Subsurface Ag-modified Bi3NbO7: Kinetic Modulation of Photocatalytic Oxidation and Hydrogen Evolution
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Abstract
In this work, subsurface silver modified bismuth niobate (Bi3NbO7) photocatalysts were synthesized via a hydrothermal method. The influence of Ag spatial location and dispersion on photocatalytic charge-carrier behaviour was systematically investigated.  Structural refinement, energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy confirm that Ag neither substitutes into the Bi3NbO7 lattice nor forms surface-exposed metallic nanoparticles but instead induces localized lattice distortion while preserving the long-range defect fluorite structure. Optical and optoelectronic spectroscopies, electrochemical measurements, and density functional theory calculations reveal that Ag incorporation does not significantly alter the electronic band structures of Bi3NbO7, indicating that the photocatalytic reactions are not driven by thermodynamics. However, the photocatalytic Rhodamine B degradation and H2 evolution are varied among all Ag incorporated samples. The dispersion state of subsurface Ag governs the photocatalytic performance by modulating charge carrier separation and transfer kinetics. The oxidation is primarily governed by initial charge carrier density and hole availability, whereas reduction is more sensitive to electron-hole separation efficiency.
This study demonstrates that subsurface metallic Ag can regulate photocatalytic reaction selectivity through subsurface-mediated kinetic control. The insights presented here provide a new strategy for designing photocatalysts with tuneable oxidation-reduction pathways by controlling the spatial location of metal species.
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Introduction 
Over the past few decades, environmental pollution has emerged as a critical global crisis driven by rapid industrialization, urban expansion, and continued reliance on fossil fuel-based energy systems. Anthropogenic emissions have accelerated climate change and deterioration of the atmosphere, while the discharge of industrial and municipal effluents has severely contaminated water resources [1,2]. According to projections by the International Energy Agency (IEA), global energy consumption is expected to increase by approximately one-third over the first half of the 21st century, and a 20% expansion in fossil fuel-based energy production could result in tens of gigatons of additional CO₂ emissions [3]. In response to these trends, the IEA has set a global target of achieving net-zero greenhouse gas emissions by 2050, emphasizing the urgent need to reduce industrial dependence on fossil fuels and accelerate the deployment of renewable and clean energy technologies.
Semiconductor-based photocatalysis has emerged as a promising strategy to address both environmental remediation and sustainable energy conversion by directly utilizing solar energy to drive redox reactions. Upon light irradiation, photogenerated electrons and holes can participate in the degradation of organic pollutants in water and air, as well as in solar fuel production such as hydrogen evolution, offering a dual-function environmental remediation pathway toward pollution control and clean energy generation [2,3]. Recent studies have emphasized that overall photocatalytic efficiency is governed by several interconnected processes, including solar light harvesting, charge carrier generation, separation and migration, and surface redox reactions, all of which are strongly influenced by the crystal lattice, surface structure, and interfacial properties of photocatalysts [2]. Despite substantial progress, most pristine photocatalysts still suffer from insufficient visible-light utilization and rapid recombination of photogenerated electron-hole pairs, significantly limiting their quantum efficiency and practical applicability. To overcome these challenges, recent advances have focused on rational material engineering strategies–including heterojunction construction, cocatalyst integration, and interface modulation–to enhance charge separation and reaction kinetics, thereby improving photocatalytic efficiency for both environmental and energy-related applications [2–4].
Among various photocatalysts, bismuth-based niobates have emerged as promising candidates due to their suitable electronic band structures, visible-light response and chemical stability [5–8]. Bi3NbO7 has emerged as a promising visible-light-responsive photocatalyst owing to its oxygen-deficient fluorite structure and favourable electronic configuration, which enable strong absorption in the visible region and good redox capability. Previous studies have demonstrated that Bi3NbO7 exhibits appreciable photocatalytic activity toward a wide range of environmental applications, including the degradation of organic dyes and phenolic compounds in water, removal of gaseous pollutants such as NOx, and photocatalytic H2 evolution under visible-light irradiation [9–13]. To further enhance its photocatalytic performance, various modification strategies have been explored, such as morphology control (e.g., hollow structures, nanoplates, and porous nanosheets), surface area enlargement and defect engineering, which collectively improve light harvesting, mass transfer and surface reaction kinetics [11–13]. More recently, introducing oxygen vacancies has been shown to effectively tailor the electronic structure of Bi3NbO7, leading to enhanced visible-light absorption and promoted charge carrier separation [14].
In recent years, extensive efforts have been devoted to overcoming the intrinsic limitations of pristine Bi3NbO7, particularly rapid charge recombination, limited solar utilization, and sluggish interfacial kinetics. Among various modification strategies, constructing Bi3NbO7-based composite photocatalysts via heterojunction engineering has emerged as one of the most effective approaches to enhance charge separation and broaden photocatalytic functionality. By coupling Bi3NbO7 with complementary semiconductors, including layered bismuth oxyhalides, bismuth oxycarbonate, metal oxides, carbonaceous materials, and polymeric semiconductors, diverse heterostructures such as type-II, Z-scheme, and more recently S-scheme systems have been successfully developed. Representative composites involving Bi2O3, BiO2-x, BiOCl, BiOBrxI1-x, Bi2O2CO3, Bi2MoO6, Bi2Sn2O7, LaFeO3, g-C3N4, CuO, and carbon-based components have demonstrated significantly enhanced photocatalytic performance toward the degradation of dyes and antibiotics, reduction of Cr(VI), NOx removal, CO2 photoreduction, and oxygen activation [15–27]. These improvements are generally attributed to the formation of internal electric fields at heterointerfaces, which facilitate spatial separation of photogenerated electrons and holes, accelerate interfacial charge transfer, and promote synergistic redox reactions. Beyond conventional binary junctions, advanced architectures such as p-n junctions, 0D/2D and 2D/2D hierarchical heterostructures have been explored to further shorten charge diffusion pathways and increase the density of accessible active sites [28–30].
Metal depositions have been scarcely used to enhance the photocatalytic performance of Bi3NbO7-based materials even though it is well-known as an effective strategy to promote charge separation and interfacial electron transfer. Bi0-decorated Bi3NbO7 has been reported to exhibit significantly enhanced visible-light photocatalytic activity, such as improved NOx removal, where metallic Bi functions as an efficient electron sink and facilitates directional charge migration, thereby suppressing electron-hole recombination [31]. In parallel, Ag metal deposition has been extensively investigated owing to the dual role of Ag nanoparticles as electron traps and plasmonic light harvesters. Surface-loaded Ag on Bi3NbO7 has been shown to markedly enhance the degradation of methyl orange under visible-light irradiation through Schottky junction formation and surface plasmon resonance effects [32]. In parallel, metallic cocatalyst-composite systems have been extended toward functional integration and catalyst immobilization. Bi-BDC/Bi3NbO7 heterojunctions embedded in cellulose aerogels serve as a synergistic adsorption-photocatalysis system that enhances tetracycline removal while improving catalyst recyclability [33].
In this work, we show, for the first time, how Ag can be incorporated into the subsurface of Bi3NbO7 photocatalysts. The samples were synthesized via a hydrothermal method using controlled Ag precursor concentrations. A combination of structural, spectroscopic, electrochemical, and theoretical analyses was employed to elucidate the role of Ag species in regulating charge carrier separation, interfacial transfer and charge carrier dynamics. By establishing correlations between the Ag distribution and the photocatalytic degradation of Rhodamine B and hydrogen evolution performance, this study may provide a new strategy for enhancing photocatalytic activity and tuning the catalytic selectivity of related materials.

