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A B S T R A C T   

Currently, novel technologies are highly prerequisite as an outstanding approach in the field of photocatalytic 
water splitting (PWS). Previous research has shown that copolymerization technology could improve the pho
tocatalytic performance of pristine carbon nitride (CN) more efficiently. As this technology further allows the 
charge carrier recombination constraints, due to novel monomer-incorporated highly abundant surface-active 
sites of metals in polymeric carbon nitride-based heterojunction. However, in present study, a novel previ
ously unexplored thiophenedicarboxaldehyde (TAL) conjugated, strontium-titanium (SrTiO3) induced and CN 
based heterojunction, i.e., SrTiO3/CN-TAL10.0, was prepared for solar-driven hydrogen evolution reaction (HER). 
This heterojunction effectively enables the proficient isolation of photoinduced charge carriers and enhanced the 
charge transport over the surface junction, by enhancing the optical absorption range and average lifetime of 
photogenerated charges. The incorporation of TAL within the structure of CN via copolymerization highly in
creases the photocatalytic activity, as well as maintaining its photostability performance. The SrTiO3 concen
tration and the proportion of TAL among CN can be precisely controlled to provide the optimal photocatalytic 
efficiency with a maximum HER of 285.9 µmol/h under visible light (λ = 420 nm). Based on these results, our 
optical analysis shows that coupling of SrTiO3 and TAL monomer in the structure of CN considerably reduce the 
band gap of superior sample from (3.42 to 2.66 eV), thereby, signifying the outstanding photocatalytic perfor
mance of SrTiO3/CN-TAL10.0. Thus, this study provide a new guideline in order to develop the multidimensional 
photocatalysts with proper functioning for sustainable energy conversion and production.   

1. Introduction 

The rapid depletion of fossil fuel and environmental pollution orig
inated from different industrial and anthropogenic activities have 
become a serious problem in future energy supply and global climate 
change [1-4]. These things are actually motivating the researchers to 
develop new sustainable energy generation technology [5,6]. The most 
prevalent reduction technologies or processes, such as carbon reduction 
reaction [7,8], water splitting reaction [9,10], nitrogen reduction re
action [11,12], and, oxygen reduction reaction [13,14], might success
fully address such growing energy problems, while also reducing the 
environmental pollution [15-18]. Photocatalytic water splitting partic
ularly in the form of hydrogen (H2) energy is regarded as a promising 
pathway in order to solve the existing energy shortage issue. However, 
photocatalytic technology could simulate the natural process of photo
synthesis in order to convert the solar energy into direct chemical en
ergy, by offering a reliable solution for sustainable energy generation as 
well as environmental detoxification processes [19-23]. However, the 
primary considerations to address the use of this technology at feasible 
level are the visible light driven better efficiency, affordability of pho
tocatalysts, and its stability [24-28]. However, there are numerous 
factors, which may affect the photocatalytic water splitting more 
effectively such as the production of exciton upon light absorptions 
[29,30], redox potential, quick parting of charges, and their migration to 
approach suitable CB and VB edge positions [31,32]. More importantly, 
high-quantum-value semiconductors are more advantageous for solar 
energy, because they absorb visible light effectively, resulting in 
photoinduced electrons and hole pairs [25,33]. Therefore, considerable 
research work were carried out with the aim of improving energy con
version performance of semiconductor-based photocatalysts including 
NaMO3 (M = Nb and Ta) [34], PbMoO4 [35], ZnO/ZnS or Cds [36,37], 
TiO2 [38,39], SrTiO3 [40], g-C3N4 [10,41-44], and photocatalysts doped 
with metal cations [45,46]. 

Recently, metal-free two-dimensional (2D) graphitic carbon nitride 
(CN) have received much interest in different research fields, due to 
outstanding chemical stability, high surface area, high redox ability, and 
appropriate band gap (Eg = 2.7 eV), conduction band (CB) of 0.8 V and 
valence band (VB) of 1.9 V vs. RHE [10,47,48]. However, the low effi
ciency of bulk CN renders it inappropriateness for photocatalytic 
application. It is mainly due to large band gap, which showed its poor 
visible-light harvesting capacity rapid charge recombination, minimal 
quantum yield, low crystallinity, and low surface area [49]. The 
development of highly promising photocatalytic system highly needed 
the efficient use of a wide range of hosts surface modification 

