sites is determined by the density, spatial arrangement and local environment
of the aluminum atoms in the zeolite framework. In addition, ion exchange [4,7,18,19],
the incorporation of metallic nanoparticles [8,20–22] or oxo-cation clusters [23–26] and
isomorphous substitution with the introduction of different heteroelements [8,27,28] into
zeolites allows for the tailoring of the nature and catalytic function of the formed acid sites.

At the same time, the transport properties of the zeolite matrix, as well as the type and
strength of the interaction of the adsorbed molecules with the inner surface of the zeolite,
are of great importance [29,30]. Recent studies have shown that mesoporosity is beneficial
for the rational design of catalysts with controlled product selectivity [31,32] and helps to
improve the catalyst’s lifetime [33,34] due to its efficient mass-transport properties.

To tailor the structure and properties of zeolite-based catalysts for specific applications,
a comprehensive study of their physicochemical properties is necessary. Nuclear magnetic
resonance (NMR) has proven to be a reliable method for studying zeolites [35–38]. Magic
angle spinning (MAS) NMR on the 29Si and 27Al nuclei allows for the quantification of the
silica to alumina ratio in the material, which is considered to be an analog of the acidity
of the zeolite [13,39]. Moreover, 27Al MAS NMR enables the aluminum that is a part of
the zeolite framework (tetra-co-ordinated Al) to be distinguished from the disordered,
so-called penta-co-ordinated Al, and the extra-framework Al species (six-co-ordinated
Al) [40,41]; the penta- and six-co-ordinated species, in turn, are issues of Brønsted [42]
and Lewis acidity [39,43], respectively. Solid-state 1H MAS NMR spectroscopy provides
a direct quantitative determination of the density of Brønsted acid sites [44], distinguish-
ing the bridge Si–OH–Al and terminal Al–OH or Si–OH groups from the observed 1H
chemical shift.

The application of probe molecules opens up the possibility of indirect studying of
the zeolite surface acid sites and its pore structure. In particular, 1H chemical shift can be
used for detailed study of the interactions of adsorbed water molecules with the zeolite
surface [45]. In the case of organic probe molecules (such as phosphine oxides [46–49],
pyridine [50,51], acetone [52,53], carbon dioxide [54], etc.), a wide range of experiments
involving 31P, 15N and 13C MAS NMR are successfully applied to study zeolite acidity.

129Xe NMR is another powerful tool for determining both the porosity and pore
connectivity of zeolites [55–57]. Being sensitive to the chemical composition and the
physical structure of its environment, 129Xe is an ideal probe gas for NMR. However, in
practice, for better sensitivity, 129Xe has to be hyperpolarized via spin exchange optical
pumping (SEOP) [58,59], dynamic nuclear polarization (DNP) [60] or by the so-called
brute force method in high magnetic fields and very low temperatures (on the order of
millikelvins) [61].

In recent years, zero- to ultralow-field, below 10 μT, NMR have appeared. In con-
trast to conventional high-field NMR, in ultralow-field NMR experiments, chemical shifts
vanish and spectra are governed by indirect nuclear spin–spin couplings [62]. Without
magnetic field inhomogeneity, the high resolved spectra enable monitoring of the chemical
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reaction in the liquid phase [63]. Several studies demonstrate that ultralow-field NMR is a
promising tool for probing liquid–surface adsorption dynamics of molecules inside porous
materials [64,65]; however, there have been few such studies.

It should be noted that the vast majority of NMR studies of zeolites are focused on
NMR spectroscopy; meanwhile, another NMR technic, relaxation, is especially informative
for studying the mobility of guest molecules confined in pores [45,66–69]. Over the last
few years, there has been a growing interest in the use of NMR relaxation in a relatively
low magnetic field to probe the surface acidity of mirco- and mesoporous catalysts [70–72],
pore size distribution [73–75] and pore connectivity [74,76]; the latter is especially valuable
for systems with hierarchical porosity.

This review presents various NMR relaxation techniques for probing zeolites, both
traditional methods for studying the mobility of adsorbed molecules via relaxation time
measurements (including diffusometry) and, less frequent in the past but becoming more and
more popular, NMR cryoporometry, 2D T1–T2 correlation and 2D T2–T2 exchange experiments.

2. Basic NMR Pulse Sequences for Relaxation Measurements

Before discussing application to zeolites, let us provide the basic concepts of NMR
relaxation and describe the main pulse sequences for determining the nuclear relax-
ation times.

Let us consider a sample consisting of nuclei with spin I > 0 and, therefore, having

magnetic moment. In a constant magnetic field
→
B0 (let us suppose it is along the z-axis of

the laboratory frame), the nuclear magnetization
→
M (the sum of all nuclear spins) is in the

equilibrium state and parallel to the magnetic field
→
B0. If one applies a radiofrequency (rf)

pulse, which is oscillating at or near to the so-called Larmor frequency ω0 = γB0 (γ is a

gyromagnetic ratio for the nuclei under study) and perpendicular to
→
B0, for example, along

the x-axis of the laboratory frame, it turns the nuclear magnetization around this axis. The
pulse duration and amplitude determine the deviation angle of the nuclear magnetization
from its equilibrium state: 90◦ pulse means that it turns the nuclear magnetization in a
plane perpendicular to the z-axis; 180◦ pulse means that it inverts the nuclear magnetization.
After the rf pulse is switched off, the nuclear magnetization relaxes to its equilibrium state,
wherein the recovery of the longitudinal component of the nuclear magnetization (parallel

to
→
B0) and the disappearance of the transverse component (perpendicular to

→
B0) obey

exponential laws but with different characteristic times: spin–lattice (T1) and spin–spin (T2)
relaxation times, respectively.

The issues of these relaxation processes are interactions of the nuclear spin with
neighboring spins and with fluctuating local electric and magnetic fields. More details on
the theoretical background of NMR relaxation can be found anywhere [77]. The values of T1
and T2 for a specific nucleus, their temperature and/or frequency dependences characterize
both the local structure and dynamics of the system under study.

2.1. T1 and T1ρ Measurements

Among methods for measuring spin–lattice relaxation times T1, the most popular
are inversion-recovery and saturation-recovery pulse sequences. The inversion-recovery

method comprises a 180◦ pulse, inverting the nuclear magnetization
→
M, followed by a

90◦ pulse in time τ to measure the recovering magnetization. For the recovery time, the
magnetization starts out inverted and, with τ increasing, passes through zero, recovering its
equilibrium value M0; see Figure 2a. The evolution of the z-projected nuclear magnetization
is described by the following equation:

Mz(τ) = M0

[
1 − 2exp

(
− τ

T1

)]
. (1)
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(a) (b) 

(c) (d) 

Figure 2. Basic NMR sequences for T1 and T1ρ measurements: (a) inversion-recovery; (b) saturation-
recovery; (c) spin-locking; (d) field cycling.

However, it should be noted that, before applying the 180◦ pulse, the spin system
must be in equilibrium that is achieved at t > 5T1. For systems with long T1, this method
can be rather time-consuming.

In the saturation-recovery experiment, Figure 2b, two 90◦ pulses separated by τ are
applied. The first pulse destroys the nuclear magnetization and the signal measured after
the second pulse is described by:

Mz(τ) = M0

[
1 − exp

(
− τ

T1

)]
. (2)

In this method, the requirement for the equilibrium of the nuclear magnetization
before the first pulse is not so strict and, therefore, this method is more time-saving.

