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Abstract

Multinary metal oxides are widely applied in energy storage and conversion, heteroge-
neous catalysis and environmental technologies, but their wide band gaps, low intrinsic
electronic conductivity and limited density of active sites severely restrict their practical
efficiency. This review examines non-metallic doping via the substitutional, interstitial or
mixed incorporation of light elements such as B, C, N, F, P and S as a versatile strategy
to overcome these fundamental limitations. We begin by outlining the primary synthesis
methodologies for doped oxides, such as sol-gel, chemical vapor deposition, and hy-
drothermal routes, followed by a critical discussion of the multi-technique characterization
framework required to verify successful dopant incorporation and elucidate its structural
and electronic consequences. We focus on the fundamental principles of how doping
parameters—such as mode, element type, and concentration—can be tuned to regulate
material properties. The key mechanisms for performance enhancement, including syner-
gistic lattice reconstruction, defect engineering, and electronic structure modulation, are
emphasized. Significant advancements are highlighted in applications like energy storage,
fuel cells, water splitting, and CO, reduction. Finally, we assess current challenges, such as
the precise control of doping sites and long-term stability, and offer perspectives on the
rational design of next-generation oxide materials.

Keywords: multinary metal oxides; non-metallic doping; electronic structure modulation;
defect engineering; energy storage and conversion

1. Introduction

Multinary metal oxides, as highly promising functional materials, are widely used
in energy storage and conversion, heterogeneous catalysis, and gas sensing [1,2]. Their
unique crystal structures and tunable physicochemical properties make them indispensable
in emerging low-carbon energy technologies, ranging from lithium-ion batteries to solid
oxide fuel cells and photocatalytic systems. However, their inherent low electronic con-
ductivity, limited catalytic activity, and poor environmental adaptability severely restrict
their practical performance, hindering the large-scale application of devices based on these
materials. From the perspective of electronic properties, multinary metal oxides, such as
spinel-type nickel ferrite (NiFe;O4) and perovskite-type lanthanum ferrite (LaFeOs) are
wide band gap semiconductors or insulators, with a band gap typically exceeding 2 eV.
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Their valence bands are mainly composed of O 2p orbitals, while the conduction bands
originate from the d orbitals of metal cations. This wide band gap characteristic limits the
thermal excitation of charge carriers at room temperature, as only a negligible number of
electrons can overcome the band gap to participate in charge transport. Additionally, the
stable d-electron configurations of metal cations further hinder electron transfer between
cations, resulting in extremely low intrinsic electronic conductivity (typically <1075 S cm ™!
for undoped samples) [3]. This poor conductivity severely restricts ion/electron transport
kinetics in energy conversion and storage devices, leading to high polarization resistance
and low energy efficiency.

In terms of catalytic performance, the activity of these oxides largely depends on
surface defect sites such as oxygen vacancies or specific high-valent metal cations. During
crystal growth, to minimize surface energy, the material tends to form a complete lattice
structure, leading to a relatively low density of such active sites. Consequently, the utiliza-
tion efficiency of bulk cations remains below 10% in many systems, as most metal cations in
the bulk lattice cannot participate in surface catalytic reactions. Furthermore, mismatched
adsorption energies between surface sites and reaction intermediates (e.g., hydroxyl ion
(OH™), hydroperoxyl ion (OOH™)) often result in slow reaction kinetics [4].

Non-metallic doping, achieved by incorporating light elements such as B, C, N, F,
P, and S, provides an effective solution to the aforementioned issues. Unlike metal dop-
ing, which often introduces structural complexity or increases material cost, non-metallic
dopants, which have small atomic radii and adjustable valence states, can be precisely
incorporated into the oxide lattice through various preparatory strategies. Depending on
the type of doping element and the mode of incorporation such as substitutional, interstitial,
or mixed, doping can induce lattice distortion such as expansion or contraction, regulate the
band structure such as narrowing band gaps or introducing mid-gap states, and generate
oxygen vacancies, and all these effects collectively enhance the material’s conductivity,
catalytic activity, and stability.

This review provides a comprehensive examination of the progress, challenges, and
future directions in the non-metallic doping of multinary metal oxides. We will begin by
classifying the key structural characteristics of representative oxide families. Subsequently,
we will discuss the primary synthesis routes and the systematic characterization techniques
essential for verifying successful doping and understanding its effects. A central focus will
be placed on elucidating how different doping modes and element types regulate lattice
distortion, defect generation, and electronic structure. By correlating these fundamental
modifications with performance gains, this review aims to outline the current state of the art
and provide insights toward the rational design and scalable synthesis of next-generation
materials for a low-carbon energy future. It establishes a unified theoretical framework and
standardized characterization paradigm for non-metallic doping research, serving as a crit-
ical bridge between scattered studies and guiding subsequent explorations in related fields.
Moreover, as sustainable energy technologies become increasingly pivotal, the tailored
regulation of multinary metal oxides via non-metallic doping holds immense potential to
address core performance bottlenecks in energy storage and conversion systems.

2. Classification and Structural Characteristics of Multinary Metal Oxides

Multinary metal oxides exhibit a rich variety of crystal structures and corresponding
physicochemical properties, which are fundamentally determined by their cation arrange-
ments, oxygen coordination environments, and tunable stoichiometry. Understanding the
structural characteristics of these oxides is essential for tailoring their functionalities in
energy conversion, storage, and catalysis. Representative structural archetypes include
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spinel, perovskite, ilmenite, and polyoxometalate clusters, while alternative classification
schemes based on composition and electronic properties further enrich their categorization.

2.1. Spinel Structure

Spinel oxides adopt the general chemical formula AB,O4, where A and B represent
metal cations and O denotes oxygen anions. Their crystal lattice contains two key cationic
sites: tetrahedral and octahedral interstitial sites. According to the distribution of cations in
these two sites, spinels are generally classified into two typical configurations [5].

Normal spinel: With the general formula Atetra(B2)octaO4 [6], divalent metal cations
typically occupy tetrahedral sites, whereas trivalent cations reside in octahedral sites.
Representative examples include zinc ferrite (ZnFe,Oy) [7] (Figure 1a) and magnesium
cobaltite (MgCo,04)) [8].

Inverse spinel: With the general formula Bietra(AB)octaOs, a characteristic cation ex-
change occurs between A and B sites. B cations occupy both tetrahedral and octahedral
sites, while A cations are exclusively located at octahedral sites. Typical examples are nickel
ferrite (NiFeyOy) [9] and zinc ferrite (ZnFe;O4) [7] in its inverse configuration (Figure 1b).

2.2. Perovskite Structure

Perovskite oxides have the general formula ABO; [10] (Figure 1c), with representative
examples such as lanthanum ferrite (LaFeOs) and strontium titanate (Sr;TiOy4). In this
structure, A sites are usually occupied by alkaline earth or rare earth metals with 12-fold
coordination, and B sites by transition metals with 6-fold coordination [11]. Perovskites
are particularly attractive because of their low cost, flexible composition [12], and wide
application range [13]. Such structural tunability enables precise modulation of electronic
and catalytic properties through element substitution and defect engineering.

© oxygen

Fe-atom
e e e o O Meatom

Figure 1. Crystal structures of (a) normal spinel; (b) inverse spinel. Reprinted with permission from
Ref. [6]. Copyright 2016 Copyright ]. Photon. Energy; (c) perovskites. Reprinted with permission from
Ref. [10]. Copyright 2024 Copyright Nano Energy.
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2.3. Other
2.3.1. Other Representative Structures

The ilmenite framework represents an important ceramic structure that occurs in di-
verse multicomponent oxides and offers extensive possibilities for structural modification
and functional applications. Materials such as FeTiO3 [14], NiTiO3 [14], MgTiO3 [15], and
-CdSnO; [16] adopt this structure, and ceramic powders based on this framework can be
synthesized by liquid-phase mixing methods [17]. Transition-metal doping can be used
to tailor the structural properties of NiTiO3; complex substitution at Ti sites of MgTiO3
ceramics allows control of their microwave dielectric properties; and N-doped MgTiO3
can be synthesized while retaining the ilmenite lattice. These strategies provide valuable
guidance for tuning the performance of ilmenite-structured materials. Applications include
N-doped MgTiOj as a visible-light photocatalyst for O, evolution, NisMn3TigO1g thin-film
photoanodes for solar water splitting, and 3-CdSnOj as an ethanol-sensing material. The
microwave dielectric properties of MgTiO3 ceramics are also an important research direc-
tion, highlighting the ilmenite structure’s potential in photocatalysis, energy conversion,
gas sensing, and dielectric applications.

Polymetallic oxygen clusters (POMs) exhibit clear structural classification, favorable
morphological characteristics, and excellent integration and hybridization capabilities.
Typical structural types include Anderson-type polyoxometalates [18]; among them, phos-
phomolybdic acid is not only a key representative but can also participate in chemical
polymerization of polyaniline and polypyrrole [19]. When employed as catalysts in redox
cycle studies, POMs display highly uniform morphologies that underpin stable catalytic
performance [18]. Their structures enable excellent integration and hybridization: for
example, POMs can be encapsulated in mesoporous or microporous thorium-based por-
phyrin metal-organic frameworks to construct composite materials with matched size
and structural stability [19]; they can also form in situ hybrid organic-inorganic materials
during the chemical polymerization of polyaniline and polypyrrole [19], broadening their
functional applications.

2.3.2. Other Classification Criteria

Beyond the above structural prototypes, multinary metal oxides can also be classified
by their composition, stoichiometry, and electrical properties.

Based on composition and stoichiometry, multinary systems can form oxides with
varying stoichiometric ratios [20]. For instance, the ternary transition-metal oxide lithium
nickel manganese cobalt oxide (LiNig 5Mng 3Co0(207), composed of nickel (Ni), manganese
(Mn), cobalt (Co), and oxygen (O) in specific proportions, is widely used as a cathode
material in lithium-ion batteries [20]. Variations in the Ni, Mn, and Co ratios significantly
affect electrochemical performance: excessively high Ni content can cause lattice collapse
during cycling; increasing Mn improves structural stability but reduces electronic conduc-
tivity; and Co helps balance electronic conduction and structural stability. Similarly, in
non-stoichiometric systems such as strontium cobaltite (StCoO3_5), oxygen defect content
can be tuned via composition regulation, providing a natural structural basis for defect
engineering and non-metallic doping [21].

Based on electrical properties, multinary oxides can be categorized as conductors,
semiconductors, or insulators. This classification is closely linked to their suitability for
electronic devices and energy storage. Most undoped spinels and perovskites are wide-
band-gap semiconductors or insulators with extremely low electronic conductivity at room
temperature (typically <107> S cm~1). Certain transition-metal perovskites such as lan-
thanum cobaltite (LaCoO3) can achieve electronic conduction through valence-state changes
in metal cations (Co®*/Co** redox couple) at high temperatures, exhibiting semiconductor—



Catalysts 2025, 15, 1062

5 of 38

metal transition behavior. Moreover, non-metallic doping, such as F doping of Sr, TiO4, can
convert insulators into semiconductors and even induce semi-metallic characteristics by
adjusting the doping concentration, thereby broadening their applications in photocatalysis
and electrocatalysis.

3. Non-Metallic Doping

3.1. Doping Methods
3.1.1. Sol-Gel Method

The sol-gel method is a widely used technique for the preparation of doped metal
oxide materials. This process involves dissolving metal ions and nonmetallic sources, such
as ammonium dihydrogen phosphate (NH4H,POy), which serves as a phosphorus source,
in an appropriate solvent to form a homogeneous solution. The key advantage of the
sol-gel method lies in its ability to achieve uniform mixing of the components, ensuring
that the nonmetallic element is well-dispersed within the metal oxide matrix. This uniform
distribution is critical for optimizing the desired properties of the final material at both
macro and micro scales.

Once the homogeneous solution is prepared, the process continues with gelation,
followed by drying and calcination steps. During gelation, the solution undergoes a
transformation into a gel-like phase, which facilitates further manipulation and stabilization
of the material. Drying removes excess solvent, and calcination at high temperatures allows
the formation of the final doped product. Through this series of steps, the sol-gel method
ensures that the doped material has a consistent composition and phase structure, with the
nonmetallic element (such as phosphorus) uniformly integrated into the metal oxide lattice.

For example, Figure 2a illustrates the preparation of phosphorus-doped LaFeOj3
(P-LaFeOs) [22]. via the sol-gel method. In this case, phosphorus is atomically dispersed in
the LaFeOj lattice, which significantly influences the material’s properties. The calcination
process not only ensures the incorporation of phosphorus into the LaFeO3 matrix but also
allows for the production of doped particles with controllable particle sizes, providing
flexibility in tailoring the material’s characteristics for specific applications. This method’s
ability to control particle size and achieve homogeneous doping is particularly valuable
for enhancing the performance of materials in various applications, such as catalysis and
energy storage.

3.1.2. Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a versatile technique primarily applied in the
preparation of thin films, where nonmetallic elements are introduced into a host matrix
through the diffusion and reaction of gaseous precursors at elevated temperatures. The
essential mechanism of this process involves the volatilization of a nonmetallic source,
followed by its gaseous diffusion and subsequent reaction with the surface or lattice of the
target material. By precisely controlling the experimental parameters, such as temperature,
atmosphere, and precursor-to-matrix ratios, CVD allows for effective incorporation of
dopants, thereby tailoring the physicochemical properties of the resulting materials.

