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a b s t r a c t

Niobium pentoxide (Nb2O5) is a promising yet inefficient photocatalyst due to its wide bandgap, rapid

charge recombination, and limited active sites. Herein, we propose a predictive doping paradigm guided

by multi-dimensional atomic mismatch (in ionic radius, valence state, and element nature) to direct

boron into interstitial sites within a three-dimensional (3D) cross-linked ultrathin Nb2O5 architecture.

This atomic-mismatch-guided interstitial doping effectively engineers the electronic structure, substan-

tially reducing the exciton binding energy and creating long-lived shallow traps for charge carriers. The

deliberately constructed 3D porous network provides abundant exposed active sites, high adsorption ca-

pacity, and enhanced mass transport. Synergistically, the tailored electronic structure enables highly effi-

cient visible-light photocatalysis. In the optimized catalyst (BNO-2), this synergistic mechanism leads to

exceptional doxorubicin (DOX) degradation (96.9 % within 30min) under visible light, along with effective

detoxification and progressive mineralization. Mechanistic studies identify the superoxide radical as the

predominant reactive species. This work not only establishes a novel predictive doping paradigm based

on atomic mismatch but also demonstrates the capability of concurrently engineering nanoarchitecture

and electronic structure to design high-performance environmental remediation materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The escalating prevalence of persistent pharmaceutical contam-

inants in global water resources represents a critical environmental

challenge, jeopardizing ecosystem stability and public health [1,2].

Among these emerging micropollutants, anticancer drugs are of

particular concern owing to their designed bioactivity and poten-

tial to induce cytotoxic, mutagenic, and carcinogenic effects even

at minimal concentrations [3,4]. Doxorubicin (DOX), a widely used

anthracycline antibiotic, epitomizes this threat [5]. Its pronounced

chemical stability and low biodegradability contribute to environ-

mental persistence, with detectable levels reported in wastewa-

ter effluents, underscoring the urgent need for advanced remedi-

ation strategies [6–10]. This urgency calls for the development of

efficient and sustainable technologies capable of not only decom-

posing but also detoxifying such persistent pharmaceutical threats

through catalysts with high density of accessible active sites.
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Semiconductor photocatalysis, as a sustainable advanced oxida-

tion process, holds significant potential for the destructive removal

of such recalcitrant organic compounds [11,12]. Nevertheless, its ef-

ficiency is intrinsically dictated by the physicochemical properties

of the photocatalyst [13,14]. Niobium pentoxide (Nb2O5) has gar-

nered considerable attention as a promising photocatalytic mate-

rial due to its non-toxicity, robust chemical stability, and potent ox-

idative capacity [15–18]. While TiO2 and ZnO are among the most

widely studied metal oxide photocatalysts, Nb2O5 presents distinct

advantages for this specific doping strategy and application. Its rel-

atively flexible and open crystal structure, compared to the denser

lattices of TiO2 and ZnO, provides more accessible interstitial sites,

which is crucial for realizing our atomic-mismatch-guided intersti-

tial doping paradigm. Nb2O5 exhibits superior chemical and pho-

tochemical stability, especially in aqueous environments, prevent-

ing photocorrosion, a common issue for ZnO under prolonged illu-

mination. In addition, its intrinsic strong oxidative capacity (more

positive valence band potential than TiO2) is highly suitable for

generating potent oxidizing species to degrade recalcitrant phar-

maceuticals like doxorubicin. Finally, the acidic surface properties
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of Nb2O5 can be advantageous for the adsorption of basic or-

ganic pollutants, providing a synergistic platform for the intended

"adsorption-photocatalysis" mechanism. Therefore, Nb2O5 serves as

an ideal host matrix to validate our predictive doping concept and

construct a robust, synergistic system for advanced water remedia-

tion. However, the practical deployment of pristine Nb2O5 is ham-

pered by inherent shortcomings: A wide bandgap (∼3.4 eV) that

limits light absorption to the ultraviolet region, rapid recombina-

tion of photogenerated electron-hole pairs, and a relatively low

specific surface area with insufficient exposed active sites, which

restricts reactant adsorption and interfacial catalytic reactions [18–

24]. These intrinsic electronic and architectural limitations severely

restrict its practical application and motivate the exploration of ef-

fective strategies to engineer its band structure and charge carrier

dynamics, and surface architecture to maximize active site expo-

sure.

To address these constraints, elemental doping has been ex-

tensively adopted as a viable approach to modulate the electronic

properties of semiconductors [22,25–28]. In this work, we estab-

lish a predictive doping paradigm guided by multi-dimensional

atomic mismatch. Conventional doping strategies often prioritize

substitutional doping, wherein dopant atoms replace host cations

of comparable size and valence [29,30]. In contrast, our strategy

is designed to exploit the pronounced mismatch in ionic radius,

valence state, and element nature (nonmetallic B3+ vs. metallic

Nb5+) [31–33]. This deliberate mismatch establishes a thermody-

namic driving force that preferentially promotes dopant occupa-

tion of interstitial sites. This pathway is preliminarily validated by

our earlier work on iodine-doping [34], and the resulting electronic

modulations are distinct from and potentially superior to those

arising from substitutional doping [19,35–40]. This understanding

unveils new opportunities for tailoring material properties, par-

ticularly in low-dimensional nanostructures. In ultrathin materi-

als, substitutional doping can introduce localized strain or disrupt

crystalline integrity [41]. Interstitial doping, by occupying sites be-

tween lattice layers, minimizes structural disruption while effec-

tively modulating electron density, introducing active sites, and fa-

cilitating charge transfer pathways [25]. Thus, it preserves the in-

herent benefits of the nanoscale morphology while conferring ad-

ditional functionality.

Given the predictive value of the mismatch-guided paradigm,

we test its generality by applying it to boron (B). Boric acid (H3BO3,

B3+) is selected as an ideal model dopant precisely because it ex-

hibits a pronounced multi-dimensional mismatch with Nb5+: A

much smaller ionic radius, a lower valence state, and a distinct

nonmetallic nature. In terms of ionic radius, B3+ measures ap-

proximately 0.27 Å (coordination number 4) or 0.41 Å (coordination

number 6), whereas Nb5+ is about 0.64 Å (coordination number 6).