techniques, each of which has a significant impact on either the 
adsorption/activation ability of reaction molecules or the effectiveness 
of charge carrier movement. Moreover, the organic ligand integration 
via molecular engineering within the CN framework has emerged as an 
intriguing strategy for reducing the recombination of charges with fast 
separation and their subsequent movement, thereby, enhancing its 
photocatalytic activity under visible light [24,50-52]. However, a wide 
range of monomer induced visible light driven CN (380–750 nm) with 
remarkable photocatalytic water splitting (PWS) activities has already 
been proposed [53,54]. In this aspect, a large number of studies have 
been done to synthesize monomer induced (donor-acceptor) CN, those 
have much higher PWS catalytic activity than simple CN. Despite 
growing interests regarding the extensive use of organic ligands for 
PWS, the little improvements further need highly efficient organic 
monomers for wonderful results. As a result, combining organic ligand- 
induced carbon-based CN with transition metal strontium-titanium 
(SrTiO3) (e.g., SrTiO3/CN-TAL10.0) might effectively overcome the 
inherent shortcomings associated with these materials. As, it has been 
shown that pristine CN, TiO2, and SrTiO3 in the form of a single semi
conductor cannot experience the usual PWS. However, the use of SrTiO3 
has recently received a much attention in photocatalysis, due to its 
interesting structural, chemical, and physical properties [55,56]. In 
addition, SrTiO3 has the delocalized characteristics of photoexcited 
electrons and suitable band edge position, which play an important role 
to enhance its efficacy towards photocatalytic applications. However, 
the SrTiO3 is only capable of absorbing the UV light specifically owing to 
intrinsic large bandgap energy (Eg = 3.2 eV) [57]. To alter the electronic 
bandgap of SrTiO3 to confirm its efficient working capacity under visible 
light, a lot of metals and non-metals doping methods have been used 
[58,59]. However, it is noteworthy that metal doping technique could 
easily produce phase impurity, which could further act as a main centre 
of electron hole pairs recombination. Hence, non-metal doping strategy 
in order to properly tune the crystal structure of SrTiO3 by making it 
more efficient under visible light irradiation has become an attractive 
alternative approach [60]. In this context, many strategies have been 
continuously followed for the designing and proper tuning of SrTiO3 as a 
valuable photocatalyst under visible light. The direct heterojunction 
strategy via combining two semiconductors has been viewed as an 
effective approach by increasing the charge carrier’s separation effi
ciency and consequently increased the photocatalytic performance of 
photocatalyst [61,62]. However, type-II heterojunction with staggered 
bandgap has been proved as an effective way owing to a promising 
characteristic of forming an efficient interface junction. Moreover, that 
is the most prevailing energy gradient over the interfaces to spatially 
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separate the charge carriers over the different edges/locations of het
erojunction, wherein the electrons could be localized at one side and the 
holes towards other side [63]. These spatially confined electrons along 
with holes in type-II heterojunction could effectively make them highly 
appropriate materials for an efficient photocatalytic process. Conse
quently, the organic ligand induced SrTiO3/CN-TALx as a typical type-II 
heterojunction could effectively overcome these problems by enhancing 
the PWS [64]. 

In this work we initially prepared the mixing of aromatic π-conju
gated monomer, with thiophenedicarboxaldehyde (TAL), in CN frame
work via a molecular engineering (CN-TALx). This modulation 
demonstrated a nucleophilic substitution reaction and provided an 
effective intramolecular TAL system for an efficient PWS. During this 
process, the TAL monomer with a triazine structure functioned as an 
electron donor-acceptor, resulting in a type of D-π-A photocatalyst for a 
high photocatalytic performance of water reduction (H2) process. 
Similarly, to further increase the electron isolations and improve the 
photocatalytic H2 evolution activity, we constructed a multi-junction 
photocatalyst of SrTiO3 embedded within pristine CN and copoly
merized CN (CN-TALx). The as-synthesized heterojunction (SrTiO3/CN- 
TAL10.0) demonstrated substantial visible light selectivity, as well as 
extremely effective charge transport isolation and transition, which was 
extremely beneficial for its elevated behavior in H2 generation. Impor
tantly, the high stability of the SrTiO3/CN-TAL10.0 heterojunction for H2 
generation, along with the physicochemical, optical, electronic proper
ties and the photocatalytic mechanism of SrTiO3/CN-TAL10.0 has been 
presented for the first time in detail. 

2. Material and methods 

2.1. Materials 

All chemicals are of high grade and were being used without further 
purification. Hydrated Strontium nitrate (SrNO3)2, 99%, Sigma Aldrich, 
purity: 98%), urea (Sigma Aldrich, purity: 98 percent), Et–OH (C2H5OH, 
99%), TiO2 ((P25), Sigma Aldrich), Sulfuric acid mixture (H2SO4, Sigma 
Aldrich), thiophenedicarboxaldehyde (TAL), (Sigma Aldrich, purity: 
99.9%), chloroplatinic acid (H2PtCl6⋅6H2O, Pt 37.5%), metallic silver 
(Ag), glycerol, triethanolamine (>78%), lactic acid, acetic acid, meth
anol, lanthanum oxide La2O3, silver nitrate (AgNO3) and iron nitrate 
(FeNO3) were purchased from Adams Chemicals Co. Ltd. (China). 

2.2. Material synthesis 

2.2.1. Synthesis of CN photocatalyst 
The CN was prepared by selecting urea as a major precursor. For that 

(10 g) urea was dispersed in 60 mL water. Thereafter, solution was 
continuously stirred at 90 ◦C, to completely evaporate the water. Af
terward, as-obtained product was shifted into crucible, for calcination at 
550 ◦C with increasing temperature ramp rate of 2.3 ◦C min− 1 for 2 h. 
The final pale-yellow powder was completely crushed into fine powder, 
and then clearly washed with deionized water and ethanol, then kept 
into oven for drying at 80 ◦C. The final product was named as CN. 

2.2.2. Synthesis of copolymerized CN-TALx photocatalyst 
The copolymerized CN-TALx was synthesized by the same process as 

mentioned above for CN synthesis. In a given procedure, different con
centrations of TAL monomer (i.e., 5.0, 10.0 and 20.0 mg) were mixed 
with 10 g of urea through the molecular engineering (copolymerization 
process). The parental solution was treated under oil bath system by 
mechanical stirring at 90 ◦C, to completely evaporate the water. The 
resultant final products were named CN-TAL5.0, CN-TAL10.0, and CN- 
TAL20.0, correspondingly. After trial experiment, the 10.0 mg of TAL was 
chosen as the ideal quantity to be incorporated inside the skeleton of CN 
to provide the highest photocatalytic performance. Therefore, we kept 
the amount of TAL as constant with fixed amount of 10 mg within CN 

photocatalyst such as CN-TAL10.0 for further process. 

2.2.3. Synthesis of SrTiO3 photocatalyst 
The SrTiO3 was prepared via one-pot hydrothermal pathway by a 

slightly modified procedure [65]. Specific amount of TiO2 (P25) was 
mixed with an (SrNO3)2 in 50 mL of deionized water and left for stirring 
for 1 h to get a homogeneous suspension (adsorption–desorption). 
Moreover, 3 mL NaOH solution was added to the solution, and the pH of 
solution was adjusted at 13.0. The solution was then transferred into a 
100 mL stainless steel lined sealed autoclave and heated at 200 ◦C for 4 
h. After hydrothermal process, the mixture was separated from the re
action solution by centrifugation and washed repeatedly with HCl and 
DI water. Finally, the resultant material was dried in a vacuum oven at 
80 ◦C and the final product was named as SrTiO3. 