The process can be adapted depending on the type of nonmetallic dopant and host
matrix. For instance, sulfur is placed in the upstream region of the gas inlet and CoMn, Oy is
placed in the downstream region relative to sulfur. Under an argon-protected atmosphere,
sulfur is volatilized upon heating and then transported by the argon flow to CoMn,Oy4
where it reacts with CoMny0Oy, and the sulfur-CoMn,O4 composite is finally prepared. Air
is isolated by argon throughout the entire process which prevents side reactions between
the reactants and components in the air and ensures the successful preparation of the target
product (Figure 2b) [23].



Catalysts 2025, 15, 1062

6 of 38

Phosphorus doping provides another example of CVD versatility. Using sodium
hypophosphite monohydrate (NaH;PO,-H,O) as the phosphorus precursor, the matrix
and phosphorus source (in a mass ratio of 1:10) are placed together in a ceramic boat. The
system is heated under an argon atmosphere at a ramp rate of 2 °C/min to temperatures
ranging from 300 to 600 °C, which are then maintained for 3 h. During this process,
decomposition of the phosphorus precursor generates gaseous phosphorus-containing
species that react with the matrix. By tuning the calcination temperature, the reaction
extent can be effectively controlled, leading to samples with different phosphorus doping
levels [24].

Nitrogen doping has also been realized through CVD using ammonia (NHj) as the
nitrogen source. In this case, strontium iron molybdate (Sr,Fe; sMog 50¢.5, SFMO) powders
are exposed to a continuous ammonia flow (20 mL/min) at 350 °C, 450 °C, and 550 °C
for 6 h, respectively. High-temperature decomposition of NH3 generates reactive nitrogen
species that diffuse into the matrix, producing nitrogen-doped SFMON series samples [25].

Overall, CVD offers a controllable and effective route for introducing nonmetallic
dopants into oxide matrices. By systematically adjusting the process parameters such
as temperature, precursor-to-matrix ratios, and gas atmosphere, it is possible to regu-
late doping levels and thereby fine-tune the structural and functional properties of the
resulting materials.

3.1.3. Hydrothermal Method

The hydrothermal method is an effective approach for synthesizing doped metal
oxide materials, relying on reactions carried out in a high-temperature, high-pressure
aqueous environment. In this process, metal salts, nonmetallic sources, and mineralizers
are introduced into a sealed reaction kettle, where controlled reaction conditions such
as temperature, pressure, and duration facilitate the incorporation of dopants into the
target matrix. The aqueous environment not only enhances the solubility of reactants but
also promotes efficient ion exchange and redox reactions, enabling uniform doping and
crystal growth.

This method is particularly suited for enabling reactions between nonmetallic sources
(e.g., sulfur, nitrogen) and metal salts under hydrothermal conditions. For example,
thiourea can serve as a sulfur source for the preparation of sulfur-doped copper ferrite
(S-CuFe;O4), where the sulfur species released from thiourea decomposition react with
copper and iron salts to yield the doped product (Figure 2c) [26]. Similarly, urea has been
widely employed as a nitrogen precursor; upon thermal decomposition under hydrother-
mal conditions, urea releases ammonia (NH3), which interacts with transition metal salts to
produce nitrogen-doped manganese cobaltite (N-MnCo,0y4) [27].

Overall, the hydrothermal method offers several advantages for nonmetallic doping,
including mild reaction conditions compared to traditional solid-state methods, tunable
reaction parameters, and the ability to produce well-crystallized doped products with
controlled morphologies and compositions. These features make it a powerful strategy for
tailoring the structural and functional properties of multinary metal oxides.

3.1.4. Electrospinning Annealing Method

The electrospinning annealing method is a powerful approach for fabricating nanofi-
brous structures with tailored compositions and morphologies. In this process, a precursor
solution containing metal salts and a nonmetallic dopant source is electrospun into contin-
uous polymer-based fibers, which are subsequently subjected to controlled annealing to
remove the polymer and crystallize the desired doped oxide phase. This strategy enables
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the uniform distribution of dopants at the molecular level while simultaneously achieving
fibrous architectures with high aspect ratios.

For example, Figure 2d illustrates the preparation of boron-doped LaCoOj3 heterojunc-
tions using this method. In this case, boric acid (H3BO3) is introduced into the precursor
solution as the boron source, followed by the addition of polyvinylpyrrolidone (PVP).
The mixture is stirred to ensure molecular-level dispersion of boron within the precursor.
During the subsequent electrospinning process, nanofibers are formed, and upon annealing,
the polymer template is removed while crystalline boron-doped LaCoOj3 heterojunctions
are obtained [28].

The electrospinning annealing method effectively balances specific surface area and
charge transfer efficiency. The fibrous morphology provides a large surface area and
abundant active sites, while the intimate dopant distribution enhances charge transport
across the heterojunction. These advantages make the technique particularly suitable for
applications in catalysis, energy conversion, and sensing, where both surface reactivity and
charge transfer kinetics are critical.

3.1.5. Impregnation Post Treatment Method

The impregnation post treatment method introduces nonmetallic dopants into oxide
matrices through liquid-phase reactions with nonmetallic sources, followed by subsequent
heat treatment. This approach enables the incorporation of target elements into the material
lattice while preserving the overall structural framework. Depending on the dopant element
(e.g., boron, fluorine) and matrix characteristics, the reaction pathway and structural
evolution may differ, offering flexibility in material modification strategies.

For instance, boron doping in manganese ferrite (B-MnFe;O4) has been achieved
via this method. After calcination in air, the material is immersed in an alkaline sodium
borohydride (NaBH,) solution to prepare amorphous nanowires composed of Mn, Fe, O,
and carbon (C), denoted as MFOC. In this process, NaBH,4 plays a dual role as both a
reducing agent and a boron source. The highly reducible hydrogen ion (H™) scavenges
oxygen, thereby creating oxygen vacancies, while simultaneously driving lattice reconstruc-
tion. This facilitates the partial replacement of oxygen species within the MnFe,Oy spinel
structure by boron species, ultimately yielding effectively boron-doped MFOC nanowires.

Fluorine doping of copper bismuth oxide (CuBi,O4, CBO) nanorod arrays has also
been demonstrated using this approach. Pre-synthesized CBO nanorod arrays are im-
mersed in a 1 mg mL~! sodium fluoride (NaF) aqueous solution for 2 h, during which
fluorine ions (F~) adhere to the material surface and penetrate the near-surface lattice
through liquid-phase adsorption. The treated sample is then annealed at 300 °C for 1 h in
air. This mild heat treatment promotes ion exchange between F~ and oxygen ions in the
CBO lattice, resulting in the formation of fluorine-doped CuBi,O4 (F-CBO) nanorod arrays
while retaining the original one-dimensional morphology (Figure 2e).

Overall, the impregnation post treatment method offers several advantages, including
operational simplicity, precise control over doping, and preservation of the matrix’s mor-
phological integrity. By avoiding complex precursor preparation and employing straight-
forward liquid-phase infiltration coupled with mild annealing, this technique provides an
efficient pathway for the rapid and targeted modification of functional materials.
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Figure 2. (a) Preparation of P-LaFeOj via sol-gel method. Adapted with permission from Ref. [22].
Copyright 2025 Copyright Chem. Eng. ].; (b) Preparation of S-CoMn,0Oy4 via CVD. Adapted with
permission from Ref. [23]. Copyright 2023 Copyright Appl. Surf. Sci.; (c) Preparation of S-CuFe,O4 via
hydrothermal method. Adapted with permission from Ref. [26]. Copyright 2023 Copyright Sci. Rep.;
(d) Preparation of B-LaCoOj3 via electrospinning. Adapted with permission from Ref. [28]. Copyright
2023 Copyright J. Alloys Compd.; (e) Preparation of F-CuBi,Oy4 via impregnation method. Adapted
with permission from Ref. [29]. Copyright 2022 Copyright ]. Catal.

3.2. Systematic Characterization Techniques for Non-Metallic Doping

Verifying the success of non-metallic doping is a systematic process that requires
multiple characterization techniques to construct a complete evidence chain from different
dimensions. These techniques complement each other to address core questions such as
whether the doped element is incorporated into the matrix, how it exists, what changes it
induces, and how it ultimately enhances performance.

3.2.1. Characterization of Elemental Presence, Chemical States, and Distribution

Confirming the successful incorporation of nonmetallic dopants requires comprehen-
sive characterization of their presence, chemical states, and spatial distribution. Among
the available techniques, X-ray Photoelectron Spectroscopy (XPS) is the most direct and
powerful tool. XPS not only detects doped elements with high sensitivity but also reveals
their chemical states (e.g., substitutional versus interstitial incorporation) and provides
insights into electronic structure variations [5,8,28,30,31].
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The versatility of XPS has been demonstrated across diverse research fields. In lithium-
ion battery studies, XPS has been employed to confirm nitrogen doping in nitrogen-
doped carbon-coated lithium titanate (NC_LTO). The analysis verified the presence of
C-N bonds, indicating that nitrogen forms a conductive network with carbon, thereby
enhancing material conductivity and directly supporting the excellent rate performance
and cycling stability of NC_LTO [32]. In photoelectrochemistry, XPS analysis of fluorine-
doped CuBi,O4 (F-CuBiyO4) nanorod arrays showed that the F 1s spectrum confirmed
the introduction of F~. These results correlate with optimized band edge positions and
improved photogenerated carrier separation efficiency, explaining the superior H,O,
production performance [29]. Similarly, in catalysis, XPS characterization of nitrogen-
doped MnCo,04 (N-MnCo,0;) activating peroxymonosulfate (PMS) demonstrated that
the N 1s spectrum elucidated nitrogen coordination configurations, while the O 1s spec-
trum confirmed increased oxygen vacancy content. This evidence directly established
the pathway of nonmetallic doping leading to defect enrichment, providing mechanistic
support for subsequent catalytic and kinetic analyses [27]. For sulfur-doped CoMn;0Oy4
(S-CoMn,0y) in Fenton-like reactions for Rhodamine B (Rh.B) degradation, XPS confirmed
sulfur incorporation.

Complementary to XPS, Scanning Electron Microscopy (SEM) and Transmission Elec-
tron Microscopy coupled with Energy Dispersive Spectroscopy (TEM-EDS mapping) pro-
vide essential information on elemental distribution at the microscale, ruling out elemental
segregation or secondary phase formation [7,23,27,28,32]. For example, in phosphorus-
doped MnCoQOy4, SEM revealed that phosphorus doping optimized particle sintering be-
havior, producing denser interparticle connections and a porous structure that increased
the specific surface area. TEM-EDS mapping showed uniform distribution of Mn, Co, O,
and P without evidence of segregation or secondary phases. High-resolution TEM further
revealed that phosphorus doping expanded the lattice spacing of the (111) plane (0.485 nm
versus 0.480 nm in undoped MnCoQ;), confirming that phosphorus incorporation induced
oxygen vacancies and lattice distortion. These findings provided strong microstructural
evidence supporting the doping-induced improvements in electronic structure and catalytic
activity [8].

Morphological transformations caused by nonmetallic doping have also been captured
through TEM imaging. In boron-doped carbon nanotubes (BCNTs), TEM observations
indicated that pristine CNTs and BCNTs with different doping levels maintained diameters
of 25 nm and wall thicknesses of 10 nm. However, their morphologies evolved from
quasi-straight to bamboo-like, and eventually to twisted structures with increasing boron
content, a phenomenon attributed to the slightly longer B-C bond compared to the C-C
bond. Residual Fe catalyst particles encapsulated within the nanotubes were also observed,
highlighting the complexity of nanotube preparation and structural modification [33].

Together, these complementary characterization techniques provide compelling, mul-
tiscale evidence of successful nonmetallic doping. XPS elucidates the elemental presence,
chemical states, and defect formation, while SEM and TEM-EDS mapping confirm uniform
elemental distribution and microstructural optimization. Such integrated characterization
approaches establish the critical link between dopant incorporation, defect engineering,
and enhanced material performance.

3.2.2. Characterization of Effects on Crystal Structure and Defects

After confirming elemental incorporation, it is essential to analyze the impact of
nonmetallic doping on the host crystal structure and defect states. Such investigations elu-
cidate the structure-performance correlation, providing fundamental insights into doping-
induced property modulation.
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X-ray diffraction (XRD) remains the most fundamental characterization method to
probe structural changes. It enables the identification of lattice expansion, contraction, or
distortion through diffraction peak shifting and broadening, while confirming the absence
of impurity phases [21-23,34]. For instance, in phosphorus-doped SrFeOs_s cathodes for
solid oxide fuel cells (SOFCs), XRD results revealed significant peak shifts and system-
atic variations in lattice parameters after P doping, directly confirming successful lattice
incorporation. These modifications optimized oxygen ion transport channels and proton
conductivity, laying the structural foundation for enhanced oxygen reduction reaction
(ORR) activity and long-term SOFC stability [35]. Similarly, in sulfur-doped CuFe,Oy for
arsenic removal, XRD analysis confirmed phase purity and detected slight peak shifts,
correlating subtle lattice regulation with improved isothermal adsorption capacity and
kinetic parameters. This clarified how fine structural adjustments optimize the surface
chemical environment and adsorption active sites [26]. In another case, fluorine-doped
Ruddlesden—Popper Sr, TiO4 showed lattice regulation that preserved its layered structure
while significantly increasing oxygen vacancy concentrations and defect accessibility, thus
improving photocatalytic water-splitting activity for hydrogen evolution [36].