Experimental
Materials.
	Bi(NO3)35H2O (99%, Sigma-Aldrich), C4H4NNbO9 (99.99%, Sigma-Aldrich), AgNO3 (99%, Carlo Erba), NH3 (30 %w/w, Carlo Erba) and HNO3 (68-70%, Carl Roth) were employed as starting materials and used as received without any additional purification.
Sample preparation.
	Bi3NbO7 was synthesized using a hydrothermal method. In a typical synthesis process, Bi(NO3)35H2O and C4H4NNbO9 were initially dissolved in different solvents. Bi(NO3)35H2O (0.9707 g, 2 mmol) was dissolved in 3 mL of 4 M HNO₃, whereas C4H4NNbO9 (0.4854 g, 1.6 mmol) was dissolved in 14 mL of deionized water. The resulting solutions were combined and stirred briefly to obtain a homogeneous mixture. Subsequently, 10 mL of 30 wt.% NH3 solution was introduced, and the suspension was further stirred for 30 min. The mixture was then transferred into a Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 180 °C for 24 h. After completion of the reaction, the solid product was recovered by centrifugation, rinsed three times with deionized water, followed by washing with ethanol, and finally dried at 100 °C overnight. The synthesized sample was designated as BNO.
	Silver-incorporated Bi3NbO7 samples (denoted as Ag-BNO) were synthesized following a procedure analogous to that used for BNO, with the incorporation of Ag species. An aqueous silver precursor solution was prepared by dissolving AgNO3 in 3 mL of deionized water and was introduced into the precursor mixture before the addition of NH3. The resulting suspension was then subjected to hydrothermal treatment at 180 °C for 36 h under identical conditions. To investigate the influence of silver on its incorporation into Bi3NbO7, the amount of AgNO3 was systematically varied between 0.04 and 1.2 mmol (0.04, 0.4, 0.8 and 1.2 mmol). The corresponding samples were designated as Ag-BNO 01, Ag-BNO 02, Ag-BNO 03, and Ag-BNO 04, respectively.
Sample characterizations.
	X-ray diffraction analysis was carried out using a benchtop diffractometer (Bruker D2 PHASER) employing Cu Kα radiation (λ = 1.5406 Å) operated at an accelerating voltage of 30 kV and a current of 10 mA. X-ray diffraction (XRD) patterns were recorded over a 2θ range of 10-80° with a step size of 0.02° and a counting time of 1 s per step. Structural parameters were subsequently determined through Rietveld refinement. Raman spectra were recorded using a Horiba XploRA PLUS Raman microscope equipped with a 532 nm excitation laser. Surface morphology and elemental composition were examined by field-emission scanning electron microscopy (FE-SEM) using a Zeiss Merlin Compact microscope coupled with an Oxford Instruments Aztec energy-dispersive X-ray spectroscopy (EDS) system. Both FE-SEM imaging and EDS analysis were conducted at an accelerating voltage of 10 kV. High-resolution transmission electron microscopy (HRTEM) imaging was performed using a Talos F200X field-emission transmission electron microscope (Thermo Fisher Scientific) and EDS analysis was operated using an Oxford X-Max 50 mm EDX spectrometer. UV-visible diffuse reflectance spectra were acquired using a Cary 60 UV-visible spectrophotometer (Agilent Technologies), with BaSO4 employed as the reflectance reference. Nitrogen adsorption-desorption measurements were carried out using a Micromeritics ASAP 2420 surface area and porosity analyzer with N2 as the probe gas. The specific surface areas were calculated according to the Brunauer-Emmett-Teller (BET) method. Prior to analysis, all samples were degassed at 150 °C for 3 h to remove physisorbed species. X-ray photoelectron spectroscopy (XPS) analysis was performed using a Kratos AXIS ULTRADLD spectrometer. All binding energy values were referenced to the C 1s peak at 284.8 eV, and spectral deconvolution was conducted using CasaXPS software. Electron paramagnetic resonance (EPR) measurements were conducted at room temperature using a Bruker EMXmicro spectrometer.
	Mott-Schottky (M-S), photocurrents and electrochemical impedance spectra (EIS) analysis of the prepared photocatalysts were measured using a three-electrode potentiostat (Ivium Compact Stat). Pt rode, Ag/AgCl electrode, and indium tin oxide glass (ITO) as the counter, reference, and working electrodes, respectively. The prepared photocatalyst was coated on ITO electrodes using Nafion solution and dried overnight at room temperature. 0.1M of Na2SO4 solution was utilized as electrolyte for M-S, photocurrent and EIS analysis. The photocurrent responses were recorded under the consecutive-light-illumination and dark conditions. The EIS analysis was conducted in the range of 0.1~100,000 Hz. The M-S analysis was performed in the range of -1.6 ~1.6V vs. Ag/AgCl, 500~1500 Hz and a scan rate of 50 mV/s. The flat band potential of the prepared photocatalysts can be obtained using the equation: 