2.2.4. Synthesis of SrTiO3/CN-TAL10.0 heterojunction 
The SrTiO3/CN-TAL10.0, was synthesized by using (pristine SrTiO3 

and copolymerized CN-TAL10.0). The specific quantity of each catalyst 
was dissolved in a 50 mL of deionized water and reaction was left for 
stirring for 2 h to completely mix the both catalysts. Then solution was 
centrifuged and 3 times washed with water and ethanol. Lastly, sample 
was placed in oven for drying at 70 ◦C. By adopting the same procedure 
discussed for SrTiO3/CN-TAL10.0 material, the SrTiO3/CN, photocatalyst 
was prepared by simply mixing the pristine SrTiO3 and pristine CN. 

2.2.5. Density functional theory (DFT) calculations 
In present work, spin-polarized density-functional-theory (DFT) 

simulations were carried out with the help of Quantum Espresso pro
gram using Gaussian 09 software [66]. The Electronic density of states 
(DOS) and the bands of SrTiO3/CN material were determined using a 
projector augmented-wave (PAW) potential and the generalized 
gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) 
functional terms. The plane-wave expansion of the electronic wave 
function was performed using a 250-eV energy cut off, and the 
convergence thresholds for force and energy were set to 0.05 eV− 1 and 
10–5 eV, respectively. For the first Brillouin region, we used the 
Monkhorst-Pack sampling method on a 1 × 3 × 1 k-point grid with the 
gamma points at the centre [67,68]. As part of the slab model devel
opment process, a vacuum zone 15 above the slab’s surface was added 
into the periodic boundary condition (PBC). Monoclinic surface of as- 
prepared materials was modelled, and a (2 × 2) supercell was con
structed to represent it. When it came to energy and force convergence, 
slab models allowed the atomic locations to become entirely relaxed 
[69]. 

2.2.6. Characterization 
The materials characterization like structural, optical, and morpho

logical properties were investigated by different analytical character
ization machines. The X-ray diffraction (XRD) spectra was measured by 
using an advanced Bruker D8 diffractometer at 40 mA with Cu alpha 
irradiation at 40 Kv. The XPS spectra was examined on Thermo ESCA
LAB250 X-ray photoelectron spectroscopy (XPS) with monochromatized 
Al Ka line source (200 W). The FTIR spectra was recorded on Bruker 70 
Vertex Infrared Spectroscopy. Similarly, the surface area characteristics 
with pore volume were investigated using Micromeritics TriStar 3000 
system. All the UV-DRS spectra were recorded on a Hitachi model UV- 
DRS-4100 UV–vis spectrophotometer using barium sulfate as refer
ences. The Photoluminescence (PL) spectra were done on an Edinburgh 
FI/FSTCSPC 920 spectrophotometer. The electron paramagnetic reso
nance (EPR) spectra were done on an instrument of Bruker model A300 
spectrometer. Furthermore, the sample morphology and particle size 
were visualized using Transmission electron microscopy (TEM) of JEOL 
model 2100 Plus and field emission scanning electron microscope (FE- 
SEM) Hitachi New Generation SU8010. The Raman experiments were 
performed on Renishaw Vi-Reflex spectroscopy. 
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2.2.7. Photocatalytic hydrogen (H2) evolution test 
The PWS for H2 evolution was performed in a Pyrex top-irradiation 

reaction vessel, having closed glass gas circulation with an evacuation 
system connected with a 300 W-Xe lamp. In each cycle, the specific 
amount of photocatalyst (50 mg) was added into 100 mL of water with 
10 vol% triethanolamine (TEOA) solution as a sacrificial agent, and Pt as 
a co-catalyst (3 wt%). Then suspension was vacuumed for 30 min and 
irradiated the reaction system using a Xenon lamp (PLS-SXE 300/ 
300UV, Beijing Perfect light Technology Co. Ltd, China) with a UV cut- 
off filter (λ > 420 nm) to eliminate UV and IR light. A circulated water 
system was connected to the main setup to keep the temperature of the 
reaction at 283 K. After the completion of the photocatalytic reaction at 
an appropriate time, the as-produced gases were analysed using gas 
chromatography (GC), which was equipped with a thermal conductive 
detector and a molecular sieve column of 5 Å for evaluation of H2 gas. 
The argon (Ar) gas was used as a carrier gas to push gases from system to 
GC. For a long durability test, the system was allowed for 5 catalytic 
cycles over 25 h and evacuated after each cycle, respectively. 

2.2.8. Electrochemical measurement 
The electrochemical experiment was performed using the BioLogic 

VSP-300 electrochemical analyse system having three conventional 
electrodes. About 1 M of potassium hydroxide (KOH) solution was used 
as the supporting electrolyte. During measurement, as-synthesized ma
terials (photocatalysts) was used as working electrode, along with Ag/ 
AgCl (as a reference electrode) and Pt wire (as a counter electrode). The 
300 W Xenon lamp was used as light source. The electrochemical 
impedance spectroscopy (EIS) measurement of CN, CN-TAL10.0 and 
SrTiO3/CN-TAL10.0 were conducted in 50 mL of 1 M KOH aqueous so
lution at − 0.4 V vs. Ag/AgCl electrode in dark. The working electrode in 
photocurrent experiment, was irradiated to minimize the thickness ef
fect of semiconductor layer and periodic on/off photocurrent response 
of CN, CN-TAL10.0 and SrTiO3/CN-TAL10.0 modified FTO, and pertur
bation signal was also 20 mV. 