The ionic radius of B3+ is significantly smaller than that of Nb5+

(by about 40 %−60 %), which makes it difficult for B3+ to substi-

tute for Nb5+ in the lattice and instead favors its occupation of in-

terstitial sites. Regarding valence state, B possesses a+3 oxidation

state, while Nb exhibits a+5 oxidation state. The lower valence of

B3+ relative to Nb5+ leads to charge mismatch, and doping is ex-

pected to introduce local charge–compensation mechanisms that

alter the electronic structure. With respect to elemental nature, B

is a non–metal with an electronegativity of 2.04, whereas Nb is a

transition metal with an electronegativity of 1.6. Their pronounced

differences in electronegativity and chemical–bonding characteris-

tics further enhance the potential for electronic–structure modu-

lation. According to our paradigm, these intrinsic disparities are

predicted to unequivocally drive boron into interstitial sites within

the Nb2O5 lattice [42,43]. H3BO3 undergoes low-temperature de-

composition (around 400 °C) to yield highly reactive B2O3 or B-O

species. This moderate thermal decomposition allows boron atoms

to diffuse dynamically and controllably into the interstitial sites

of the Nb2O5 lattice during calcination, avoiding phase separa-

tion or structural collapse that could result from aggressive reac-

tions, which is crucial for achieving homogeneous interstitial dop-

ing. Moreover, H3BO3 releases water vapor during its thermal de-

composition process. The released gas can etch and expand the

pores in the formed Nb2O5, thereby significantly increasing the

specific surface area and porosity of the material. This is consis-

tent with our goal of constructing a 3D cross-linked porous su-

perstructure. Notably, B is a nonmetallic element with high elec-

tronegativity, fundamentally distinct from the metallic nature of

Nb. This intrinsic difference in element category, combined with

the pronounced ionic-radius and valence-state mismatch, further

reinforces the thermodynamic driving force for interstitial incor-

poration over conventional substitutional doping. We posit that

this pronounced atomic mismatch will unequivocally direct boron

into interstitial sites within the Nb2O5 lattice. More critically, we

propose that these interstitial B species, being small and highly

electron-deficient, will function as potent electronic modulators.

They are anticipated to exert a strong perturbation on the Nb-O

framework, achieving targeted electronic structure engineering by

generating mid-gap states, narrowing the bandgap, and acting as

efficient traps for charge carriers [44]. Furthermore, we hypothe-

size that coupling this atomic-mismatch-guided interstitial boron

doping with a three-dimensional hierarchical architecture con-

structed from ultrathin Nb2O5 nanosheets will yield a synergistic

enhancement in photocatalytic performance. The 3D porous super-

structure mitigates nanosheet restacking, promoting mass trans-

port and light penetration [45,46], and creating abundant accessi-

ble active sites. More importantly, this architecture is deliberately

designed to function synergistically: Its high adsorption capacity

rapidly preconcentrates target pollutants from the bulk solution

onto the catalyst surface, thereby overcoming mass transfer limita-

tions and providing a locally high concentration of reactants for the

subsequent photocatalytic reactions. Meanwhile, the tailored inter-

stitial doping addresses the intrinsic electronic limitations at their

origin [43].

Therefore, this work serves to validate a predictive doping

paradigm grounded in multi-dimensional atomic mismatch. It

demonstrates how this principle can be leveraged to rationally de-

sign advanced photocatalysts. By synergistically coupling the elec-

tronic structure engineering (for enhanced light harvesting and

charge separation) with a 3D hierarchical architecture (for abun-

dant active sites and efficient adsorption-enabled preconcentra-

tion), we construct a highly efficient system that overcomes funda-

mental limitations in light absorption, charge recombination, and

mass transfer. These synergistic effects culminate in outstanding

visible-light photocatalytic detoxification of doxorubicin, achieving

a high degradation efficiency of 96.9 % within 30min, accompanied

by notable total organic carbon (TOC) removal and a substantial

reduction in ecotoxicity, as evidenced by zebrafish embryo assays.

This study underscores the transformative potential of combining

predictive material design with multi-scale structural engineering

to concurrently optimize electronic properties and active site avail-

ability for constructing high-performance synergistic adsorption-

photocatalysis systems for sustainable environmental remediation.

Fig. 1a schematically illustrates the synthesis of ultrathin 3D

cross-linked B-doped Nb2O5 (BNO). This synthesis was designed to

implement the atomic-mismatch-guided doping strategy. Initially,

NbCl5 was hydrolyzed under weak alkaline conditions, followed

by hydrothermal treatment at 180 °C to form niobic acid layers.

The obtained precipitate was then dispersed in an aqueous solu-

tion of H3BO3. The selection of B3+ from H3BO3, which possesses

a much smaller ionic radius and a lower valence state compared

to Nb5+, was pivotal in creating the atomic mismatch necessary to

steer the doping process. After freeze-drying and subsequent cal-

cination, the final B-doped Nb2O5 material with an ultrathin 3D
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Fig. 1. (a) Schematic diagram of the fabrication process for BNO samples. SEM images of (b) Nb2O5, (c) BNO-1, (d) BNO-2, and (e) BNO-3. (f, g) TEM images of BNO-2 and

AFM images of (h) Nb2O5, (i) BNO-1, (j) BNO-2, and (k) BNO-3. (l) EDS spectrum and (m) corresponding elemental mapping images of BNO-2.

cross-linked structure was obtained. The morphology and struc-

tural characteristics of the pure Nb2O5 and BNO samples were

investigated by scanning electron microscopy (SEM), transmission

electron microscopy (TEM), and atomic force microscopy (AFM).

As shown in Figs. 1b-e, all samples exhibit a 3D architecture that

cross-links and self-assembles from ultrathin nanosheets. Notably,

with increasing boron doping levels, the cross-linking degree of the

material is progressively enhanced, resulting in a more loosely ar-

ranged and porous superstructure. The observed structural evolu-

tion is responsible for the increased specific surface area, which

provides abundant active sites for the catalytic reaction and leads

to enhanced catalytic activity and stability. The formation of this

3D interconnected network of ultrathin nanosheets is directly visu-

alized in the TEM images of the BNO-2 catalyst (Figs. 1f and g, Fig.