Actually, there are many other methods for determining T1; the choice between them
depends on the studied system or process and on the NMR equipment available to a
researcher. For systems with long T1 and weak NMR signal, the progressive saturation
method, which is closely related to the saturation-recovery experiment, can be used [78].
For a quantitative NMR analysis, widely used in organic chemistry in those areas where
an express analysis is required (e.g., in reaction monitoring, mechanistic analysis and
purity determination), for the estimation of T1, a newly proposed Faster Longitudinal
relaxation Investigated by Progressive Saturation (FLIPS) is a good choice [79]. More
details concerning a comparative analysis between various techniques for measuring T1
can be found in Ref. [80].
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As will be discussed further, relaxation times are temperature- and frequency-dependent.
From the temperature dependence of relaxation times, especially T1, one can determine
parameters of molecular motion. However, for systems with relatively slow molecular
dynamics, such as liquids confined in zeolite voids, more informative is the so-called
relaxation time T1ρ, which characterizes the equilibration of the nuclear magnetization

along the rf field
→
B1 in the rotating frame. T1ρ can be measured by applying the spin-

locking techniques. The experiment involves three stages; see Figure 2c. First, the nuclear
magnetization is oriented by the rf field B1x (usually by applying a 90◦ pulse). Second, the
spin system evolves in the rf field B1y (the locking pulse that keeps the magnetization along
the y-axis), with the characteristic relaxation time T1ρ. Finally, after the magnetic field B1y
is switched off, the rest nuclear magnetization is recorded. For more details, see Ref. [77].

Frequency dependences of relaxation times provide additional information on molec-
ular motion; however, usually only fixed-frequency NMR spectrometers are available.
Nevertheless, it can be accessed through a field cycling relaxometry that requires special
settings [81].

In the field cycling experiment, the magnetic field is periodically switched; Figure 2d.
First, to attain the equilibrium magnetization of nuclear spins, a high polarization field
→
Bpol is applied. Second, the magnetic field is quickly switched to a variable evolution field
→
Bev, to allow the nuclear magnetization to relax toward its new equilibrium value. To trace
this equilibration, the magnetic field is quickly switched back to a suitable detection field
→
Bdet. Finally, to register the nuclear magnetization at a given

→
Bev and evolution time tev, a

90◦ pulse is applied. This field cycle is repeated for various evolution times and evolution
fields to store the frequency-dependent magnetization decay. A more detailed description
can be found in Ref. [81].

2.2. T2 Measurements

The spin–spin relaxation time T2 quantifies the rate of the decay of the transversal
component of the nuclear magnetization recovering to its equilibrium state. If one neglects
the inhomogeneity of the magnetic field, the simplest way to measure the T2 time is to record
the free induction decay (FID) signal after a 90◦ pulse. However, under the condition of
magnetic field inhomogeneity, which is always the case, the measured value, T∗

2 , is shorter
than the real T2 value, and additional efforts are needed to determine spin–spin relaxation
times. The simplest way to measure it is the Hahn spin echo (SE) pulse sequence [82], in
which, after the first 90◦ pulse, after a time of τ, during which the dephasing of nuclear
magnetization precessions occurs due to the magnetic field inhomogeneity, a 180◦ pulse
follows and, after another time of τ, the precession is phased and a spin echo signal appears;
see Figure 3a. The echo amplitude at time 2τ is given by the simple expression:

SSE(2τ) = S0exp
(
−2τ

T2

)
. (3)

(a) (b) 

Figure 3. Basic NMR sequences for T2 measurements: (a) Hahn spin echo; (b) CPMG pulse train.
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In this method, the requirement of the equilibrium for the nuclear magnetization
before the first pulse is not so strict. However, in the presence of translational diffusion, an
additional contribution to the echo decay appears. The effect of diffusion can be suppressed
by applying a Carr–Purcell–Meiboom–Gill (CPMG) pulse train [83,84], in which a series of
180◦ pulses follows after a two-pulse Han echo sequence at intervals of 2τ; see Figure 3b.
To compensate imperfections in the 180◦ pulses, the subsequent 180◦ pulses are shifted in
phase by 90◦ relative to the first 90◦ pulse. The amplitude of the echo signal at times 2τn is
described by the following expression:

SCPMG(2τn) = S0exp
(
−2τn

T2

)
exp

(
−Dγ2G2

0(2τ)3n
3

)
, (4)

where D is the diffusion coefficient and G0 is the magnetic field gradient. By decreasing τ,
one can make the diffusional decay arbitrarily small. Currently, CPMG is a fundamental
component of pulse sequences used in NMR to study dynamic processes.

2.3. Self-Diffusion Measurements

As was mentioned previously, in the Hahn echo experiment, molecular diffusion
results in spin echo attenuation (it should be noted that, in NMR, one normally deals with
self-diffusion, which is often referred to simply as diffusion). Thus, a gradient-assisted
experiment can be designed in such a way to explore the diffusion coefficients. In the pulsed
gradient spin echo (PGSE) method [85], which is based on the Hahn spin echo sequence,
two gradient pulses g of equal phase and length are applied for spatially encoding the
nuclear spins along the gradient direction. The first gradient pulse follows the 90◦ pulse
after a short delay t1 and the second gradient pulse is applied after the 180◦ rf pulse with a
time interval between the two gradient pulses Δ (the diffusion delay) and acts to spatially
decode the spins in the sample. The PGSE pulse sequence is shown in Figure 4a. This
technique of the spatially encoding nuclei with the magnetic field gradient extended to
three dimensions is used in magnetic resonance imaging.

(a) (b) 

Figure 4. Basic NMR sequences for diffusion measurements: (a) PGSE experiment; (b) PFG STE
experiment.

For systems with short T2, which is often the case of solids or confined liquids, more
effective is the stimulated echo (STE) pulse sequence, in which the 180◦ pulse is split into
two 90◦ pulses. So, the STE pulse sequence consists of three 90◦ rf pulses: the first 90◦ pulse
creates the transverse nuclear magnetization, which begins to out-phase; the second 90◦
pulse applied in time τ turns the out-phased magnetization along the z-axis and, during
the mixing time tm 	 τ, the magnetization decays due to both the spin-lattice relaxation
and diffusion in the field gradient; finally, the third 90◦ pulse in time tm + τ transforms the
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magnetization again to the transverse one; and, at time tm + 2τ, an echo signal appears.
Similar to the PGSE experiment, the transverse magnetization is coded by the first gradient
pulse and then decoded by the second pulse after a delay, during which diffusion occurs.
The magnetic field gradient pulses of amplitude g and duration δ are applied after the first
and third 90◦ pulses, with an interval between gradient pulses Δ. The pulsed-field gradient
stimulated echo (PFG STE) experiment is shown in Figure 4b. The dependence of the echo
signal attenuation is expressed as follows:

SPGF−STE(tm, τ, g) = S0exp
(
−2τ

T2

)
exp

(
− tm

T1

)
exp

(
−γ2g2δ2D(Δ − δ/3)

3

)
. (5)

It should be noted that gradient pulses induce eddy currents that distort the recorded
signal. These currents must be allowed to dissipate before the FID acquisition. There are
several strategies to take it into account, for example, the longitudinal eddy-corrected delay
(LED) experiment [86] that can be further extended to the bipolar pulse LED (BPPLED)
method [87]. However, these problems are more acute for magnetic resonance imaging and
will not be discussed here.

The PFG NMR sequence can be combined with various 2D NMR techniques to benefit
from additional analytical dimension (3D diffusion-ordered spectroscopy (DOSY) experi-
ments), but it is beyond the present review; more information can be found anywhere [88].

As it follows from Equation (5), for a given mean molecular displacement, the signal
attenuation becomes more essential with increasing intensity and duration of the gradient
pulse. For systems with relatively slow molecular diffusion, the static field gradient (SFG)
experiment can be more effective [89]. The observed echo amplitude in this case can be
described by the following expression:

SSGF−STE(tm, τ, g) = S0exp
(
−2τ

T2

)
exp

(
− tm

T1

)
exp

(
−γ2g2D

(
2
3

τ3 + τ2tm

))
. (6)

As one can see from Equations (5) and (6), to determine the diffusion coefficient,
one needs to know both T1 and T2, which can be determined by applying the methods
described above.