3. Result and discussion 

All samples were characterized using X-ray Powder Diffraction 
(XRD) to understand the phase composition (Fig. 1a). The two main 
peaks at 13.1◦ and 27.6◦ were observed in the spectra of pure CN, CN- 
TALx (x = 5.0, 10.0, and 20.0), and SrTiO3/CN materials, showing the 
corresponding formation of crystal structure. The analogous small peak 
at 13.1◦ is assigned to 100 planes, illustrating to the packing motif of tri- 
s-triazaine in-construct structural planes, while the peak at 27.6◦

assigned to 002 planes, therefore depicting the inter-planar assembly of 
conjugated aromatic structure. After increasing the quantity of TAL, a 
slight increase in the magnitude of the 0 0 2 peak was observed. Simi
larly, a distinctive peak at around 27.2◦ for the SrTiO3/CN composites 
has been analysed [70]. The XRD pattern of SrTiO3 demonstrated 
several strong peaks at 2ɵ = 32.47, 40.01, 44.82, 59.32, 63.74, and 
76.93, which can be designated to the planes of (110), (111), (200), 
(211), (220), and (310) that correspond to the cubic structure of as- 
synthesized pure SrTiO3 (JCPDS card no.: 74–1296). Besides, some 
extra peaks at 2θ = 33.11◦, 40.03◦, 44.97◦, 58.17◦, and 64.97◦ appeared 
in SrTiO3/CN-TAL10.0. These peaks are assigned to the diverse crystal 
planes of cubic SrTiO3 (PDF #35-0734). They include 110, 111, 200, 
211, and 220 planes, respectively [71]. Similarly, Fourier transform 
infrared spectroscopy (FTIR) of all sample were collected to determine 
the surface functional groups of different peaks at distinct positions. In 
CN and copolymerized CN-TALx, a systematically arranged series of 
bands were noticed from 1200 to 1700 cm− 1, which were attributed to 
the stretching of bands i.e., C(sp2)-N and C(sp2) = N in the CN. A main 
distinctive bending position in CN was noticed at 810 cm− 1, which is the 
typical representative of s-triazine subunit. Moreover, a distinctive 
broad band, and some of the suppressed peaks within the range of 
3000–3600 cm− 1 are ascribed to N–H stretching, thus, verifying the 

existence of NH or/and NH2 groups on the surface sites of materials 
(Fig. 1b). In addition, it was more apparent that CN-TALx catalysts 
exhibited sharp FTIR peaks than CN catalysts due to the extraordinary 
growth, which is entirely associated with a valuable, pristine surface 
structure with a vastly expanded surface area. The FTIR analysis of su
perior sample SrTiO3/CN-TAL10.0 demonstrated major peaks observed 
at 597, 801, 1231, 1384, 1467, 1575, 1683, and 3287 cm− 1, signifying 
the presence of different surface functional groups such as Sr–O or Ti–O, 
C–O, C–N, C–C, C––N, CH (asymmetrical), and N–H groups [72,73]. 
Another obvious peak was noticed in SrTiO3/CN at 555 cm− 1, which is 
attributed to the UV distinctive vibrations of SrTiO3 and therefore a 
strong peak at 643 cm− 1 demonstrates the Ti–O stretching vibrations. 
Similarly an intense peak at 1511 cm− 1 in SrTiO3 indicates the presence 
of N–O species [74]. The textural parameters of as-prepared samples 
were further investigated in terms of N2 adsorption and desorption 
isotherms (Table. S1). Likewise, the CN samples showed calculated 
specific surface area about 39.4 m2g− 1, which further increased up to 
257.3 m2g− 1 after the integration of TAL within the matrix of CN. The 
surface area also substantially increased up to 428.6 m2/g for SrTiO3/ 
CN-TAL10.0 with respect to those of pristine SrTiO3 (64.8 m2/g), CN 
(39.4 m2/g), and CN-TAL10.0 (257.3 m2/g), and showing an adequate 
space for the interaction of photoinduced electrons and holes upon 
excitation. The specific BET surface areas (39–428 m2/g) were consid
erably increased with average pore volumes (0.19–0.67 cm3g− 1). 
Furthermore, the C/N molar ratios of as-synthesized material reveal the 
considerable rises in C/N molar ratio in the range of 0.64 to 0.71 for CN 
vs SrTiO3/CN-TAL10. 0 (Fig. 1c). In addition, the electronic band struc
ture of materials such as electron paramagnetic resonances (EPR) 
technique show one solitary Lorentzian stripe 3520 G under dark and 
visible light at normal room temperature, which has a g value of 2.0034 
(Fig. 1d). This quantity is closely related to the accumulation of un
paired carbon electrons of π-bonded aromatics at the surface sites of 
catalysts. More importantly, the EPR signal intensity has dramatically 
increased with the progressive incorporation of TAL and SrTiO3 guests 
into the CN framework. The photoluminescence (PL) spectra of all ma
terials revealed an effective fluctuation in the direction of longer 
wavelengths than that of CN [75]. Such fluctuation in the Pl spectra is 
caused by reduced electron localization in SrTiO3/CN-TAL10.0 and holes 
in the CN band region, which are initiated due to band offsets and hence 
prolong the π-conjugation (Fig. 2a). Furthermore, the optical absorption 
edge of TAL-modified CN samples was appeared in the direction of red- 
shifted, and it showed a strong blend after the impregnation of SrTiO3 
with CN-TALx (435–470 nm), which might be due to n–π* transition 
state. The optical absorption edge of pristine CN was found to be 435 
nm, which is assigned to the as π–π* interaction of transition state. In the 
meantime, the sequential transition in SrTiO3/CN-TAL10.0 sample is 
attributed to its apparent change in colour from pale yellow to dark 
brown. These considerable variations improvement in light adsorption 
rate is obviously linked with lower band gap. However, the SrTiO3/CN- 
TAL10.0 samples are considered as promising photocatalysts, owing to a 
notable development in its optical absorption phenomenon, lowering of 
bandgap and isolation of electrons and holes followed by their trans
portation under visible light. The UV–vis Diffuse Reflectance Spectros
copy (DRS) analysis are basically conducted to confirm the fundamental 
inner structural variations in physicochemical and optical properties of 
CN, after being de-convolution of organic monomer TAL and semi
conductor SrTiO3 within CN (Fig. 2b). The findings demonstrate that all 
photocatalysts exhibit considerable optical adsorption. For pure CN, the 
absorption bands are visible at 377 nm. Lastly, these absorption band 
phenomena play a significant role in the photocatalytic activity, because 
of the excitation of charges from the valence band (VB) to conduction 
band (CB) of the CN under illumination. This optical absorption of 
modified materials has been drastically shifted towards a large region of 
adsorption, similar to the absorption band phenomenon. However, the 
SrTiO3/CN-TAL10.0 display outstanding optical absorption area of 483 
nm as compared to other samples. Such modification further leads to a 
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consistent reduction in the band gap from 3.39 to 2.65 eV for SrTiO3/ 
CN-TAL10.0. The lowered band gap and red shifting of emission spectra 
lead to a strong integrated consequence and electron transition mini
mum energy, resulting in intrinsic absorption shifting of SrTiO3/CN- 
TAL10.0. 