High-resolution transmission electron microscopy (HRTEM) provides direct atomic-
level evidence to complement XRD results, enabling visualization of lattice distortions and
defect formation [37]. HRTEM of phosphorus-doped CoS,—MoS; hollow spheres confirmed
the coexistence of CoSy, MoS;, and MoQ;, lattice fringes without the appearance of sec-
ondary phosphide phases, proving atomic-level P incorporation rather than independent
phase formation [38]. In nitrogen-doped three-dimensional graphene (3DNG), HRTEM re-
vealed that N-3DNG exhibited a predominantly amorphous structure with locally ordered
regions, consisting of 4-5 graphene layers [39].

Selected area electron diffraction (SAED) is an indispensable supplementary tool that
verifies whether doping alters crystal symmetry, crystallinity, or induces disorder [40,41].
Subtle changes in lattice constants can manifest as shifts or splitting of diffraction spots. For
instance, SAED analysis of sulfur-doped TiO, nanowires (S-TiO, NWs) and N,S-co-doped
TiO, NWs, supported by HRTEM, confirmed their single-crystalline nature and growth
along the [001] direction, with an interplanar spacing of 0.35 nm corresponding to the
{001} anatase facet [42]. Similarly, SAED characterization confirmed the cubic symmetry of
oxydifluoride (TiOF;) and its transformation to phase-pure anatase TiO; after calcination
under H,S atmosphere, verifying sulfur incorporation while retaining structural integrity.
This structural confirmation provided essential support for subsequent photocatalytic
performance analysis [43].

Raman spectroscopy serves as a powerful complementary tool due to its high sensi-
tivity to local structures and lattice defects [44,45]. In nitrogen-doped graphene, Raman
spectra showed characteristic G and 2D bands while exhibiting stronger D bands due to
doping-induced disorder, though the relatively low I /I ratio (0.06-0.25) indicated that
high crystallinity was preserved. In boron-doped graphene, characteristic D (1350 cm™?)
and G (1590 cm~!) bands were observed, with consistently higher Ip /Ig ratios compared
to undoped graphene, demonstrating that boron substitution introduced additional lattice
defects [46].

Electron paramagnetic resonance (EPR)/electron spin resonance (ESR) is a highly
sensitive and authoritative technique for directly detecting paramagnetic defects such as
oxygen vacancies, typically evidenced by a signal at g ~ 2.002. This method not only con-
firms doping-induced defect states but also complements XRD, XPS, Raman, and electron
microscopy, collectively establishing a robust structure—property understanding [8,22]. For
example, EPR analysis of oxygen-doped porous ultrathin g-C3N4 nanosheets (PUOCNS)
under visible light detected 5,5-dimethyl-1-pyrrolin-N-oxide (DMPO) adduct signals, con-
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firming the generation of reactive oxygen radicals that drive photocatalytic pollutant
degradation [47]. In Min/P co-doped biochar (Mn/P-C) systems activating peroxymonosul-
fate (PMS), EPR identified SO, ~, O, ~, and 'O, species with intensities significantly higher
than control systems, thereby verifying both radical and non-radical oxidation pathways
for tetracycline hydrochloride degradation [48]. Conversely, in fluorine-doped TiO,, EPR
revealed a markedly weaker signal at g = 1.99 compared to undoped TiO,, demonstrating
that fluorine effectively suppresses oxygen vacancy concentration [49].

Together, these complementary techniques such as XRD, HRTEM, SAED, Raman, and
EPR provide a comprehensive and multiscale toolkit for unraveling the effects of nonmetal-
lic doping on crystal structure and defects. The integrated use of these methods establishes
a direct connection between doping, structural modifications, and defect evolution, thereby
clarifying the mechanisms underpinning enhanced material performance.

3.2.3. Characterization of Regulation of Electronic Structure and Optical Properties

Following confirmation of structural incorporation and defect regulation, it is essential
to investigate how non-metallic doping modifies the intrinsic electronic structure and
optical properties of host materials. These properties directly determine light-matter
interactions, charge transport behavior, and ultimately device performance.

UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS) is one of the most widely
used and direct techniques for probing doping-induced changes in electronic structure,
particularly in relation to the optical band gap and absorption edge [50,51]. Redshifts in ab-
sorption edges or band gap narrowing provide clear evidence for enhanced light absorption
arising from non-metallic incorporation. For example, C, N, and S-doped TiO; exhibited sig-
nificant redshifts in their absorption edges compared with pristine TiO,, thereby extending
absorption into the visible-light region. Tauc plot analysis revealed pronounced band gap
narrowing from 3.33 eV (pristine TiO,) to as low as 2.18 eV for the C/N/S co-doped sample
(CNST), with single-element doped samples showing intermediate values [52]. Similarly, in
N-doped and N/Ag co-doped ZnO, pure ZnO absorbed mainly in the UV region (356 nm,
Eg =3.20 eV), whereas N doping redshifted the edge to 371 nm (Eg = 3.16 eV). With N/Ag
co-doping, the band gap further narrowed to 3.09 eV and a new broad absorption band at
450 nm appeared, attributed to Ag surface plasmon resonance (SPR), thereby significantly
improving visible-light absorption [53]. In another case, nitrogen-doped TiO, exhibited
both an absorption edge redshift and a new absorption band in the 400-550 nm region,
providing strong evidence for band gap narrowing and visible-light response [54].

Photoluminescence (PL) and time-resolved photoluminescence (TRPL) are highly
sensitive probes of photogenerated carrier dynamics. They allow indirect assessment of
electron-hole separation efficiency by monitoring changes in fluorescence intensity and
carrier lifetimes. In non-metallic doped semiconductors, reduced PL intensity or prolonged
lifetimes signify suppressed recombination and enhanced charge separation [55]. For
instance, PL spectra of C, N, S-doped biphasic TiO, showed similar excitonic peaks (470 nm)
to undoped samples, but with much lower intensity, indicating more efficient carrier
separation. This conclusion was further corroborated by transient absorption spectroscopy,
supporting improved photocatalytic reduction in o-dinitrobenzene [56]. Likewise, PL
studies on ZnO, N-ZnO, and N/Ag-ZnO revealed that while all samples exhibited near-
band-edge (390 nm) and defect-related (470 nm) emissions, doped samples, especially
N/Ag-Zn0O, showed significantly reduced PL intensity. This synergistic suppression of
recombination explained their superior photocatalytic degradation of Rh.B [53].

X-ray Absorption Fine Structure (XAFS) provides atomic-level insight into the lo-
cal coordination and electronic environment of doped atoms [57]. In nitrogen-doped
edge-functionalized graphene oxide (N-{-GrO), C, O, and N K-edge analyses confirmed
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successful N incorporation, removal of oxygen groups, and the emergence of new electronic
states (288.1 eV, 530.07 eV, and 400 eV). These results highlighted modifications in the local
electronic environment and electron transition behavior, with sharper characteristic peaks
confirming stronger local ordering [58]. Similarly, in fluorine/nitrogen-doped graphdiyne
oxide-modified SnO; electron transport layers (FGDYO-5nO;), Sn L3-edge XAFS revealed
an increased Sn oxidation state and reduced oxygen vacancies, while in situ Pb L;-edge
analysis detected Pb—F bonds at the SnO,-Pbl; interface. These findings demonstrated
enhanced interfacial interaction, suppression of Pbl, crystallization, and stabilization of
perovskite lattice order, which are critical for high-performance optoelectronic devices [59].

Beyond experimental techniques, density functional theory (DFT) calculations are
indispensable for elucidating doping effects at the electronic level. They not only predict
band gap modifications but also explain experimental observations by linking orbital in-
teractions to carrier dynamics [60]. For instance, FLAPW-based DFT studies revealed that
only substitutional nitrogen doping in TiO; leads to favorable N 2p-O 2p orbital hybridiza-
tion and band gap narrowing, avoiding trap-state formation associated with interstitial
configurations. This explained the redshift in absorption edges and improved photocat-
alytic activity observed experimentally [54]. Likewise, VASP-based calculations on B, N,
P, and Si-doped graphene-like Cg structures indicated that stable doping configurations
can effectively open narrow band gaps (0.05-1.47 eV) while retaining high carrier mobility,
with Si-doping showing the highest carrier mobility (16,975 cm?V~1.s~1). These results
provided theoretical justification for their application in flexible optoelectronic devices [61].

In summary, the combined use of UV-Vis DRS, PL/TRPL, XAFS, and DFT builds
a comprehensive picture of how non-metallic doping regulates electronic structure and
optical properties. While spectroscopic techniques directly capture band gap evolution,
light absorption, and charge dynamics, XAFS unveils local electronic environments, and
DFT complements experiments with mechanistic insights. Together, they reveal how
doping-induced structural modifications translate into enhanced visible-light utilization,
efficient charge separation, and improved functional performance.

3.2.4. Verification of Functional Performance

After comprehensive structural, electronic, and optical characterization, the ulti-
mate validation of non-metallic doping lies in the functional performance of the ma-
terial. This step completes the transition from fundamental research to practical ap-
plication, linking modifications at the atomic and electronic levels to macroscopic
performance improvements.

Electrochemical tests are central to performance verification, with Linear Sweep
Voltammetry (LSV) serving as a primary technique for evaluating electrocatalytic activity.
LSV does not directly probe the material’s structural features, but it provides an intuitive
measure of catalytic performance through parameters such as onset potential, current
density, and overpotential, thereby reflecting the practical impact of doping on reactions
such as hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and oxygen
reduction reaction (ORR) [21,23,51,62]. Complementing LSV, Electrochemical Impedance
Spectroscopy (EIS) quantifies charge transfer kinetics at the electrode—electrolyte interface,
with reduced charge transfer resistance (R.t) indicating enhanced electronic conductiv-
ity and carrier mobility induced by doping. Together, LSV and EIS establish a robust
framework to verify doping-induced performance enhancements.

For instance, phosphorus-doped LaFeOj3_5 exhibited improved bifunctional oxygen
catalytic activity, with LSV revealing enhanced ORR half-wave potential and reduced
OER overpotential. EIS analysis confirmed faster charge transfer kinetics, collectively
demonstrating the effectiveness of phosphorus doping in enhancing electrocatalytic per-
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formance. In the case of N-doped graphene (N-graphene), LSV measurements showed a
more positive onset potential, higher half-wave potential, and increased limiting current
density for ORR in alkaline fuel cells, surpassing even Pt benchmarks. The material under-
went a four-electron reaction pathway, demonstrated excellent operational stability, and
resisted methanol crossover, confirming the high efficiency of N-graphene as a metal-free
electrocatalyst [63,64].

Similarly, phosphorus-doped MoS; /rGO composites displayed significantly reduced
overpotential (172.8 mV at 10 mA-cm~2) and a Tafel slope of 70.7 mV-dec™ !, indicating
enhanced HER activity [65]. EIS measurements further supported these findings, showing
a decrease in Rt from 59.6 ) (undoped) to 22.3 Q) (P-doped), highlighting the optimization
of interfacial charge transfer and improved reaction kinetics [62].

Beyond electrocatalysis, EIS also verifies photocatalytic performance. For example,
BiFeO3@B-rGO nanocomposites exhibited a markedly smaller impedance radius compared
with pristine BiFeO3; or B-rGO, indicating suppressed electron-hole recombination and
enhanced surface electron transport, which translated into improved photocatalytic activ-
ity [66]. Similarly, carbon-doped K;Ta,Og (C-KTO) demonstrated lower semicircle radius
in Nyquist plots compared with S-doped and undoped counterparts, confirming more
efficient photogenerated carrier separation and higher photocatalytic degradation activity
towards Methylene Blue (MB), Methyl Orange (MO), and 4-Chlorophenol (4-CP) [67].

The integration of multiple characterization techniques provides a holistic verification
loop. For example, in TiO,.xNx, XRD confirmed anatase-rutile mixed phase formation, XPS
identified nitrogen functional states (substitutional 3-N at 396 eV and chemisorbed y-Nj at
400/402 eV), UV-Vis spectroscopy showed redshifted absorption edges, and photocatalytic
tests demonstrated superior visible-light activity, hydrophilicity, and stability compared
with undoped TiO,. Collectively, these results confirm the critical role of nitrogen doping
in enhancing TiO, photocatalysis [54].

For N-graphene, nitrogen content and functional states such as pyridinic, pyrrolic,
graphitic, and pyridinic N oxide altered local charge distribution, creating positively
charged adjacent carbon sites that serve as active centers for electrocatalysis. Raman
spectroscopy showed increased D-band intensity (1348 cm~1), indicating defect formation
and sp? carbon reorganization, which enhanced electron transport. Electrochemical testing
revealed a kinetic current of 65 uA for ORR, significantly higher than pristine graphene
(1 nA), with reduced overpotential and high selectivity toward ORR and H,O; reduction.
The onset potential for HyO, reduction shifted from —130 mV (pristine) to 0 mV, with
an expanded linear detection range (10~°-2.8 mM), directly demonstrating that nitrogen
doping effectively regulates chemical states and structural defects to boost electrocatalytic
performance [68].

