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Abstract: The development of efficient visible-light-responsive photocatalysts is essential for 13 

sustainable hydrogen (H2) production. Herein, a ternary SrTiO3/g-C3N4/Zn-TFBDC metal–14 

organic framework heterojunction was fabricated through a facile solvent-assisted self-15 

assembly strategy. Structural, morphological, optical, and surface characterization confirmed 16 

the successful integration of SrTiO3, g-C3N4, and Zn-TFBDC and the formation of intimate 17 

interfacial contact among the three components. The photocatalytic H₂ evolution activity was 18 

evaluated under visible-light irradiation using aqueous isopropanol as a sacrificial electron 19 

donor. Among the prepared samples, the optimised SrTiO3/g-C3N4/20% Zn-TFBDC composite 20 

achieved the highest H2 evolution rate of 642.78 μmol g-1 h-1, corresponding to approximately 21 

2.03-, 2.06-, and 1.81-fold enhancements over pristine SrTiO3, g-C3N4, and Zn-TFBDC, 22 

respectively. The improved performance is attributed to the synergistic interaction among the 23 

three components, which enhances visible-light absorption, promotes interfacial charge 24 

separation and migration, and suppresses the recombination of photogenerated charge carriers. 25 

Moreover, the porous Zn-TFBDC framework provides abundant accessible active sites and 26 

interconnected pathways for charge transport. These results demonstrate that rational 27 

integration of oxide, carbon nitride, and MOF components is an effective strategy for 28 

constructing efficient ternary photocatalysts for visible-light-driven H2 production. 29 
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1. Introduction 33 

The decreasing reserves of fossil fuels, along with growing awareness of climate change 34 

and environmental damage, have made clean, renewable and carbon-neutral energy 35 

technologies of great interest [1,2]. The high gravimetric energy density, carbon-free 36 

utilisation, and compatibility with fuel-cell technologies make hydrogen (H2) a promising 37 

energy carrier [3,4]. The environmental advantages of a hydrogen energy system are, however, 38 

very dependent on the method used to produce hydrogen. The production of industrial 39 

hydrogen is mostly based on fossil fuels, such as steam methane reforming, which is energy 40 

intensive and releases significant amounts of CO2 [4]. Therefore, sustainable hydrogen 41 

production based on renewable energy sources is still one of the biggest scientific and 42 

technological challenges. 43 

One of the potentially attractive pathways is the photocatalytic hydrogen production 44 

process, which will convert solar energy into storable chemical energy [5, 6]. The 45 

groundbreaking research by Fujishima and Honda showed that water splitting can be achieved 46 

by photoelectrochemical processes involving a semiconductor oxide such as TiO2 [7], and has 47 

led to a wide range of research into semiconductors as materials for solar-fuel production. A 48 

semiconductor photocatalyst works by absorbing photons having energy equal to or higher 49 

than the bandgap that can be absorbed and excite electrons from the valence band to the 50 

conduction band, creating positively charged holes in the valence band. The photogenerated 51 

electrons and holes can then be transported to the surface reaction sites where they can be 52 

involved in the reduction and oxidation reactions, respectively [5, 8]. However, several 53 

common problems limit the photocatalytic efficiency: (1) insufficient light absorption in the 54 

solar light, (2) fast bulk and surface charge recombination, (3) slow interfacial carrier 55 

migration, and (4) limited number of accessible catalytic sites [9, 10]. Therefore, a good 56 

photocatalyst must possess characteristics of wide light absorption, suitable band-edge 57 

potentials, high charge separation and transport efficiency, chemical stability, and high 58 

surface-active sites. 59 

Strontium titanate (SrTiO3) is a perovskite-type oxide that is extensively studied and has 60 

several desirable properties for photocatalytic and photoelectrochemical applications, which 61 

include chemical stability, photocorrosion resistance, and a conduction band potential suitable 62 

for proton reduction [9, 11]. Initial investigations showed overall water decomposition in 63 

cocatalyst-modified SrTiO3 systems, making it a potential candidate to develop as a powerful 64 

photocatalytic platform [11]. However, pure SrTiO3 has a large band gap of 3.2 -3.3 eV and 65 
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thus is mainly sensitive to ultraviolet radiation. This photo response is restricted, and this 66 

reduces its efficiency in absorbing the visible portion of the solar spectrum. One way to 67 

overcome this limitation is to introduce a dopant, such as Kato and Kudo's SrTiO3 doped with 68 

both antimony (Sb) and chromium (Cr), which demonstrated visible light absorption and 69 

photocatalytic activity [12]. Takata et al. reported the external quantum efficiency of up to 96% 70 

at 350–360 nm for the overall water splitting of suitably modified Al-doped SrTiO3, further 71 

demonstrating the high intrinsic potential of SrTiO3 [13]. Although such success under UV 72 

illumination, it is still necessary to expand the optical response of SrTiO3 and retain the 73 

efficient charge separation and high redox activity, which are required for applications based 74 

on visible light. 75 

Since Wang et al. [14] first reported the use of graphitic carbon nitride (g-C3N4) for 76 

photocatalytic hydrogen production from water, it has been one of the most researched metal-77 

free visible-light photocatalysts. It contains carbon and nitrogen, which are ubiquitous on 78 

Earth, has a moderate bandgap of about 2.7 eV, and can absorb light up to about 460 nm 79 