Therefore, the SrTiO3/CN-TAL10.0 samples could be taken as a 
promising photocatalyst, which is closely associated with the note
worthy progress in its optical absorption phenomenon, by lowering the 

sample bandgap and recombination of electrons and holes followed by 
their transportation under visible light for photocatalytic HER [76,77]. 
Similarly, the band gaps of all synthesized samples were manifested in 
Table S1. The photo/electrochemical measurement was performed for 
all samples to determine the charge generation, separation and their 
further migration over the interface of concerned samples. A consider
able increase in the photocurrent intensity was observed in case of CN 
sample after the integration of TAL. Similarly, the photocurrent intensity 

Fig. 1. (a) X ray powder diffraction (XRD) and (b) Fourier-transform infrared spectroscopy (FTIR) spectra of all samples, (c) C/N molar ratios and (d) electron 
paramagnetic resonance (EPR). 

Fig. 2. (a) Photoluminescence (PL) spectra (b) diffuse reflectance spectroscopy (DRS) spectra of all synthesized photocatalysts as well as (c) photocurrent and (d) 
Nyquist plots of CN, CN-TAL10.0 and SrTiO3/CN-TAL10.0. 
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of heterojunction sample was further enhanced via doping with SrTiO3 
(Fig. 2c). Furthermore, the utilization of electrochemical impedance 
spectroscopy was conducted to elucidate the intricate interfacial charge 
transfer processes in the catalysts. These processes were subsequently 
quantified through the analysis of Nyquist plots, as depicted in Fig. 2d. 
Among all the catalysts measured in this study, the SrTiO3/CN-TAL10.0 
variant displayed the lowest magnitude of charge-transfer resistance 
(Rct = 43 Ω) according to the data presented in Table S2. This distinct 
characteristic is directly associated with its notably accelerated photo
catalytic kinetics. Additionally, a discernible reduction in the semi
circular Nyquist plot was observed for both CN-TAL10.0 and SrTiO3/CN- 
TAL10.0 in comparison to the CN sample. This distinct variation serves as 
clear evidence thus, suggesting the synergistic integration of the TAL co- 
monomer and SrTiO3 within the CN framework. This integration has 
emerged as a pivotal factor substantiating the marked enhancement in 
the facilitation of photoexcited processes, attributable to the heightened 
electronic conductivity and superior charge separation efficiency pro
duced by the incorporation of TAL and SrTiO3 within the CN matrix. 

The textural and morphological analyses of materials were carried 
out through Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) images as presented in Fig. 3. The TEM 
pictures of CN and copolymerized CN-TAL10.0 could be simply distin
guished from modified samples with a sheet type structure, while those 
of SrTiO3 particles are spherical in nature, and therefore, these spherical 
shaped particles are uniformly distributed over the CN sheet for SrTiO3/ 
CN-TAL materials (Fig. 3a-d). Similarly, the TEM morphology for CN 

was observed with asymmetrical scales by showing nano-sheets 
(Fig. 3e), which was categorized to be prominently divergent from 
other characterized CN-modified samples (e.g., SrTiO3, CN-TAL10.0, and 
SrTiO3/CN-TAL10.0). The SrTiO3 seems to form tiny particles, and the 
aggregation of these tiny particles having white elongates in more 
compact structure was observed in case of SrTiO3/CN-TAL10.0 with 
considerably irregular morphology (Fig. 3f-g). The mapping study of the 
SrTiO3/CN-TAL10.0 sample via energy-dispersive X-ray spectroscopy 
(EDS) further confirms the occurrence of all the essential elements such 
as Sr, Ti, O, N, and C in composite (Fig. 3i-n). 