S1 in Supporting information). The ultrathin nature was quantita-

tively confirmed by AFM (Figs. 1h-k), which measured thicknesses

of 1.99, 1.55, 1.45, and 1.70nm for Nb2O5, BNO-1, BNO-2, and BNO-

3, respectively. This trend indicates that moderate B doping effec-

tively reduces the nanosheet thickness, which can be attributed to

the role of H3BO3 in promoting the separation of layered struc-

tures during thermal treatment, consequently maximizing the ex-

posure of active sites [47]. When the B doping level is excessively

high (BNO-3), the B2O3 formed from H3BO3 pyrolysis deposits on

the Nb2O5, which then leads to a consequent increase in thickness.

Furthermore, the corresponding elemental mapping (Figs. 1l and

m) demonstrates the homogeneous spatial distribution of Nb, O,

and B within the Nb2O5 framework, offering preliminary evidence

for the successful and uniform boron incorporation [48].

The structural properties were further analyzed by N2

adsorption-desorption measurements. Fig. 2a shows that all cat-

alysts exhibit type IV isotherms accompanied by an H3 hystere-

sis loop, characteristic of mesoporous materials. Pore size distri-

bution analysis reveals that B doping induces a discernible shift

in the primary pore diameter from approximately 30nm in pris-

tine Nb2O5 to a broader distribution centered around 35nm in

the BNO samples. The specific surface areas and total pore vol-

umes, summarized in Table S1 (Supporting information), follow

the sequence of BNO-2 > BNO-1 > BNO-3 > Nb2O5. This initial

increase can be ascribed to the release of gases (e.g., water va-

por) during the decomposition of boric acid, which etches and

creates more pores within the structure [49]. The subsequent de-

crease for BNO-3 is likely due to pore blockage or surface cover-

age by excess boron species, potentially in the form of B2O3 aggre-

gates. The X-ray diffraction (XRD) patterns in Fig. 2b show that all

samples are largely amorphous, which is attributable to the rela-

tively low calcination temperature of 400 °C. The calcination tem-

perature of 400 °C was carefully optimized to preserve the ultra-

thin porous architecture while enabling effective boron incorpo-

ration. Niobic acid precursors typically undergo dehydration and

structural ordering between 300 °C and 500 °C. At temperatures

below 400 °C, the material may retain excessive hydroxyl groups

and remain largely amorphous, which can impede charge trans-

port. At 400 °C, the resulting Nb2O5 typically exhibits a “pseudo–

amorphous” or low–crystalline phase that is favorable for exposing

abundant surface sites while retaining sufficient electronic conduc-

tivity for photocatalysis. Moreover, H3BO3 decomposes gradually in

the range of approximately 300–450 °C. A temperature of 400 °C
ensures complete decomposition of the boron precursor while al-

lowing controlled diffusion of boron species into the interstitial

sites of Nb2O5. Experimental evidence indicates that H3BO3 fully

3
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Fig. 2. Physicochemical properties of the Nb2O5 and BNO catalysts. (a) N2 sorption isotherms (inset: pore size distribution), (b) XRD patterns, and (c) FTIR spectra. (d-f)

High-resolution XPS spectra of B 1s, Nb 3d, and O 1s levels for BNO-2 and Nb2O5. (g) EPR spectra, (h) PL spectra, (i) EIS Nyquist plots, (j) UV–vis DRS spectra, (k) Tauc plots,

and (l) a schematic of the band structure alignment.

evaporates at 450 °C, implying that excessively high temperatures

could trigger rapid boron segregation or evaporation. Therefore,

400 °C represents a balanced condition that maintains the ultra-

thin porous Nb2O5 framework and achieves effective interstitial

boron doping. A characteristic peak near 14.7° in BNO-3 corre-

sponds to the formation of B2O3, indicating that excess boron may

exist as B2O3 on the Nb2O5 surface. This finding indicates that

at high doping concentrations, excess boron beyond the intersti-

tial solubility limit segregates to form separate B2O3 phases on the

surface. Fourier transform infrared (FTIR) spectroscopy is used to

probe the functional groups in Nb2O5 and BNO samples. As shown

in Fig. 2c, the absorption bands in the region of 500–1000 cm−1

are attributed to Nb-O and Nb=O vibrations [50]. With increas-

ing boron doping, two new features become prominent: A band

at 3208 cm−1, corresponding to B-OH stretching vibrations, and a

broad band in the 1142–1495 cm−1 region, associated with B-O

stretching modes. This provides direct spectroscopic evidence for

the presence of boron-oxygen bonds within the material.

X-ray photoelectron spectroscopy (XPS) was employed to fur-

ther investigate the surface chemical states and elemental com-

position of the prepared samples. The survey spectrum (Fig. S2

in Supporting information) confirms the presence of Nb, O, and B

in the BNO-2 sample. The high-resolution B 1s spectrum (Fig. 2d)

exhibits a single peak at a binding energy of 192.1 eV, character-

istic of B-O bonds, indicating the formation of B2O3-like species

[51]. Since no other characteristic peaks are observed, it can be in-

ferred that boron largely exists in the form of B2O3 and is evenly

distributed in Nb2O5 lattice interstices, a conclusion reinforced by

Table S2 (Supporting information). This conclusion is further sup-

ported by the elemental mapping and the visual observation of the

sample’s color: The distinct yellow hue of the BNO samples, con-

trasting with the white color of pure Nb2O5 and B2O3, serves as

a simple yet convincing indicator of successful boron doping into

the Nb2O5 lattice, rather than mere surface attachment. The high-

resolution Nb 3d spectra (Fig. 2e) show the characteristic dou-

blet for Nb5+ in both samples [52]. The positive shifts observed

in the Nb 3d and O 1s core-levels of BNO-2 (Figs. 2e and f) in-

dicate a decrease in the electron density surrounding the Nb and

O atoms. This serves as a clear spectroscopic signature of elec-

tron transfer from the Nb-O framework to the interstitial boron

species, which act as electron acceptors due to their intrinsic elec-

tron deficiency (B3+). This redistribution of electrons has two crit-

ical implications for charge carrier dynamics: It establishes a local

electric field that promotes the spatial separation of photogener-

ated electron-hole pairs. More importantly, the electron-deficient

interstitial boron species effectively trap photogenerated electrons.

Therefore, the XPS results not only confirm the success of the dop-

ing process but also provide key evidence for the boron-induced

electronic modulation, which lies at the core of the enhanced pho-

tocatalytic activity.

4
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Raman spectroscopy (Fig. S3 in Supporting information) pro-

vides additional evidence for the successful incorporation of boron.