2.4. T1–T2 Correlation and T2–T2 Exchange Experiments

Recently, T1–T2 correlation and T2–T2 exchange experiments became popular for
characterizing the pore structure and functionality of porous materials [90]. On the one
hand, this is explained by the rather modest requirements for the NMR equipment and, on
the other, by the development of numerical processing methods.

In the T1–T2 correlation experiment, data can be acquired using an NMR pulse se-
quence, shown in Figure 5a, which is composed of an inversion recovery pulse sequence
followed by a CPMG echo train [91]. The recovery time τ and the echo time τe are two
independent variables.

The acquired 2D NMR relaxation data, which are the normalized spin echo mag-
nitudes, may be described by the following expression through the Fredholm integral
equation of the first kind [91,92]:

S(τ, nτ e)

S(τ → ∞, 0)
=

�
exp

(−nτe

T2

) [
1 − 2exp

(−τ

T1

)]
F(T1, T2)dT1dT2 + E(τ, nτ e), (7)

where F(T1, T2) represents the desired 2D distributions of T1 and T2 relaxation times and
E(τ, nτ e) is the experimental noise. The data analysis relies on inversion of the integral to
extract F(T1, T2) from the measured signal amplitude.
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(a) 

 
(b) 

Figure 5. Pulse sequences used for the T1–T2 correlation (a) and T2–T2 exchange (b) experiments.

The T2–T2 exchange experiment comprises two CPMG echo trains A and B, during
which the spin–spin relaxation first evolves and afterwards is detected [93,94]; see Figure 5b.
These two echo trains are separated by a mixing period τmix that is often referred to as the
storage interval. The acquired magnetization from two isolated populations can be written
as follows [95]:

S(tA, tB, τ mix)

S(τ → ∞, 0)
=

�
exp

(
−tA

TA
2

)
exp

(
−tB

TB
2

)
F(TA

2 , TB
2 , τmix)dTA

2 dTB
2 + E(tA, tB), (8)

where F
(
TA

2 , TB
2 , τmix

)
is the probability density of the signal components with the relax-

ation times TA
2 and TB

2 , E(tA, tB) is the experimental noise, and tA = nτ and tB = mτ are
the relaxation-encoding time intervals that correspond to the durations of two CPMG echo
trains. During the mixing period, nuclear magnetization relaxes with a characteristic time
T1 to its thermodynamic equilibrium along the external magnetic field. Therefore, exchange
of magnetization from one site to another must be considered during all the three periods
tA, tB and τmix [96] and the total signal amplitude is reduced by exp

(−τmix/TAB
1

)
.

On the T2–T2 map, the majority of the signal lies on the diagonal line TA
2 = TB

2 . An
exchange between regions with different T2 results in the appearance of symmetric pairs
of off-diagonal peaks, whose intensity relative to the main peaks quantifies the exchange
occurring within the mixing time.

3. NMR Relaxation and Diffusometry to Study Molecular Dynamics in Zeolites

The details of the dynamics of molecules adsorbed in zeolite pores govern most of the
properties of these substances, which are important for applications. As was mentioned
above, the selectivity of the catalytic reaction is determined by the geometry of the zeo-
lite cavities, among others, since it affects the mechanism of the molecule reorientation.
The interactions of adsorbed molecules with charge-compensating cations, hydroxyls of
different natures or zeolite framework defects restrict the mobility of molecules confined
in zeolite cavities and indirectly impact the overall catalytic activity of the material. And
NMR, whose parameters are sensitive to fluctuations in local magnetic and electric fields at
the nuclear sites due to reorientational and translational motion of molecules, provides a
unique tool to probe the dynamics of adsorbed molecules in a wide range of jump rates
τ−1

c from 104 to 1011 s−1 that can be expanded up to 10−1 s−1 to probe slow motions in
solids when applying special techniques [97,98].
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3.1. Nuclear Dipole Relaxation and Bloembergen–Purcell–Pound Model

For many of the systems considered here, the main issues of NMR relaxation are
fluctuating strengths of nuclear dipole coupling. Being dependent on the relative position
of the interacting nuclear spins, these interactions are altered by atomic motion that creates
fluctuations in the magnetic field at nuclei and, therefore, fluctuations in the Larmor
frequency Δω [77]. This process can be described in terms of a correlation function G(t)
that contains the information on dynamic processes:

G(t) = 〈Δω(0)·Δω(t)〉 = G(0)·g(t), (9)

where the angle brackets mean the ensemble averaging. For isotropic random motion
g(t) is:

g(t) = g(t) = e−|t|/τc , (10)

where τc is the correlation time. Applying Fourier transform to g(t), one obtains the
frequency-domain spectral relaxation function j(ω) that is used to describe NMR relaxation
processes. In terms of j(ω), the dipole contribution to the spin–lattice relaxation time is:

1
T1

= G(0)·
[

1
3

j(ω0) +
4
3

j(2ω0)

]
, (11)

where ω0 is the resonance frequency. The factor G(0) contains information on the mutual
arrangement of nuclear spins.

For liquids, the temperature dependence of T1 can be well described within the
Bloembergen–Purcell–Pound (BPP) model [99] that assumes the correlation time τc obeys
the Arrhenius law:

τc = τ0exp
(

Ea

kBT

)
, (12)

where Ea is the activation energy of nuclear motion, kB is the Boltzmann constant and τ0 is
a pre-exponential factor. In this case the spectral density is:

j(ω) =
2τc

1 + (ωτc)
2 . (13)

The BPP model suggests a V shape of the T1(1/T) dependence with a minimum
at ω0τc ≈ 1 [77]. For slow spin motion, which is often the case for confined liquids,
the minimum is shifted towards a high temperature and is often outside the accessible
temperature range. To probe slow spin motion, a spin-locking technique (relaxation in
the rotating frame) can be applied. The application of the locking pulse ω1 allows for the
displacement of the minimum into the experimentally accessible temperature window.
The spin–lattice relaxation in this case is characterized by T1ρ, which can be written as
follows [77]:

1
T1ρ

= G(0)·
[

1
2

j(ω1) +
5
6

j(ω0) +
1
3

j(2ω0)

]
. (14)

Note that Equation (14) is obtained at the exact resonance condition and for ω1 � ω0.
The dipole contribution to the spin–spin relaxation time within the BPP model can be

expressed as follows:

1
T2

= G(0)·
[

1
2

j(0) +
5
6

j(ω0) +
1
3

j(2ω0)

]
. (15)

To study molecular mobility, relaxation times are measured as a function of tem-
perature (less often, as a function of frequency, for example, applying the field cycling
techniques). By fitting the experimental data using Equations (11)–(15), one obtains parame-
ters of molecular motion {Ea, τc}. However, for solids, very often the temperature behavior
of nuclear spins differs from the simple BPP model. The main issues are the distribution
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of correlation times and/or activation energy [100–102], the exchange between different
fractions of adsorbed liquids (for example, on the surface and inside the voids) [103–105],
the contribution of ion currents [106–108] or the interaction with paramagnetic ions [109]
if present.

3.2. NMR Diffusometry

As noted above, depending on the zeolite topology, zeolite voids form a system of 1D,
2D or 3D channels.

Let us denote the last exponential factor in Equations (5) and (6) as SND(tm, τ, g). It
accounts for the diffusional signal decay in the case of unrestricted diffusion in 3D space.
Let us rewrite this factor for an SFG STE case as:

S3D = exp(−kD), (16)

with k = (γgτ)2(2τ/3 + tm). For diffusion in randomly oriented capillaries (1D diffusion)
or in thin films (2D diffusion), the signal attenuation can be written as follows [110]:

S1D =

1∫
0

exp
(
−kDx2

)
dx, (17)

S2D = exp(−kD)

1∫
0

exp
(

kDx2
)

dx. (18)

In the limit kD � 1, the 1D and 2D attenuations are singly exponential and are
equal to exp(−kD/3) and exp(−2kD/3), respectively. Hence, for correctly determining
the diffusion coefficient, it is necessary to take into account the dimension of the space, in
which diffusion occurs.