[14,15]. It is located in a position of its conduction band that promotes proton reduction, and 80 

has a polymeric heptazine framework with high chemical and thermal stability. Furthermore, 81 

g-C3N4 can be easily prepared by the thermal polymerisation of low-cost nitrogen-containing 82 

starting materials such as melamine, urea, and dicyandiamide [16]. However, bulk g-C3N4 83 

exhibits a high electron-hole recombination rate, low electron mobility, a tendency to restack 84 

within the sheets, a relatively low accessible surface area, and limited utilisation of the solar 85 

spectrum [15-17]. Thus, morphological control, defect engineering, element engineering, 86 

cocatalyst loading and heterojunction construction have been extensively explored to enhance 87 

its photocatalytic activity [15,17,18]. 88 

Another important group of materials are metal–organic frameworks (MOFs) for 89 

photocatalytic uses. They are crystalline porous structures that are built from clusters of metal 90 

ions and organic linkers, which lead to extremely high surface areas, tunable pore architectures 91 

and chemically tunable frameworks [19-21]. MOFs may be used as light absorbers, porous 92 

hosts, charge transfer mediators, catalyst supports or as sources of accessible reaction sites 93 

[19,20]. Their structural tunability also allows them to be designed to be coupled with 94 

conventional semiconductors in close contact, which could help adsorption of reactants and 95 

migration of the photogenerated carriers. Many pristine MOFs, however, are not conductive 96 

and demonstrate fast charge recombination, which motivates integration with complementary 97 

semiconductors as a design strategy [19-21]. A porous MOF material based on Zn ions was 98 

chosen in the current study, which was a framework made from tetrafluoro terephthalate 99 
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linkers (Zn-TFBDC). It is hoped that its incorporation will create accessible pores and 100 

interfacial sites and will give an extra charge migration pathway. The photocatalytic H2-101 

evolution heterojunction containing Zn-TFBDC has not been fully explored. 102 

The creation of heterojunctions is a good method to combine the complementary properties 103 

of various photocatalytic materials. The well-designed interfacial contact and band alignment 104 

can promote the directional movement of charge, decrease non-radiative electron–hole 105 

recombination and maintain the photogenerated carriers with appropriate redox potentials [18, 106 

22]. Ternary heterostructures can offer more interfaces compared to single-component and 107 

binary systems and more complex pathways for the transport of carriers. But the more 108 

components, the more careful control is needed for the interfacial structure, composition, band 109 

positions, and charge-transfer mechanism, in order to improve activity. Rational interfacial 110 

engineering of SrTiO3 and g-C3N4 has been proven to enhance the photocatalytic evolution of 111 

H2 in previous studies of the systems of Pt/g-C3N4/SrTiO3, Ag/g-C3N4/SrTiO3, and 112 

Ti3C2/SrTiO3/g-C3N4 [23-25]. The results suggest that SrTiO3/g-C3N4 is an appropriate 113 

platform to be modified by a porous third component. However, the ternary heterojunction of 114 

SrTiO3/g-C3N4/Zn-TFBDC is not well explored. 115 

A convenient solvent-assisted self-assembly method was used to synthesise a ternary 116 

SrTiO3/g-C3N4/Zn-TFBDC heterojunction photocatalyst. The amount of Zn-TFBDC was 117 

carefully raised to find the optimal composition of a composite. Structural, morphological, 118 

optical and surface properties of the obtained materials were characterised by X-ray diffraction, 119 

Fourier-transform infrared spectroscopy, scanning and transmission electron microscopy, 120 

UV-visible diffuse reflectance spectroscopy, photoluminescence spectroscopy and X-ray 121 

photoelectron spectroscopy. The photocatalytic H2-evolution activity was tested under visible 122 

light irradiation in an aqueous isopropanol solution with isopropanol used as a sacrificial 123 

electron donor. The study focused on understanding the role of each component of ternary 124 

interfacial coupling, visible-light absorption, charge-carrier separation and migration, porous 125 

active-site accessibility, and loading of the Zn-MOF on photocatalytic H₂ production. The 126 

results reveal how the rational design of MOF-engineered oxide/carbon-nitride 127 

heterostructures for visible-light-driven hydrogen production can be achieved. 128 

2. Experimental section 129 

2.1 Materials 130 

Sodium hydroxide (NaOH), Hydrochloric acid (HCl), Strontium hydroxide octahydrate 131 

(Sr(OH)2⋅8H2O), Potassium chloride (KCl), Lithium Chloride (LiCl), Zinc perchlorate 132 
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hexahydrate (Zn(NO3)2.6H2O), TFBDC (Tetrafluoro phthalic acid), N, N-dimethylformamide 133 

(DMF, 99.9%), Toluene (99.5%), Ethyl acetate, (EtOAc,99.5%), Urea (NH2CONH2 99%), 134 

Ethanol (CH3CH2OH, 99.5%), Methanol (CH3OH, 99.9%), and Isopropanol (C3H8O, 99.5%) 135 

were purchased from Aladdin. Ultrapure water and deionised water were used in these 136 

experiments. All the chemicals were used without further purification. 137 

2.2 Synthesis of Perovskite SrTiO3 Nanofibers 138 

All synthesis was conducted in an ambient environment using commercially available 139 

solvents. SrTiO3 nanofibers were synthesised via a two-step hydrothermal process [26]. Briefly, 140 

1.25 g of TiO2 was dispersed in 60 mL of 10 M NaOH solution and stirred at 600 rpm for 40 141 

min. The resulting suspension was transferred into a 100 mL Teflon-lined stainless-steel 142 

autoclave and heated at 180 °C for 24 h. After naturally cooling to room temperature, the 143 

precipitate was collected and treated with 50 mL of 0.2 M HCl under continuous stirring for 4 144 

h. The product was subsequently separated by centrifugation and washed several times with 145 

deionised water and absolute ethanol until the pH reached approximately 7. The obtained 146 

material was dried at 70 °C for 12 h. 147 

The dried intermediate was then dispersed in an aqueous solution containing 0.05 M 148 