In order to gain deeper insight into the interfacial electronic struc
tures, we used the x-ray-photoelectron spectroscopy (XPS) technology 
which in turn basically provides the bonding configuration of CN and 
SrTiO3/CN-TAL10.0 composites. The XPS survey of the CN, and SrTiO3/ 
CN-TAL10.0 samples is presented in Fig. 4a, i. From XPS spectra of 
SrTiO3/CN-TAL10.0 sample, the bands ascribed to C, N, Sr, O and Ti el
ements were clearly noticed, whereas C, N and O were present in pristine 
CN only. In Sr fitting peak (Fig. 4b) in SrTiO3/CN-TAL10.0 sample, 
distinctive peaks at 134.1 eV and 135.9 eV are assigned to 3d5/2 and 
3d3/2 core level of Sr2+. The binding energies of Sr peaks in SrTiO3/CN- 
TAL10.0 are relatively smaller, so electron transfer from this hetero
junction could be utilized to produce greater effects. The Fig. 4c presents 
the Ti 2p core-level spectra of SrTiO3/CN-TAL10.0 indexed at 461.2 and 
465.1 eV, which is basically generated due to transition of electron 
transfer from CN-TAL to SrTiO3. When this heterojunction linked, the 
positively charged area in CN-TAL10.0, increase the binding energy of 

Fig. 3. Transmission electron microscope (TEM) pictures of (a) CN, (b) CN-TAL10.0, (c) SrTiO3 and (d) SrTiO3/CN-TAL10.0. Scanning electron microscopy (SEM) 
pictures of (e) CN, (f) CN-TAL10.0 (g), SrTiO3, (h) SrTiO3/CN-TAL10.0 and (i-m) elemental mapping (n) and energy-dispersive X-ray spectroscopy (EDX) pictures of 
superior SrTiO3/CN-TAL10.0 catalyst. 

Z. Ajmal et al.                                                                                                                                                                                                                                   



Journal of Colloid And Interface Science 655 (2024) 886–898

892

composite, while that of negatively charged area in SrTiO3/CN-TAL10.0 
might decrease the binding energy of Sr 3d, Ti 2p, and O 1s peaks. The 
obvious peaks can be seen in C 1s XPS spectra of CN at 300.1 & 302.3 eV 
for SrTiO3/CN-TAL10.0 and 286.1 & 284.6 eV, confirming the sp2 hy
bridized carbon (C––N) and graphitic carbon (Fig. 4 d, e). Similarly, the 
N 1s spectrum for CN, showing four distinctive bands with binding en
ergies at 406.2, 405.1, 406.9 and 409.1, indicated the sp2 hybridized C- 
N––C bonds, tertiary nitrogen N-(C)3, C–N–H groups, along with 
confined positive charges inside the heterojunction (Fig. 4g) [78,79]. 
The pyrrolic-N [N-(C)3] and graphitic-N (CN-H) peaks, were shifted to 
the lower binding energies after combining with SrTiO3 (Fig. 4f), which 
showed the flowing of electron from SrTiO3 to triazine rings of CN be
tween SrTiO3/CN-TAL10.0 composites interface (397.5 & 403.1 eV). The 
main peak in O 1s (Fig. 4h) was detected at 533.7 eV, which is due to the 
adsorption of oxygen species via chemisorption pathway over sample 
surface sites, whereas lattice oxygen O2

– species peak (534.8) displays a 
positive change comparatively intricate from moistures of air during 
synthesis as well as for CN. The variation of all samples of XPS spectrum 
might be attributed to the electron transfer phenomenon from CN to 
SrTiO3/CN-TAL10.0 [80] (Fig. S2). 

To investigate the electronic structure and activity enhancement of 
the prepared composites, we used Gaussian 09 computer software to 
perform density functional theory (DFT) calculations using the B3LYP/ 

6-31G** functional theory [81-84 66 85]. The optimized structures of 
CN, CN-TAL10.0 and SrTiO3/CN-TAL10.0 are illustrated in Fig. 5a-e, with 
the adsorption energy calculated by using Eq. (1). 

ΔEads = E(SrTiO3/CN − TAL) − E(CN) − E(TAL) − E(SrTiO3) (1)  

where E(SrTiO3/CN-TAL), E(CN), E(TAL) and E(SrTiO3) are the energies 
of SrTiO3/CN-TAL, CN, TAL and SrTiO3, respectively. 

The basic equation formalism was used in concurrence through 
polarizable-continuum model in order to investigate the impact of sol
vent (water) over the interface amid TAL and SrTiO3 molecules, those 
are found inside the CN based composite material. This investigation 
was carried out with the goal of better understanding the hybrid CN 
material. Calculations were done to determine the energies of maximum 
engaged molecule, the orbital (HOMO) orbital along with smallest un
tenanted molecular orbital (LUMO) for both CN and SrTiO3/CN-TAL10.0. 
This was done that the quantum-reactivity descriptors could be quan
tified to a greater degree. The SrTiO3/CN-TAL10.0 composite was proven 
as an extremely reactive sample by altering the diffusion of very stable 
nanoparticles of SrTiO3, as shown by their lower HOMO-LUMO gap., 
which led to the conclusion that it possesses a high degree of reactivity 
(Fig. 5c-e) (Fig. 5c-e) [81,86,87]. In addition, the density of states (DOS) 
calculation was carried out for the CN material, as well as for the TAL- 

Fig. 4. X-ray photoelectron spectra (XPS). (a) Wide spectrum of SrTiO3/CN-TAL10.0., (b) high-resolution spectra of Sr of SrTiO3/CN-TAL10.0, (c) Ti, (d) C 1s, (e) C 1s 
of CN, (f) N 1s, of SrTiO3/CN-TAL10.0, (g) N 1s of CN, (h) O 1s of SrTiO3/CN-TAL10.0, and (i) CN spectrum of SrTiO3/CN-TAL10.0 material. 
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CN material and the SrTiO3/CN-TAL10.0 material, as can be seen in 
Fig. 5f-g. This was done to support the previously discussed concept. The 
results show that for the SrTiO3/CN-TAL hybrid, C2p state govern both 
CB and the VB. Additionally, bandgap of 2.09 eV is displayed equally via 
both C2p and N2p states. The decrease in bandgap value demonstrates 
that the reactivity of SrTiO3 with CN contributes to an increase in the 
material’s photocatalytic activity (1.73 eV). 