The characteristic bands of Nb2O5 at 294 cm−1 (bending vibra-

tions of Nb-O-Nb) [17] and 637 cm−1 (amorphous Nb2O5·nH2O)

[53] are observed to shift upon boron doping. A band around 890

cm−1 corresponds to the stretching of the Nb=O surface group

[54]. This perturbation of the Nb-O vibrational modes confirms

that the introduction of boron disrupts the local lattice structure,

aligning with the interstitial doping model. Moreover, the presence

of unpaired electrons in the catalysts was characterized by elec-

tron paramagnetic resonance (EPR) spectroscopy, and all catalysts

display a Lorentzian line shape with a g-factor of 2.003 (Fig. 2g).

The signal intensity increases markedly with higher boron content,

indicating a substantial increase in the concentration of unpaired

electrons. This suggests that interstitial B doping effectively gener-

ates paramagnetic centers or traps that can capture charge carriers,

thereby potentially suppressing their recombination.

To gain deeper insight into the charge separation efficiency and

transfer dynamics, electrochemical impedance spectroscopy (EIS)

and photoluminescence (PL) spectroscopy were conducted. The

Nyquist plots from EIS (Fig. 2h) show that all BNO catalysts ex-

hibit a smaller semicircular arc radius compared to pure Nb2O5,

with BNO-2 possessing the smallest radius. This indicates a signif-

icantly decreased charge-transfer resistance and the most efficient

electron-hole separation in the optimally doped sample. This con-

clusion is strongly supported by the PL spectra (Fig. 2i), where the

emission intensity, originating from the recombination of photo-

generated carriers, is substantially quenched in the BNO samples.

The BNO-2 catalyst exhibits the weakest PL signal, demonstrat-

ing the most effective suppression of charge carrier recombination.

These results collectively affirm that the interstitial boron doping

creates favorable pathways and trapping sites for charge carriers,

thereby facilitating their separation and transfer, which is a cor-

nerstone of the enhanced photocatalytic activity [55,56].

The optical properties and electronic band structures of the

samples were critically examined to understand the essence of

the electronic structure engineering. The ultraviolet-visible (UV–

vis) diffuse reflectance spectra (Fig. 2j) reveal that pure Nb2O5

absorbs primarily in the UV region, with negligible visible light

absorption. In stark contrast, all B-doped samples display a pro-

nounced enhancement in absorption across the visible spectrum

(400–800nm). This dramatic extension of the absorption edge is a

direct visual manifestation of the successful band structure modifi-

cation induced by doping. The Tauc plots derived from the spectra

(Fig. 2k) quantify this effect, showing a reduction in the bandgap

energy from 3.33 eV for Nb2O5 to 3.11 eV for BNO-2. To further de-

convolute the band structure alterations, the positions of the va-

lence band (VB) and the conduction band (CB) were determined by

Mott-Schottky (Fig. S4 in Supporting information) and XPS valence

band spectra measurements (Fig. S5 in Supporting information).

The calculated energy band alignment diagram is depicted in Fig.

2l and summarized in Table S3 (Supporting information). The data

indicates that interstitial boron doping induces an upward shift of

the Fermi level and modifies the positions of both the valence and

conduction bands. This optimized band structure not only narrows

the bandgap for enhanced light harvesting but also favorably po-

sitions the band edges to facilitate the generation of superoxide

radicals, which is consistent with the subsequent mechanistic stud-

ies. The collective characterization data from EPR, EIS, PL, and UV–

vis provide compelling and multi-faceted evidence that the atomic-

mismatch-guided interstitial boron doping effectively engineers the

electronic structure of Nb2O5, leading to optimized optical absorp-

tion, superior charge separation, and tailored redox potentials.

To gain a fundamental understanding of the observed enhance-

ment in photocatalytic performance, we employed density func-

tional theory (DFT) calculations to probe the electronic structure

modulation induced by interstitial boron doping. The optimized

structural models for Nb2O5 and BNO-2 are presented in Fig. S6

(Supporting information) and Fig. 3a, respectively. Figs. 3b and c

illustrate the density of states (DOS), revealing that the valence

band maximum (VBM) of pristine Nb2O5 is primarily composed of

O 2p orbitals, while the conduction band minimum (CBM) is dom-

inated by Nb 4d orbitals. Upon interstitial B doping, a significant

electronic structure modulation occurs: Strong orbital hybridiza-

tion among Nb-d, O-p, and B-s states is observed near the CBM.

This hybridization increases the density of states at the conduction

band edge and effectively narrows the bandgap, which aligns with

our experimental UV–vis results. This modulation provides more

channels for electronic transitions and enhances the photoexcita-

tion capability under visible light. Further analysis of the electron

localization function (ELF) offers deep insight into the changes in

chemical bonding and electron distribution. As depicted in Figs. 3d

and e, the electron density around O atoms is generally high in

both samples. However, BNO-2 exhibits a distinct electron delocal-

ization phenomenon and stronger electronic interactions compared

to Nb2O5. This suggests that the interstitial B species effectively

withdraw electron density and modify the charge distribution sur-

rounding the host atoms, creating a more favorable electronic en-

vironment for charge transfer.

Beyond the ground-state electronic structure, the dynamics of

photogenerated charge carriers are pivotal to photocatalytic effi-

ciency. We first investigated the excitonic behavior, as the disso-

ciation of photogenerated excitons into free carriers is a critical

initial step [57]. The temperature-dependent PL spectra (Fig. S7 in

Supporting information) show a gradual decrease in intensity from

80K to 300K for all samples, consistent with thermally activated

exciton dissociation [58]. By applying the Arrhenius equation to

the integrated PL intensity (Figs. 3f and g), the exciton binding en-

ergy (Eb) was determined. The Eb of BNO-2 (46.7 meV) is consider-

ably lower than that of Nb2O5 (64.1 meV), indicating a significantly

reduced energy barrier for exciton dissociation into free electrons

and holes. This facilitates the initial generation of free charge car-

riers, which is a crucial advantage for driving photocatalytic reac-

tions.