In summary, functional verification via LSV, EIS, and complementary photocatalytic
or electrochemical tests provides definitive evidence that non-metallic doping enhances
material performance. When integrated with structural, electronic, and optical characteri-
zations, these results establish a complete cause—effect relationship linking atomic-level
modifications to macroscopic functionality.

In summary, Table 1 presents the multidimensional characterization system for ver-
ifying Non-metallic doping. The successful verification of Non-metallic doping relies
on a multi-technique combination strategy, progressing from elemental, structural, and
electronic levels to performance, forming a logically rigorous and evidence based compre-
hensive system.
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Table 1. Multi-Dimensional Characterization System for Non-Metallic Doping Verification.

Char'acterlgatlon Core Charac.terlzatlon Key Detection Targets and Evidential Role
Dimension Technique
Detect the presence of doped elements, identify chemical states, and analyze
Elemental Existence, XPS P P Y 4

Chemical State and
Distribution

SEM/TEM-EDS Mapping

changes in electronic structure and surface oxygen vacancy concentration.
Visually characterize elemental distribution at the microscale, verify uniformity,
and rule out elemental segregation or formation of secondary phases.

XRD Determine lattice expansion, contraction, and distortion through peak shifting and

broadening.
Crystal Structure and HRTEM Observe lattice fringe distortion at the atomic scale.
Defect Effects SAED Verify whether crystal symmetry changes due to doping.
Raman Analyze local structure and lattice defects, supplementing information from XRD
EPR/ESR Detect paramagnetic defects.
. Analyze absorption edge redshift and band gap narrowing, and correlate
UV-Vis DRS A - . .
R . . structural modification with enhanced light absorption.
egulation of Electronic . . . BT
. TRPL Monitor fluorescence quenching and changes in carrier lifetime.
Structure and Optical . . .
. XAFS Investigate the local coordination environment of doped elements.
Properties . - - -
DET Simulate experimental phenomena and reveal the doping mechanism from the
atomic and electronic levels.
Functional Performance LSV Measure overpotential and current density to quantify performance.
Verification EIS Analyze charge transfer resistance.

Data compiled from source [5,7,8,21-23,25,27,28,30-32,34,37,41,44,45,50,51,55,57,62].

4. Regulation of Non-Metallic Doping

The effect of Non-metallic doping is regulated by multiple factors, among which Non-
metallic doping modes, element types, doping concentrations, and co-doping synergistic
effects are core variables. These factors ultimately determine the extent of material per-
formance improvement by affecting the degree of lattice reconstruction, defect generation
efficiency, and electron rearrangement effect.

4.1. Doping Modes and Structural Effects

Nonmetallic atoms incorporate into the lattice of multinary metal oxides primarily
through two modes: substitutional doping and interstitial doping. Substitutional doping is
the dominant pathway, which can be further divided into substitution of anionic oxygen
sites and substitution of cationic B sites.

4.1.1. Oxygen Site Substitution

Oxygen site substitution represents one of the fundamental strategies for non-metallic
doping in multinary metal oxides, wherein non-metallic atoms directly replace oxygen
anionic sites within the crystal lattice. As illustrated in Figure 3a, the undoped ABO;
perovskite structure exhibits a complete and well-ordered lattice arrangement. In contrast,
Figure 3b depicts the O-site substitution scenario, where non-metallic atoms (yellow) oc-
cupy oxygen sites (red) within the lattice, introducing local lattice distortions and modifying
the electronic environment.

A representative example is nitrogen-doped SrpFe; 5Mog 5065 (SFMON), in which
nitrogen atoms substitute oxygen sites to achieve non-metallic doping [25]. Other no-
table cases include fluorine substitution for O~ in Sr,TiO4 [36] and sulfur substitution in
CuFe;Oy4 [26]. In cerium copper cobalt oxide (CeCug5Cop503), boron partially substitutes
for lattice oxygen, reducing the lattice constant, disrupting long-range order, inhibiting
grain growth, and forming a more uniform solid solution. These structural changes increase
the density of active sites and improve catalytic performance [34].

The underlying mechanism of oxygen site substitution lies in the differences in atomic
radius and electronegativity between the dopant and oxygen, which induce lattice ex-
pansion or contraction and can also modify the local electronic structure. Critically, this
substitution generates non-metal-driven oxygen vacancies (Oy), which are widely rec-
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ognized as the primary active centers for enhancing catalytic activity [51]. For instance,
phosphorus doping in perovskite LaFeO3 induces lattice engineering that promotes the
formation of Oy [22]. In essence, O-site doping enhances material activity by altering the
anionic sublattice, generating and regulating oxygen vacancies, and thereby improving
both electronic and catalytic properties [8].

4.1.2. Cationic B Site Substitution

In contrast to anionic site regulation, B-site substitution primarily targets the transition
metal cation sites in multicomponent oxides, such as the B-sites in spinel or perovskite struc-
tures [30,34]. This approach modulates the local chemical environment of B-sites through
the introduction of non-metallic dopants. For instance, boron (B) doping has been used to
regulate the octahedral sites in MnFe;O4 spinel, enabling efficient seawater splitting [30].
This form of doping, also referred to as lattice B-doping, can induce ferromagnetism in
certain catalysts [34], thereby enhancing their activity in degradation reactions. Overall,
B-site regulation primarily affects material functionality by altering the geometry of the
cationic sublattice and modifying the distribution and activity of active sites [30].

As illustrated in Figure 3c, cationic B-site substitution in perovskites can be achieved
via non-metallic doping. Representative examples include:

Substitution of Fe3* by P>* in LaFeO3 [24],
Substitution of Co®* by P>* in LaCoOj3 perovskite [28], and
Substitution of Co®* by P>* in MnCo, 0Oy spinel [8].

The differences in ionic radius and valence between the non-metallic dopants and
B-site metal ions lead to slight lattice parameter adjustments without disrupting the host
structure. For example, after P substitutes Co>* in LaCoO3, XRD refinement reveals minimal
changes in lattice parameters, and the rhombohedral structure is retained. Likewise, P
substitution of Fe3* in LaFeO; preserves the orthorhombic perovskite framework. In
addition, B-site substitution by non-metallic elements triggers a charge compensation
mechanism due to valence differences, simultaneously inducing variations in the metal ion
valence state and generating oxygen vacancies).

This targeted modulation of B-sites thus provides a powerful approach to tailor the
electronic, structural, and functional properties of multinary metal oxides for enhanced
catalytic, electrochemical, and photocatalytic performance.

4.1.3. Interstitial Doping

Non-metallic doping is widely recognized as a robust strategy for modulating the
properties of transition metals and their compounds [62,69]. Unlike conventional substitu-
tional doping, interstitial doping does not require the dopant to replace lattice O atoms or
B-site cations; instead, dopants can occupy lattice interstitial sites or interact via surface
effects [32,70]. This flexibility allows interstitial doping to uniquely influence the structural,
electronic, and catalytic behavior of metal oxides.

Interstitial doping is particularly suited for non-metallic elements with small atomic
radii, which can readily embed into lattice interstices due to their size advantage. For in-
stance, Figure 3d illustrates the incorporation of non-metallic atoms into the interstitial sites
of metal oxide lattices. A representative example is boron-doped sodium manganese nickel
oxide (Nag.9sMnyg ¢Nig 405) [71], where B3* ions (ionic radius 0.23 A) preferentially occupy
tetrahedral interstitial sites rather than substituting octahedrally coordinated transition
metal sites. Similarly, phosphorus and boron can be doped into the tetrahedral inter-
stitial sites of LiyMngB9O1¢ via mechanochemical doping, existing as PO,3~ and BO4°~
tetrahedral configurations, respectively [72].



Catalysts 2025, 15, 1062

16 of 38

The primary functional effect of interstitial doping lies in its ability to introduce
defect sites or point defects [55,60], distinguishing it from conventional O-site or B-site
substitution. These defects act as localized centers that modulate electron transport kinetics,
typically slowing carrier recombination and enhancing the separation of photogenerated
charges. Consequently, interstitially doped materials often exhibit improved electronic,
optical, and catalytic performance due to defect-mediated regulation of carrier dynamics.

In summary, interstitial doping offers a complementary pathway to substitutional
strategies, providing unique control over lattice defects, electronic transport, and local
chemical environments, particularly in systems where the dopant’s small size and tetrahe-
dral coordination preference facilitate defect engineering.

4.1.4. Mixed Doping

Mixed doping strategies combine two distinct doping modes, where one mode pre-
dominates and the other serves as a complementary mechanism, without disrupting the
host phase structure. This approach allows precise tuning of both the lattice and electronic
environment, leveraging the advantages of each doping type. As illustrated in Figure 3ef,
mixed doping can adopt different configurations. Figure 3e depicts a scenario dominated by
interstitial doping coupled with oxygen-site substitution, while Figure 3f shows interstitial
doping acting as a supplement to cationic B-site substitution.

A representative example is boron doping in NiCo, O, /LaCoOj3 heterojunctions, where
B primarily substitutes Co in LaCoQOj3, and interstitial B occupies the interface as a sec-
ondary doping mode [28]. This dual doping not only finely regulates the valence states of
metal cations while increasing the Co?* /Ni* ratio but also optimizes the local electronic
environment via interfacial interstitial sites, ultimately enhancing the activation efficiency
of peroxymonosulfate (PMS).

Another example is nitrogen-doped MnCo,O;4 [27], where substitutional nitrogen
(N;) replaces lattice O~ or occupies oxygen vacancies (Oy), while interstitial nitrogen (N;)
inserts into lattice interstices. Both doping modes coexist at the atomic scale, preserving the
integrity of the spinel host structure and enabling synergistic optimization of performance
through dual-site regulation.

In summary, mixed doping provides a versatile strategy to simultaneously exploit
substitutional and interstitial effects, achieving enhanced control over cation valence, lattice
defects, and local electronic structure, while maintaining the structural stability of multinary
metal oxides.

4.1.5. Surface Confined Doping

Surface confined doping represents a distinct non-metallic doping strategy that se-
lectively modifies the material surface, functioning primarily as a surface engineering
approach rather than altering the bulk lattice. This strategy allows precise tuning of sur-
face chemistry and electronic properties while preserving the structural integrity of the
host material.

A typical example is phosphorus doping in nickel manganese oxide (NiMn,Oy) via
chemical vapor deposition (CVD) [73]. In this case, P selectively substitutes specific sur-
face sites, forming P=O and P-O bonds, without disrupting the spinel framework. The
underlying mechanism involves the construction of phosphorus-oxygen functional groups
on the surface, which enhances the adsorption of dichloromethane (DCM) molecules
and optimizes surface charge transfer, thereby significantly improving electrocatalytic
dechlorination performance.

Similarly, in sulfur-doped CoMn,O; spinel [23], FTIR and XPS analyses reveal that
sulfur exists as sulfate ions (S0427) anchored on the surface via S=O bonds. Unlike
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conventional lattice substitution, this surface modification induces oxygen vacancies and
regulates metal valence states indirectly, synergistically enhancing electron transfer and
increasing the exposure of active sites.

Collectively, surface confined doping offers a novel pathway for catalyst design, em-
phasizing the optimization of surface functionalities rather than bulk lattice modification.
This approach enables efficient control over adsorption, charge transfer, and catalytic
activity, providing an attractive alternative to traditional substitutional or interstitial dop-
ing strategies.

Mixed

© B-site, Black o O-site, Red X-Nonmetallic Atom, Yellow

Figure 3. Various configurations of non-metallic doping in perovskite structures. (a) Displays the pris-
tine perovskite structure; (b) Presents oxygen site substitution via non-metallic doping in perovskite;
(c) Shows cationic B-site substitution with non-metallic doping in perovskite; (d) Depicts interstitial
non-metallic doping in perovskite; (e) Demonstrates mixed non-metallic doping in perovskite, inte-
grating interstitial doping and oxygen site substitution; (f) Exhibits mixed non-metallic doping in
perovskite, combining interstitial doping and cationic B-site substitution. The legend indicates that
blue spheres represent A-site cations, black spheres denote B-site cations, red spheres stand for O-site
anions, and yellow spheres signify non-metallic dopant atoms (X).

4.2. Type of Nonmetallic Element

The selection of non-metallic dopants plays a pivotal role in tailoring the structural,
electronic, and catalytic properties of multinary metal oxides, and represents one of the core
directions in functional material research. Different nonmetallic elements impart distinct
effects, both at the lattice and surface levels, thereby modulating light absorption, charge
transport, and catalytic activity.

For example, in C and Fe co-doped LaCoO3, XRD analysis shows that the (104)
characteristic diffraction peak shifts to a lower 20 angle, indicating lattice distortion induced
by C substituting lattice oxygen and Fe incorporation. FTIR confirms the presence of new
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characteristic vibrations at 1117 cm~! (C-O-C), 668 cm ™! (Co-C-0O), and 444 cm~! (Co-C),
while XPS further verifies the formation of Co-C bonds at 282.8 eV and the presence of
Fe®*. UV-Vis DRS demonstrates that co-doping enhances visible light absorption, with the
absorption edge redshifted from 422 nm (Fe single-doped) to 471 nm and the band gap
reduced from 2.94 eV to 2.63 eV. This enhancement is attributed to the synergistic effect of
C narrowing the band gap and Fe introducing mid-gap energy levels. Consequently, C and
Fe co-doped LaCoOj exhibits superior photocatalytic CO, reduction activity compared
with single-doped or undoped samples [50].

