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ABSTRACT: Dual-function photocatalysts help to maximize resource utilization in water 
remediation but often they are visible light inactive, toxic and cost-intensive.  Herein, a Type II 
heterojunction visible light active photocatalyst is reported for a tandem degradation of 
Rhodamine B and generation of H2. A Rhodamine B degradation rate of 2.3x10-2 min-1 and H2 
production activity of 5789 μmol h-1g-1 is shown. The hybrid shows gradient core-shell 
morphology with a visible light absorbing phenyl-modified carbon nitride (PhCN) core and a 
porous PhCN-TiO2 outer shell, resulting in enhanced interaction between the catalyst and the 
surroundings. The nanoscale crystallization of TiO2 on PhCN’s surface shifts the triazine 
network structure, while autoclave treatments further increase the band gap and suppress charge 
carrier recombination. The influence of nanoscale morphological changes on photocatalytic 
activity was examined by varying the component ratios and thermal treatments, highlighting 
the strong correlation between nanoscale architecture and enhanced catalytic activity. This work 
provides a detailed guide on the exploration of environmentally friendly dual-functional 
photocatalysts. 
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1. INTRODUCTION 

Rapid industrialization has resulted in the pollution of natural water bodies which has led to 
disruption of the local flora and fauna along with disruption in climate regulation via stormwater 
runoff, erosion, and harmful algal blooms. According to the United Nations World Water 
Development report 2024, due to the global scarcity of water, 3.5 billion people lack the access to 
clean water resources.1 With growing energy demands across the globe, increasing prevalence 
of water-borne diseases and declining freshwater resources stringent measures for treatment of 
industrial wastewater have become of high importance for regional governmental policies to avoid 
conflicts on water resources.1 It has become obligatory to develop advanced, environmental 
friendly, low-cost, and high-efficiency reclamation of wastewater.  

Dual-functional photocatalysis (DFP) appears as a suitable technique with the potential to be 
applied for synergistic degradation of industrial pollutants in the wastewater. This is an upgrade to 
the traditional photocatalysis1 process where a photocatalyst can be utilised to degrade pollutants 
present in the water via photocatalytic oxidation and simultaneously generate the clean fuel (e.g. 
H2 gas) via proton reduction by the consumption of light energy. This dual-function approach 
utilises both photogenerated electron and holes in a photocatalyst to their full potential and aligns 
with circular economy principles, where waste products (pollutants) are converted into valuable 
resources (solar fuels).   

In recent years, various works have reported novel DFP materials ranging from metal-organic 
frameworks2,3,4, metal-sulphide based composites5 ,6 and TiO2 based hybrids7,8 all the way to 
graphitic carbon nitride (gCN) based materials8,9, etc. Although the visible-light activity of the gCN 
based hybrids make them promising candidates for practical utilisation, it suffers from high rates 
of electron-hole recombination, which significantly reduces its photocatalytic efficiency.10 Thus, 
methods like doping10, precursor pre-treatment11, surface modification9 and copolymerisation12 
have been employed to improve its photocatalytic efficiency. The studies on DFP systems using 
gCN face challenges to utilise the solar-light efficiently due to low visible-light activity or report 
complex methods of material synthesis incorporating expensive precursors and non-biofriendly 
materials which are not ideal for commercialization of the end-product.13 Lately, phenyl-based 
modifications of gCN have been reported to enhance the charge carrier migration and separation, 
and lower the bandgap of gCN.12,14–16 The incorporation of phenyl groups improves the light 
absorption of gCN by tuning its band structure and facilitates the separation of photogenerated 
carriers by accelerating the electron transfer from the tri-s-triazine rings to the introduced aromatic 
rings.12,14,16 When hybridised with anatase phase of TiO2, phenyl-modified carbon nitride could 
provide exceptional visible-light sensitising to the chemically stable, highly active and naturally 
abundant and bio-friendly TiO2 anatase. The reported works on gCN/TiO2 hybrids used in phenolic 
degradation17, organic dye removal18, antibiotic degradation19,10, photo-electrocatalytic 
processes20, oxygen reduction reaction (ORR)21, viral disinfection22, hydrogen evolution reaction 
(HER)9 , etc indicate possible successful research on PhCN/TiO2 hybrids for DFP applications. 
Special emphasis has been placed on core-shell structured photocatalytic systems in recent times 
for their high activity as compared to other morphologies20,21,23 demonstrating the importance of 
morphology in a hybrid photocatalytic system. The core-shell architecture has shown enhanced 
charge transfer abilities with efficient use of the material due to high surface to volume ratio which 
lowers the cost of material production.24 Several works have reported a TiO2 core and gCN shell 
for enhanced photocatalysis19,23,25,26, but this architecture prevents the interaction of the active 
sites on the TiO2 surfaces with the surrounding pollutant molecule in addition to the shielding of 

 
 



gCN core by the shell leading to low visible-light absorption. Wei et al demonstrated the 
importance of mesoporous structures, allowing higher interactions with the reaction molecules in 
photocatalysis which could address the challenges of these gCN/TiO2 systems.17 

Hence, we aimed to develop a hybrid system with PhCN core and TiO2 shell with a greater 
intermeshed network of the two components. The nanoscale architecture of the hybrid would 
guarantee a high charge carrier migration from the sensitiser to TiO2 surface leading to a high 
photocatalytic activity. The photocatalytic prowess of such a hybrid system is significantly 
dependent on its structural, chemical and optoelectronic properties, which are not necessarily 
identical to the individual properties of the constituent materials27 and strongly depend upon the 
synthesis conditions28. For instance, particle size determines the amount of available surface area 
and catalytic active sites29. The Chen and Wunderlich model modified Avrami equation provides 
certain guidance here as it establishes that high precursor dosage can resist nucleation, decrease 
the nucleation number, and increase the particle size.30 In another relevant work, Brinker and 
Scherer reported the decrease in the catalytic performance of larger particles formed due to the 
agglomeration of smaller particles with high surface energy.31 Therefore, all these properties of a 
material are intertwined with each other and are not exclusively responsible for the photocatalytic 
activity. Hence, designing a perfect photocatalyst is a challenging task which requires an in-depth 
understanding of the structural, chemical and optoelectronic properties of the material which can 
then be used to tune them via different synthesis techniques and treatment procedures.  