Sr(OH)2·8H2O and stirred for 30 min. Subsequently, the suspension was transferred into a 149 

Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 210 °C for 85 150 

min. After cooling to room temperature, the resulting white precipitate was collected by 151 

centrifugation and repeatedly washed with deionised water and absolute ethanol until a neutral 152 

pH was attained. Finally, the product was dried at 70 °C for 12 h to obtain SrTiO3 nanofibers. 153 

The synthesis procedure is shown in Fig.S1 154 

2.3 Synthesis of g-C3N4 155 

5g of urea was weighed and placed in a 50 mL crucible, sealed, placed in a muffle furnace, 156 

heated to 550 ℃ at 0.5 ℃ /min, and calcined for 3 hours to obtain a light-yellow block of g-157 

C3N4 [27]. The synthesis procedure is illustrated in Fig. S2. 158 

2.4 Synthesis of Zn-TFBDC 159 

Zn-TFBDC was prepared by solvothermal synthesis [28]. Zn(NO3)2·6H2O (98.86 mg) and 160 

tetrafluoro phthalic acid (TFBDC, 0.4 mmol) were dissolved in 40 mL of N, N-161 

dimethylformamide (DMF) under magnetic stirring for 1 h. The homogeneous solution was 162 

then transferred into a 100 mL Teflon-lined stainless-steel autoclave and heated at 120 °C for 163 

12 h. After naturally cooling to room temperature, the resulting crystalline product was isolated 164 

by filtration through a 0.45 μm membrane and successively washed with DMF, deionised water, 165 
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and ethanol to remove residual reactants and solvents. Finally, the purified sample was dried 166 

at 60 °C to obtain the Zn-TFBDC framework. The preparation procedure is illustrated in Fig. 167 

S3. 168 

2.5 Synthesis of g-C3N4/SrTiO3 /Zn-TFBDC Composite 169 

A series of g-C3N4/SrTiO3/Zn-TFBDC ternary composites were synthesised via a facile 170 

solution-assisted self-assembly method. Briefly, g-C3N4 and SrTiO3 were mixed at a fixed mass 171 

ratio of 55:35 and dispersed in anhydrous methanol under ultrasonication for 10 min to obtain 172 

a homogeneous suspension [27]. Subsequently, different amounts of Zn-TFBDC 173 

corresponding to 10, 20, 30, and 40 wt% with respect to the g-C3N4/SrTiO3 support were added 174 

to the suspension. The resulting mixtures were magnetically stirred at room temperature for 48 175 

h to facilitate the formation of intimate interfacial contact among the three components. 176 

Thereafter, the precipitates were collected by centrifugation, washed twice with anhydrous 177 

ethanol to remove residual impurities, and dried at 80 °C for 12 h. The as-prepared composites 178 

were denoted as CN/ST/ZT-10, CN/ST/ZT-20, CN/ST/ZT-30, and CN/ST/ZT-40, where the 179 

numerical values represent the loading amount of Zn-TFBDC relative to the g-C3N4/SrTiO3 180 

matrix. 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

Figure 1. Preparation of g-C3N4/SrTiO3/Zn-TFBDC Ternary Composite. 192 

 193 

 194 
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2.6 Photocatalytic hydrogen production 195 

The performance evaluation process of different photocatalysts for the photocatalysis of 196 

aqueous hydrogen is as follows [21]. The 0.05 g photocatalyst was fully dispersed in a 40 mL 197 

aqueous solution containing 5% isopropanol. The photocatalyst was then suspended in DI 198 

water by ultrasonic treatment for 10 min. A rubber stopper and sealing film sealed a quartz tube 199 

containing the catalyst and solution. Next, a xenon lamp was used as the light source; the 200 

agitator was switched on before lighting; the reactor air was released; and the reaction began 201 

after the value stabilized. The reading was taken every hour. Hydrogen production readings 202 

were taken every hour for three consecutive hours.  203 

2.7 Characterization 204 

The crystal structure of the samples was analysed using a Bruker D8 diffractometer (Bruker, 205 

Germany) with Cu-Kα radiation. The morphology and composition of the samples at the 206 

nanoscale level were examined using a Verios G4 field emission scanning electron microscope 207 

(FEI), and further characterized with a Talos F200X transmission electron microscope (TEM). 208 

Solid UV absorption spectra of the samples were recorded using a U-3900H spectrophotometer 209 

(HITACHI), while fluorescence spectra were obtained using an F-7100 fluorometer 210 

(HITACHI). Electrochemical impedance spectroscopy (EIS) was conducted on a CHI700E 211 

electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd.), utilizing a three-212 

electrode system with DMF as the solvent. The photocatalytic experiments were performed 213 

using a DS-GHX-V photochemical reactor (Shanghai Dusi Instrument Co., Ltd.), with each 214 

step employing a 600 W xenon lamp for visible light illumination. The material's surface 215 

chemical characteristics were obtained using Al Kα radiation and X-ray photoelectron 216 

spectroscopy (XPS, AXIS Ultra DLD).  217 

3. Results and discussion 218 

3.1 Characterization 219 

To study the crystalline phase and chemical bonding properties of the pristine components 220 

and SrTiO3/g-C3N4/Zn-TFBDC composites, the samples were subjected to X-ray diffraction 221 

(XRD) and Fourier-transform infrared (FTIR) spectroscopy, shown in Fig. 2 (a, b), respectively. 222 