Figure 6 shows the temperature dependence of the self-diffusion coefficient of water
in zeolites with mordenite structure, as determined from 1H SFG STE [68]. The self-
diffusion coefficient in sodium mordenite above and below 300 K was determined assuming
intercrystallite (3D model; Equation (16)) and intracrystallite (1D model; Equation (17))
motion, respectively. Mordenite can be classified as a zeolite with a 2D network of voids:
two types of channels are oriented along the c-axis and are interconnected through side
pockets; see Figure 1. However, depending on the cationic form and the Si/Al ratio, the
side pockets can be blocked by trapped molecules [68,111] or cations [112,113] and often
mordenite is considered as a zeolite with a 1D channel system. Moreover, according to
molecular dynamics (MD) simulation, at a low temperature, the water diffusion in voids of
the fully silicated mordenite exhibits a 1D character, although, upon heating above 243 K,
it passes from a 1D mode to 2D [114]. However, for the sodium form with Na+ located in
the small mordenite channels, the side pockets can be partly blocked. Figure 6, therefore,
clearly demonstrates how the model choice affects the magnitude of the self-diffusion
coefficient derived from the same experiment.

The activation energy of water diffusion can be determined from the Arrhenius law:

D = D0exp
(
− Ea

kBT

)
(19)

and is less sensitive to the model choice.
In the experiment, the diffusional displacement of a particle is measured within a fixed

time interval td (in the STE method, td = tm) that provides an exceptional opportunity to
estimate the size and geometry of obstacles in the case of restricted diffusion, e.g., within
porous media [115–117] or within crystallites [118,119]; Figure 7a. More information on
this issue can be found in Refs. [116,120–122].
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Figure 6. Water self-diffusion coefficient versus inverse temperature in sodium- and copper-
exchanged mordenite (the 1H SFG STE experiment). The open and solid symbols correspond to the
diffusion coefficient obtained applying the 1D and 3D diffusion model, respectively. Reproduced
with permission from Krylova, E.A. et al. Micropor. Mesopor. Mat.; Elsevier Inc., 2018 [68].

According to the Einstein equation that relates diffusion and mobility of a particle, in
the case of free diffusion in a 3D space, the mean square displacement

〈
r2〉 of the observed

particle depends on time as follows:

〈r2〉 = 6Dt, (20)

where the diffusion coefficient takes a value averaged over the time interval t. If, on a
shorter time scale < t, the diffusion coefficient of the observed particle (or the mechanism of
motion) changes, the apparent diffusion coefficient (Dapp) will differ from the one measured
on a short time scale. Such a diffusion is called restricted or anomalous (opposite to the
normal Einstein diffusion) [120,123].

The character of the Dapp(td) dependence is related to the shape of the diffusion
area; however, a qualitative analysis can be conducted using a simple interpolation expres-
sion [122]:

Dapp(td) =
Df

(
1 − 4

9
√

π
)

S

V

√
Dftd, (21)

where Df is the free diffusion coefficient and S/V is the surface-to-volume ratio of a
cavity. Hence, by measuring Dapp(td), one can estimate the effective size of the limited
diffusion area.

For partially permeable pores, the Dapp(td) dependence has a form shown in Figure 7b.
In this case, the permeability of pore networks P can be estimated using a simple equa-
tion [125]:

1
Dp

=
1

Df
+

1
Pd

, (22)

where d is the size of restricted area, which can be determined from Equation (21), and Dp
is the hindered self-diffusion coefficient in a region, where the total average of intrapore
diffusion is achieved due to the permeability of the pore wall [116].

Beckert et al. [126] applied SFG STE to study the time-dependent mean diffusion path
lengths of H2O molecules (via 1H NMR) and Li+ cations (via 7Li NMR) in hydrated zeolite
Li-LSX with faujasite (FAU) topology characterized by a 3D channel system; see Figure 1.
They found the diffusivities decrease with increasing observation time due to transport
resistances on the diffusion paths of water molecules and lithium cations. Drawing on
the sample Scanning Electron Microscopy (SEM) microphotographs, possible issues of
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transport resistances are the outer surface of the zeolite particles and the boundary between
the individual crystallites. Figure 8 shows water and Li+ diffusivities plotted versus

√
td.

For both species, there are two regimes of the time dependence, “short-range” and “long-
range”, that correlate with two types of resistance: “short-range” measurements refer to the
intracrystalline diffusion and the resistance is related to barriers formed at the interfaces
between the individual crystallites; “long-range” measurements refer to diffusion within
the crystallite agglomerates, with transport resistances occurring at their external surface.
Crystallite and particle sizes estimated using Equation (21) from 1H and 7Li measurements
agree with each other and are consistent with the SEM images.

(a) (b) 

Figure 7. Restricted diffusion model: (a) motion of particles in a restricted area; (b) the mean square
displacement of the particle in a restricted area (above) and the apparent diffusion coefficient (below)
depending on time. Adapted with permission from Shelyapina M.G. et al. Int. J. Hydrogen Energy;
Hydrogen Energy Publications, LLC. Published by Elsevier Ltd., 2015 [124].

(a) (b) 

Figure 8. Effective diffusivities of water at 298 K (a) and of Li+ at 373 K (b) in hydrated zeolite Li-LSX.
The straight lines show the fit of Equation (21) to the experimental data in the short- and long-time
ranges. Reproduced with permission from Beckert, S. et al. J. Phys. Chem. C; American Chemical
Society, 2013 [126].
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3.3. Water Dynamics in Zeolites

The partial substitution of Al for Si creates a negative charge in the zeolite framework
compensated by cations and producing a strong electrostatic field that leads to vigorous
interaction with polar molecules such as water [127–129]. Water is a promoter of many
physical and chemical processes in zeolites, involving ion exchange that is carried out
in aqueous solution. Water improves the efficiency of the ion-exchange process by co-
ordinating cations and increasing their mobility [130] and affects the distribution and
interaction of exchangeable cations with the zeolite framework [68,131,132]. In addition
to high polarity, the water molecule is capable of forming up to four hydrogen bonds that
result in a very high internal cohesiveness of bulk water [133]. In confined geometries,
water molecules can interact both with pore surfaces and other water molecules, resulting
in new elements of water structure due to the competing interactions. Zeolites provide clear
examples of the effect of nanoconfinement on the water structure and behavior [45,134,135].

Water in zeolites have been extensively studied by various NMR methods for many
years. Comprehensive reviews were conducted by Klinowskii [36] and Grey [35]. Here, we
provide a short overview of recent results, focusing on relaxation studies.

The temperature dependences of the proton spin–lattice relaxation time, T1, allow us
to determine the activation energy and correlation times, the characteristic parameters of
water molecule motion. However, molecular motion, as a rule, includes both translational
and reorientation components and, for liquids confined in zeolite voids, this dependence
differs from the standard BPP model (where T−1

1 (1/T) has a symmetric Λ shape) and can be
rather intricate due to contributions from different types of motion and rearrangements of
water structure. An example of such a complex temperature dependence of the proton spin–
lattice relaxation rate R1 = T−1

1 of water in mordenite and ZSM-5 zeolites with hierarchical
porosity (2D zeolite lamella separated by amorphous SiO2 pillars preventing structure
collapse and forming mesoporosity) [45] is shown in Figure 9a. As was mentioned above,
for slow spin motions, the maximum of T−1

1 (1/T) is shifted towards a high temperature
and often lies beyond the accessible temperature range, which is the case for water confined
in zeolites, as normally, above 300 K, zeolites start to desorb water. This further complicates
the task of finding the parameters of molecular motion and, to determine them, the use of
auxiliary tools, such as spin-locking [45,108] (that allows for the shifting of the maximum
of the T−1

1ρ (1/T) dependence towards the desirable temperature window; see Figure 9b),
NMR diffusometry and NMR spectroscopy (motional narrowing the spectral line) [45,136],
as well as molecular dynamics simulation [114,137,138], is very helpful. The latter makes
it possible to qualitatively estimate the correlation times for various types of motion that
can be used to narrow down the search range for parameters of the model when fitting
experimental data within expressions like Equations (11)–(15).