As shown in Figure 4a [24], phosphorus doping in LaFeO3_; (LFP-5) provides another
clear demonstration of nonmetallic element incorporation. Polarization curves show more
positive onset potentials, higher half-wave potentials, and larger kinetic current densities
compared with pristine LaFeO3_s and conductive acetylene black. Figure 4b shows the
High-Angle Annular Dark-Field STEM (HAADF-STEM) and elemental mapping reveal
that La, Fe, and O are uniformly distributed, while P is predominantly enriched in the
surface layer, directly confirming successful doping and optimization of electron transport
and catalytic active sites.

Similarly, as shown in Figure 4c [74], sulfur incorporation into M,S-Fe304 (M = Ni, Co,
Mn) is confirmed via EDS elemental mapping, showing uniform dispersion of S and metal
cations, which supports the formation of a homogeneous doped structure.

For nitrogen doping, as shown in Figure 4d [25], XRD patterns of (SFMONSs), indicate
that the (110) peak shifts to a lower 20 angle while retaining the cubic Pm-3m structure. This
shift is consistent with lattice expansion due to the partial substitution of O?~ by N3~ (N3~
1.71 A > O?~ 1.40 A). Figure 4e shows EDS mapping confirms uniform distribution of N
alongside Sr, Fe, Mo, and O, verifying successful incorporation and providing a foundation
for enhanced HER activity.

As shown in Figure 4f [36], fluorine doping in Sr,TiO4_xFx also illustrates lattice
modifications. At low doping levels (x < 0.05), XRD peaks shift to higher 26 angles and
peak intensities increase, indicating lattice contraction due to the smaller ionic radius of
F~ (0.133 nm vs. O?~ 0.140 nm) and improved crystallinity. Even when minor impurity
phases appear at x = 0.1, successful F incorporation at lower concentrations is evident.

As shown in Figure 4g [75], Boron doping in LaMnOj3(B-LMO) induces morphological
and structural changes, as SEM images show a transition from a dense structure to a porous
morphology. BET measurements confirm increased surface area and decreased pore size,
indirectly demonstrating successful B incorporation and lattice reconstruction.

The effects of different nonmetallic elements can vary widely within the same host
material. In SrTiO3, monodoping with B, C, N, E, P, or S produces distinct outcomes [76].
Boron, fluorine, and phosphorus p-orbitals show minimal hybridization with O 2p orbitals,
leaving the band gap nearly unchanged. Carbon and nitrogen exhibit weak hybridization,
slightly narrowing the band gap, with visible light absorption arising from isolated energy
levels. In contrast, S 3p orbitals strongly hybridize with O 2p orbitals, broadening the
valence band and significantly reducing the band gap. This leads to a 120 nm redshift of
the absorption edge and increased absorption intensity, making sulfur doping particularly
advantageous for high-efficiency photocatalysis.

Collectively, these studies underscore that the type of nonmetallic dopant critically
determines the structural modulation, electronic properties, and functional performance
of multinary metal oxides, highlighting the importance of rational dopant selection in the
design of advanced functional materials.
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Figure 4. (a) LSV curves of LF, LFP, and conductive acetylene black (AB) on RDE at 1600 rpm
with a scan rate of 10 mVs~!; (b) The HAADF-STEM image and corresponding EDX element
mapping images of LFP-5. Adapted with permission from Ref. [24]. Copyright 2018 Copyright
Nano Energy; (c) Partial figures of HAADF-STEM-EDS mapping of Ni,5-Fe3O4/IF (Interconnected
Framework), Co,S-Fe30,/IF and Mn,S-Fe3O,/IF. Adapted with permission from Ref. [74]. Copy-
right 2024 Copyright Appl. Catal. B Environ.; (d) Left: XRD patterns of the SFMO, SFMON-350,
SFMON-450, and SEMON-550. Right: Magnified XRD patterns in the 20 range of 31.7-32.7 degrees;
(e) energy-dispersive X-ray spectroscopy element mapping of SFMON-450. Adapted with permission
from Ref. [25]. Copyright 2021 Copyright Mater. Today Energy; (f) XRD patterns of SrpTiO4_xFx
(X=0,0.01,0.03,0.05 and 0.1). FESEM images and the corresponding particle size histograms of
Sy TiOy, SrpTiO3.99F 01, St TiO3 97F 03, and SryTiO3 95F g5. Adapted with permission from Ref. [36].
Copyright 2022 Copyright Mater. Today Energy; (g) SEM results of LMO and B-LMO. Adapted with
permission from Ref. [75]. Copyright 2025 Copyright Ceram. Int.

4.3. Doping Concentration

The concentration of nonmetallic dopants is a critical factor in determining the struc-
tural, electronic, and functional properties of multinary metal oxides. Doping concentration
directly affects microstructure, electronic configuration, and electrochemical behavior, with
both insufficient and excessive doping negatively impacting performance.

For instance, in phosphorus-doped ternary transition metal oxides (Co-Ni-Mo systems),
NaH,PO,-HyO was used as the phosphorus source to synthesize P-Cog 1 Nip70M0oO,_p, via
gas—solid phase phosphidation at 400 °C under argon. Different dosages of the phosphorus
source (0.2 g, 0.4 g, 0.8 g) were used to regulate the doping amount. These dosages refer to
the doping amounts of the precursor rather than the actual final doping contents, and their
effects were systematically analyzed. As shown in Figure 5a—d [77], SEM images reveal
that at low phosphorus content (P-Cog 21 Nip 79M0oO4_p, 0.2 g), the nanosheets exhibit poor
surface roughness, insufficient P incorporation, and limited electroactive sites. At the opti-
mal dosage (P-Cog21Nip79MoO4_p, 0.4 g), a porous three-dimensional hierarchical array is
formed with uniform P distribution, promoting electrolyte penetration and providing abun-
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dant reaction sites. Conversely, an excessive dosage (P-Cog21Nip79MoO4_p, 0.8 g) leads to
agglomeration or clogging of the nanosheets, which destroys the effective morphology.

XRD analysis confirms interstitial P incorporation across all dosages without the
formation of impurity phases. As the P content increases, diffraction peaks shift to lower
20 angles due to lattice expansion induced by the larger ionic radius of P relative to O. At
the electronic structure level, optimal P doping results in positive shifts in Co 2p, Ni 2p, and
Mo 3d binding energies, with Mo present in low oxidation states (Mo**/Mo°*), enhancing
electrochemical activity. The P 2p XPS spectra further verify stable anionic incorporation.
Electrochemical measurements show that P-Cog 21 Nip79MoOy at 0.4 g dosage exhibits a
specific capacitance of 1127.5F g~! at 0.5 A g1, retains 547.1 Fg~ ' at 20 A g~ !, and has a
low charge transfer resistance of 0.4 Q0-cm?. An asymmetric supercapacitor with activated
carbon achieves an energy density of 49.2 Wh kg ~! at a power density of 747.7 W /kg and
maintains 91% capacitance after 5000 cycles. These results demonstrate that 0.4 g represents
the optimal P dosage, balancing active site availability and structural integrity. Insufficient
doping limits performance, while excessive doping causes structural degradation.

Doping temperature is a key factor affecting doping content and another important pa-
rameter that regulates nonmetallic doping concentration and site distribution. In N-doped
La, Ti; O7(N-LTO) nanocrystals, Wang showed that nitridation temperature affects N con-
tent, site occupation, and band structure. As shown in Figure 5e [78], XPS analysis indicates
that untreated LTO exhibits a single N 1s peak (398.05 eV), while NHs-treated samples dis-
play three peaks corresponding to N-Ti-N (395-396 eV, substitutional), N-Ti-O (398-399 eV,
low electron density), and interstitial N (400 eV), confirming successful multi-site doping.
Photocatalytic tests reveal that performance initially improves with temperature, peaking
at 650 °C. At 600 °C, total N content is 3.53 at%, dominated by N-Ti-O sites, leading to
weak visible light absorption and low NO conversion. At 650 °C, total N content increases
to 4.79 at% with balanced site distribution, redshifting the absorption edge to 453 nm and
achieving a high specific surface area (44 m? g !), which synergistically reduces carrier
recombination and maximizes photocatalytic activity. At higher temperatures (700-750 °C),
excessive N-Ti—O or N-Ti-N doping creates deep traps and oxygen vacancies, increasing
recombination rates and reducing photocatalytic efficiency.

4.4. Co-Doping with Other Elements

Co-doping of metals and nonmetals has emerged as an effective strategy for tuning the
electrocatalytic performance of metal oxides by synergistically modifying their electronic
structure, surface properties, and mass transfer characteristics. A representative example
involves Fe3Oy4-based electrodes co-doped with different metals (Ni, Co, Mn) and sulfur
(denoted as M,S-Fe304/IF). Electrochemical impedance spectroscopy (EIS) measurements,
as shown in Figure 5f [74], indicate that the Ni,5-Fe3O,/IF electrode exhibits the lowest
charge transfer resistance (Rt = 2.7 2), reflecting the fastest electron transfer kinetics
during the oxygen evolution reaction (OER).

Multi-current step chronopotentiometry further demonstrates that M,S-FezO4/1F
electrodes respond rapidly and reversibly across varying current densities. Such behavior
reflects the preservation of mechanical robustness, electronic conductivity, and efficient
mass transport during the OER process. These attributes stem from the cooperative effect of
metal and nonmetal co-doping, which concurrently (i) modulates the electronic structure of
the host lattice to enhance charge-carrier mobility, (ii) accelerates interfacial charge transfer,
and (iii) facilitates reactant diffusion toward catalytically active sites. The integration
of these factors establishes a highly favorable reaction environment, thereby delivering
performance superior to that of single-doped or pristine counterparts.
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Beyond experimental electrochemical analysis, co-doping strategies have also been
explored theoretically. Zhou et al. employed first-principles calculations to investigate the
impact of simultaneous metal and nonmetal doping (F, N, S with metals Cr) on the elec-
tronic structure and optical properties of BiFeO3, as shown in Figure 5g [79]. Computational
results, including the dielectric function, absorption coefficient, refractive index, and ex-
tinction coefficient, reveal that co-doping modifies the optical response of the material. For
instance, variations in the absorption edge and refractive index among different co-doped
systems indicate that dopants can tailor light-matter interactions and electronic transi-
tions. These simulations provide insight into the mechanistic basis for co-doping effects,
complementing experimental findings and highlighting the potential of metal-nonmetal
co-doping for multifunctional material design.

In summary doping concentration is a key determinant of performance which re-
quires careful optimization of source dosage temperature and processing time [80] and
metal-nonmetal co-doping leverages synergistic effects these factors together enable bal-
ancing structural integrity dopant distribution and electronic optical properties reducing
charge transfer resistance improving mass transport and ultimately maximizing func-
tional efficiency such as electrocatalytic photocatalytic and photophysical performance in

nonmetallic-doped or multinary metal oxide systems.
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Figure 5. (a) SEM images of C00.21Nio.79MOO4; (b) P—COO.21Ni0.79MOO4-1,' (C) P—COO.21NiO.79MOO4-2
and (d) P-COO.ZlNiOV7gMOO4-3. The samples P-COO_ZlNi0_79MOO4, P-C00V21Ni0_79MOO4-1,
P-Coy 21 Nip 79M00O4-2, and P-Cog 1 Nig 79MoO4-3 correspond to doping with 0 g, 0.2 g, 0.4 g, and
0.8 g of the phosphorus precursor, respectively. Adapted with permission from Ref. [77]. Copyright
2020 Copyright J. Energy Storage; (e) High resolution N 1s XPS spectra of LTO_NC before and after
heat treatment in NHj gas flow at different temperatures without Ar* sputtering(N1,N-Ti-N, green;
Nj,N-Ti-O, orange; N3, interstitial N atoms in O-N-Ti, blue). Adapted with permission from Ref. [78].
Copyright 2021 Copyright Chem. Eng. ].; (f) Nyquist plots of various catalysts of Ni,S-Fe3O4/IF,
Co,5-Fe304/1F, Ni-Fe304 /IF, Co-Fe30,/IF, S-Fe3O,/1IF, Fe30, /IF. Adapted with permission from
Ref. [74]. Copyright 2024 Copyright Appl. Catal. B Environ.; (g) L(w), I(w), K(w) and n(w) of
BFO, BFCO(Cr-BFO) and X-doped BFCO. Adapted with permission from Ref. [79]. Copyright 2019
Copyright Phys. Lett. A.
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5. Mechanisms of Structure and Electronic State Regulation by
Non-Metallic Doping

During non-metal doping of multicomponent oxides, charge compensation and vari-
ation in bonding character the primary microscopic effects. Charge compensation is the
most fundamental initial consequence. When a high-valence non-metal cation substitutes
a low-valence B-site cation, or when a low-valence non-metal anion replaces O?~, lattice
charge neutrality is disrupted. The resulting imbalance is compensated mainly through
two routes. The first and most prevalent route is the formation of oxygen vacancies; when
a low-valence non-metal occupies an oxygen site, it withdraws electrons from neighboring
oxygen atoms and thereby generates oxygen vacancies. The second route operates when
a high-valence non-metal substitutes a metal cation; in this case a high-valence metal ion
is reduced to a lower oxidation state or a low-valence metal ion is oxidized to a higher
state, and the two pathways often act cooperatively to preserve overall electroneutral-
ity. For example, In P-doped LaFeQO;3, the signal at g = 2.003 in electron paramagnetic
resonance increases markedly, directly evidencing a sharp rise in the concentration of
paramagnetic oxygen vacancies. X-ray photoelectron spectra show that as the phosphorus
content rises the Fe?* /Fe3* ratio grows from 0.32 to 0.57 [22]. When boron is introduced into
the spinel/perovskite heterojunction oxide NiCo,04/LaCoQ3, the small B** ion (radius
0.20 A) replaces Co®* (0.54 A) and induces lattice distortion that weakens Co-O bonds,
promotes lattice-oxygen release and creates abundant oxygen vacancies. Simultaneously,
the electron-donating character of boron reduces Co** and Ni** to Co?* and Ni?* [28]. In
layered perovskite SryTiOy4, co-doping with non-metal nitrogen and metal niobium places
N3~ on O?~ sites and Nb°* on Ti** sites; the substitution of N3~ for O?~ introduces a
charge imbalance that must be compensated [81].