Fig. S4a shows the complete XRD pattern of the as-prepared SrTiO3 nanofibers and compares 223 

it with the standard diffraction pattern (PDF#84-0444). The unique diffraction reflections of 224 

the SrTiO3 nanofibers indicate the formation of crystalline SrTiO3 at 22.8°, 32.4°, 39.9°, 46.5°, 225 

and 57.8° (Fig. 2a). The diffraction pattern (PDF#84-0444) matches the pattern typically 226 
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observed for SrTiO3 [29]. The reflection of the pristine g-C3N4 is broad and intense at 27-28°, 227 

reflecting a (002) plane that originates from the interlayer stacking of conjugated carbon-nitride 228 

layers, while the reflection at 13° reflects an in-plane structural ordering and is a weaker feature. 229 

[29,30] On the other hand, the reflections of Zn-TFBDC can be found in more than one way, 230 

which means that the Zn-based coordination framework has a crystalline structure [31]. 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

Figure 2. (a) XRD patterns, (b) FTIR patterns of g-C3N4/SrTiO3/Zn-TFBDC Ternary 246 

Composite 247 

The binary SrTiO3/g-C3N4 composite was then formed, and the peaks of SrTiO3 are easily 248 

recognized, whereas the peak of g-C3N4 is kept in the region of its characteristic (002) reflection. 249 

Studies on heterostructured photocatalysts have demonstrated that the unique diffraction 250 

properties can be preserved upon coupling SrTiO3 with g-C3N4 [29]. The bulk structure of the 251 

SrTiO3 phase does not change significantly upon the addition of g-C3N4 and Zn-TFBDC, as 252 

the main SrTiO3 peaks remain at the same 2θ values throughout the ternary series. Changes in 253 

relative peak intensities and reduced diffraction features as the Zn-TFBDC loading increases 254 

are primarily attributed to changes in the relative proportion of the phases and to overlap of 255 

diffraction features. The XRD results show that when the two materials, g-C3N4 and Zn-256 

a b 
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TFBDC, are mixed with SrTiO3, they form a ternary composite without destroying the SrTiO3 257 

crystal structure. 258 

Further insight into the chemical bonding environments of the pristine components and 259 

composite photocatalysts was obtained using FTIR spectroscopy (Fig. 2b), with the 260 

characteristic vibration regions annotated in the spectrum (Fig. S6). The nanofibers of SrTiO3 261 

have a wide absorption band in the 3300-3000 cm-1 region, which is believed to be due to -OH 262 

stretching vibrations from the surface hydroxyl groups and/or physically adsorbed water. 263 

Furthermore, the low wave number absorption below about 600 cm-1 is related to the 264 

characteristic lattice vibrations of the SrTiO3 framework, primarily Ti-O and Sr-O bonds [29]. 265 

A well-defined feature is observed around 1500-1400 cm-1, which is tentatively assigned to 266 

surface carbonate species, which may be due to the adsorption of CO2 from the atmosphere or 267 

surface carbonate-containing species on Sr-based oxide surfaces. This assignment is not an 268 

intrinsic SrTiO3 lattice vibration and is therefore shown as a potential surface carbonate 269 

assignment in Fig. S6. 270 

The pristine g-C3N4 spectrum features the typical vibrational modes of polymeric graphitic 271 

carbon nitride. The bands of absorption, which are distributed over the whole range of 1650-272 

1200 cm-1, are primarily attributed to the stretching vibrations of C-N and C-N bonds in the 273 

conjugated heptazine structure. Moreover, the strong band at 800-810 cm-1 is attributed to the 274 

breathing mode vibration of tri-s-triazine/heptazine units, and the broad band in the region of 275 

3300-3000 cm-1 is attributed to N-H groups in the terminal position and adsorbed hydroxyl-276 

containing species [30]. These are typical features that indicate that the polymeric carbon-277 

nitride framework is well preserved. 278 

In the case of Zn-TFBDC, several bands are observed in the fingerprint region and relate 279 

to vibrations of the coordinated tetrafluoro terephthalate linker. The absorption bands in the 280 

range of approximately 1200-1000 cm-1 are attributed primarily to the vibrations of C-F and 281 

other vibrations associated with the linker of the fluorinated aromatic framework, while those 282 

in the range of approximately 1600-1400 cm-1 are attributed to the vibrations associated with 283 

asymmetric and symmetric stretching of the coordinated carboxylate groups [31,32]. These 284 

characteristic carboxylate- and fluorinated-linker vibrations help to support the formation of 285 

the Zn-TFBDC coordination structure. 286 



10 
 

The binary and ternary composites have the main FTIR characteristics of both the 287 

individual components. After coupling SrTiO3 with g-C3N4, the main FTIR characteristics of 288 

both individual components were retained, and by adding different amounts of Zn-TFBDC, the 289 

main FTIR characteristics of the composite remain preserved. The region in the mid-infrared 290 

spectrum between 3300-3000 cm-1 (O-H/N-H), 1650-1200 cm-1 (C-N/C=N) and the 291 

carboxylate-related region at 1200-800 cm-1 (linker/heptazine fingerprint) are still visible 292 

throughout the composite series, as is the low-wavenumber region of the SrTiO3 lattice 293 

contribution. The optimized SrTiO3/g-C3N4/20% Zn-TFBDC composite has its characteristic 294 

regions clearly identified in Fig. S6. The relative amounts of the three components and perhaps 295 

changes in their local chemical environments can be inferred from changes in band intensity 296 

and band broadening as the amount of Zn-TFBDC loading increases.  297 

In combination, the FTIR data confirm successful incorporation and coexistence of SrTiO3, 298 

g-C3N4, and Zn-TFBDC in the ternary composites and confirm that the main vibrational 299 