The activation energy values for various types of water motion in microporous and
mesoporous zeolites, determined by various NMR methods, are listed in Table 1. It
should be noted that, for confined water, the Arrhenius law (Equation (12)) does not hold
at low temperatures, and the activation energy depends on temperature; therefore, the
temperature ranges in which the studies were performed are specified in Table 1.

Paczwa et al. [139] combining 1H T1 and T1ρ studied water mobility in natural natrolite
from Khibiny deposit (Kola Peninsula, Russia) in a temperature range from 190 to 400
K. The natrolite structure contains two types of narrow channels (see Table 1) running
parallel and perpendicular to the c-axis. As soon as the sizes of the channels are comparable
with the diameter of water molecules (approximately 2.8 Å), the path and mechanism of
water diffusion in natrolite are not evident. The proton relaxation studies suggested 2D
water diffusion above 250 K with different activation energy. An additional contribution to
the spin–lattice relaxation at low temperatures the authors associated with a contribution
from paramagnetic impurities that commonly present in natural zeolites [4,12]. However,
according to other studies, a flattening of the low-temperature branch of the T1(1/T) curve
can be also associated with the translational motion of charged particles [108,124,140] or
rotational motion of confined water molecules [114,141].
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(a) (b) 

Figure 9. 1H spin–lattice relaxation rate in laboratory frame (a) and rotating frame (b) versus
inverse temperature in pillared mordenite (triangles) and pillared ZSM-5 (circles). Reproduced with
permission from Shelyapina, M.G. et al. Int. J. Mol. Sci.; published by MDPI, Basel, Switzerland.
Creative Common CC BY license, 2023 [45].

Table 1. Activation energy of intracrystalline water motion in micro- and mesoporous zeolites with
different zeolite framework types as derived from various NMR experiments.

Zeolite Si/Al
Micropore
Size 1 (Å)

Mesopore
Size (Å)

NMR
Experiment

Temperature
Range (K)

Type of Motion
Ea

(kJ/mol)
Ref.

Natrolite (natural) 1.5
2.5 × 4.1
2.6 × 3.9

−
1H T1 190–400 Translational

‖ [001] 28 [139]

1H T1ρ 220–380 Translational ⊥
[001] 37.3 [139]

Na,Ca-mordenite
(natural) 5

7.0 × 6.5
3.4 × 4.8

−

1H T1 96–351 Translational ‖
[001] 20 [142]

1H T1ρ 96–351 Translational 30 [142]

27Al T1 200–365 Translational ‖
[001] 21.6 [143]

23Na T1 200–365 Translational ‖
[001] 22.7 [143]

Na-mordenite 5.87 7.0 × 6.5 − 1H SFG 240–300 Translational ‖
[001] 25.6 [68]

Faujasite-NaX ~1.18 2 7.4 × 7.4 − 1H PFG 254–353 Translational ‖
[111] 18.7 [66]

Faujasite-HY 2.39 7.4 × 7.4 − 1H T1 293–873 Translational ‖
[111] 25.6 [144]

Mesoporous NaA NR 3 4.1 × 4.1 5.0 1H PFG 250–310 Translational 56.2 [66]

Pillared mordenite 8.4 4 7.0 × 6.5 4.0

1H T1 173–293 Translational 23.6 [141]
1H T1 173–293 Rotational 12 [45]
1H T1 173–293 Freezing 29 [45]

1H T1ρ 173–293 Freezing 28.9 [45]
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Table 1. Cont.

Zeolite Si/Al
Micropore
Size 1 (Å)

Mesopore
Size (Å)

NMR
Experiment

Temperature
Range (K)

Type of Motion
Ea

(kJ/mol)
Ref.

Pillared ZSM-5 8.8 4 0.55 4.4

1H T1 173–291 Translational 26.0 [45]
1H T1 173–291 Rotational 9 [45]
1H T1 173–291 Freezing 30 [45]

1H T1ρ 173–291 Freezing 30.7 [45]

1 The size of micropores (channels) was taken from Ref. [1]. 2 Not reported; the Si/Al ratio was taken from Ref. [1].
3 Not reported. 4 Data are taken from Ref. [38] for lamellar zeolites before pillaring with SiO2.

The same group [142] reported on the proton relaxation study of translational motion
in natural mordenite from Nidym, Siberia. Two essentially different values of the activation
energy of water motion in mordenite determined from T1 and T1ρ temperature dependen-
cies, 20 and 30 kJ/mol, respectively, the authors related with translational diffusion in
larger and narrower mordenite channels [142]. However, the latter can be also associated
with the translational motion through the side pockets, as predicted by molecular dynamics
simulation [114]. Sergeev et al. showed that water mobility can be indirectly evaluated
from spin–lattice relaxation of quadrupole 27Al and 23Na nuclei consisting zeolite that is
governed by quadrupole coupling, which, in its turn, is modulated by translational motion
of water molecules [143], wherein different methods, including diffusometry [68], give
close activation energies of translational motion of water in mordenite channels, about
23 kJ/mol.

Zeolites with faujasite topology (zeolite X, zeolite Y and ultrastable zeolite Y (USY))
exhibit the most open framework of all natural zeolites; voids fill about half of the unit
cell space; see Figure 1. Wide intersecting channels are formed parallel to the < 111 >
directions of the cubic cell. Water molecules reside predominantly in the large cavities. In
zeolites of the faujasite type, Si/Al ranges from 1.2 to 1.5 for X and from 1.5 to 2.5 for Y. The
positions of Al and, hence, charge-compensating cations are also governed by the Si/Al
ratio: in zeolites X in 6-MR rings, Al atoms are located in meta-positions, while, in zeolites
Y, they are in para-positions. All this affects the water mobility confined in faujasite voids.

Katsiotis et al. [144] applied 1H NMR relaxation to study protonated zeolite Y. They
found that T1 displays a typical temperature dependence with a minimum at 423 K that can
be fitted within the BPP model, providing a nominal activation energy Ea = 25.6 kJ/mol;
however, the temperature dependence of the spin–spin relaxation time T2, which, instead
of increasing with temperature rising, rapidly decreases up to 423 K and, after, remains
constant, suggests a more complex mechanism. The authors suppose that, as intracage
water dissociates by heating, proton motion mediated through the hydroxonium H3O+

vehicle mechanism becomes restricted, slowing down the relaxation behavior. On the other
hand, the increase in the T1/T2 ratio means the enhancement of bonding of the proton with
framework Al.

Recent studies of water mobility in hierarchical zeolites [45,141] confirmed that water
in such a complex nanoconfinement (two-dimensional zeolite lamellae separated by amor-
phous SiO2) experiences complex temperature behavior. Two studied systems, pillared
mordenite and pillared ZSM-5, show rather similar results. The temperature dependence
of 1H T1, see Figure 9a, suggests the presence of three different processes: freezing, fast
rotation and translational motion of water. According to the 1H NMR spectral line nar-
rowing, the water freezing occurs near 180 K [45], which, by applying the Waugh–Fedin
expression [136], provides an estimate of the activation energy of about 30 kJ/mol. The ac-
tivation energy of water rotational motion was found between 9 and 12 kJ/mol (depending
on the zeolite framework topology), which is lower than in bulk water, and can be related
with a low water density in mesopores. For translational motion, it was found to be 23.6
and 26.0 kJ/mol for pillared mordenite and ZSM-5, respectively, which is very close to the
values in microporous zeolites but essentially lower than for water in mesoporous silicas
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or zeolites with a similar size of mesopores but with disordered mesoporosity; see Table 1.
Similar to silicas in pillared zeolites, only a part of water interacts with silanol groups on
SiO2 pillars, forming mesoporosity. This water fraction is characterized by fast rotational
but slow translational motion. The rest of water is involved in translational motion in or-
dered zeolite micropores. All this allowed the authors to suppose that the diffusion process
in zeolites with a hierarchically organized pore structure is affected both by mesoporosity
and by the mutual arrangement of meso- and micropores; moreover, the translational
motion of water molecules is determined mainly by the zeolite micropores [45].