To directly track the relaxation pathways of these free charge

carriers, femtosecond transient absorption (fs-TA) spectroscopy was

employed in Figs. 3h and i and Figs. S8 and S9 (Supporting in-

formation) [59], The time-dependent 3D contour plots (Figs. 3h

and i) show negative signals attributed to ground-state bleach-

ing and positive signals arising from excited-state absorption (ESA)

[60,61]. Notably, the ESA signal is more pronounced in BNO-2,

suggesting a larger population of long-lived excited-state carriers

[62]. The decay kinetics at the maximum fs-TA absorption were

fitted (Fig. S9), yielding two lifetime components: A fast lifetime

(τ 1) associated with the initial trapping or transfer of carriers,

and a slow lifetime (τ 2) related to the recombination or reac-

tion of trapped carriers [63]. A critical finding is that BNO-2 ex-

hibits a shorter τ 1 (131.96ps) than Nb2O5 (141.68ps), implying

more rapid charge trapping or transfer. More importantly, BNO-

2 demonstrates a dramatically prolonged τ 2 (2775.64ps) com-

pared to Nb2O5 (859.56ps). This combination of a shorter τ 1

and a longer τ 2 signifies that in BNO-2, photogenerated carri-

ers are rapidly captured into traps and subsequently exhibit a

much longer lifetime for participating in surface redox reactions.

Based on the above analysis, it is demonstrated that the atomic-

mismatch-guided interstitial boron doping serves as the founda-

tional strategy that effectively engineers the electronic structure of

Nb2O5 by narrowing the bandgap and enhancing electron delocal-

ization. Subsequently, this tailored electronic structure optimizes

the charge carrier dynamics by lowering the exciton binding en-

ergy for efficient free carrier generation and, most critically, estab-

lishing long-lived shallow traps that drastically prolong the charge

5
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Fig. 3. Structural model of (a) BNO-2. DOS of (b) Nb2O5 and (c) BNO-2. Electron localization function (ELF) distribution diagrams (red: higher values, blue: lower values) of

(d) Nb2O5 and (e) BNO-2. Integrated PL emission intensity as a function of temperature (λexcitation =316nm) for (f) Nb2O5, (g) BNO-2. (h, i) Time-dependent 3D contour plots

of fs-TAS.

separation lifetime. These synergistic effects collectively contribute

to achieving superior photocatalytic activity.

The efficacy of the electronic structure-engineered B-doped

Nb2O5 catalysts was evaluated through the photocatalytic degra-

dation of DOX under visible light irradiation. As shown in Fig.

4a, control experiments confirmed the high stability of DOX, with

only 7.8 % degradation observed in the absence of any catalyst.

Notably, the degradation process exhibited a distinct two-stage

mechanism: An initial rapid adsorption phase during the dark pe-

riod, followed by a pronounced visible-light-driven photocatalytic

degradation phase. The optimized BNO-2 catalyst demonstrated

exceptional adsorption capacity due to its 3D porous architecture,

achieving 77.4 % adsorption efficiency during the dark phase. Upon

visible light irradiation, an additional 19.5 % of DOX was degraded

by the photocatalytic reaction, leading to and reaching a total re-

moval rate of 96.9 % within 30min. This net photocatalytic degra-

dation represents a significant contribution, especially considering

the high initial adsorption, and underscores the synergistic role

of adsorption and photocatalysis in the overall removal process.

This remarkable performance represents a 2.5-fold enhancement

compared to pristine Nb2O5, directly validating the success of our

atomic-mismatch-guided doping strategy in engineering an effi-

cient photocatalytic system. The enhanced performance can be at-

tributed to the synergistic effects arising from the electronic struc-

ture modulation and the structural advantages. Featuring a 3D

cross-linked framework, the material offers a high density of acces-

sible active sites for both adsorption and catalytic reactions; con-

currently, interstitial boron doping boosts its visible-light absorp-

tion and charge separation efficiency.

Comparative analysis revealed that both adsorption and photo-

catalytic degradation efficiencies of the BNO catalysts substantially

exceeded those of pure Nb2O5, with BNO-2 exhibiting the optimal

performance. However, excessive boron loading (BNO-3) resulted

in diminished activity, which can be attributed to the induced de-

fects that serve as charge recombination centers. Kinetic analysis

further confirmed these observations (Fig. S10 in Supporting infor-

mation), revealing that BNO-2 possessed an apparent rate constant

of 45.4×10−3 min−1. This represents a 4.2-fold enhancement over

the value of 10.9×10−3 min−1 measured for Nb2O5. It is important

to note that the kinetic constant was calculated based on the pho-

tocatalytic degradation phase after adsorption equilibrium, thus re-

flecting the genuine photocatalytic activity. Furthermore, the data

compiled in Table S4 (Supporting information) corroborate the su-

perior performance of the BNO series. Notably, BNO-2 exhibited

an adsorption efficiency of 77.4 % (2.4 times that of pure Nb2O5)

and an overall degradation rate of 96.9 %, which is twice as high

as that of the undoped catalyst. This distinct two-phase process is

not a limitation but a designed advantage: The 3D porous network

first acts as a highly efficient adsorbent, rapidly concentrating DOX

molecules from the bulk solution onto the catalyst surface, thereby

drastically increasing the local concentration of the pollutant at

the very sites where reactive oxygen species are generated un-

der illumination. This “enrichment-then-destruction” strategy ef-

fectively circumvents mass transfer limitations commonly encoun-

tered in heterogeneous photocatalysis, ensuring that the photo-

generated radicals react with their target more efficiently. To fur-

ther elucidate the photocatalytic performance and demonstrate the

extent of contaminant mineralization, the TOC variation of the

DOX solution during the degradation process was also analyzed.

As shown in Fig. S11 (Supporting information), the BNO-2 sample

achieved a TOC removal rate of 71.2 % after 90min of photocat-

alytic reaction, indicating that the adsorbed DOX was not merely

concentrated but progressively decomposed into smaller molecules

and ultimately mineralized. This further confirms the highly effi-

cient pollutant degradation and mineralization performance of this

adsorption-degradation synergistic catalytic system.

To establish optimal operational parameters, we systematically

investigated the influence of key environmental factors on the

degradation efficiency. The initial DOX concentration exhibited an

inverse relationship with degradation efficiency (Fig. 4b and Fig.