features of the components are preserved upon composite preparation. The findings of these 300 

observations are additional evidence for successful assembly of the multicomponent 301 

photocatalytic system and are complementary to the XRD results. 302 

Fig. 3 shows SEM and TEM images of the pristine components, binary composite, and 303 

optimized ternary photocatalyst. SEM and TEM images of the pristine components, binary 304 

composite, and optimized ternary photocatalyst are depicted in Fig. 3. Pristine SrTiO3 is one-305 

dimensional, presenting elongated nanofiber or nanorod-like structures (Fig. 3a, b). The shape 306 

of g-C3N4 is wrinkled and uneven (Fig. 3c, d), which shows the layered structure of polymeric 307 

carbon nitride. The elongated SrTiO3 structures are well connected with the g-C3N4 sheets in 308 

the binary SrTiO3/g-C3N4 composite (Fig. 3e, f), indicating excellent physical integrity 309 

between the two phases. The intimate contact between morphologically distinct semiconductor 310 

domains facilitates the previously reported SrTiO3/g-C3N4 heterostructures, which leverage 311 

this contact to enhance carrier transport efficiency at the interface [33, 34]. Pristine Zn-TFBDC 312 

has an aggregated nanostructured morphology (Figs. 3g, h). The optimized SrTiO3/g-C3N4/20% 313 

Zn-TFBDC composite is a heterogeneous structure that comprises elongated SrTiO3 structures 314 

and sheet-like carbon-nitride domains, along with smaller features related to Zn-TFBDC (Fig. 315 

3i, j). TEM also shows that there is close spatial association between these structurally distinct 316 

components. Ternary photocatalysts that contain SrTiO3 and g-C3N4 with similar 317 
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multicomponent interfacial designs have been reported for the hydrogen evolution reaction 318 

[35].  319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

Figure 3. Morphological characterization of the pristine components and composites, (a) SEM, 328 

(b) TEM images of SrTiO3 nanofibers, (c) SEM, d) TEM images of g-C3N4, (e) SEM, (f) TEM 329 

images of g-C3N4/SrTiO3, (g) SEM, (h) TEM images of Zn-TFBDC, (i) SEM, (j) TEM images 330 

of g-C3N4/SrTiO3/ 20 Zn-TFBDC Ternary Composite. 331 

However, we use the SEM/TEM data only to illustrate morphology and interfacial contact, 332 

and we assess the efficacy of light-induced charge separation independently by PL and EIS. To 333 

further investigate the elemental composition of the constituent materials, we performed EDS 334 

analysis and elemental mapping (Supporting Information, Figure Number????). The predicted 335 

Sr, Ti, and O signals are apparent in SrTiO3, and the characteristic C and N distributions are 336 

apparent in the g-C3N4. The detected elements Zn, F, C, and O represent the fluorinated Zn-337 

tetrafluoro terephthalate coordination framework for virgin Zn-TFBDC. The recent study of 338 

Zn-TFBDC showed the elemental and spectroscopic fingerprints of Zn, F, C, and O [36]. The 339 

newly added Zn EDS images of the SrTiO3/g-C3N4/x Zn-TFBDC ternary series illustrate the 340 

incorporation of Zn into the SrTiO3/g-C3N4 at different loadings of Zn-TFBDC. The signal of 341 

Zn is observed for the optimised composite (20%), in particular, in concert with the SEM/TEM 342 

data, and is consistent with the XPS-detected signals of Zn 2p and F 1s. The SEM, TEM, and 343 

EDS analyses verify the successful assemblage of the ternary SrTiO3/g-C3N4/Zn-TFBDC 344 

structure and the proximity of the different phases. The resulting interfaces become the 345 

1um 1um

4um 1um 2um 1um

100 nm500 nm
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structural basis for the subsequent study of the carrier migration and recombination behavior. 346 

The resulting interfaces serve as the structural basis for the subsequent study of carrier 347 

migration and recombination behavior. 348 

3.2 Photocatalytic activity 349 

The optimized SrTiO3/g-C3N4/20% Zn-TFBDC composite was characterized by the XPS 350 

method to determine the surface elemental composition and chemical states of the composite 351 

(Fig. 4). The survey spectrum (Fig. 4a) presents the general features of Sr, Ti, C, N, O, F and 352 

Zn, which indicates the presence of the three constituents in the ternary composite. The 353 

SrTiO3/g-C3N4-based heterostructures have been reported to have a similar chemical 354 

environment with Sr, Ti, C, N and O [29,25]. Zn-TFBDC has been observed to display unique 355 

Zn, F, C and O, XPS signals [31]. The high-resolution C 1s spectrum (Fig. 4b) contains a higher 356 

binding energy component that originates from C-N environments (N-C=N bond in g-C3N4 357 

and O-C=O in the TFBDC linker) along with a significant contribution from C-C/C=C species. 358 

In recent photocatalysts that contain g-C3N4 [29,25] with a similar N environment can be 359 

identified. The N 1s spectrum (Fig. 4c) is mostly linked to nitrogen atoms in the conjugated C-360 

N framework of g-C3N4. The O 1s envelope (Fig. 4d) is the signature of the presence of several 361 

oxygen habitats associated with the surface oxygen-containing species, as well as the presence 362 

of the lattice oxygen in SrTiO3. The spectrum of Fig. 4f corresponds to the Ti 2p level and is 363 

consistent with the presence of Ti⁺ in the SrTiO3 lattice [29,25], while the spectrum of Fig. 4e 364 

is the characteristic spin-orbit doublet of Sr2+. The F 1s signal (Fig. 4g) is attributed to the 365 

fluorinated tetrafluoro terephthalate linker, while the Zn 2p signal (Fig. 4h) displays the Zn 366 