4. Probe of Acidity: 2D T1–T2 Correlation Maps

Over the past decade, there has been a rapid development in the use of NMR relaxation
as a method for determining surface affinity and adsorbate behavior in catalytically active
porous media, including zeolites.

For confined liquids, where the exchange that molecules experience between the
surface layer of thickness ε cannot be neglected, the observed nuclear spin relaxation rates
T−1

1,2 can be represented as follows [145–147]:

1
T1,2

≈ 1
Tbulk

1,2
+

1
dp

2αρ1,2
+

d2
p

8αD

=
1

Tbulk
1,2

+
2αρ1,2

dp
· 1

1 + ρ1,2dp
8αD

, (23)

where ρ1,2 = ε· (T surf
1,2

)−1
is the surface relaxivity, Tbulk

1,2 and Tsurf
1,2 are the corresponding

relaxation times for the bulk liquid and molecules adsorbed on the surface, D is the self-
diffusion coefficient of the unrestricted bulk liquid, dp is the pore diameter and α is a
parameter that characterizes the pore shape (α = 1, 2 or 3 for planar, cylindrical or spherical
pores, respectively). Note that Equation (23) was obtained for long times t and under
conditions of the fast exchange with a rate w: t 	 Tsur f

1,2 	 1/w. Let us consider two
extreme cases. In the case of the diffusion-limited relaxation, 4D/dp � ρ1,2, Equation (23)
can be simplified:

1
T1,2

≈ 1
Tbulk

1,2
+

8αD
d2

p
. (24)

In the case of the surface-limited relaxation, when 4D/dp 	 ρ1,2, it can be written as:

1
T1,2

≈ 1
Tbulk

1,2
+

2αρ1,2

dp
, (25)

and, for spherical pores of volume V and surface S, one obtains the generally applied
expression:

1
T1,2

≈ 1
Tbulk

1,2
+ ρ1,2

S
V

. (26)

It means that, for the confined geometry, there is a linear correlation between the
observed relaxation rates T1,2 and dp or d2

p, depending on the relaxation limiting condi-
tions. On the one hand, it opens opportunities to use NMR relaxation as a tool to probe
the morphology of porous media, as will be discussed further. On the other hand, the
surface relaxivities of molecules adsorbed on microporous materials are a measure for
host–guest interactions. For instance, relaxation measurements were used to investigate
confinement effects on CO2 and CH4 admission in ZIF-8 metal organic framework and
ZSM-58 zeolite [148]. By plotting T−1

1 of 1H or 13C as a function of inverse gas density, it
was found that, for ZIF-8, the surface relaxation is independent of the adsorbed gas density,
while, in ZSM-58 with small eight-ring windows, the density dependence of the relaxation
rates of adsorbed methane indicates stronger host–guest interactions at low gas loadings.

The ratio T1/T2 has been found to be very worthwhile to prove molecular mobility at
the solid/liquid interface. Due to the decrease in rotational and translational molecular

124



Molecules 2024, 29, 5432

mobility upon adsorption on the surface, the surface relaxation times became shorter,
Tbulk

1,2 	 Tsurf
1,2 . Then, the ratio of the surface spin–lattice and spin–spin relaxation times is:

T1

T2
≈ ρ1

ρ2
=

Tsurf
2

Tsurf
1

. (27)

This ratio is sensitive to surface affinity [70] and can be used as a noninvasive method
for determining surface acidity affinity of porous zeolites [71]. It was shown that the T1/T2
ratio correlates with the desorption energy of liquids absorbed into zeolite matrix [71,72].

In studies of molecular structures and dynamics, modern NMR spectroscopy relies
on multidimensional correlations. Likewise, the multidimensional correlation functions
of T1 and T2 can also be used to identify molecular species and to probe their dynamics.
For this purpose, T1–T2 correlation data are acquired by applying a 2D NMR pulse se-
quence, as shown in Figure 5a. The resulting maps evidence the relationship between
the ratio of relaxation times of the adsorbed liquid and the properties of the surface of a
porous medium.

Robinson et al. [71] proposed the T1/T2 ratio as a probe for zeolite acidity. Figure 10a
shows the 2D T1–T2 correlation map for pyridine adsorbed in the pores of microporous
ZSM-5 zeolites with different SiO2/Al2O3 ratios. Correlation peaks indicate the relative
probability density of each pyridine/zeolite system. Increasing T1/T2 can be interpreted
as indicative of surface host–guest interaction strength. The authors suggested that the
position of these peaks is conditioned by the relative surface affinities of pyridine within
zeolite matrices. Indeed, for the studied series of ZSM-5 zeolites, the T1/T2 ratio plotted
versus enthalpy of pyridine desorption ΔHdes shows a linear correlation between these
two parameters. ΔHdes, in its turn, increases with decreasing SiO2/Al2O3 (increasing the
number of Brønsted acid sites); see Figure 10b.

 

(a) (b) 

Figure 10. (a) 1H T1–T2 correlation plots for pyridine in HZSM-5 with varying SiO2/Al2O3 ratios.
The diagonal line indicates the parity ratio T1/T2 = 1; bulk pyridine data are also shown; (b) −T1/T2

plotted versus enthalpy of pyridine adsorption; the red line shows a linear fit. SiO2/Al2O3 values
are indicated next to each correlation peak or point. Reproduced with permission from Robinson, N.
et al. Phys. Chem. Chem. Phys.; published by the Royal Society of Chemistry. Creative Common CC
BY license, 2021 [71].
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Further relaxation studies of adsorbed water in ZSM-5 and chabazite conducted
by d’Agostino et al. [149] confirmed that the T1/T2 ratio can be used as an indicator of
host–guest surface interactions within a given zeolite framework that are related with
Brønsted acidity. However, the authors note that, when comparing zeolite frameworks
with different pore sizes, besides host–guest interactions, it is necessary to take into account
the confinement effects. A more dramatic increase in T1/T2 with increasing Al content
for chabazite, which is characterized by a smaller pore size (3.8 × 3.8 Å) compared to
ZSM-5 (sinusoidal channels: 5.3 × 5.6 Å; straight channels: 5.5 × 5.1 Å), indicates reduced
mobility of water molecules (kinetic diameter: 2.7 Å) due to an increased interaction with
the chabazite surface [149].

The guest–host interaction for toluene adsorbed into H-Beta and Pd-modified H-Beta
zeolites was probed by NMR relaxation by Zue et al. [150]. For both compounds, the
dealumination results in an increase in the T1/T2 ratio, confirming the enhanced interaction
between toluene molecules and the zeolite surface. In addition, the Pt loading leads to
a considerable increase in T1/T2 that authors interpreted as an ability of dealuminated
Pd-modified H-Beta zeolites to interact with toluene, providing partial oxidation of the
adsorbed toluene to benzyl alcohol facilitated by the zeolite hydroxyls.

Forster et al. [151] applied NMR relaxation measurements to evaluate the effect of
the reaction solvent (water, methanol and ethanol) upon the catalytic activity of Sn- and
Ga-doped zeolite Y for the isomerization of glucose to fructose. NMR relaxation suggested
that the lack of catalytic activity in water is due to the strong adsorption of water molecules
within the zeolite pores, which makes the Lewis acid sites active for the sugar isomerization
inaccessible for reactants. Ethanol, compared to methanol, is more easily adsorbed in
zeolite pores, where Lewis acid sites transform glucose to fructose. Ethanol being retained
in the pores prevents solvated fructose from further reaction on Brønsted acid sites situated
outside of the pore space.