where C is the space charge layer capacitance, e is the electron charge, εr is the dielectric constant, ε0 is the permittivity of vacuum, Nd is the donor density, Va is the applied potential, and Efb is the flat potential.
	Transient absorption spectroscopy (TAS) was measured from the microsecond to second timescale in diffuse reflection mode. A Nd:YAG laser (OPOTEK Opolette 355 II, ~6 ns pulse width) was used as the excitation source, generating 355 nm UV light from the third harmonic (~288 μJ.cm-2 per pulse, repetition rate of 0.7 Hz). The probe light was a 100 W Bentham IL1 quartz halogen lamp. Long pass filters (Comar Instruments) were placed between the lamp and sample to minimize short wavelength irradiation of the sample. Transient changes in diffuse reflectance from the sample was collected by a 2” diameter, 2” focal length lens and relayed to a monochromator (Newport Cornerstone 130B) and measured at select wavelengths between 500 and 1000 nm. Time-resolved changes in diffuse reflectance were collected using a Si photodiode (Hamamatsu S3071). Data at times faster than 3.6 ms was recorded by an oscilloscope (Tektronics DPO3012) after passing through an amplifier box (Costronics), whereas data slower than 3.6 ms was recorded on a National Instrument DAQ card (NI USB-6251). Each kinetic trace was obtained from the average of 150 laser pulses. Acquisitions were triggered by a photodiode (Thorlabs DET10A) from laser scatter. Data was acquired and processed using home-built software written in Labview. Measurements were carried out in air.
Photocatalytic test.
	The photocatalytic performance of the synthesized materials was evaluated using rhodamine B (Rh B), tetracycline (TC), and methyl orange (MO) as representative organic contaminants. In a typical experiment, 50 mg of the photocatalyst was dispersed in 50 mL of an aqueous pollutant solution with an initial concentration of 10 ppm in a photocatalytic reactor. Prior to light irradiation, the suspension was magnetically stirred in the dark for 30 min to establish adsorption-desorption equilibrium. Photocatalytic reactions for organic pollutant degradation were conducted under visible-light illumination provided by a 300 W xenon lamp (PLS-SXE300D/300DUV, PerfectLight) equipped with a cutoff filter (≥400 nm). The reaction temperature was maintained at 25 °C using a cooling system. At predetermined time intervals, aliquots were withdrawn and centrifuged to remove the photocatalyst. The residual concentrations of Rh B, TC and MO were determined by monitoring their characteristic absorbance peaks (λmax) at 554, 357 and 464 nm, respectively, using a Mettler Toledo UV5Bio UV-Vis spectrophotometer.
Photocatalytic H2 evolution test was conducted using a mixture of 50 mg of photocatalyst, 5.3 μL of 0.25 M H2PtCl6·6H2O, and 120 mL of Milli-Q water/methanol (80/20 % v/v), which was transferred into a photocatalytic reactor. The suspension was continuously stirred under a nitrogen atmosphere, while a water-cooling system maintained the reactor temperature at 25 °C. To remove dissolved oxygen, nitrogen was bubbled through the mixture at a flow rate of 20 mL·min⁻¹ for 1 hour. The reactor was then irradiated for 4 hours using a 1000 W xenon lamp fitted with AM 1.5 and infrared filters, providing simulated solar light at an intensity of 1 sun (100 mW·cm⁻² at the reactor surface). The gaseous products generated during the reaction were analyzed every 300 seconds using a compact gas chromatograph.
Active species trapping experiments were performed to elucidate the dominant active species involved in the photocatalytic process. The experiments were carried out under identical reaction conditions, with the introduction of specific scavengers, including 1 mM ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) for hole (h+) quenching, 0.1 mL of isopropyl alcohol (IPA) for hydroxyl radical (•OH) scavenging, and 1 mM benzoquinone (BQ) for superoxide radical O2•-) suppression [34,35].

Computational method
All calculations were performed using the Vienna ab initio Simulation Package (VASP), which is based on first-principles density functional theory (DFT) [36]. The interaction between the ion cores and valence electrons was described using the projector augmented wave (PAW) method [37]. The exchange-correlation energy was treated within the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional [38]. Brillouin zone integrations were carried out using a Monkhorst-Pack k-point mesh of 10 × 10 × 10 for the supercell calculations [39]. The pristine Bi3NbO7 crystal structure crystallizes in the cubic space group Fm-3m, with the calculated lattice parameter is fixed to the experimental value of 5.4599 Å. The conventional unit cell consists of 3 Bi atoms, 1 Nb atom, and 8 O atoms. To model the bulk system and defect configurations accurately, a 2 × 2 × 2 supercell was constructed, resulting in a total of 88 atoms (Bi24Nb8O56), as illustrated in Figure 8c.To investigate the effect of Ag interstitial doping, one 2 Ag atoms was introduced at an interstitial site within the Bi24Nb8O56 supercell, yielding the Ag2Bi24Nb8O56 configuration, as shown in Figure 8c. 
Results and discussion  
1. Crystal structure and crystallographic characteristics
The phase composition and crystallographic structure of BNO and Ag-BNO samples were examined by X-ray diffraction. As shown in Figure 1a, all diffraction peaks can be indexed to the cubic Bi3NbO7 phase (defected fluorite-type structure, space group Fmm) [40], indicating that the presence of Ag+ ions in the precursor solution does not alter the crystal structure of Bi3NbO7 formed during the hydrothermal reaction. No secondary phases are detected for BNO, Ag-BNO 01, Ag-BNO 02 and Ag-BNO 03. Notably, a weak diffraction feature attributable to metallic Ag appears only in Ag-BNO 04 (Figure S 1b), implying that excessive Ag addition leads to the formation of Ag0 phase in the Bi3NbO7 lattice.
To further elucidate the structural details, Rietveld refinement was performed on the XRD patterns of all samples, the refinement plots are shown in Figure 1b-f and the refined parameters are summarized in Table 1. By using the cubic Bi3NbO7 structural model, the refined lattice parameter a and unit-cell volume V are similar across all samples. This observation suggests that Ag does not substitute into the Bi3NbO7 lattice as a dopant. Furthermore, noticeable variations are observed in the refined Bi-O/Nb-O bond lengths. The elongation of the Bi-O bond and the shortening of the Nb-O bond indicate a significant structural rearrangement. As Bi3NbO7 adopts a defect fluorite-type structure with an intrinsic oxygen vacancy located at one vertex of the MO7 polyhedron, this intrinsic vacancy framework provides local free volume and structure flexibility, which may accommodate Ag cluster species without disrupting the long-range crystal symmetry [10]. Such bond-length modulation without significant changes in lattice parameters implies that Ag primarily causes the local lattice distortion rather than the long-range crystal structure [40]. Notably, Ag-BNO 04 exhibits lattice parameters comparable to those of BNO, despite the presence of metallic Ag diffraction peaks. This result indicates that Ag phase segregation at high Ag loading does not significantly alter the Bi3NbO7 lattice but instead introduces structural heterogeneity at the local scale. Further insight into the local structural perturbation can be obtained from the refined atomic coordinates, as summarized in Table 2. The progressive shift of the oxygen x coordinate reflects local distortion of the oxygen sublattice, which directly correlates with the observed refined Bi-O/Nb-O bond lengths.
Raman spectroscopy further elucidates the structural details of the synthesized compounds (Figure 1g). All samples exhibit characteristic vibrational bands associated with the MO7 framework in Bi3NbO7, indicating that the defect fluorite-type crystal structure is preserved in Ag-BNO samples [41,42]. Notably, no additional Raman bands corresponding to secondary crystalline phases are detected, even for Ag-BNO 04, which supports the absence of bulk structural transformation. Upon Ag incorporation, pronounced attenuation of Raman intensity and slight band broadening are observed. These features suggest the presence of local lattice distortion, manifested as perturbation of the MO7 polyhedral environment, rather than a breakdown of long-range crystal symmetry. Such behaviour can be attributed to the incorporation of highly dispersed subsurface Ag clusters, which locally disrupt lattice polarizability without inducing a global structural change. The observed reduction in Raman intensity further indicates that Ag species are incorporated within the lattice rather than deposited on the surface, as surface-deposited metallic Ag typically gives rise to surface plasmon resonance effects that enhance Raman scattering. These Raman observations correlate well with the Rietveld refinement results, which reveal noticeable modulation of Bi-O and Nb-O bond lengths without significant changes in lattice parameters. Taken together, the combined XRD and Raman analyses demonstrate that Ag incorporation predominantly induces short-range lattice distortion within the defect fluorite-type Bi3NbO7 framework while preserving the overall crystallographic structure.
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Figure 1. XRD patterns of all samples, along with the standard XRD patterns of Bi3NbO7 and metallic Ag correspond to PDF 01-089-5564 and PDF 00-004-0783, respectively (a). Enlarged X-ray diffraction pattern of Ag-BNO-04 highlighting the metallic Ag peaks corresponding to PDF 00-004-0783 database (b). Rietveld refinement plots of all samples, including BNO (c), Ag-BNO 01 (d), Ag-BNO 02 (e), Ag-BNO 03 (f) and Ag-BNO 04 (g). Raman spectra of all samples (h).
Table 1. Rietveld refinement parameters including lattice parameter a, unit-cell volume (V), Bi-O/Nb-O bond lengths, %Rexp, %Rwp, specific BET surface area (SBET) and band gap energy (Eg) of BNO,      Ag-BNO 01, Ag-BNO 02, Ag-BNO 03 and Ag-BNO 04.
	Sample
	a (Å)
	V (Å3)
	Bi-O/Nb-O (Å)
	%Rexp
	%Rwp
	SBET (m2.g-1)
	Eg (eV)