5.1. Lattice Distortion

Incorporation of non-metal atoms into the lattice produces expansion or contraction
that is governed by the ionic radius mismatch between the dopant and the host atom,
by the charge-compensation pathway, and by the accompanying reconstruction of chemi-
cal bonding.

A radius mismatch distorts the lattice and leads to measurable dimensional changes.
In sulfur-doped CuFe,Oy, the larger S?~ ion replaces O>~ and shifts X-ray diffraction peaks
to lower angles, indicating an increased interplanar spacing [82]. Similarly, when N3~,
which is also larger than 0?7, is introduced into SryFe; sMog504.5, the (110) reflection
moves to lower angles and the unit cell expands [25]. Conversely, boron incorporation into
LaMnOj shrinks the lattice; the smaller B>+ ion substitutes for Mn3* and shortens Mn-O
bond lengths, so the structure contracts [75].

Oxygen-vacancy formation relaxes the lattice. In P-doped LaFeOj, the smaller P°* ion
replaces Fe** and would normally shrink the unit cell, yet the simultaneous creation of
numerous oxygen vacancies releases part of the atomic constraints and produces a slight
expansion; the cell volume increases from 242.97 to 243.53 A3 [22]. Similarly, when nitrogen
is introduced into MnCo,QOy, the departure of lattice oxygen generates vacancies that loosen
the network, shift diffraction peaks to lower angles and enlarge the interplanar spacing [27].

Charge-compensation-induced valence changes and oxygen vacancies also distort the
lattice. In iodine-double-site-doped Bag 55r( 5(Cog sFep2)0.903-_5 (BSCF), iodine occupies
both B and O sites, Co’" is partially reduced to Co?*, and the combined radius change
and charge redistribution expand the lattice parameter from 3.953 to 3.966 A [83]. In
P-doped MnCo,0y4, P5* substitutes for cobalt, Co3* reduces to the larger Co?*, and the
accompanying oxygen vacancies increase the parameter from 8.258 to 8.262 A [8].
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Electronegativity differences alter the covalent and ionic characters of metal-non-
metal bonds, modify bond lengths and strengths, induce phase transitions, and change
lattice parameters.

An increase in covalent bond length together with a bond strength decrease leads
to lattice expansion. In S>~-doped CuFe;Oy, the M-S bond is longer than the M~O bond
although 52— is smaller than O?~, so the lattice expands. When sulfur substitutes for 0%
in SrCoO3_5 as S?~, the structure transforms from a hexagonal phase to a more symmetric
cubic perovskite [82]. The electronegativity of sulfur is 2.58, significantly lower than that
of oxygen at 3.44, so the Coulomb attraction between the metal cation Co®* and the anion
weakens and internal stress is reduced. Charge compensation occurs through the formation
of oxygen vacancies and partial reduction of Co>* to Co?*, and the oxygen vacancies further
relax the lattice [21]. Undoped SrCoOs_s adopts a hexagonal phase. When non-metal phos-
phorus is introduced as P>* that replaces Co>*, X-ray diffraction shows that the hexagonal
reflections disappear completely and a pure tetragonal perovskite forms. This change is
attributed to the strong covalent P-O bond that forms after P>* substitutes for Co>*; the
directionality and stability of this bond suppress the interlayer sliding characteristic of the
hexagonal phase and drive the lattice toward a denser, moderately symmetric tetragonal
structure [51].

Lattice expansion suppresses agglomeration and enlarges the specific surface area.
When iodine occupies dual sites in BSCF, the expanded lattice offers additional room
for atom growth, while the newly formed Co-I bond weakens inter-particle attraction.
Consequently, particle size decreases, dispersion improves, agglomeration is avoided, the
specific surface area increases slightly, and more active sites are exposed [83]. In N-doped
MnCo,0y, the interplanar spacing increases because N3~ replaces O?~. The enlarged lattice
hinders diffusion of Mn and Co atoms toward the particle surface, so the morphology
changes from rod-like agglomerates to separated irregular grains. Although the specific
surface area becomes smaller, surface roughness rises and the density of catalytically active
sites increases [27].

Lattice contraction promotes densification and refines particle size distribution. Upon
fluorine incorporation into SroTiOy4, the smaller F~ ion replaces 0%, X-ray diffraction
peaks shift to higher 20 values, and atomic packing becomes tighter. As the fluorine content
increases, particles grow uniformly without noticeable agglomeration, balancing specific
surface area and structural stability [36].

5.2. Crystallinity

Most non-metal dopants disrupt the long-range periodic order of the crystal and lower
crystallinity. The underlying origin is that the foreign atoms introduce lattice distortion,
oxygen vacancies, or impurity phases that hinder regular atomic packing. In nitrogen-
doped MnCo,04, M-N and M-N-O bonds form and trigger local electron redistribution,
while the departure of lattice oxygen creates oxygen vacancies. These combined effects
destroy lattice periodicity and reduce crystallinity [27].

Some non-metal dopants suppress grain growth by generating oxygen vacancies
that impede atomic migration, thereby increasing the fraction of small crystallites and
lowering overall crystallinity. In P-doped LaFeOs the orthorhombic symmetry is retained,
yet the replacement of Fe** by P>* creates abundant oxygen vacancies. These vacancies
block atomic diffusion toward grain surfaces, while the covalent character of P-O bonds
restricts the freedom of lattice atoms to rearrange [22,24]. Consequently, grain growth is
hindered and crystallinity decreases as the phosphorus content rises. When the boron
content in LaMnOj is progressively increased, the diffraction peak intensities first remain
stable at low doping levels; at high boron loadings; however, excess boron can no longer be
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accommodated in the lattice and local amorphous regions form. This leads to a sudden drop
in peak intensity, a marked increase in peak width, structural collapse, and complete loss of
crystallinity [75]. Similarly, sulfur incorporation into CuFe,Oy at low levels preserves the
cubic spinel structure with only a slight crystallinity reduction, yet at higher sulfur contents
characteristic reflections of a CuS impurity phase appear and the intensity of the main phase
decreases by 30%. The presence of this secondary phase not only dilutes the proportion of
the host crystal but also disrupts the orderly growth of CuFe;O4 grains, further depressing
crystallinity [82]. Surface functional groups can exert an additional influence. After sulfur
functionalization, CoMn,Oy retains its body-centered cubic framework, yet the M—-O-S
linkages formed between sulfate and surface Co/Mn atoms hinder regular atomic packing
at the surface and suppress grain growth. The resulting grain refinement lowers the degree
of crystallization [23].

Moderate non-metal doping can preserve or even enhance crystallinity by filling in-
trinsic lattice defects, suppressing secondary phases, or promoting an order-order phase
transition, provided the dopant size and valence match the host lattice. When the ionic
radius of the non-metal closely resembles that of the atom it replaces, the dopant heals
existing vacancies and leads to more regular atomic packing. In Sr,TiO4, an appropriate
fluorine content maintains the tetragonal structure because F~ is almost the same size as
O?~; by filling oxygen-vacancy defects it reduces disordered regions, while the stronger
covalency of F-O bonds relative to Ti-O bonds stiffens the lattice, favors regular stacking,
enlarges grain size and markedly increases crystallinity [36]. Similarly, nitrogen incorpo-
ration into SryFej 5Mog 504.5 introduces N3~ ions whose radius matches that of O?~; the
substitution introduces no appreciable distortion and, through charge compensation that
oxidizes Fe?* to Fe**, stabilizes the framework and heals vacancy-related disorder [25].
The additional presence of nitrogen promotes long-range ordering of Fe and Mo atoms,
gives sharper lattice fringes and lowers the fraction of disordered grain boundaries, thereby
raising crystallinity.

Some non-metal dopants convert a low-symmetry, poorly crystallized phase into a
higher-symmetry, better ordered one. Sulfur substitution for 02~ in SrCoO;_5 weakens
Co-O Coulomb attraction and drives a hexagonal-to-cubic perovskite transition; the cubic
phase possesses higher symmetry, denser atomic packing, and the sulfur simultaneously
suppresses SrCO3 impurity formation, so both phase purity and crystallinity improve. The
gain in crystallinity is accompanied by particle regularization and reduced agglomera-
tion [21]. In P-doped SrCoOs;_s, the undoped material adopts a hexagonal structure that
gives weak, split reflections and poor crystallinity. When P5* replaces Co®*, strong, direc-
tional P-O bonds form and convert edge-shared CoOg octahedra of the hexagonal phase
into corner-shared octahedra of a tetragonal perovskite, creating a more stable, ordered
framework. The particle size distribution narrows from 1-5 pm to 2-3 pum, agglomeration
is absent, and the regular surface lowers Sr-ion leaching. The P-O network simultaneously
inhibits Sr loss and secondary-phase precipitation, further consolidating the crystallinity of
the tetragonal host and meeting the long-term stability requirements of DSSC cathodes [51].

Tuning crystallinity by non-metal doping essentially balances defect activity and
structural stability through the synergy between element-lattice compatibility and dopant
content, offering a controllable microscopic route for property optimization of multicompo-
nent oxides.

The degree of crystallinity directly governs grain-growth perfection, thereby altering
surface regularity and defect distribution. Lower crystallinity refines grains and increases
surface defects and roughness. In N-doped MnCo,0y, reflection intensities weaken and
broaden, crystallinity drops, lattice fringes become more disordered, the number of defects
rises, grain size shrinks, and the surface develops a porous, rough morphology enriched
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in defects [27]. Similarly, as the boron content in LaMnOs increases, peaks broaden, crys-
tallinity decreases, grain size falls from 38 nm, and extensive oxygen vacancies generated by
lattice distortion blur particle edges, raise roughness, and create additional active sites [75].

5.3. Electronic Structure Reconfiguration

Non-metal doping modulates electronic structure through four convergent pathways:
adjustment of lattice parameters, induction of oxygen vacancies, reconstruction of ion
valence states, and optimization of bonding character. These changes operate across four
interlinked dimensions—band structure, electron-cloud distribution, carrier characteristics,
and defect-state energy levels—ultimately aligning the material with the functional de-
mands of catalysis, energy storage, and related applications. Lattice parameters govern the
space and manner in which grains grow, determining atomic packing density and thereby
controlling both the rate of grain growth and the final particle size.

Non-metal doping directly tailors band-gap width and band-edge positions by modi-
fying atomic-orbital hybridization and introducing impurity states, thereby serving as the
primary route for extending the optical response. In N-doped SryFe; sMog 50s.5, replace-
ment of 0>~ by N®~ promotes mixing between N 2p and O 2p orbitals together with lattice
expansion. This hybridization increases the overlap of Fe 3d and O 2p orbitals, narrows
the band gap from a higher to a lower value, and enhances electron delocalization. As
a result, the electron-transfer resistance for H* reduction during the hydrogen evolution
reaction decreases and the overpotential is significantly reduced [25]. In dual-site doped
BSCF, simultaneous incorporation of I at O sites and I°* at B sites enables I 5p orbitals to
mix with Co 3d and Fe 3d states, pushing the Co 3d and Fe 3d bands closer to the Fermi
level and narrowing the band gap. The narrowed gap lowers the energy barrier of the rate-
determining step of the oxygen evolution reaction [83]. In a defect-dominated narrowing
scenario, P-doped LaFeOj; shows that substitution of Fe>* by P°* creates numerous oxygen
vacancies which introduce defect levels inside the forbidden gap. The band gap decreases
from a higher to a lower value and the valence-band maximum shifts downward as the
defect states are filled, improving the separation efficiency of photogenerated electron-hole
pairs. Consequently, the conversion of methane in chemical-looping partial oxidation
increases from a low to a markedly higher value [22].

Non-metal doping adjusts the positions of the conduction-band minimum and valence-
band maximum so that the material meets the thermodynamic potential requirements of
specific reactions. For photocatalytic hydrogen evolution, the conduction-band minimum
must lie below the H*/H, redox potential. In F-doped Sr,TiOy, substitution of O>~ by
F~ contracts the lattice and weakens the overlap between Ti 3d and O 2p orbitals. The
conduction-band potential shifts from —0.39 eV to —0.43 eV, strengthening the driving
force for electron reduction in water, while the band gap narrows slightly from 3.32 eV to
3.20 eV. Consequently, the photocatalytic hydrogen evolution rate increases by 44% relative
to the undoped material [36].