S12 in Supporting information), where reducing the concentration

from 60mg/L to 20mg/L enhanced the removal rate from 51.3 %

to 99.8 %, with corresponding rate constants increasing from

11.3×10−3 to 55.1×10−3 min−1. A positive correlation was ob-

served between the catalyst dosage (5–30mg) and the degrada-

tion performance (Fig. 4c and Fig. S13 in Supporting information),
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Fig. 4. Effect of various parameters on DOX degradation: (a) Catalyst type, (b) initial DOX concentration, (c) BNO-2 dosage, (d) solution pH, (e) corresponding zeta potential,

(f) coexisting ions, and (g) different pollutants. (h) Performance comparison with previously reported catalysts. (i, j) Scavenger experiments revealing active species. Spin-

trapping EPR signal for the detection of .OH (k) and .O2
− (l), respectively.

where the rate constant increased accordingly from 5.1×10−3 to

75.5×10−3 min−1. These trends reflect the fundamental relation-

ship between active site availability, radical generation capacity,

and overall process efficiency. Solution pH emerged as a critical pa-

rameter governing the degradation efficiency through its influence

on surface charge and molecular speciation [64,65]. As illustrated

in Figs. 4d and e and Fig. S14 (Supporting information), the degra-

dation efficiency increased progressively from 76.4 % to 100.0 %

as the pH increased from 3 to 8, with rate constants rising from

16.1×10−3 to 36.0×10−3 min−1. This behavior can be rational-

ized by considering the zero-point charge (pHzpc =3.2) of BNO-2

and the acid-base characteristics of DOX (pHzpc =8.2) [66]. Under

acidic conditions (pH < 3.2), electrostatic repulsion between the

positively charged catalyst surface and protonated DOX molecules

limits adsorption efficiency. As the pH increases, the catalyst sur-

face becomes negatively charged while DOX remains cationic, re-

sulting in enhanced electrostatic attraction and consequently im-

proved degradation performance.

The impact of common inorganic anions on the degradation

process was investigated to assess practical applicability, with all

anions tested at a concentration of 10mmol/L. As shown in Fig.

4f and Fig. S15 (Supporting information), all tested anions (Cl−,
HCO3

−, SO4
2−, and NO3

−) exhibited inhibitory effects to varying

degrees. In the presence of Cl−, HCO3
−, NO3

−, and SO4
2−, the

degradation rates of DOX were 65.3 %, 84.3 %, 62.2 %, and 63.5 %,

respectively, with corresponding kinetic constants of 17.1×10−3,

30.2×10−3, 15.5×10−3, and 16.2×10−3 min−1. At the tested con-

centration of 10mmol/L, Cl−, NO3
−, and SO4

2− were found to pri-

marily inhibit the photocatalytic degradation process through rad-

ical scavenging mechanisms [67], whereas HCO3
− predominantly

suppressed the reaction by competing with DOX for adsorption

sites on the catalyst surface. More specifically, Cl− at this con-

centration reacts with •OH to generate less reactive chlorine rad-

icals, while sulfate and nitrate-related species consume •OH, lead-

ing to a notable decline in the overall degradation efficiency [68].

The inhibitory effect of HCO3
− is attributed to its competition

with DOX molecules for the limited active sites, which reduces

DOX adsorption and consequently impairs the photocatalytic per-

formance. The BNO-2 catalyst demonstrated remarkable versatil-

ity in degrading various organic pollutants beyond DOX (Fig. 4g),

showing high efficiency for rhodamine B (RhB), tetracycline (TC),

and oxytetracycline (OTC). Stability tests revealed excellent recycla-

bility (Fig. S16 in Supporting information), with the DOX removal

rate maintaining 85.9 % after five consecutive cycles, representing

only an 11.0 % decrease from the initial performance. Compara-

tive analysis with previously reported catalysts (Fig. 4h and Ta-

ble S5 in Supporting information) further highlighted the supe-

rior performance of our material, underscoring the advantages of

the atomic-mismatch-guided doping strategy. As compiled in Ta-

ble S5, BNO-2 achieves a 96.80 % degradation within 30min un-

der visible light, which translates to a high apparent rate constant

of 45.4×10−3 min−1. This performance is notable even when nor-
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malized for catalyst dosage and pollutant concentration. For in-

stance, compared to recently reported prominent catalysts such

as BiOBr/FeWO4 (90.4 % in 60min), α-Fe2O3/TiO2-FX (95.75 % in

120min), and g-C3N4@MIL-100 (82.8 % in 30min), BNO-2 demon-

strates a superior or comparable degradation efficiency within a

significantly shorter time frame or with a lower catalyst load-

ing. More importantly, the synergy between enhanced adsorption

(77.4 %) and efficient photocatalysis in our system is not commonly

highlighted in many comparative studies that focus solely on pho-

tocatalytic degradation percentages. This dual functionality, com-

bined with the rapid kinetics, positions BNO-2 as a highly com-

petitive candidate for the remediation of antibiotic-contaminated

water.

Building upon the engineered electronic structure of the cata-

lyst, systematic trapping experiments were designed to decipher

the primary reactive species governing the degradation process. To

probe the primary reactive species, scavenging experiments were

conducted using isopropanol (IPA) for .OH, EDTA-2Na for h+, and
N2 purging to eliminate .O2

−. As depicted in Figs. 4i and j, the

presence of EDTA-2Na and IPA caused only a marginal suppres-

sion of the degradation rate, implying that h+ and .OH are not

the predominant active species. Conversely, a pronounced decrease

in the rate constant under N2 atmosphere conclusively identifies
.O2

− as the dominant radical in the degradation process. However,

in the presence of N2, the DOX degradation rate is markedly re-

duced, indicating that .O2
− plays a dominant role in the degrada-

tion process. To further corroborate these findings, EPR measure-

ments were employed to directly detect the generation of reactive

species during photocatalysis. As shown in Figs. 4k and l, no dis-

cernible signals for either radical were detected in the dark. How-

ever, under visible-light irradiation, distinctive EPR signals for both
.OH and .O2

− emerged, with their intensities progressively enhanc-

ing with prolonged irradiation time. Notably, the signal intensity

increase was substantially more pronounced for .O2
− than for .OH,

providing direct spectroscopic evidence that supports the trapping

experimental results and reinforces the conclusion regarding the

crucial role of .O2
− in the degradation mechanism. The predom-

inance of .O2
− generation is consistent with the electronic struc-

ture engineering achieved through interstitial boron doping, which

facilitates efficient electron transfer to molecular oxygen and en-

hances charge separation efficiency.