	BNO
	5.4616(19)
	162.9(2)
	2.014(9)
	2.896(21)
	3.42
	10.41
	20.54
	2.94

	Ag-BNO 01
	5.4648(13)
	163.2(1)
	2.045(7)
	2.827(2)
	2.51
	12.28
	20.67
	2.96

	Ag-BNO 02
	5.4644(17)
	163.2(2)
	2.038(8)
	2.842(17)
	1.89
	14.28
	18.48
	2.96

	Ag-BNO 03
	5.4599(15)
	162.8(1)
	2.078(10)
	2.752(19)
	1.90
	14.78
	22.92
	2.96

	Ag-BNO 04
	5.4580(11)
	162.6(9)
	2.042(8)
	2.823(16)
	1.97
	10.94
	16.75
	2.94



Table 2. Crystallographic information of all samples: BNO, Ag-BNO 01, Ag-BNO 02, Ag-BNO 03 and Ag-BNO 04.
	Atom
	Site
	x
	y
	z
	Occupancy
	Beq. (Å2)

	BNO

	Bi/Nb
	4a
	0
	0
	0
	0.75/0.25
	0.93

	O
	48g
	0.1049(52)
	1/4
	1/4
	0.1458
	2.4

	Ag-BNO 01

	Bi/Nb
	4a
	0
	0
	0
	0.75/0.25
	0.93

	O
	48g
	0.1224(38)
	1/4
	1/4
	0.1458
	2.4

	Ag-BNO 02

	Bi/Nb
	4a
	0
	0
	0
	0.75/0.25
	0.93

	O
	48g
	0.1186(43)
	1/4
	1/4
	0.1458
	2.4

	Ag-BNO 03

	Bi/Nb
	4a
	0
	0
	0
	0.75/0.25
	0.93

	O
	48g
	0.1409(49)
	1/4
	1/4
	0.1458
	2.4

	Ag-BNO 04

	Bi/Nb
	4a
	0
	0
	0
	0.75/0.25
	0.93

	O
	48g
	0.1225(40)
	1/4
	1/4
	0.1458
	2.4



High-resolution TEM images (Figure 2 and Figure S1) reveal well-defined lattice fringes corresponding to the (111) planes of Bi3NbO7 in all samples, confirming high crystallinity in all the synthesized materials. The interplanar spacing of the (111) planes are approximately 0.33 nm for pristine BNO, which agrees well with literature [9,21,23,25–27,43,44]. The d111 value slightly decreases to 0.32 nm for Ag-BNO 01, Ag-BNO 02 and Ag-BNO 03, indicating minor lattice contraction induced by Ag incorporation. Notably, additional lattice fringes corresponding to the (200) planes are observed only in BNO and Ag-BNO 01, suggesting negligible variations in crystal orientation or growth behaviour in the lattices [13,24,28,29]. In contrast, Ag-BNO 04 exhibits a significantly reduced (111) interplanar spacing of approximately 0.30 nm. This pronounced lattice contraction is consistent with the appearance of metallic Ag diffraction peaks in XRD and can be attributed to strain effects and local structural distortion arising from Ag phase segregation. These observations indicate that low to moderate Ag incorporation preserves the crystalline framework of Bi3NbO7 with only minor lattice perturbation, whereas excessive Ag loading induces substantial lattice distortion and structural heterogeneity.
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[bookmark: _Hlk221715840]Figure 2. High resolution TEM images of BNO (a), Ag-BNO 01 (b), Ag-BNO 02 (c), Ag-BNO 03 (d) and Ag-BNO 04 (e).

2. Chemical composition and location of metallic Ag
To elucidate the chemical composition and spatial distribution of Ag species, a combination of SEM-EDS, TEM-EDS, and XPS analyses was employed. SEM-EDS elemental mappings (Figure 3) confirm the uniform distribution of Bi, Nb and O across the particles in all samples. Table S1 summarizes the atomic percentage (at.%) of all constituent elements. Interestingly, Ag signals are detected only in Ag-BNO 04. This observation is consistent with the presence of metallic Ag diffraction peaks in the XRD pattern of Ag-BNO 04, indicating that excessive Ag loading leads to Ag phase segregation in the bulk sample. However, the absence of detectable Ag in Ag-BNO 01, Ag-BNO 02 and Ag-BNO 03 by SEM-EDS suggests that the metallic Ag species are either present at very low concentrations or are exposed to the near surface.
In contrast, TEM-EDS analysis (Figure 4 and Table S2) reveals the presence of Ag in all Ag-BNO samples. The presence of Ag detected by TEM-EDS but not by SEM-EDS for Ag-BNO 01, Ag-BNO 02 and Ag-BNO-03 suggest that Ag species are present in very low concentrations (i.e. below the EDS detection limit of 0.1 wt.%) and are predominantly exposed to the near surface (i.e. less than 100 nm).
X-ray photoelectron spectroscopy provides details of the surface chemical states of the samples. XPS survey spectra confirm the presence of Bi, Nb and O in all samples (Figure 5a). Notably, no Ag-related signals (Ag 3d5/2 or Ag 3d3/2) are detected in the XPS spectra of any Ag-BNO samples (Figure 5b). Considering the limited detection depth of XPS (ca. 1-10 nm), this observation strongly suggests that Ag species are not exposed to the outermost surface but are embedded beneath the surface or highly dispersed within the near-surface region of Bi3NbO7. Shen and coworkers reported the detection of Ag 3d XPS spectrum for Ag deposited on the surface of Bi3NbO7 [32], which further confirms that Ag species in our samples are incorporated beneath the surface, beyond the XPS detection depth (i.e. approximately 10 nm). High-resolution spectra of Bi 4f and Nb 3d (Figure 5c-d) of all samples display well-defined spin-orbit doublets characteristic of Bi3+ and Nb5+, respectively, with the binding energies summarized in Table S2. For BNO, the Bi 4f7/2 and Bi 4f5/2 peaks are located at 158.62 and 163.94 eV, while the Nb 3d5/2 and Nb 3d3/2 peaks appear at 206.24 and 208.96 eV, consistent with the reported values for Bi3NbO7 [13,15,16,23,27,28,30,32,45]. Upon Ag incorporation, both Bi 4f and Nb 3d core levels exhibit slight positive shifts in binding energy (ca. 0.2-0.5 eV), without changes in peak shape or splitting. These subtle shifts suggest a modification of the local electronic environment around Bi and Nb atoms, likely arising from interfacial electronic interactions induced by subsurface Ag species rather than changes in oxidation state. The O 1s spectra (Figure 5e) of all samples can be deconvoluted into two or three components. The dominant low-binding-energy component at approximately 529.5-529.9 eV (OI) is attributed to lattice oxygen (Bi-O/Nb-O), while the higher-binding-energy components at approximately 531.3-532.0 eV (OII) and approximately 533.2-533.4 eV (OIII) are commonly associated with surface hydroxyl groups or adsorbed oxygen species [8,15,25,46]. Notably, no significant change in the relative contribution of lattice O species is observed upon Ag incorporation, indicating that subsurface Ag does not induce significant surface hydroxylation or oxygen-defect formation, consistent with the absence of oxygen vacancy signals in EPR measurements (Figure 5f). 
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Figure 3. Scanning electron microscopy (SEM) images and its corresponding energy dispersive X-ray spectroscopy (EDS) mappings of BNO (a), Ag-BNO 01 (b), Ag-BNO 02 (c), Ag-BNO 03 (d) and Ag-BNO 04 (e).
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Figure 4. Transmission electron microscopy (TEM) images and its corresponding energy dispersive X-ray spectroscopy (EDS) mappings of BNO (a), Ag-BNO 01 (b), Ag-BNO 02 (c), Ag-BNO 03 (d) and Ag-BNO 04 (e).