2p3/2 and Zn 2p1/2 characteristics that are typical of the presence of Zn2+ species. These 367 

designations are consistent with those found in the earlier XPS characterization of Zn-TFBDC, 368 

which determines the elemental composition and chemical environment of the fluorinated Zn 369 

coordination framework using the Zn 2p, F 1s, and C 1s spectra [31]. 370 

 371 

 372 

 373 

 374 

 375 
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 390 

 391 

 392 

Figure 4. XPS characterization of the optimized SrTiO3/g-C3N4/20% Zn-TFBDC ternary 393 

composite: (a) survey spectrum and high-resolution spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) 394 

Sr 3d, (f) Ti 2p, (g) F 1s, and (h) Zn 2p. 395 
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The optical absorption properties of the pure and composite photocatalysts were assessed 396 

using UV-Vis spectroscopy, as depicted in Fig. 5a. The optical absorbance of pristine SrTiO₃ 397 

is very strong in the ultraviolet region and drops considerably at longer wavelengths, 398 

suggesting a rather wide band gap. On the contrary, g-C3N4, Zn-TFBDC and SrTiO3/g-399 

C3N4/Zn-TFBDC composites have a wider absorption in the visible-light spectrum. The ternary 400 

system can make use of a wider range of incident light spectra due to changes in the optical 401 

response of SrTiO3 induced by the addition of g-C3N4 and Zn-TFBDC. Light-harvesting 402 

enhancement of SrTiO3/g-C3N4 based photocatalytic device can be obtained due to interfacial 403 

coupling [33,37]. The related absorbance-derived Tauc maps are shown in Figure S13. Optical 404 

band gap energies of the chosen absorption edge areas of the SrTiO3 nanofibers, g-C3N4, Zn-405 

TFBDC and optimised SrTiO3/g-C3N4/20% Zn-TFBDC composite are approximately 3.06 eV, 406 

2.81 eV, 3.01 eV, and 2.96 eV, respectively. The apparent band-gap value of the optimised 407 

ternary composite is smaller than that of pure SrTiO3, suggesting that the former changes in its 408 

optical response as a consequence of the multicomponent coupling. These values are hence 409 

more meaningful as apparent optical band gaps derived from absorbance spectra analysis (Tauc) 410 

than Kubelka-Munk derived band gaps since the present spectra were measured in absorbance 411 

mode. Furthermore, the behaviour of the recombination of photogenerated charge carriers was 412 

studied via steady state photoluminescence spectroscopy (Fig. 5b). Pristine SrTiO3 has a 413 

reasonably high PL, however, the emission intensity of binary or ternary composites is strongly 414 

affected. The PL emission of the SrTiO3/g-C3N4/20% Zn-TFBDC composite is much lower 415 

than that of SrTiO3 and other composites, suggesting that the electron-hole recombination at 416 

the multicomponent interface is less for the composite SrTiO3/g-C3N4/20% Zn-417 

TFBDC.However, recent investigations revealed that heterojunctions of SrTiO3-g-C3N4 have 418 

a reduction in PL emission and enhancement of separation of the photogenerated carriers [33, 419 

37]. The intensity of the PL of the present composite series is, however, not proportional to the 420 

photocatalytic activity in a linear manner. The PL quenching for some samples with higher 421 

loadings is comparable to or better than that of the optimised 20% Zn-TFBDC composite. 422 

Therefore, only PL quenching alone cannot be used as an indicator of the most efficient 423 

photocatalytic performance, as the decrease in steady-state PL intensity can be due to non-424 

radiative relaxation or carrier trapping. The enhanced H2-evolution capability of the 20% 425 

composite may be attributed to optimal light harvesting, charge separation, interfacial carrier 426 

transport, and the availability of reaction-active sites. The superior performance of the MOF/g-427 

C3N4-based photocatalysts is attributed to the heterointerface assembly, which promotes the 428 
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generation and separation of carriers, although numerous kinetic parameters still influence the 429 

overall activity [38]. 430 

 431 

 432 

 433 

 434 

 435 

Figure 5. (a) UV absorbance (b) PL intensity of g-C3N4, SrTiO3 nanofibers, Zn-TFBDC and 436 

their ternary composites. 437 

The electrochemical impedance spectra were used to investigate the interfacial carrier 438 

transport, and the obtained Nyquist plots are shown in Fig. 6. The impedance responses of 439 

several samples demonstrate that the interfacial electrochemical behavior is significantly 440 

changed by changing the content of the Zn-TFBDC and coupling SrTiO3 with g-C3N4. The 441 

smaller Nyquist arc is usually correlated to lower interfacial charge transfer resistance, and to 442 

more favorable carrier migration under equal measurement conditions. A few recently 443 

published SrTiO3/g-C3N4 heterojunctions demonstrated that the PL and EIS analyses can be 444 

complementary to understand the change in carrier recombination and charge-transfer behavior 445 

after the connection between two materials [37]. However, in this situation the semicircular 446 

arcs are not completely resolved in the range of the presented impedances, and the optimum 447 

composite containing 20% Zn-TFBDC does not clearly demonstrate the smallest apparent arc 448 

across the entire range of measurement. Therefore, the EIS data have been used mainly to point 449 

out the effect of ternary design on the interfacial carrier-transport properties and is not used to 450 

give a clear-cut lowest charge-transfer resistance (CTR) without fitting the equivalent circuit. 451 

Impedance parameters can then be fitted to quantify the Rct. The separation and transport 452 

behaviour of the photogenerated charge carriers is also drastically affected when combined 453 

with the PL results, with the EIS measurements confirming the above conclusion. The VB-454 