Non-metal doping enhances catalytic activity by modulating the electron density of
metallic active sites and shifting the d-band center, thereby optimizing the adsorption
strength of reaction intermediates. In N-doped MnCo,0y, the Mn 2p and Co 2p peaks
exhibit a blue shift, indicating increased electron density around the metal centers [27].
After sulfur incorporation into CuBi,O4, Cu-S bonds form; the electron-donating nature
of sulfur raises the electron density at Cu sites. Meanwhile, changes in metal valence,
for example, from Co®* to Co?*, alter the d-orbital electron occupancy and shift the d-
band center, preventing either too strong or too weak intermediate adsorption [84]. In
dual-site iodine-doped BSCEF, iodine cations donate electrons to cobalt through Co-O-1
bridges, partially reducing Co®* to Co?*. The orbital filling of Co increases from 1.0 to 1.2,
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and the d-band center moves downward from —1.8 eV to —2.0 eV, leading to lower OER
overpotential and a reduced Tafel slope [83].

Non-metal doping improves charge-utilization efficiency by accelerating carrier sepa-
ration and transport, thereby suppressing electron-hole recombination. This improvement
originates from defect-state trapping and lattice-order adjustment. In N-doped MnCo,0y4,
nitrogen incorporation raises the oxygen-vacancy concentration; these vacancies trap pho-
togenerated electrons and prevent their recombination with holes. Photoluminescence
intensity consequently decreases, evidencing higher electron-transfer efficiency [27]. Simi-
larly, when B** substitutes for Mn3* in LaMnOj3, B-O bonds form and weaken the covalency
of Mn-O bonds, inducing oxygen vacancies that act as electron-capture centers. The re-
duced photoluminescence intensity indicates diminished recombination.

Non-metal doping generates oxygen vacancies and new bond defects that create local-
ized states within the band gap. These states act as both carrier traps and electron transport
channels, further optimizing electronic structure. In S-doped CuBiyOy4, sulfur incorpo-
ration increases the vacancy-to-lattice-oxygen ratio, producing defect levels just above
the valence-band maximum [84]. In B-doped LaCoQ3, substitution of Co>* by B3* forms
B-O bonds whose covalency introduces interfacial defect states. These levels extend elec-
tron delocalization and reduce the charge-transfer resistance across the NiCo,O4/LaCoO3
interface [28].

Incorporation of non-metal dopants into multicomponent oxide lattices triggers charge
compensation that generates oxygen vacancies, alters cation valences, and modifies chemi-
cal bonding. These changes produce microstructural distortions manifested as variations
in crystallinity and lattice parameters, while simultaneously inducing electronic rearrange-
ments that encompass band structure, electron-cloud distribution, carrier density, and
defect-state energy levels. The synergy between structural and electronic perturbations
governs the optimization of macroscopic properties. Any single macroscopic performance
metric requires the cooperative tuning of multiple microscopic variables; consequently,
microstructural reconstruction inevitably refines mesoscale characteristics that ultimately
determine the macroscopic response. Non-metal doping is therefore essential for enhancing
multicomponent oxide performance, because it exploits charge compensation to regulate
band structure, carrier concentration, and surface activity, thereby overcoming intrinsic
performance limits.

6. Application Fields of Non-Metallic Doping
6.1. Field of Energy

Energy science covers several key technological domains, among which battery tech-
nology, supercapacitor technology, and catalysis technology constitute the main research
directions. In the field of battery technology, typical systems include lithium-ion batteries
(LIBs), zinc-air batteries (ZABs), and solid oxide fuel cells. Catalysis technology is fur-
ther subdivided into electrocatalysis and photocatalysis. This classification reflects the
principal research scope of energy conversion and storage technologies and highlights the
importance of different technical paths in the energy field. Multinary metal oxides, thanks
to their tunable composition and crystal structure, show great application potential in
energy conversion and storage. Their functionality can be precisely designed to suit specific
applications. For example, NiCo,0; is used for photocatalytic CO, reduction to CO [85],
Lisg Ti5O1; serves as an anode material in lithium-ion batteries, and NiCo,0y is also a typical
material for zinc-ion batteries. Perovskite-type oxides such as LaNiO3, LaMnOj3, SrFeOs;_5,
and SrCoq gFe03_5 are widely used as cathode materials in solid oxide fuel cells due to
their adjustable oxygen mobility and electronic conductivity. In photocatalysis, materials
like BipWQOg4 and NiCo,04 are employed in light-driven reactions, while in electrocatalysis,
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NiCo0,04, LaMnOs3, and CoFe,O4 exhibit good catalytic activity. Particularly noteworthy
is the recent emergence of high-entropy spinel oxides such as (NiCoMnCrFe)3;O4, which
demonstrate excellent activity and stability in anodic catalysis for hydrogen production
from seawater electrolysis, offering a new direction for the application of high-entropy
materials in energy catalysis [86].

In the energy field, non-metal doping tailors the microscopic structure of materials
and thereby markedly improves their macroscopic performance. Within lithium-ion battery
technology, multicomponent oxide LiyTisO1, (LTO) serves as the main host; non-metal
doping optimizes lattice structure, electronic states and interfacial characteristics, leading to
greatly enhanced electrochemical performance that contrasts sharply with that of undoped
LTO. Iodine [87], nitrogen [88] and fluorine [89] incorporation each raise the specific
capacity at high rate, lower the charge-transfer resistance and increase the Li* diffusion
coefficient. Fluorine doping in particular produces a thinner and more uniform surface
film. These combined benefits improve the specific capacity, high-rate tolerance and cycling
stability of LTO. Co-doping with sulfur and cobalt enlarges the specific surface area and
introduces additional mesopores that facilitate mass transport; the sulfur-cobalt co-doped
material delivers a higher specific capacity at 50 charge-discharge rate (C-rate) [90]. The
improvements originate from the synergistic regulation offered by non-metal dopants,
which widen Li* diffusion channels, induce the reduction of Ti** to Ti3* to raise electron
concentration, and establish Ti-I, Ti-N-O and Ti-S bonds that enhance electronic transport,
lower impedance and strengthen interfacial films. Undoped LTO, in contrast, suffers from
narrow diffusion channels, poor electronic conductivity and extensive side reactions, so
its macroscopic performance is clearly inferior. Fluorine-doped LisTisOq, that is further
modified by a carbon-nitrogen double coating through polyaniline pyrolysis exhibits lattice
expansion caused by the substitution of O?>~ by F~. The enlarged lattice increases Li*
diffusion to 2.82 x 10~ * cm?2s~1, 17-fold higher than that of pristine LTO, and delivers
a discharge specific capacity of 165.38 milliampere hours per gram at 0.5 C-rate while
retaining 93.51 percent of that capacity after 150 cycles at 1 C-rate [70]. These modifications
also reduce the risk of lithium dendrite formation that is often encountered with graphite
anodes. Carbon-doped titanium oxide of the form TiCxOy has been applied in lithium-ion
cells. Relative to the undoped oxide, carbon insertion lowers the oxygen content, partially
reduces Ti and introduces both Ti** ions and oxygen vacancies, leading to higher electronic
conductivity and improved rate capability [91].

In zinc-based battery systems, non-metal-doped multicomponent oxides deliver
markedly improved electrochemical performance through tailored crystal structures, acti-
vated surface sites and accelerated electron transport. Relative to the undoped reference,
sulfur-doped NiCo0,04 (S-NCO) offers a higher specific capacity and excellent cyclability in
alkaline zinc cells; it retains its capacity over 4000 cycles with coulombic efficiency close
to 100%, an advance that originates from a conductive phase and an enlarged specific
surface area [92]. Fluorine-substituted LaCoO3 (F-LaCoO3), employed as the cathode in
zinc-air batteries, exhibits a lower oxygen-evolution over-potential together with increased
open-circuit voltage and specific capacity, benefits that are traced to additional oxygen
vacancies and a higher Co®* fraction [93]. Nitrogen-doped LaMnO; (LMNO) likewise
delivers a higher peak power density and specific capacity, and it remains stable for 500 cy-
cles whereas the undoped analog fades rapidly. Phosphorus-doped MnCo,0Oy, in which
P5* occupies Co sites, generates abundant oxygen vacancies and raises the Co?* fraction,
thereby boosting oxygen-reduction activity [94]. The specific surface area expands from
6.88 to 17.25 m? g1, the cell achieves a peak power density of 152 mW cm~2 and steady
operation is maintained for 120 h, offering an inexpensive yet high-performance cathode
for zinc-air batteries [8] (Figure 6a). Undoped oxides, handicapped by scarce active sites,
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poor conductivity and extensive interfacial side reactions, clearly lag behind. Through lat-
tice engineering, active-species optimization and impedance reduction, non-metal doping
collectively upgrades capacity, cycle life and energy efficiency in zinc batteries.

In the solid oxide fuel cell field, non-metal-doped multicomponent oxides enhance
electrochemical performance by tailoring lattice structure, active sites, and interface reaction
kinetics. Compared with the undoped reference, interstitial fluorine-substituted SrFeO;_
maintains a stable Ruddlesden-Popper structure and produces anisotropic lattice expansion.
The increased Fe** content and higher proportion of active oxygen species significantly re-
duce interfacial resistance, leading to a higher single-cell peak power density at 700 degrees
Celsius and excellent thermal cycling stability [95]. Fluorine-substituted Lag sBagsFeO5_5
(LBF) and Lag 5Bag 5Cug 5Feq503_5 (LBCF), exhibit greatly reduced BaCOj3 precipitation
and markedly improved oxygen exchange kinetics, resulting in noticeably higher power
densities [96]. Phosphorus-substituted LaFeO;_s, the field of Chemical Looping Partial
Oxidation of Methane (CLPOM), generates P-O bonds and a small amount of Fe**, en-
larges specific surface area, markedly raises the ORR half-wave potential, lowers the OER
overpotential and Tafel slope, and simultaneously decreases charge-transfer resistance [24].
Phosphorus substitution of SrFeOs_5 cathodes increases oxygen vacancy concentration
and oxygen diffusion, reducing polarization resistance to 0.08 Q)-cm?, which is 42.86%
lower than that of the undoped material, and decreases the thermal expansion coefficient
to 18.17 x 107 K~1, 32.7% lower. The single-cell power density reaches 749.36 mW cm 2,
surpassing reported Fe and Co based cathodes, while maintaining low polarization re-
sistance from 650-800 °C [97]. Undoped multicomponent oxides display clearly inferior
performance because of sluggish ORR kinetics, poor degradation resistance, and insuffi-
cient active sites. Non-metal dopants such as fluorine and phosphorus jointly achieve an
overall breakthrough in SOFC performance through lattice optimization, active species
regulation, and impedance reduction.

In the supercapacitor field, non-metal-doped multicomponent oxides significantly
enhance energy-storage performance by tailoring crystal structure, electronic conduction,
and surface active sites. Compared with undoped samples, phosphorus-doped MnCo,04
nanotube arrays maintain a high specific capacitance while exhibiting superior rate capabil-
ity and cycling stability. Their equivalent series resistance and charge-transfer resistance
are both lower than those of the undoped counterpart [98]. Carbon-doped CoFe;O4/FeyO3
composites deliver higher specific capacitance, lower charge-transfer resistance, and better
redox reversibility [99]. These improvements originate from lattice distortion, increased
specific surface area, and optimized electronic structure induced by non-metal doping,
which jointly promote notable advances in specific capacitance, rate tolerance, and cycling
stability of supercapacitors.

In electro-catalytic energy conversion, non-metal-doped multicomponent oxides sig-
nificantly advance catalytic performance by tailoring active sites, electron transport, and
the adsorption energetics of reaction intermediates. Relative to their undoped counterparts,
phosphorus—sulfur co-doped NiMoO, exhibits lower over-potentials for both hydrogen
and oxygen evolution in overall water splitting, a reduced full-cell voltage, smaller charge-
transfer resistance, and prolonged stability [100]. Boron-substituted CoFe,O, displays
decreased over-potentials and Tafel slopes for the oxygen and hydrogen evolution re-
actions; the accompanying generation of oxygen vacancies and mild lattice expansion
markedly accelerates reaction kinetics [101]. Sulfur-doped LaNiO3, employed as a cathode
in lithium-oxygen cells, presents higher oxygen-vacancy and Ni>* concentrations together
with an enlarged surface area, leading to reduced ORR/OER over-potentials, increased
discharge capacity, and extended cycle life [102]. Undoped oxides, handicapped by scarce
active sites, poor electronic conductivity, and high reaction barriers, deliver inferior activity.
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Through systematic optimization of lattice structure, valence states, and oxygen-vacancy
content, non-metal doping effectively lowers impedance and over-potential, enabling a
comprehensive breakthrough in electro-catalytic performance.