[image: ]
Figure 5. Survey XPS spectra (a) of all samples and the corresponding high-resolution XPS spectra including Ag 3d (b), Bi 4f (c), Nb 3d (d) and O 1s (e). EPR spectra of all samples (f).

3. Morphology and surface properties
The morphological features of the samples were examined by SEM (Figure 6). BNO consists mainly of nanoparticles with a relatively uniform size distribution (Figure 6a), which is consistent with observations in other studies that utilize hydrothermal methods for the synthesis of Bi3NbO7 [14,15,25,26]. Upon Ag incorporation, round nanosheet-like structures gradually develop and coexist with nanoparticles in Ag-BNO samples (Figure 6b-6e). This morphological evolution suggests that Ag precursor influences the nucleation and growth processes during hydrothermal synthesis. At highest Ag concentration in precursor solution (Ag-BNO 04), severe particle coalescence and partial fusion are observed, indicating sintering-like behaviour (Figure 6e).
Nitrogen adsorption-desorption isotherms (Figure 7) of all samples exhibit characteristics close to type III behaviour according to the IUPAC classification, suggesting weak adsorbate-adsorbent interactions [45]. The Barrett-Joyner-Halenda (BJH) pore size distribution plots (insets in Figure 7) reveal the coexistence of mesopores (2-50 nm) and macropores (>50 nm), indicating a hierarchical porous structure. This observation is further supported by the presence of a narrow hysteresis loop at high relative pressures (P/P0), which could be attributed to interparticle voids and a mixed meso-macroporous architecture. Compared with BNO, Ag-BNO 01 and Ag-BNO 02 display broader mesopore distributions with contributions extending toward larger pore diameters, indicating a more heterogeneous mesoporous structure, likely associated with interparticle voids induced by Ag incorporation. In contrast, Ag-BNO 03 exhibits a pore size distribution centred at similar mesopore diameters (4 nm) to those of BNO but with higher pore population density. This behaviour may arise from an optimal Ag loading that promotes more uniform particle packing or prevents agglomeration, thereby enhancing the availability of mesopores. On the other hand, Ag-BNO 04 shows a reduced pore population at similar pore diameters compared with BNO, which can be attributed to excessive Ag loading leading to obstruction of mesoporous domains.
The specific surface areas of all samples, determined using the Brunauer-Emmett-Teller (BET) method, are summarized in Table 1. The SBET value of BNO is 20.54 m2/g. Although the hydrothermal method is commonly used, variations in precursors, reaction temperature and time, and the use of additives can lead to a wide range of SBET values, such as 5.464 m2/g [25], 7.87 m2/g [12], 13.9 m2/g [10], 71.61 m2/g [27]. Upon the incorporation of Ag, noticeable variations in the BET surface area were observed among the Ag-BNO samples, suggesting that the presence of Ag influences the textural properties of BNO. The Ag-BNO 01 sample exhibited a BET surface area (20.67 m2/g) comparable to that of BNO, implying that a low Ag loading in the precursor solution does not substantially alter pore accessibility in the BNO lattice. In the case of Ag-BNO 02, the BET surface area decreased to 18.48 m2/g, which can be attributed to partial pore blockage or surface coverage by Ag clusters, leading to a reduction in the accessible surface area. With further Ag incorporation, Ag-BNO 03 exhibited a marked increase in BET surface area, reaching the highest value of 22.92 m2/g, which is notably higher than that of BNO. This enhancement indicates that an optimal Ag loading facilitates a more homogeneous dispersion of incorporated Ag species and may suppress particle agglomeration or restacking of BNO, thereby increasing the available surface area. This increase in surface area can be attributed to an increase in the fraction of small mesopores, described earlier. However, when the Ag aggregates presence, the BET surface area of Ag-BNO 04 markedly decreased to 16.75 m2/g. This decline is likely due to excessive Ag clusters, which intensifies pore blockage and surface shielding effects, ultimately limiting the accessible surface area. 
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Figure 6. Scanning electron microscopy (SEM) images of BNO (a), Ag-BNO 01 (b), Ag-BNO 02 (c), Ag-BNO 03 (d) and Ag-BNO 04 (e).

[image: ]
Figure 7. N2 adsorption-desorption isotherms and pore size distributions of BNO (a), Ag-BNO 01 (b), Ag-BNO 02 (c), Ag-BNO 03 (d) and Ag-BNO 04 (e).

4. Optical properties and electronic band structure
	The optical properties of the samples were investigated by UV-vis diffuse reflectance spectroscopy (DRS), as shown in Figure 8a. All samples exhibit a sharp absorption edge in the visible-light region. The optical band gap energies were estimated using the Kubelka-Munk function in combination with the Tauc plot method. The Kubelka-Munk function was defined as F(R∞​) = (1-R∞​)2/2R∞​, where R∞​ denotes the diffuse reflectance of the sample relative to the standard. Given that Bi3NbO7 exhibited an indirect allowed transition [25,26,32,33], the band gap energy (Eg) was determined using the Tauc equation, [F(R∞​)h]1/2 = α(h - Eg), where α represents the absorption coefficient, h is Planck’s constant and  corresponds to the photon frequency [46,47]. As shown in Figure 8b, BNO exhibits an optical band gap of approximately 2.94 eV, which is consistent with previously reported values for Bi3NbO7 [12,14,22,23,27,44]. Upon Ag incorporation, the absorption edges remain nearly unchanged, with band gap energies of approximately 2.94-2.96 eV for all Ag-BNO samples. The negligible variation in band gap energy indicates that Ag incorporation does not induce bandgap narrowing or alter the fundamental electronic transition of Bi3NbO7.
To gain further insight into the electronic structure, density functional theory (DFT) calculations were performed for pristine Bi3NbO7 and Bi3NbO7 containing subsurface Ag clusters. The total density of states (TDOS) and partial density of states (pDOS) are shown in Figure 8d-8f. For pristine Bi3NbO7, the valence band maximum (VBM) is primarily composed of O 2p states with some hybridization from Nb 4d orbitals, while the conduction band minimum (CBM) is dominated by Nb 4d with notable contribution from Bi 6p orbitals, consistent with its oxide semiconductor nature. Upon the introduction of subsurface Ag clusters, the overall band gap remains essentially unchanged. The Ag 4d states are mainly located in the upper valence band region and show hybridization with O 2p orbitals. The structural models and simulated XRD patterns (Figures S2) further confirm that Ag incorporation does not disrupt the long-range crystal structure of Bi3NbO7, supporting the experimental observations from XRD and Rietveld refinement results.
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Figure 8. Diffuse reflectance spectroscopy (DRS) plots (a) and corresponding Tauc plots obtained using the Kubelka-Munk function (b), along with the extracted band gap energies (inset). The total density of states (TDOS) of pristine Bi24Nb8O56 and Ag clusters-incorporated Bi24Nb8O56 (d) and the partial density of states (pDOS) of pristine Bi24Nb8O56 (e) and Ag clusters-incorporated Bi24Nb8O56 (f).