Besides probing surface acidity, 2D T1–T2 measurements can be used for mineral
deposit analysis, in particular, such complex porous media as clay minerals containing
multiple components [152–154]. While 1D T2 distribution recorded at low field (commonly
used frequencies are 2–20 MHz for 1H) now is routine for rock core analysis [155], 2D T1–T2
correlation maps provide more comprehensive data on fluid saturation and its states [152].
So far, to our knowledge, no such study has been conducted for natural zeolites.

5. NMR Cryoporometry

In recent years, NMR cryoporometry (NMRC) has been increasingly used to study
the pore size distribution on a scale from sub-nanometers to several micrometers. Com-
prehensive reviews that discover the main principles of this method can be found in
Refs. [146,156].

The main idea of NMR cryoporometry is to detect the temperature shift of phase
transitions of a matter due to confinement within the porous matrix. These shifts can be
interpreted in terms of pore geometry and, consequently, information can be obtained about
pore sizes and their distribution and, in favorable cases, about the shape of the pores. As
compared to gas adsorption technics that use the Kelvin equation (constant temperature),
NMR cryoporometry relies on the Gibbs–Thomson equation (constant pressure). So, for
example, for a case of cylindrical pores with radius r, the shift of the melting point Tm can
be expressed as [157]:

ΔTm ≡ Tm − T0 = − 4σslTm

rΔHfρs
, (28)

where σsl is the surface energy of the solid–liquid interface, ΔHf is the bulk enthalpy of
fusion and ρs is the density of the solid. In a similar way, the shift in the freezing point
can be defined as ΔTf ≡ Tf − T0. This equation can be simplified for specific cases. For
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example, for cylindrical pores in the large pore limit (>10 nm), it is possible to obtain the
following simple expressions [156]:

ΔTm ≡ −Kc
r ,

ΔTf ≡ − 2Kc
r .

(29)

For other models of pore shapes, the Gibbs–Thomson relationship is provided in
Table 2 and illustrated in Figure 11. As soon as the ΔTm/ΔTf ratio is sensitive to the pore
shape, it can be used to assess the pore geometry.

Table 2. The freezing and melting temperature shift ΔTf and ΔTm, respectively, for various pore
geometries in the limits of large pores [156].

Pore Shape |ΔTf|(K) |ΔTm|(K)

Sphere 3Kc/r 2Kc/r
Cylinder 2Kc/r Kc/r

Slit Kc/r 0

Figure 11. Scratch to illustrate relationship between the freezing–melting hysteresis form and model
pore geometries in the large pore limit (>10 nm); dashed and solid lines correspond to freezing and
melting, respectively. Reproduced with permission from Petrov, O.V., Furó, I. Prog. Nucl. Magn.
Reson. Spectrosc.; Elsevier B.V. 2008, [156].

In an NMR cryoporometry experiment, the signal intensity is proportional to the pore
volume v(x). If the pores are filled with liquid, its melting temperature Tm is related to the
pore size distribution. Hence, the measurement of pore size distributions is accessed by
differentiating and remapping the melting curve data using the following expression [158]:

dv(x)
dx

=
Kc

x2
dv

dTm(x)
. (30)

So, for NMR cryoporometry measurements, a porous material with an adsorbed probe
liquid is cooled until all the liquid in the pores is frozen; after that, the sample is slowly
heated. Hence, to determine a pore size distribution, it is enough to record the intensity of
the liquid signal as a function of temperature.

Normally, NMR cryoporometry detects 1H T2 signals from adsorbed substances (typ-
ically water or organic molecules). The solid phase is characterized by short spin–spin
relaxation times T2 of the order of microseconds, while liquid phases have characteristic
T2 values from milliseconds to seconds. This usually makes it easy to distinguish signals
from solid and liquid fractions, although there may be exceptions in the case of a soft
plastic crystalline phase with a relatively long spin–spin relaxation time, as in the case
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of cyclohexane. The temperature behavior of T2 of the liquid fraction can be obtained by
measuring an echo train using the CPMG pulse sequence.

Figure 12 shows pore size distribution in cement paste determined by NMR cry-
oporometry and NMR relaxometry [159]; for both cases, water was used as adsorbate.
These two methods exhibit good agreement for micro- and mesopores but, for macropores,
a certain discrepancy between two methods is observed.

 

Figure 12. Pore size distribution for a cement paste determined by NMR cryoporometry (solid
symbols) and NMR relaxometry (open symbols). Reproduced with permission from Jehng, J.Y. et al.
Magn. Reson. Imaging; Elsevier Science Inc., 1996 [159].

The main advantages of NMR cryoporometry over standard gas adsorption and
thermo-porosimetry are a wide variety of substances that can be used as a probe liquid and
that predrying of the samples is not essential and, hence, it can be used for those materials
whose pore structure would suffer if predried (wet clays and hydrogels). For zeolites, the
latter is not so crucial, and traditional methods are more in demand.

Webber et al. [73] reported the results of NMR cryoporometry to probe the micro-
and mesopore size distributions in USY zeolites compared to Barrett–Joyner–Halenda
(BJH) model for N2 adsorption to construct a pore size distribution. They found that both
methods account for the mesopore volume, while the micropore volume is underestimated
relative to the t-plot method. However, the pore size distribution obtained within NMR
cryoporometry is better resolved in a small mesopore range compared to a smoothed one
derived using BJH.

Recently, Fleury et al. [74] reported results of the pore size distribution in microporous
and partly mesoporous UZY zeolite probed by NMR cryoporometry and mercury intrusion
experiments. Whereas both technics yield the same average meso- and macropore size,
only NMR cryoporometry detects the larger macropores.

6. Pore Connectivity: 2D T2–T2 Exchange Maps

Two-dimensional relaxation exchange NMR experiments are very helpful to evidence
molecular transport between different relaxation environments and can be used to probe
connectivity in systems with complex hierarchical porosity [95]. Relaxation exchange
experiments help to evidence diffusive coupling between two relaxation environments [76].

The magnetization recorded in 2D relaxation exchange NMR is described by Equation (8).
By applying 2D inverse Laplace transform, one can determine the probabilities F

(
TA

2 , TB
2
)
.
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Let us consider two reservoirs of magnetization, MA and MB, that correspond to
nuclei in pores of different sizes, for example, micro- and mesopores. And let us assume
that there is an exchange between these two reservoirs. In this case, the relaxation of the
magnetization is governed by the system of coupled differential equations [160]:

dMA
dt = −kA MA + kB MB + 1

TA
1,2

(
Meq

A − MA

)
,

dMB
dt = −kB MB + kA MA + 1

TB
1,2

(
Meq

B − MB

)
,

(31)

where kA and kB are the exchange rates from A to B and from B to A and Meq
A,B is the

equilibrium magnetization for each reservoir, which is equal to zero for spin–spin relaxation.
The analytical solution of this system of equations can be found in Ref. [161]. The obtained
2D T2–T2 map is schematically shown in Figure 13a. Off-diagonal peaks at an exchange
time τe indicate diffusive exchange between two reservoirs A and B (relaxation populations).
The diagonal peaks appear at T+

2 and T−
2 that differ from the “real” TA

2 and TB
2 relaxation

times if there is an exchange. Recording a series of T2–T2 maps at various exchange times
τe, one can plot the amplitudes of the diagonal P++, P−− and off-diagonal P+−, P−+ peaks
as a function of τe and determine the exchange rates kA and kB. The numerical expression
of these amplitudes can be found in Ref. [161].

 

 
(a) (b) 

Figure 13. (a) A schematic T2–T2 map showing diagonal and off-diagonal peaks at a certain exchange
time τe; (b) calculated T2–T2 maps for slow (left), intermediate (middle) and fast (right) exchange
rates k and short (bottom), intermediate (middle) and long exchange time τe. Reproduced with
permission from Monteilhet, L. et al. Phys. Rev. E; The American Physical Society, 2006 [161].