In energy-oriented photocatalysis, non-metal-doped multicomponent oxides improve
macroscopic performance by tailoring band structure, photogenerated carrier separation
efficiency and surface active sites. For photoelectrochemical water oxidation, nitrogen-
substituted BiVO, lowers the over-potential. The undoped oxide requires 1.44 V, whereas
surface nitrogen incorporation reduces the value to 0.93 V under a single-site adsorption-
evolution mechanism and to 1.16 V under a dual-site bridge mechanism. Density-functional
theory shows that the proton adsorption energy on nitrogen is 0.52 eV lower than on
oxygen and that the water-splitting barrier on vanadium is 0.43 eV lower than on bismuth,
while a superoxide-like O-O dimer is stabilized [103]. Relative to undoped Bi;WOg,
boron-substituted BiWOg retains a pure orthorhombic phase, forms B-O bonds and
exhibits a red-shift in characteristic diffraction peaks, a larger specific surface area and
a mesoporous structure that favors mass transport [104]. Photocatalytic carbon dioxide
reduction is markedly enhanced by carbon and iron co-substituted LaCoO3;. Carbon
occupies oxygen sites and creates Co—C bonds that generate C—-O-C and C-O-H groups,
introducing micro-strain that is amplified by iron substitution. The absorption edge shifts
from 422 nm, corresponding to a 2.94 eV gap, to 471 nm, corresponding to a 2.63 eV
gap, thereby extending visible-light harvesting. Iron introduces 3d mid-gap levels, while
carbon, through Co-C bonds, traps electrons and strongly suppresses carrier recombination.
Methane selectivity reaches 82%, 3.5 times higher than that of the undoped oxide [50].
Undoped multicomponent oxides suffer from wide band gaps, high recombination rates
and scarce surface sites, so their photocatalytic activity is clearly inferior. Non-metal doping
lowers reaction barriers, preserves crystal integrity, optimizes active species and improves
porosity, leading to a synergistic enhancement of photocatalytic efficiency and stability.

Non-metal-doped multicomponent oxides continue to demonstrate versatility be-
yond the previously discussed areas. In chemical-looping partial oxidation of methane,
phosphorus-substituted LaFeOj3 regulates the redox cycle of the oxygen carrier. The dopant
lowers the oxygen-vacancy formation energy to 3.65 eV and raises the vacancy content
to 86.54% while the FeZ* /Fe®* ratio stabilizes at 0.52. At 850 °C, methane conversion
reaches 89.83% with a syngas yield of 5.14 millimoles per gram, and the material retains
stable performance over twenty cycles [22] (Figure 6b). For alkaline water electrolysis,
phosphorus-substituted CoMoO, undergoes a phase transition that yields a porous mor-
phology. The presence of Mo>* and Co-P bonds confirms successful incorporation of
phosphorus and a modified electronic environment around the metals. The resulting
lower charge-transfer resistance and higher conductivity reduce the hydrogen-evolution
over-potential to 138 mV, only slightly above that of commercial Pt/C, while the Tafel
slope decreases and the Faradaic efficiency reaches 96.8%. The overall hydrogen-evolution
activity surpasses that of the undoped oxide and outperforms numerous reported transition-
metal oxide catalysts [105]. Phosphorus-substituted SrCopgFey,03_s cathodes (SCFP),
for the field of proton ceramic fuel cells (PCFCs), generate additional oxygen vacancies
and enhance proton conduction; under humid air at 650 °C, the area-specific resistance is
0.24 Q) cm?, 29.4% lower than that of the undoped parent [35] (Figure 6¢). In direct seawater
electrolysis, boron-substituted MnFe,;O4 addresses activity and stability bottlenecks. The
lower electronegativity of boron relative to oxygen leads to electron donation from boron
to transition-metal sites through B-Mn/Fe bonds, increases Fe 3d-O 2p orbital overlap,
and lowers the energy barrier of the rate-determining oxygen-evolution step from 5.52 eV
to 2.92 eV. Coupling boron incorporation with NaBH, reduction introduces further oxygen
vacancies, suppresses chlorine evolution and hypochlorous acid formation, and improves
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both intrinsic activity and corrosion resistance, rendering the material a promising catalyst
for efficient and stable seawater splitting [30].

Table 2 concisely collates the core information of non-metallic doping elements, cor-
responding multinary metal oxides, and their targeted energy applications, providing a
clear reference for the practical development of related materials. In summary, non-metallic
doping provides a versatile and effective strategy for enhancing ionic/electronic transport,
introducing defects, and tuning catalytic active sites, thereby enabling high-performance
energy storage and conversion materials. Its implementation supports industrialization
and cost reduction in next-generation energy devices.
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Figure 6. (a) Schematic diagram of Phosphorus-Doped MnCo,04 Spinel Catalyst for Zinc-Air
Batteries. Adapted with permission from Ref. [8]. Copyright 2025 Copyright ACS Appl. Mater.
Interfaces; (b) Schematic diagram of the principle of CL-POM. Adapted with permission from Ref. [22].
Copyright 2025 Copyright Chem. Eng. J.; (c) Distribution of Relaxation Times (DRT) plots of SCFP
and SCF electrodes. Adapted with permission from Ref. [35]. Copyright 2024 Copyright Ceram. Int.

Table 2. Applications of non-metallic doping of multinary metal oxide in the energy field.

Doping Element Material Application
B MnFe,04 Seawater Electrolysis
COF6204 HER, OER
C CoFe;04/Fe; 03 Hydrogen Production
C,Fe LaCoOj3 Photocatalytic CO, Reduction
Li4Ti5012 LIBs
N LaMnO3 SFOF
BiVOy OER
Li4Ti5012 LIBs
F SrFeO3_; Electrocatalytic
La0,5Ba0,5Fe03_5, La0_5Ba0,5Cu0,5FeO3_5 SOFC

LaCoOg3 ZIBs
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Table 2. Cont.

Doping Element Material Application
LaFeOs;_s Metal-Air Battery
SICOQ.8F60.203_5 PCFCs
LaFeOs CLPOM
P SrFeO3, 5 SOFC
MnCo,04 Supercapacitor
CoMoQOy Hydrogen Production
NiMoOy HER, OER
S LaNiO3 ORR, OER
NiCOQO4 ZIBs
S,CO Li4Ti5012 LIBs
I LigTi5sOq LIBs

Data compiled from source [22,24,30,35,50,87-90,92-103,105].

6.2. Non-Metal Doping Strategies and Composite Engineering for Energy Material
Performance Enhancement

Non-metal doping functions as a versatile and flexible materials modification strategy
and presently occupies an important position in modern materials science. Implementation
routes are diverse and cover direct insertion of non-metal elements into a target host,
indirect tuning of carbon coatings through non-metal-doped carbon, and construction
of novel composites that integrate doped species. These approaches effectively adjust
electrical, catalytic and physicochemical properties while opening new avenues for the
development of high-performance energy materials. Consequently, non-metal-doping
technology plays a pivotal role in driving innovation and performance advances in energy-
related materials.

Non-metal-doped carbon coatings enhance the performance of multicomponent oxides
by optimizing the conductive network, stabilizing the interface and increasing the number
of active sites. In lithium-ion battery anodes, nitrogen-doped carbon-coated LisTi5O12
(NC-LTO) delivers higher discharge capacities and better cycle stability than both pristine
LTO and conventional carbon-coated LTO (C-LTO) at various rates. NC-LTO retains the
spinel structure, exhibits uniform particle size and contains a uniform carbon layer with a
moderate nitrogen content. These features collectively provide superior high-rate capability
and long-term cycling performance [32]. In oxygen evolution electrocatalysis, nitrogen-
doped carbon-coated NiCo,O4 nanorods (NiCo204@NC) show lower over-potential, a
smaller Tafel slope, reduced charge-transfer resistance and enlarged electrochemical sur-
face area compared with bare NiCo,Oj4. The catalyst maintains stable performance after
prolonged cycling and its increased surface area further confirms high activity, making
NiC0,04@NC an efficient OER material [106]. When fluorine and nitrogen co-doped carbon
nanotubes (F@N-CNT) are used as a conductive additive for LTO electrodes, the composite
outperforms conventional carbon black. The F@N-CNT modified electrode delivers higher
capacity at 30 C-rate and retains excellent performance at lower rates, while cyclic stability
is clearly improved. Covalent C-F bonds are formed and charge-transfer resistance is
markedly reduced. These structural characteristics jointly contribute to the outstanding
rate performance and cycling stability of the F@N-CNT coated LTO composite. Uncoated
or undoped-carbon-coated samples suffer from an incomplete conductive network, exten-
sive interfacial side reactions and a scarcity of active sites, leading to obviously inferior
macroscopic performance [107]. Non-metal-doped carbon coatings achieve a synergistic
breakthrough by stabilizing the crystal phase, introducing beneficial dopant bonds and
active species, lowering impedance and increasing capacity.
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Creating a composite between a non-metal-doped oxide and a second phase represents
an effective route for enhancing electrocatalytic reactions relevant to energy conversion. In
one example, nitrogen is introduced into MoO, and the resulting N-MoO is coupled with
metallic copper to yield an alkaline hydrogen evolution catalyst. Relative to bare MoO, and
bare Cu, the N-MoO, /Cu heterostructure exhibits superior activity. Nitrogen incorporation
generates new active sites and perturbs the electronic framework, leading to higher intrinsic
HER kinetics. Shifts in Mo 3d and Cu 2p binding energies indicate electron migration from
N-MoO; toward Cu, establishing an interface that accelerates charge transfer. Intimate
contact between MoOjand Cu creates a morphology that exposes abundant active sites. The
electrochemical surface area of N-MoO, /Cu exceeds that of all reference samples, while its
charge-transfer resistance and Tafel slope are markedly lower, confirming faster reaction
kinetics [108]. A related strategy employs nitrogen-doped NiCo,S4/CoO to build multilayer
hollow heterojunction microspheres for the oxygen evolution reaction in zinc-air batteries.
Relative to undoped NiCo0,54/CoO and to conventional RuOj,, the N-doped hollow spheres
deliver significantly enhanced performance. Nitrogen incorporation modifies the electronic
structure and increases the density of active sites. Changes in the oxidation states of
Ni and Co reveal the formation of metal-nitrogen bonds that promote electron transfer.
Electron microscopy images show a multilayer hollow architecture that provides a large
surface area and numerous active sites while facilitating charge migration. The Nyquist
plot of N-NiCo0,54/Co0O displays the smallest arc, indicating high electrical conductivity.
Polarization curves place its OER over-potential well below that of reference catalysts, and
long-term cycling tests confirm excellent durability [109]. These studies demonstrate that
coupling non-metal-doped oxides with complementary phases offers a powerful approach
to tune electronic structure, increase active-site density and optimize architecture, leading
to substantial advances in electrocatalytic activity and stability.

7. Conclusion Challenges and Future Perspectives

This review systematically studies the research progress of non-metallic doping in
multinary metal oxides and clearly identifies this strategy as a core approach to address the
intrinsic limitations of multinary metal oxides, including wide band gaps, low electronic
conductivity, and insufficient density of active sites. The crystal structures of multinary
metal oxides provide structural platforms for doping modification and also determine the
selectivity and regulatory potential of doping sites. Mature preparation techniques such as
sol—gel, chemical vapor deposition, hydrothermal synthesis, electrospinning annealing, and
impregnation post treatment enable the controllable introduction of non-metallic dopants;
meanwhile, a multi-dimensional characterization system consisting of XPS, XRD, EPR,
and other techniques forms an evidence chain for verifying elemental existence, struc-
tural defects, and electronic properties, providing systematic evidence for doping effects.
Through multiple modes, including O site substitution, B site substitution, interstitial
doping, mixed doping, non-metallic doping induces lattice reconstruction, e.g., phase
transition of S-doped SrCoOs_5, defect engineering, e.g., oxygen vacancy introduction
via P doping, and electronic structure modulation, e.g., S 3p O 2p orbital hybridization in
SrTiO3, which synergistically enhance the conductivity, catalytic activity, and stability of
materials. Relevant breakthroughs have been validated in application scenarios such as
energy storage, e.g., F-doped LisTi5O1, with a 17-fold increase in lithium ion diffusion coef-
ficient, and catalysis, e.g., P-doped SrFeO;_s reduced the polarization resistance of solid
oxide fuel cells by 42.86%, laying a solid foundation for the development of low-carbon
energy materials.

In summary, this review systematically consolidates the advancements, mechanisms,
and applications of non-metallic doping in multinary metal oxides, offering invaluable
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theoretical and experimental guidance for the development of high-performance energy
materials. Its integration of structural regulation, electronic modulation, and performance
verification not only enriches the fundamental understanding of non-metallic doping
but also provides a replicable research template for other functional oxide systems. As
the global pursuit of carbon neutrality accelerates, non-metallic doping will remain a
cost-effective and versatile strategy to unlock the intrinsic potential of multinary metal
oxides—driving innovations in batteries, fuel cells, electrocatalysis, and photocatalysis.
Despite existing challenges in precise doping control and long-term stability, the continuous
refinement of synthesis techniques and deepening of mechanism research will propel these
doped materials to play an irreplaceable role in building a sustainable, low-carbon energy
ecosystem. Non-metallic doping in multinary metal oxides faces significant challenges,
primarily reflected in the precise control of doping sites and ratios. These oxides possess
complex crystal lattice structures including A-sites, B-sites, and O-sites, which makes it
difficult to achieve the precise occupancy of dopant atoms at target sites. Maintaining
structural integrity and catalytic activity during long-term service remains a bottleneck in
energy storage and conversion systems.
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