4. Photocatalytic properties
The photocatalytic activities of the samples were evaluated using degradation of Rh B, TC and MO under visible-light irradiation and photocatalytic hydrogen evolution in the presence of methanol as a sacrificial agent.
Figure 9a shows the changes in Rh B concentration expressed as C/C0, where C0 and C represent the initial and instantaneous concentrations, respectively. Negligible Rh B degradation is observed in the absence of photocatalyst, indicating that photolysis is insignificant. BNO exhibits moderate photocatalytic activity, while a progressive enhancement in photocatalytic performance is observed from Ag-BNO 01 to Ag-BNO 03. While Ag-BNO 01 exhibits a degradation efficiency slightly lower than that of BNO, Ag-BNO 02 shows enhanced photocatalytic activity. Notably, Ag-BNO 03 achieves the highest Rh B degradation efficiency, reaching 67% degradation within 120 min. However, the degradation rate decreases again to below that of BNO in Ag-BNO 04. These results suggest that the photocatalytic performance is governed by the state and distribution of Ag species rather than the absolute Ag content in the final materials. The corresponding apparent reaction rate constants (kapp), obtained by fitting the degradation data to a pseudo-first-order kinetic model (Figure S3), are summarized in Figure 9b. The kapp values follow the order: Ag-BNO 03  Ag-BNO 02  BNO  Ag-BNO 01  Ag-BNO 04. Furthermore, photocatalytic degradation tests for TC and MO were also conducted. Ag-BNO 03 achieved 46% degradation of TC; however, it showed no detectable activity toward MO.
To identify the dominant reactive species during Rh B degradation, radical scavenging experiments were performed (Figure 9c). The addition of EDTA-2Na, a hole (h+) scavenger, results in a pronounced decrease in degradation efficiency, while isopropanol (IPA), a hydroxyl radical (•OH) scavenger, exhibits a moderate inhibitory effect. In contrast, benzoquinone (BQ), a superoxide radical (O2•-) scavenger, shows negligible influence. These results indicate that photogenerated holes are the main active species, with hydroxyl radicals playing a minor role in the degradation process.
Photocatalytic hydrogen evolution was further investigated to assess the reduction capability of the samples. As shown in Figure 9d, among all samples, only 1 wt.%Pt deposited Ag-BNO 01 exhibits H2 evolution activity under visible-light irradiation, with a hydrogen production rate of 66.2 μmol h-1 g-1. A higher photocatalytic H2 production rate of 110.7 μmol h-1 g-1 was previously reported for single-crystalline Bi3NbO7 nanoparticles deposited with a Ni/NiO cocatalyst in the presence of a hole scavenger (15 v/v% MeOH), indicating that the observed activity in Ag-BNO 01 is consistent with earlier reports of visible-light-driven H2 evolution in similar materials [10].
The photocatalyst remained excellent stability after photocatalytic test, as evidenced by structural, chemical and physical characterizations (Figure S4). The XRD patterns confirmed that the crystal structure was preserved (Figure S4a). In addition, the particle morphology remained unchanged (Figure S4b) and EDS elemental mapping showed a uniform distribution of chemical components throughout the sample (Figure S4c). The FT-IR spectra of the Ag-BNO 01 sample obtained before and after the photocatalytic test shows absorption bands corresponding to the stretching vibrations of Bi-O, Nb-O and Nb-O-Nb as well as Bi-O coordination vibrations characteristics of Bi3NbO7, consistent with previous reports in the literature (Figure S4d) [19,23,28,29,33,48].
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Figure 9. Photocatalytic degradation profiles of Rhodamine B (C/C0) for all samples and Rhodamine B solution as the blank (a), corresponding apparent kinetic constants (kapp) (b), Active-species trapping experiments for Ag-BNO 03 (c), and photocatalytic H2 evolution performance of Ag-BNO 01 (d).

5. Charge carrier separation, transfer and dynamics
[bookmark: _Ref186067966]To elucidate the role of subsurface Ag incorporation on the photocatalytic behaviour of Bi3NbO7, the charge carrier separation and interfacial charge transfer properties were investigated by photoelectrochemical (PEC) and transient absorption spectroscopy (TAS) methods.
Our PEC approach applied transient photocurrent measurements, electrochemical impedance spectroscopy (EIS), including Nyquist and Mott-Schottky analyses, to evaluate charge separation and transfer efficiency and to develop a band energy model [14,16,30,49]. Figure 10a shows the transient photocurrent responses of all samples under dark and light irradiation. BNO exhibits a stable but moderate photocurrent density, indicating limited photoinduced charge separation efficiency. Upon Ag incorporation, although all Ag-BNO samples contain subsurface metallic Ag species, their photocatalytic behaviours differ. Ag-BNO 01 shows the highest photocurrent response, suggesting that a structural distribution with highly dispersed subsurface Ag leads to the most efficient electron-hole separation. In contrast, excessive Ag aggregation in Ag-BNO 04 results in degraded charge transfer and increased spatial recombination.
Electrochemical impedance spectroscopy (EIS) was employed to further evaluate the interfacial charge transfer properties of the samples. As shown in the Nyquist plots (Figure 10b), BNO exhibits the largest semicircle radius, indicating the highest charge-transfer resistance at the electrode-electrolyte interface. Upon incorporation of subsurface Ag species, the semicircle radius decreases significantly. Among all samples, Ag-BNO 02 shows the smallest semicircle, corresponding to the lowest charge transfer resistance, indicating the most facile interfacial charge transfer. Ag-BNO 01 and Ag-BNO 03 exhibit comparable semicircle sizes, suggesting similar charge-transfer resistances and interfacial kinetics. In contrast, Ag-BNO 04 presents a noticeably larger semicircle than other Ag-BNO samples, although still smaller than that of pristine BNO, indicating that excessive Ag loading partially impedes charge transfer. The increased impedance observed for Ag-BNO 04 can be attributed to the formation of metallic Ag aggregates, as evidenced by XRD, which may introduce electron scattering centres or disrupt continuous charge transport pathways at the semiconductor-electrolyte interface. Conversely, samples containing well-dispersed or subsurface Ag species (Ag-BNO 01-03) benefit from improved interfacial conductivity and reduced charge-transfer resistance.
Further insight into the electrochemical properties of the samples was obtained from Mott-Schottky analysis. As shown in Figure 10c, all samples exhibit positive slopes in the Mott-Schottky plots, confirming their n-type semiconductor characteristics. The linear regions of the plots allow the estimation of the flat-band potentials (Efb) versus Ag/AgCl, which are converted to NHE scale using the Nernst equation: ENHE = EAg/AgCl + 0.209. For n-type semiconductors, the conduction band minimum (CBM) is generally assumed to be located approximately 0.1 V more negative than Efb [14,30]. Notably, the Mott-Schottky plots of BNO and Ag-BNO samples show very similar slopes and interceptions (Table 3), indicating that Ag incorporation does not significantly alter the charge carrier density or the intrinsic electronic structure of Bi3NbO7. As shown in Table 3, the extracted flat-band potentials for all samples are nearly identical, suggesting that the CBM positions remain essentially unchanged upon Ag modification. This observation is consistent with the optical band gap and DFT results, which show negligible variation in band gap energies and band edge positions among the samples.
Based on the flat-band potentials derived from the Mott-Schottky analysis and the optical band gap values, the corresponding band structure alignments of all samples are illustrated in Figure 10d. The band diagrams reveal that both the CBM and valence band maximum (VBM) positions of Ag-BNO samples are closely aligned with those of BNO. Importantly, the CBM positions of all samples are more negative than the H+/H2 reduction potential, while the VBMs remain sufficiently positive relative to the H2O/O2 oxidation potential, indicating that all materials are thermodynamically capable of driving photocatalytic redox reactions. Importantly, band alignment analysis reveals that all samples possess nearly identical conduction band minimum (CBM) and valence band maximum (VBM) positions, indicating that Ag incorporation does not significantly alter the intrinsic band structure of Bi3NbO7.
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Figure 10. Transient photocurrent density measurement (I-t plot) (a), electrochemical impedance (EIS) Nyquist plots (b) and Mott-Schottky plots (c) and schematic diagram for the band structure alignment (d) of all samples.