4. Photocatalytic hydrogen evolution 

The photocatalytic hydrogen evolution reaction (HER) was carried 
out by using 50 mg of photocatalyst in 100 mL of deionized water by 
taking platinum (Pt) as a co-catalyst 3 wt% as well as triethanolamine 
(TEOA), as electron donor (sacrificial agents), in reaction reactor under 
visible light (λ = 420 nm). The reaction was performed at 12 ◦C using a 
circulated cooled system attached to the reaction system. The materials 
were critically assessed for 1 h in order to determine their anticipated 
photocatalytic activities. Under the identical condition, the pristine CN 
sample was used to determine its photocatalytic H2 evolution, and a 
total efficiency of 15.6 umol/h1 was observed. The CN-TAL10.0 and CN- 
TAL20.0 comparatively yielded higher HER efficiency of 193.6 and 146.5 
umol/h1, which clearly indicate the remarkable contribution of the 
integration of aromatic π-conjugated monomer, thiophenedicarbox
aldehyde (TAL) within the matrix of CN. Owing to greater performance 
of CN-TAL10.0, our superior outclass sample (CN-TAL10.0) was combined 
with perovskite structure strontium-titanium (SrTiO3), and the resultant 
heterojunction composite (SrTiO3/CN-TAL10.0) exhibited outstanding 
HER of 285.9 µmol/h1, which is found to be eighteen times higher than 
that of pristine CN sample, (Fig. 6a). Such a remarkable increase in the 
photocatalytic efficacy of a SrTiO3/CN-TAL10.0 might be attributed to 
the integration of co-monomer TAL and SrTiO3 within the matrix of CN. 
This in turn enhances the overall light absorption intensity of hetero
junction with a lessened charge recombination rate and an increase in 
surface area by showing ample surface-active sites for enhanced 

photocatalytic H2 generation at the CB. For comparison, the SrTiO3 was 
also combined with pristine CN and the obtained result reveals a rate of 
102.5 umol/h1 of HER, which was three times lower than photocatalytic 
HER yield of SrTiO3/CN-TAL10.0 but six times higher than that of pris
tine CN (Fig. 6a). Furthermore, recyclability of predominant samples 
(CN, CN-TAL10.0 and SrTiO3/CN-TAL10.0) was assessed five times for 25 
h (Fig. 6b). The results showed declines in HER even in the last phase, 
which might be due to co-erosion of the co-catalyst and the swift 
confession of additional chemicals over the interface of photocatalysts. 
Moreover, Fig. 6c showed the photocatalytic evolution of H2 source by 
using all samples under the same conditions. Obtained finding indicates 
that the doping strategy and co-polymerization process could excellently 
increase the photocatalytic activity of CN during sun light illumination. 
In addition to that, several photocatalytic tests using CN, CN-TAL10.0 and 
SrTiO3/CN-TAL10.0, were conducted to determine the potential impact 
of numerous irradiance levels. Hence, it becomes readily noticeable that 
apparent quantum yield (AQY), which is based on wavelength towards 
particular HER, is closely associated with relevant light intensity 
(Fig. 6d). The activity of the CN sample towards HER was found to be 
consistently poor over the entire optical range until 550 nm, as 
compared to CN-TAL10.0 and SrTiO3/CN-TAL10.0. In addition to 
considerable absorption capacity, the normal photocatalytic perfor
mance of CN-TAL10.0 and SrTiO3/CN-TAL10.0, also showed a strong 
adsorption wavelength with good HER activity, respectively. Obtained 
findings indicate the considerable contribution of different regions of 
visible light (filter cut off). However, the CN-TAL10.0 and SrTiO3/CN- 
TAL10.0 extend their photocatalytic optical range nearly to 550 nm and 
thus, liberate a highly energized performance for HER than that of CN 
(Fig. 6d). The CB of the superior SrTiO3/CN-TAL10.0 sample towards 
HER is clearly explained in Fig. 6e, thus, revealing that the H2 produc
tion source occurs in the CB region of photocatalyst owing to photoex
citation of electrons. Furthermore, some more tests were conducted to 
compare the enclosure of TEOA with other sacrificial agents such as 
lactic acid (Fig. 6f) under the identical conditions. According to the 

Fig. 5. The side and top-views of (a) optimized geometry of CN, (b) TAL, (c) HOMO of CN, (d) LUMO of TAL, (e) optimized geometry of CN-TAL and charge 
interaction between HOMO of CN and LUMO of TAL, (f) DOS of SrTiO3/CN-TAL10.0 material and (g) design of SrTiO3/CN-TAL10.0 architecture (Image holding via 
arrows shows basic unit cell of SrTiO3). 
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above-discussed results, the as-synthesized samples revealed enhanced 
photocatalytic performance for H2 consumption under water splitting 
only with the aid of TEOA as a sacrificial agent (Fig. 6f). After long term 
stability test of photocatalysis, the superior sample i.e., SrTiO3/CN- 
TAL10.0 has been evaluated for various integral analysis such as XRD, 
XPS and morphology demonstrating some fluctuation as seen in Fig. S1, 
S2 S3 & S4 (Supporting Information) respectively. The XRD pattern 
provides the similar diffraction peaks likewise the sample prior to use for 
photocatalytic water splitting. Moreover, the superior sample 
morphology indicates the hollow type structure of SrTiO3/CN-TAL10.0, 
which is might be due to the co-erosion of sample during water splitting 
process. The XPS survey spectrum shows the stability of sample with all 
original elements with no higher variation in their peaks. By following 
that, the time-resolved fluorescence decay spectra of both materials 
were also performed in order to measure the degree of exciton recom
bination. Three exponential functions could effectively fit their decay 
curves, and the average lives of SrTiO3/CN-TAL10.0 and CN were 
determined to be 5.25 ns and 1.05 ns, separately. The longer lifetime of 
SrTiO3/CN-TAL10.0, might be attributed to its fully -conjugated in-plane 
structure, which successfully enhance the charge separation by 
decreasing the charge recombination behaviour [88]. The raman spec
troscopy was conducted to the confirm chemical structures of all pho
tocatalyst Fig. S5. In CN, D peak and G peak in CN at (1239 cm− 1 and 
1521 cm− 1), indicates the disordered carbon in the CN along with its 
graphite form [89], which seems to be unclear in the CN-TAL10.0. 
Moreover, the peaks appeared at 711, 901, 1239 cm− 1 are allocated for 
the stretching vibration of aromatic C–N heterocycle properties of 
carbon and found to be weaker in CN-TAL10.0. Collectively, the peaks 
between 700 and 1250 cm− 1 are connected with various kinds of ring 