To gain deeper insight into the molecular-level degradation

mechanism, DFT calculations were performed to identify the vul-

nerable sites within the DOX molecule. Following the optimized

structure of DOX (Fig. 5a), the associated electrostatic potential

(ESP) was calculated and plotted on its electron density surface

(Fig. 5b). This ESP map furnishes critical insights into local reac-

tivity [69]. Nucleophilic sites, which are electron-rich and appear

in blue, possess negative ESP values. Conversely, electrophilic sites,

characterized by positive ESP and a red coloration, represent re-

gions of low electron density. Specific analysis identified C8 and

O28 as nucleophilic sites, while the O36 and O23 atoms within the

hydroxyl groups were recognized as electrophilic sites. The pro-

nounced electrophilicity around the oxygen atoms suggests their

susceptibility to electron-stripping reactions. Fig. 5c displays the

electron density of the frontier orbitals. The HOMO is mainly found

on the central benzene ring, thereby pinpointing it as the primary

region for electrophilic reactions. In contrast, the LUMO is concen-

trated on the central linking ring, marking it as the target for nu-

cleophilic attack. The resulting HOMO-LUMO energy gap was cal-

culated to be 3.006 eV. This analysis is complemented by the Fukui

function, where elevated values (Table S6 in Supporting informa-

tion) serve as a well-established indicator of atoms with height-

ened chemical reactivity [70]. Fukui function analysis reveals that

C8, C11, O27, and O28 possess high f- values, rendering them more

susceptible to electrophilic attack [71], whereas C7, C10, O24, and

O25 have higher f+ values, making them more prone to nucle-

ophilic attack [72]. Notably, O24, O25, O27, and O28 are identi-

fied as primary sites for .OH attack due to their higher f0 values

[73].

Based on the comprehensive LC-MS analysis (Fig. S17 and Ta-

ble S7 in Supporting information) integrated with DFT calcula-

tions, three potential degradation pathways for DOX were eluci-

dated, with thirteen intermediate products identified. As illustrated

in Fig. 5d, in pathway I, DOX (MW=543) undergoes hydrolysis

initiated by the attack of .O2
− to form P1 (MW=414), which is

subsequently reduced to P2 (MW=416) via a reduction reaction

[74,75]. In pathway II, DOX loses its amino sugar moiety, result-

ing in fragmentation and the formation of either sugar fragment

P3 (MW=396) or P4 (MW=396) [76,77]. P3 then undergoes a

dehydration reaction to generate P5 (MW=336) [74,75]. Alterna-

tively, P3 can also be converted to P6 (MW=380) through the re-

moval of a hydroxyl group [78]. P6, after losing C2H4O2, is further

converted to P7 (MW=320), and finally P7 undergoes C–C bond

cleavage to produce P8 (MW=160) [78]. In pathway III, DOX loses

its amino sugar moiety due to glycosidic bond cleavage, generating

protonated sugar P9 (MW=147) or P10 (MW=147) [78,79]. Sub-

sequently, P9 or P10 undergoes dehydration reactions to yield P11

(MW=129) or P12 (MW=129), respectively [79]. Among the en-

tire degradation pathways, Pathway I dominates the process, which

can be reasonably explained by the tailored electronic structure of

the BNO-2 catalyst. As confirmed by our band structure analysis

(Fig. 2l), interstitial boron doping induces an upward shift of the

conduction band (CB) position. This optimized CB edge (−0.62V

vs. NHE) is more negative than the redox potential of O2/
.O2

−

(−0.33V vs. NHE), thermodynamically favoring the reduction of ad-

sorbed molecular oxygen (O2) to
.O2

− by photogenerated electrons.

Meanwhile, efficient charge separation and prolonged carrier life-

time, as verified by PL and fs–TA spectroscopy, ensure a sufficiently

high electron flux available for O2 reduction. Consequently, .O2
−

becomes the most abundant reactive oxygen species on the cat-

alyst surface, rendering Pathway I the kinetically most favorable

route.

To evaluate the environmental safety and practical applica-

tion potential of the photocatalytic system, the toxicity evolution

during DOX degradation was systematically investigated. We em-

ployed the Toxicity Estimation Software Tool (T.E.S.T.) to predict

the potential ecotoxicity of the transformation products gener-

ated from DOX throughout the photocatalytic reaction, with re-

sults focusing on fathead minnow LC50 (96h), daphnia magna

LC50 (48h), and developmental toxicity data (Figs. 6a-c and Ta-

ble S8 in Supporting information). As shown in Fig. 6a, the fat-

head minnow LC50 values of P9, P10, P11, and P12 are all ex-

ceeded 100mg/L, indicating a substantial reduction in acute toxi-

city compared to the parent DOX compound. Furthermore, as illus-

trated in Fig. 6b, the daphnia magna LC50 for DOX is 11.56mg/L,

classifying it as “harmful”. Remarkably, with the exception of P5,

P7, and P8, all other degradation products exhibited significantly

higher LC50 values, further confirming the considerable reduction

in acute toxicity following photocatalytic treatment. Additionally,

the developmental toxicity of the products presented in Fig. 6c

decreases with the catalytic process, with product P10 even clas-

sified as “developmentally non-toxic”. Collectively, these compu-

tational predictions provide compelling evidence that the degra-

dation products generated during the photocatalytic process pos-

sess substantially lower potential toxicity than the original drug

molecule.

To experimentally validate the computational predictions and

obtain more biologically relevant toxicity data, zebrafish embryos

were selected as an in vivo aquatic model for toxicity assessment.

The experimental protocol was reviewed and approved by the lab-

oratory animal ethics committee of Henan Medical University. Dur-
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Fig. 5. (a) Optimized molecular geometry. (b) ESP surface map. (c) Distributions of the frontier molecular orbitals (HOMO and LUMO). (d) Proposed degradation pathways

of DOX catalyzed by the BNO-2 system.