Table 3. The slope, flat band potential (Efb) and donor density (ND) obtained from the Mott-Schottky analysis. The calculated positions of conduction band minimum (ECBM) and valence band maximum (EVBM). 
	Sample
	Slope
(F-2 cm4 V-1)
	ND
(cm-3)
	Efb
(V vs. NHE)
	ECBM
(V vs. NHE)
	EVBM
(V vs. NHE)

	BNO
	1.589 × 108
	8.86  × 1023
	-0.921
	-1.021
	1.919

	Ag-BNO 01
	2.788 × 108
	5.05 × 1023
	-0.926
	-1.026
	1.934

	Ag-BNO 02
	2.449 × 108
	5.75 × 1023
	-0.964
	-1.064
	1.896

	Ag-BNO 03
	1.854 × 108
	7.60 × 1023
	-0.925
	-1.025
	1.935

	Ag-BNO 04
	1.710 × 108
	8.24 × 1023
	-0.927
	-1.027
	1.913



The detailed charge carrier dynamics underlying these effects are further elucidated by transient absorption spectroscopy (TAS). TAS was carried out on all samples in air. To our knowledge, this is the first transient absorption study of Bi3NbO7 on the μs to s timescale, where previously, researchers have studied ultrafast timescales from the fs to ns [50]. At early timescales (i.e from 10 μs), all samples showed a bleach (i.e. a negative transient absorption signal) in the blue region of the electromagnetic spectrum at 500 nm. For all samples, this signal transitioned from a bleach to a positive signal by ~25 μs after the laser pulse, and by ~100 μs, had reached a maximum transient absorption value, where the signal began to decay. At probe wavelengths in the red region of the electromagnetic spectrum, this behaviour was not observed (i.e. from 700 nm 1000 nm). The observation of bleach states at probe wavelengths close to the band edge of a semiconductor is common, and is indicative of the presence of defect energy levels within the bandgap (i.e. Urbach tail states) [51]. Neglecting the bleach states seen at early times, and considering the peak degree of transient absorption seen at ~100 μs after the laser pulse, all samples showed a far higher degree of transient absorption in the blue than in the red. Exemplar transient absorption kinetics and spectra are shown in Figure S5 and Figure S6, respectively, for BNO and Ag-BNO 03. And the evolution of the transient absorption spectra from 10 μs to 10 ms of all samples are shown in Figure S7.
To avoid any contribution from the bleach component seen at early timescales in the blue, we compare the transient decay kinetics in the red (i.e. at 900 nm) in Figure 11a. All samples show a similar shape in their transient decay kinetics, which can be well described by a power law decay function:
ΔO.D. (%) = A.tα                                                  (Eq. 1)
where ΔO.D. (%) is the concentration of charge carriers at time, t, and A and α are fitting constants. A power law of this kind occurs when ideal bimolecular electron-hole recombination (a power law decay of order -1) is disrupted by a multiple trapping process, in which a carrier is repeatedly thermally excited to the band-edge to move, and ultimately recombine [52]. Fitting values for α for all samples are summarised in Figure S8. Importantly, differences were observed in the degree of transient absorption, which can be related to differences in charge carrier populations. The sample with the highest transient absorption signal at early times was Ag-BNO 03, followed by BNO, Ag-BNO 04 ~ Ag-BNO 01 and then Ag-BNO 02. These differences were quantified and compared in Figure 11b, alongside the time taken for each transient decay to reach half of the original value (i.e. t50%). Importantly, all samples showed similar rates of recombination, with t50% spanning from ~0.2 to 0.4 ms, except for sample Ag-BNO 02, that showed a t50% of ~1.2 ms. Figure 11c shows the correlation between the degree of transient absorption seen at early timescales and the apparent rate constant kapp (min-1) for the photocatalytic degradation of Rh B, with the only exception to this correlation being sample Ag-BNO 02. This indicated that the ability to produce a higher population of charge carriers would more likely result in a more active photocatalyst for this reaction. For example, sample Ag-BNO 03 showed the highest charge carrier concentration and was the most active photocatalyst, and thus indicated that the mechanism to achieve high activity is related to enhancements in the spatial separation of charge carriers at early timescales (i.e. pre-μs timescales).
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Figure 11. Transient absorption spectroscopy of all samples carried out in air, across probe wavelengths ranging from 500 to 1000 nm with time resolution from 10 μs to 1 s after the laser excitation pulse (λexc = 355 nm, power = ~288 μJ.cm-2 per pulse, repetition rate = 0.7 Hz). (a) Transient decay kinetics at the probe wavelength of 900 nm, from 10 μs to 1s. (c) Analysis of the transient kinetics seen at the probe wavelength of 900 nm. The left y-axis (columns) shows the degree of transient absorption (ΔO.D. %) seen at 10 μs after the laser pulse and the right y-axis (scatter-line plot) shows the time taken (ms) for this absorption to decay to 50% of its value (i.e. t50%). (d) A plot of the degree of transient absorption (ΔO.D. %) seen at 10 μs after the laser pulse at the probe wavelength of 900 nm (x-axis) against the apparent rate constant kapp (min-1) for the photocatalytic degradation Rho B solution (y-axis) [NOTE: a red dashed guideline is drawn to show the proportional relationship between these two parameters, where the outlier (for Ag-BNO 02) is circled]. 