XPS of the individual components was also investigated, as shown in Fig. S14, to determine 455 

the valence-band electronic structures of the different components. The linear extrapolation of 456 

a b 
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the leading edges of these plots to the baseline resulted in approximate band gaps of 2.20 eV 457 

for SrTiO3 nanofibers, 2.36 eV for g-C3N4 and 3.13 eV for Zn-TFBDC. Recently, SrTiO3/g-458 

C3N4 heterojunctions were investigated using VB-XPS, optical band-gap analysis, PL 459 

spectroscopy and electrochemical characterization to determine the electrical structure and 460 

carrier behaviour of the heterojunctions [37]. In conjunction with VB-XPS data (shown in Fig. 461 

S13), the apparent optical band-gap values give additional insights into the relative electronic 462 

structure of the constituent materials. It should be noted that the VB-XPS onset energies are 463 

with respect to the Fermi level of the XPS measurement and therefore should not be taken as 464 

electrochemical valence band potentials (VVB) vs NHE or RHE directly without a suitable 465 

energy-reference conversion. Therefore, the VB-XPS data have been primarily employed here 466 

to assign the relative position of the valence bands, and to aid in the explanation of the proposed 467 

charge transfer mechanism at the interface. 468 

 469 

 470 

 471 

 472 

 473 

 474 

Figure 6. Comparison of g-C3N4, SrTiO3 nanofibers, Zn-TFBDC and their ternary composites. 475 

Based on the results of the UV-Vis, PL, EIS, Tauc, and VB-XPS, it can be seen that the 476 

optical response and the photogenerated carrier dynamics of the system were influenced by the 477 

SrTiO3/g-C3N4/Zn-TFBDC ternary interface. The optimized 20% Zn-TFBDC composite has 478 

superior photocatalytic performance for H2 evolution by breaking the balance of the competing 479 

processes, which is attributed to a combination of three effects: (1) higher visible-light 480 

utilization, (2) lower radiative recombination, and (3) changed interfacial transport behavior. 481 

From this, the following possible interfacial charge transfer is proposed. 482 
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The photocatalytic H2 evolution activity of pristine components, binary heterostructure and 483 

ternary SrTiO3/g-C3N4/x Zn-TFBDC composites were examined under visible light irradiation 484 

(Fig. 7a-c). For all the photocatalysts that were studied, the amount of developed H2 increased 485 

with increasing irradiation time (Fig. 7a). But there were considerable differences in activity, 486 

depending on composition. Moderate activities of H2 evolution have been seen for SrTiO3, g-487 

C3N4 and Zn-TFBDC. The photocatalytic response was significantly enhanced, however, by a 488 

combination of SrTiO3 and g-C3N4 and the introduction of Zn-TFBDC. 489 

The SrTiO3/g-C3N4/20% Zn-TFBDC composite showed the best photocatalytic activity 490 

with an H2 evolution rate of 642.78 μmol g-1 h-1 (Fig. 7b). The value is around 2.03 times the 491 

value of pristine SrTiO3, as illustrated in the figure. The improvement in the ternary composite 492 

is reasonably believed to be due to the synergistic contribution of increased light utilization, 493 

intimate multi-component interfacial contact, and modified photogenerated-carrier separation 494 

and transport as revealed by the above-mentioned characterization techniques. In order to 495 

optimize the H2 evolution efficiency, the extension of heterointerfaces in ternary photocatalysts 496 

with SrTiO3 and g-C3N4 is necessary to achieve a high utilization of carriers and an efficient 497 

charge transfer at the interface [35, 39]. 498 

An increase in the Zn-TFBDC content beyond the optimum did not further increase the 499 

photocatalytic reactions, whereas the 30% and 40% composites decreased the H₂ evolution 500 

reactions when compared with the 20% composite. This is because such behavior indicates that 501 

the photocatalytic activity is not directly affected by the more MOF component. Too much Zn-502 

TFBDC may be able to partially cover photoactive surface, affect light penetration, decrease 503 

the accessibility of catalytically active sites or create new trapping/recombination pathways. In 504 

MOF/g-C3N4 heterojunctions, the optimal composition of the interface is a tradeoff between 505 

light harvesting, access to the active site, and carrier separation [40,41]. Independent tests were 506 

used to determine the reliability of photocatalytic measures (Fig. 7c). The activity trend 507 

observed, and especially the higher activity of the 20% Zn-TFBDC composite, is reproducible 508 

in that it is possible to observe relatively small dispersion among the repeated measurements. 509 

Combined, our observations demonstrate that achieving optimal loading of Zn-TFBDC leads 510 

to a more desirable multicomponent design instead of maximizing a given property, such as 511 

PL quenching or the impedance response. The schematic photocatalytic process in figure 7d is 512 

based on the structural, optical and electrical characterizations. When visible light is applied to 513 

light-sensitive components, a pair of charge carriers is formed inside the components. The 514 

intimate interfaces between SrTiO3, g-C3N4 and Zn-TFBDC facilitate the movement of carriers 515 
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at the interface. In proton reduction, photogenerated electrons help to generate H2, and the 516 

photogenerated holes are lost through oxidation of the sacrificial isopropanol donor. This 517 

schematic is only meant to illustrate the proposed interfacial carrier-transfer mechanism and 518 

does not represent an absolute electrochemical band diagram because the VB-XPS onset 519 

potentials are not separately referenced to NHE/RHE. 520 

 521 

Figure 7. (a) Photocatalytic activity and (b) the rate of hydrogen (H2) evolution. (c) the average 522 

rate of hydrogen (H2) evolution from the g-C3N4, SrTiO3 nanofibers, Zn-TFBDC and their 523 

ternary composites. (d) Charge transport in the as-prepared g-C3N4, SrTiO3 nanofibers, Zn-524 