Fig. 6. Acute toxicity of DOX and its degradation products: (a) Fathead minnow LC50 (96h), (b) Daphnia magna LC50 (48h), (c) developmental toxicity. (d) Normal morphol-

ogy, (e) pericardial edema morphology, and (f) scoliosis morphology of zebrafish. (g) Hatching rate, (h) deformity rate, and (i) mortality rate of zebrafish with DOX and its

degradation products.
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ing the experiment, all animals were treated humanely, and their

pain and discomfort were minimized to the greatest extent pos-

sible. Figs. 6d-f illustrate representative morphologies of zebrafish

observed during the toxicity experiments, including normal devel-

opment, pericardial edema, and scoliosis. The experiments com-

pared the effects of different solutions on zebrafish embryo hatch-

ing rates (Fig. 6g), revealing significant differences among the three

treatment groups after 24h of exposure. However, this distinction

became less apparent after 48h. This temporal pattern indicates

that embryos exposed to DOX solutions exhibited delayed hatch-

ing, with markedly lower hatching rates at 24h compared to both

the control and degradation-product groups, suggesting that DOX

solutions suppress embryo development and possess higher de-

velopmental toxicity. The comparison between the degradation-

product group and the other groups showed insignificant differ-

ences when contrasted with the control group, while maintaining

significant differences relative to the DOX solution, reinforcing the

conclusion that DOX toxicity is substantially reduced upon degra-

dation. As shown in Fig. 6h, the malformation rate in the DOX

treatment group was significantly higher than those in both the

control and degradation product groups, underscoring its higher

teratogenic potential. Importantly, the malformation rate in the

degradation solution group was comparable to that of the con-

trol group, indicating a considerable reduction in teratogenicity

of the degradation products following photocatalytic treatment by

the BNO catalyst. Additionally, analysis of zebrafish mortality rates

(Fig. 6i) revealed that the DOX-treated group exhibited a signifi-

cantly higher mortality rate than both the control and degradation-

product groups, further validating the above conclusions. There-

fore, the combined computational and experimental toxicity as-

sessments demonstrate that the biotoxicity of intermediates in

the degradation solution is significantly diminished through the

utilization of BNO photocatalysts for pollutant degradation, con-

firming that the BNO catalytic system not only achieves superior

DOX removal efficiency but also effectively mitigates degradation-

related ecological toxicity.

The remarkable activity of the BNO catalyst, as detailed in pre-

vious sections, originates from the precise engineering of its elec-

tronic structure via an atomic-mismatch-guided interstitial boron

doping strategy. This strategic approach induces multifaceted en-

hancements that collectively contribute to the exceptional degrada-

tion and detoxification efficiency observed for DOX. The enhanced

catalytic mechanism primarily manifests in four interconnected as-

pects, all originating from the precisely controlled interstitial in-

corporation of boron: (1) The strategic interstitial boron doping ef-

fectively engineers the electronic structure of Nb2O5, primarily by

narrowing the bandgap and introducing mid-gap states, which sig-

nificantly enhances visible light absorption capacity; (2) the mod-

ified electronic structure facilitates the separation and transfer of

photogenerated electron-hole pairs, dramatically improving charge

carrier dynamics and reducing recombination losses; (3) the 3D

cross-linked porous structure significantly increases the specific

surface area and provides abundant accessible active sites, which

enhances both the contact efficiency with DOX molecules and the

adsorption capacity; (4) the synergistic combination of electronic

structure modulation and morphological advantages creates an op-

timal environment for the generation of reactive oxygen species,

particularly favoring the formation of •O2
− as the predominant re-

active species.

As a promising photocatalytic material for degradation appli-

cations, the tailored electronic structure of the BNO catalyst fa-

cilitates the efficient promotion of valence band electrons to the

conduction band under visible light, generating abundant pho-

togenerated electron-hole pairs. Due to the electronic structure

modulation induced by interstitial boron doping, the electrons in

the conduction band subsequently readily reduce adsorbed oxy-

gen molecules to generate .O2
−, while the holes in the valence

band can oxidize water or hydroxide ions to produce .OH. These

reactive oxygen species, with .O2
− identified as the dominant

player in our mechanistic studies, serve as the critical compo-

nents in the pollutant degradation and detoxification process. The

atomic-mismatch-guided interstitial boron doping not only mod-

ifies the electronic structure but also introduces additional ac-

tive sites to the catalyst and significantly enhances its adsorp-

tion capacity for reactant molecules, thereby comprehensively im-

proving the photocatalytic performance. Furthermore, the tailored

electronic structure of the BNO catalyst facilitates superior charge

transfer. This not only promotes the efficient separation of pho-

togenerated carriers but also minimizes their recombination loss,

collectively leading to an acceleration of the organic pollutant

degradation kinetics. In summary, the synergistic integration of

the precisely engineered electronic structure via interstitial boron

doping and the advantageous 3D hierarchical architecture creates

a highly efficient photocatalytic system that maximizes light har-

vesting, promotes charge separation, facilitates targeted reactive

species generation, and enhances mass transfer, collectively con-

tributing to the superior performance in DOX degradation and

detoxification.

This study successfully demonstrates the fabrication of a high-

performance boron-doped Nb2O5 catalyst through a strategic dual-

engineering approach. An innovative atomic-mismatch-guided in-

terstitial doping strategy thermodynamically favors boron incorpo-

ration into lattice interstices, effectively engineering the electronic

structure to narrow the bandgap, reduce exciton binding energy,

and create long-lived charge traps. Concurrently, a deliberately

constructed 3D cross-linked ultrathin architecture provides a high

density of accessible active sites and exceptional adsorption capac-

ity. The synergy between targeted electronic modulation and struc-

tural design for adsorption enrichment creates a powerful coopera-

tive system. The three-dimensional and interconnected architecture

observed by SEM and TEM was expected to confer high surface

area and porosity. This was confirmed by N2 physisorption analysis.

Under visible light irradiation for 30min, the degradation rate of

DOX reached as high as 96.9 %, which is 2.5 times higher than that

of pure Nb2O5. Through active species trapping experiments and

EPR analysis, it was determined that the catalytic reaction is pri-

marily driven by radicals, with h+, .O2
−, and .OH identified as the

key active species in the DOX degradation process, among which
.O2

− plays a decisive role in the photocatalytic reaction. Further-

more, the degradation intermediates were characterized using LC-

MS, and three possible degradation pathways for DOX were pro-

posed. The toxicity of the intermediates formed during the degra-

dation process was found to be lower than that of DOX, confirming

the detoxification capability of this catalytic system. This work not

only establishes a novel predictive doping paradigm but also exem-

plifies the rational design of synergistic adsorption-photocatalysis

systems through concurrent nanoarchitectural and electronic en-

gineering, offering a promising strategy for sustainable water

remediation.
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