Discussion
	The present study demonstrates that silver incorporation via hydrothermal precursor introduction results in a fundamentally different modification mechanism compared with conventional surface-deposited Ag cocatalysts. Rather than forming surface-exposed metallic nanoparticles or substituting into the Bi3NbO7 lattice, Ag predominantly exists as subsurface or near-surface embedded species, inducing localized lattice perturbation while preserving the intrinsic electronic band structure. This spatial configuration plays a decisive role in regulating charge-transfer kinetics without altering the intrinsic band structure of the semiconductor.
Comprehensive structural analyses consistently indicate that Ag incorporation does not induce long-range crystallographic transformation. XRD patterns and Rietveld refinements confirm preservation of the cubic defect-fluorite structure, with negligible variation in lattice parameters. However, modulation of Bi-O and Nb-O bond lengths and progressive shifts in oxygen atomic coordinates clearly reveal localized lattice distortion. Raman attenuation and peak broadening further support perturbation of the MO7 polyhedral framework without symmetry breaking. The absence of Ag signals in XPS, combined with its detection by TEM-EDS and partial detection by SEM-EDS only at high loading, confirms that Ag species are not surface-deposited but embedded beneath the outermost surface. The slight positive shifts in Bi 4f and Nb 3d binding energies suggest subtle electronic redistribution induced by subsurface Ag, rather than changes in oxidation state. Importantly, optical and electrochemical measurements show that the fundamental electronic structure of Bi3NbO7 remains unchanged. The band gap energies, flat-band potentials, and Mott-Schottky slopes are nearly identical across all samples. Density functional theory calculations further confirm that Ag incorporation results in Ag 4d states primarily located within the upper valence band region, hybridizing with O 2p orbitals. This orbital interaction slightly perturbs the valence band electronic density without significantly modifying the overall band dispersion or band gap energy. Collectively, these findings demonstrate that subsurface Ag induces structural perturbation without band structure modification.
The distinct photocatalytic activity trend among Ag-BNO samples suggests that optimal dispersion of incorporated Ag species is required to enhance photocatalytic oxidation, whereas excessive Ag incorporation leads to reduced activity. Structural densification in Ag-BNO 04 is expected to negatively affect surface accessibility and charge transport. In particular, the inferior performance of Ag-BNO 04 can be attributed to Ag aggregation and particle coalescence, which may block active sites and introduce recombination centres, as supported by XRD and SEM observations. From a physical perspective, the moderate increase in specific surface area (SBET) and preservation of porous morphology in Ag-BNO 03 could provide improved adsorption and surface reaction sites for Rh B molecules. However, as the differences in SBET among samples are relatively small compared to the change in photocatalytic rate the activity, enhancement cannot be solely attributed to surface area effects. This indicates that surface area plays a supportive rather than dominant role. As electronic band structures are nearly identical across all Ag-BNO samples, the driving force for photocatalytic reactions occurred in our catalyst are not influenced by thermodynamic driving force.
The decisive factor arises from charge carrier behaviour, pronounced differences are observed in charge carrier separation, interfacial transfer and dynamics. Transient photocurrent responses reveal that Ag-BNO 01 exhibits the highest photocurrent density, indicating enhanced photoinduced charge separation efficiency. Electrochemical impedance spectroscopy shows significantly reduced charge-transfer resistance for Ag-incorporated samples compared with BNO, confirming improved interfacial charge migration ability. Transient absorption spectroscopy provides deeper insight into carrier dynamics on the microsecond timescale. All samples exhibit similar recombination kinetics (i.e. power-law decay behaviour), indicating that the fundamental recombination mechanism is not altered. However, substantial differences are observed in the initial transient absorption amplitude, which reflects the population of long-lived charge carriers generated immediately after excitation. Ag-BNO 03 exhibits the highest early-time carrier population, followed by BNO and other Ag-BNO samples. A strong correlation is observed between this initial carrier density and the apparent rate constant for Rhodamine B degradation. This relationship indicates that photocatalytic oxidation activity is primarily governed by the quantity of spatially separated carriers generated at early times rather than by slower recombination dynamics. These results clearly establish that subsurface Ag originates from kinetic regulation of charge separation efficiency and carrier population induced by subsurface structural-orbital interactions.
A key finding of this work is that photocatalytic oxidation and reduction reactions respond differently to subsurface Ag incorporation. For Rhodamine B degradation, the reaction is dominated by hole-driven oxidation pathways, as confirmed by radical trapping experiments. Photocatalytic performance correlates strongly with the availability of long-lived holes at the surface. The superior activity of Ag-BNO 03 is mainly attributed to its highest early-time charge-carrier population, which ensure sufficient availability at the surface to promote oxidation reactions, and is further supported by its highest surface area and reduced interfacial charge-transfer resistance. In contrast, photocatalytic hydrogen evolution is observed exclusively for Ag-BNO 01, which exhibits the highest degree charge separation, suggesting the most efficient electron migration toward the reduction sites. It is believed that the reduction reaction therefore appears more sensitive to subtle changes in electron transport integrity than oxidation reactions, which depend primarily on hole availability and surface interaction.


Conclusions
Subsurface Ag-modified Bi3NbO7 photocatalysts were successfully synthesized via a hydrothermal precursor introduction strategy, enabling precise control over the location and dispersion of Ag species. Comprehensive structural and spectroscopic analyses confirm that Ag does not substitute into the Bi3NbO7 lattice form subsurface or internally dispersed species. This unique Ag configuration induces local lattice distortion without altering the long-range crystal structure or intrinsic band structure.
Optical, electrochemical and theoretical investigations consistently demonstrate that Ag incorporation does not modify the band gap energy or band-edge positions of Bi3NbO7. Instead, subsurface Ag primarily regulates charge carrier separation and transfer kinetics by inducing localized electronic perturbations. This kinetic modulation is directly reflected in enhanced photocurrent responses, reduced interfacial charge-transfer resistance and initial charge-carrier populations. The photocatalytic oxidation and reduction reactions can be tuned by distinct optimal Ag configurations. While Ag-BNO 03 shows the highest photocatalytic oxidation activity toward Rh B degradation due to enhanced hole-driven processes and favourable surface accessibility, photocatalytic hydrogen evolution is observed exclusively for Ag-BNO 01. This unique behaviour highlights that efficient reduction reactions require a more delicate balance of electron extraction and transport pathways, which can be disrupted by excessive Ag incorporation or aggregation despite favourable thermodynamic band alignment.
Overall, this work demonstrates that noble-metal modification enhances photocatalytic performance in the way that the spatial location and dispersion of metal species play a decisive role in governing charge-transfer pathways and reaction selectivity. The concept of subsurface-mediated charge separation introduced here provides a new design paradigm for photocatalyst engineering, offering a rational strategy to tune oxidation-reduction selectivity and charge carrier dynamics in complex photocatalytic systems.
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