TFBDC ternary composite. Error bars in (c) represent mean ± SD (n=3) calculated in GraphPad 525 

Prism 10.4.0 (621) software. 526 

The optimized photocatalytic system of SrTiO3/g-C3N4/20%Zn-TFBDC was tested and 527 

compared with other photocatalytic systems reported in the literature (Table 1). The H2 528 

evolution rate of 642.78 μmol g-1 h-1 is comparable to Ag(3)@SrTiO3/g-C3N4 (645.62 μmol g⁻¹ 529 

h⁻¹) [24] and slightly higher than the recently reported SrTiO3/g-C3N4/ZnO ternary system 530 

(603.94 μmol g-1 h-1) [35]. Systems containing Pt or structurally designed systems such as 5% 531 

SrTiO3/g-C3N4, TFBDC-modified g-C3N4/Pt, and crystalline g-C3N4 have been found to have 532 

higher activity [42-44]. For the first time, the SrTiO3/g-C3N4/20% Zn-TFBDC photocatalyst 533 
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efficiently generates hydrogen without a noble metal cocatalyst under visible light. Absolute 534 

rates of H2 evolution should be interpreted with caution because of variations in catalyst 535 

loading, sacrificial reagent, intensity of the light, concentration of cocatalyst and reactor 536 

configuration among the investigations. 537 

Table 1. Comparison of the visible-light-driven photocatalytic H2 evolution performance of 538 

the optimised SrTiO3/g-C3N4/20% Zn-TFBDC composite with related reported photocatalysts. 539 

Photocatalyst 
Visible-light condition / 

sacrificial system 

H2 evolution rate 

μmol g-1 h-1 
Year Ref. 

g-C3N4 
Visible light; 10 vol% TEOA; 3 

wt% Pt 
328.4 2019 [42] 

5% SrTiO3/g-C3N4 
Visible light; 10 vol% TEOA; 3 

wt% Pt 
966.8 2019 [42] 

Ag(3)@SrTiO3/g-C3N4 Visible-light irradiation 645.62 2022 [24] 

TFBDC-50/g-C3N4/Pt 420 nm; 10 vol% TEOA; Pt 764 2023 [43] 

Crystalline g-C3N4 

(HPCN) 
Visible-light irradiation 1846 2024 [44] 

SrTiO3/g-C3N4/ZnO 

(35%-STCZ) 
Visible-light irradiation 603.94 2025 [35] 

SrTiO3/g-C3N4/20% Zn-

TFBDC 

Visible light; aqueous 

isopropanol; noble-metal-free 
642.78 

This 

work 
 

 540 

4. Conclusion 541 

The solvent-assisted self-assembly method was successfully applied to prepare a ternary 542 

SrTiO3/g-C3N4/Zn-TFBDC photocatalyst to perform visible-light-driven H2 evolution. The 543 

structural and vibrational characteristics of SrTiO3, g-C3N4, and Zn-TFBDC samples were 544 

found to largely remain unchanged after composite production, with no significant structural 545 

shift. XRD and FTIR investigations revealed that the characteristics of the produced 546 

composites, namely SrTiO3, g-C3N4, and Zn-TFBDC, were mostly intact after the composite 547 

production process, without significant changes in structure. Intimate contact was revealed 548 

between the one-dimensional SrTiO3 nanofibers, layered g-C3N4 and Zn-TFBDC domains 549 
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by SEM and TEM images. Successful incorporation of the components in the ternary 550 

architecture was confirmed with EDS and XPS investigations. 551 

The optical and electrical characterization showed that the system was significantly 552 

affected by the ternary coupling. Compared with different reference samples, the optimized 553 

SrTiO3/g-C3N4/20% Zn-TFBDC composite exhibited a lower PL emission, which 554 

demonstrated a lower radiative recombination of photogenerated carriers, and an optical band 555 

gap of around 2.96 eV. The composition-dependent changes in the charge-transport behavior 556 

at the interfaces were found using the EIS measurements, while information regarding the 557 

electronic structures of the individual components was obtained from the VB-XPS analysis. 558 

In general, the improvement of photocatalytic activity can be attributed to high utilization of 559 

the visible light, intimate interfaces of the multicomponent system, and enhanced charge-560 

carrier separation and migration. 561 

The composite 20% Zn-TFBDC showed the maximum value of H2 evolution rate (642.78 562 

μmol g-1 h-1) with aqueous isopropanol as a sacrificial electron donor under visible-light 563 

irradiation. This activity is 2.03 times higher than that of pure SrTiO3 and is comparable with 564 

the recently reported photocatalysts of SrTiO3/g-C3N4- and SrTiO3/MOF-based visible-light-565 

responsive photocatalysts. This reduction in activity at higher Zn-TFBDC loadings indicates 566 

that enhancing MOF content is not always the best approach to increasing photocatalytic 567 

effectiveness and that there is an optimal amount of MOF that maximizes the ability to absorb, 568 

contact, transport and present reactive surface sites for catalysis. 569 

Furthermore, the optimized composite maintained its main diffraction features and 570 

characteristic vibrational bands after the reaction, showing excellent structural stability at 571 

Fig.S15 under the reaction conditions mentioned above. Incorporating SrTiO3 and g-C3N4 572 

into a MOF whose metal is based on Zn is an effective noble-metal-free method to achieve 573 

highly stable photocatalytic multicomponent materials that have competitive H2 evolution 574 

rates under visible light. 575 
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