breathing modes of s-triazine [90,91]. According to earlier reports in 
undoped SrTiO3, CN/SrTiO3, SrTiO3/CN-TAL10.0, the broad bands 
appeared at around 250–500 and 600–800 cm− 1 regions are related to 
the second-order raman scattering. The peaks at 143, 516 cm− 1 well 
matched with TO2, TO4, frequencies, respectively, and revealing the first- 
order scattering actions [92]. The weak peak at 516 cm− 1 belongs to 
the first-order raman scattering of TOx phonon in SrTiO3 too. Moreover, 
the weak vibration peaks at 143, 516, cm− 1 could also be ascribed to A1 
(TO) mode, along with showing the long-range lattice alteration in the 
cubic structure of SrTiO3 [93]. 

5. Photocatalytic mechanism 

Compared to those of other samples, the thiophenedicarboxaldehyde 
(TAL) and strontium-titanium (SrTiO3) decorated carbon nitride (CN) 
heterojunction showed much increase in the photocatalytic activity to
wards hydrogen evolution, due to maximum visible light harvesting 
capacity of superior sample, as it produced too much electrons in the 
conduction band (CB) and holes in the valence band (VB) of sample as 
well as the formation of active species. The conjugated monomer TAL 
under visible light irradiation indicated a remarkable capacity to 
generate electrons in CB. Furthermore, the semi conductive SrTiO3 
sample plays a vital role to boost the transportation of electrons and the 
hole formation in a SrTiO3/CN-TAL10.0 heterojunction. The concept of 
photocatalysis phenomena is based on the sensitizer reagent, potential 
level, and double charge transfer mechanism. Although the CB position 
of CN is more negative than CB position of SrTiO3, the photoinduced 
electrons will shift from CB of CN to SrTiO3, making an offset of 0.89 eV. 
The enduring holes automatically moves from VB of SrTiO3 to CN with 

Fig. 6. Photocatalytic application of HER. (a) HER of optimized photocatalysts under similar conditions (b) Time-dependent production of H2 among pristine and 
modified photocatalysts, (c) evaluation of the catalyst after different recycling experiment, (d) wavelength-based analyses, (e) CB of HER performance and (f) HER in 
the presence of lactic acid under solar light illumination (λ = 420 nm) with triplicates experiments error bars. 
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an offset of 0.06 eV. Therefore, the photoinduced electrons on the 
photocatalyst interface may quickly convert oxygen into superoxide 
(•O2

–) radicals. In our view, both the experimental data and computa
tional modelling now are fully consistent with our mechanism. Ac
cording to Fig. 7, the CB and VB adjustments of SrTiO3/CN-TAL10.0 
heterojunction are in better location respectively. After the energization 
of electron, they quickly transfer to the CB of photocatalyst, which is 
responsible for the photoreduction process (HER) of water. The role of 
CN, SrTiO3 and the heterojunction SrTiO3/CN-TAL10.0 as well as how 
electrons are moving from CB of CN to CB of SrTiO3 is presented in 
Fig. 7, where organic conjugated TAL monomer acts as a mediator and 
boost the transportation of electron from CN to SrTiO3. During whole 
process, the accumulated electron at the CB of SrTiO3 further transfers to 
VB of CN and then excited towards CB of CN followed by CB of SrTiO3 to 
make an efficient transportation channel of electrons between two 
semiconductors due to TAL under visible illumination in Fig. 7. 

6. Conclusions 

In conclusion, the SrTiO3/CN-TAL10.0 based photocatalyst was pre
pared via facile two step procedure of SrTiO3 impregnation in order to 
produce the effect of a novel previously unexplored organic ligand thi
ophenedicarboxaldehyde incorporated CN. The as-obtained photo
catalyst was further used in photocatalytic water splitting reaction for 
H2 production under visible light. The results clearly show a consider
able potential of a novel SrTiO3/CN-TAL10.0, with an outstanding H2 
production rate up to 285 µmol/h1 at 283 K, those are found to be su
perior than the results reported in literature by using simple transition 
metals and CN based photocatalyst [70,94]. On the one hand, this 
outstanding photocatalytic activity is due to increased electron via 
SrTiO3 nanoparticles, and rapidly combine with H+ in the solution for 
high-capacity generation of H2 energy. On the other hand, it can be 
attributed to a decrease in band gap from 3.42 to 2.66 eV, owing to the 
integration of SrTiO3 and TAL monomer in the CN structure. The 
reciprocated impact of three compounds in the form of SrTiO3/CN- 
TAL10.0 brings up a substantial decrease in the recombination of pho
togenerated electron-hole, thus enhancing the overall production rate of 
H2. Accordingly, the presented work provides novel insights and high
lights the potential of their synergistic effects on charge steering for 
boosting photocatalysis in the form of sustainable energy conversion 
and production. 
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Fig. 7. The proposed mechanism for the photocatalytic hydrogen evolution using the SrTiO3/CN-TAL10.0 heterojunction process.  
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