Figure 13b shows results of simulation of T2–T2 maps conducted by Monteilhet
et al. [161] assuming a two-sites model and with kA = kA = k (two reservoirs of equal
size) within the above described model. It allows us to follow how the peak positions
and intensities depend on the exchange rate k and the exchange time τe. The simulation
was conducted for Meq

A = Meq
B = 0.5, TA

2 = TA
1 /4 = 0.25 ms and TB

2 = TB
1 /4 = 2.5 ms.

For slow exchange and short exchange time (Figure 13b, bottom left), the 2D spectrum
consists of two intensive diagonal peaks P++ and P−− of comparable amplitude close to

(T A
2 , TA

2

)
and (T B

2 , TB
2

)
points on the 2D T2–T2 map (in the limit k → 0 and τe → 0 , the

peaks are of equal amplitude and centered exactly on these positions). With the exchange
rate increasing, the peaks shift along the diagonal, their intensities change and one becomes
dominating and, simultaneously, off-diagonal peaks appear. In the case of fast exchange,
only one diagonal peak corresponding to the average T2 value is observed and off-diagonal
peaks disappear. With the exchange time τe increasing, the total intensity of the peaks goes
down due to spin–lattice relaxation losses. This is particularly true for the lower diagonal
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peaks (short T2 and short T1). However, the fraction of the intensity of the off-diagonal
peaks increases.

In a real experiment, the integral peak intensities Pij (where i, j mean + or−) are deter-
mined at different exchange times and, within the described above model, the exchange
rate k can be found by fitting the experimental data by the following the equation [93,162]:

P+− + P−+

Ptot = A
(

1 − e
τe
k

)
, (32)

where Ptot is the summed amplitude of all peaks and A characterizes the amount of
molecules exchanged.

The above described NMR 2D T2–T2 exchange experiment provides additional infor-
mation about the dynamics of liquids confined in different interconnected pores, which is
especially useful for exploring systems with hierarchical porosity. Fleury at al. [74] applied
2D relaxation experiments with squalane and propanol to evaluate exchange rates between
zeolite microporosity and surrounding mesopores in mesoporous USY zeolites; Figure 14.
They studied two samples: CBV400 (a slightly dealuminated USY zeolite with a fairly low
mesopore volume) and CBV720 (a strongly dealuminated form of USY, with a significantly
higher internal mesoporosity and a higher external crystalline surface). Microporous USY
zeolites belong to the framework type FAU, with 3D channels of 7.4 × 7.4 Å; see Figure 1.
Squalane is the largest alkane molecule that, close to solid surfaces, can have a diameter of
about 5 Å that allows it to penetrate into the micropores and to exchange between meso-
and/or micropores. 2-propanol as a probe allows the porous network to be explored in
another way: having a hydroxyl group, this molecule strongly interacts with the zeolite
surface and, therefore, the surface diffusion mechanism becomes important.

The 2D T1–T2 maps for squalane indicate multiple T1/T2 ratios that can be attributed
to macropores (T1/T2 = 1 means molecules very weakly interact with the zeolite surface
and behave as in the bulk), to mesopores (T1/T2 = 4 indicates molecules interact with the
zeolite surface), and to micropores (T1/T2 = 20 and 40 for CBV400 and CBV720, respectively,
which is typical for pseudo-solid behavior when rotational motions are severely limited).
Comparing these different pore fractions estimated from T2 relaxation to the reference
value measured by NMR cryoporometry (T2 measurements essentially underestimate
microporosity and overestimate mesoporosity), the authors made a conclusion about strong
exchange between micro- and mesopores [74]. A stronger underestimation of microporosity
from T2 for a given molecule means a stronger connectivity between micro- and mesopores.

Relaxation exchange experiments provide direct evidence of diffusive coupling be-
tween two relaxation environments that can be used to probe pore connectivity [76].
Figure 14a,c show 2D T2–T2 maps for squalane confined in CBV400 and CBV720, respec-
tively [74]. Symmetric off-diagonal peaks evidence diffusive coupling between the micro-
and mesopores, while a single asymmetric peak points out diffusive coupling between
meso- and macropores. Analysis of off-diagonal peak intensities as a function of the ex-
change time results in squalane molecule exchange between the micro- and mesopores
with a timescale of about 6 ms for both zeolites but a larger amount of molecules exchanged
for CBV720 that correlates with the data on microporosity.

For 2-propanol (Figure 14b,d), only exchange peaks between micro- and mesopores
were observed. Analysis of the off-diagonal terms applying Equation (32) results in k = 2
and 4 ms for CBV400 and CBV720, respectively; however, the amount of exchanged 2-
propanol molecules in CBV400 is one order of magnitude greater than in CBV720, which
the authors associated with the high surface residence time of 2-propanol in micropores of
CBV720 due to the strong interaction of polar molecules with the zeolites framework.
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 14. Relaxation exchange experiments with squalane (a,c) and 2-propanol (b,d) adsorbed
by UZY zeolites with low (a,c) and high (b,d) mesoporosity. The off-diagonal amplitudes indicate
the diffusive coupling between micro- and mesopores, as well as between meso- and macropores.
(e,f) show squalane and 2-propanol molecules, respectively. Adopted with permission from Fleury,
M. et al. Micropor. Mesopor. Mat.; Elsevier Inc., 2023 [74].

It should also be added that the two-sites model is normally used to analyze experi-
mental data; however, it is not always applicable to real systems. A more carful theoretical
study within the three-sites model conducted by Gao and Blümich [96] shows that (i) the
exchange map can be asymmetric in the case of microscale vortex motion, (ii) the peaks
shift in the apparent 2D two-site T2–T2 exchange maps, and (iii) there can be negative
peak amplitudes (it can indicate that more molecules move from one site to another in the
evolution or detection periods than in the mixing period).

Despite its visibility and great potential for the study of systems with complex pore
organization, up to now, T2–T2 relaxation exchange NMR is little used for the study of
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zeolites. Nevertheless, in the last few years, a number of publications have appeared on the
study of related systems. For instance, Elgersma et al. applied it to measure the liquid–solid
mass transfer coefficient for water flowing through in packed beds of porous silica (or
silica/titania) pellets [163,164]. The authors proposed this method for the screening and
optimization of catalyst pellets and reactor operating conditions.

7. Conclusions

The main goal of this review was to demonstrate the great potential of NMR relaxation
techniques to bring insight into various properties of zeolites and zeolite-based catalysts
with complex pore architecture. In recent years, various low-field NMR relaxation methods
along with fast field cycling and ultralow-field NMR have emerged as a complementary
approach to traditional high-field NMR techniques. These methods result in not only cost
saving but open up new opportunities.

One of the advantages of the NMR relaxation techniques described above is relatively
modest requirements for the instrument base compared to solid-state NMR spectroscopy:
they do not require high field for better resolution, fast rotation of the sample or special
setup to prepare hyperpolarized 129Xe. Besides the traditional application to study the
mobility of adsorbed molecules, both rotational and/or translational motion, by measuring
the temperature dependences of relaxation times and self-diffusion coefficients, NMR
relaxation provides access to surface acid sites and, by combining different NMR techniques,
it is possible to obtain valuable information on textural properties of catalysts at different
scales, which is of special interest for systems with hierarchical pore structure.

Although, generally, NMR relaxation gives rather integral characteristics as compared
to multiple-quantum and 2D MAS NMR, in some cases, the information extracted is
comparable and even surpasses that obtained by other methods. In particular, NMR
cryoporometry disposes a wide variety of substances that can be used as a probe liquid
and gives access to a larger scale of pore sizes compared to standard gas adsorption and
thermo-porosimetry methods. However, despite its obvious advantages and a number of
fascinating studies that have appeared in the last few years, NMR relaxation is still not
in sufficient demand for probing porous systems and zeolites in particular. We hope that
this review will expand the range of researchers who include this method among other
useful tools for characterizing zeolites and zeolite-based materials with complex topology
of voids and active sites on their surface.
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