In this work, we elaborate the streamlining procedure of a hybrid photocatalyst consisting of 
phenyl-modified carbon-nitride (PhCN) and anatase TiO2 with a greater emphasis on evolution of 
the structural and optoelectronic properties of the constituents as well as their complex interplay 
towards its photocatalytic behaviour. We hypothesise that the growth of TiO2 on the surface of 
PhCN leads to alteration in the chemical structure of the later whose extent is dependent on the 
degree of crystallization of TiO2 which in turn also affects the properties of the hybrid material and 
can be controlled by thermal treatment. We found that a high-pressure treatment of PhCN induces 
possible surface changes which in turn, alter the structural and optical properties of PhCN. The 
study emphasizes nanoscale engineering, featuring a gradient core-shell structure.  A series of 
hybrids varying the mass ratio PhCN:TiO2 were synthesized using a solvothermal approach. The 
interactions between PhCN and TiO2 with varying mass ratios were thoroughly examined using a 
variety of characterization techniques. Additionally, the impact of annealing at different 
temperatures on these interactions was also systematically investigated. The thermal treatment 
post-hydrothermal process revealed that while it increased the crystallinity and reduced defects in 
the TiO₂ shell, it also led to a thicker shell. This increased thickness led to reduced charge mobility 
and consequently, the compounds subjected to thermal treatment at higher temperatures 
exhibited decreased photocatalytic efficiency. A “gradient core-shell structure” was observed in 
the hybrids via energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM) 
and X-ray photoelectron spectroscopy (XPS). The evolution of this core-shell structure with 
varying Ti precursor mass is illustrated in Figure 1. The impact of nanoscale structural changes 
on photocatalytic performance was investigated emphasizing the close relationship between 
nanoscale design and improved catalytic efficiency. The extensive dye degradation tests with 
rhodamine B (RhB) along with hydrogen evolution reaction (HER) tests suggest the advantageous 
nature of the gradient core-shell structure by maximising the interaction of the photocatalytic sites 
with pollutant molecules. Based on the combined results from 3D fluorescence mapping, time-
resolved photoluminescence study, and UV-Vis absorption spectroscopy, we report a successful 
band-gap engineered PhCN/TiO2 hybrid with excellent visible-light activity for hydrogen gas 
generation as well as Rhodamine B degradation. These results prove that the formation of higher 



number of heterojunctions and increased interaction between the photocatalyst and the pollutant 
molecules is of utmost importance for the optimum photocatalytic activity. Finally, a type II-scheme 
heterojunction type charge -transfer mechanism is proposed for the improved PhCN/TiO2 hybrid 
for the simultaneous degradation of Rhodamine B dye and H2 production. To the best of our 
knowledge, this work is the first to employ phenyl-modified carbon nitride-based hybrid 
photocatalyst for dual-functional photocatalysis application and underscores the importance of 
nanoscale feature tuning in developing commercially 

 viable, high-performance photocatalysts and provides a pathway for future research into DFP 
systems. 

 

2. EXPERIMENTAL SECTION 
2.1. Synthesis of PhCN/TiO2 hybrid series  

A series of PhCN/TiO2 hybrids were prepared by a facile solvothermal treatment using pristine 
PhCN and TiCl4(Supporting information section 1). Pristine hybrids were prepared by increasing 
the amount of TiCl4, denoted as A_RT, B_RT, C_RT and D_RT in the order of increasing Ti 
content, where RT stands for room temperature denoting the non-annealed samples. 
Subsequently, each of these hybrids containing different ratios of PhCN:TiO2 were further 
annealed at 230˚C, 300˚C and 400˚C, denoted as A_230, A_300, A_400; B_230, B_300, B_400 
and so on. Reference samples were also prepared as mentioned in Supporting information. 

2.2. Photocatalytic Evaluation 

The PhCN/TiO2 hybrids were evaluated for their photocatalytic performance for Rhodamine B 
degradation and H2 production using white light LED bulb and 445nm monochromatic LED source 
respectively. The Rhodamine B degradation tests were carried out under oxygenated 
environment while the HER test was carried out under inert conditions. The DFP measurements 
were done in identical environment to that of HER tests (See details in Supporting information 
section 1). The synthesized hybrids and the reference materials were structurally and optically 
characterized using instrumentation supplemented in the Supplementary Material. 

Figure 1 Schematic diagram of the structural evolution of the PhCN/TiO2 hybrids. 



3. RESULTS AND DISCUSSION 
3.1. Structure and Morphology characterization 

The phase compositions of the hybrids were studied through powder X-ray diffraction (XRD) 
(Figure 2a, 2b).  

 

The characteristic reflection of PhCN at 27.5˚ corresponding to (001) depicts the interplanar 
stacking of the system.16 All the as-prepared hybrids show the presence of titania in its anatase 
phase, without any contribution of brookite or rutile phases,10 which can be attributed to the 
hydrolysis conditions of TiCl4 in a high pH environment at 180˚C known to promote anatase 
growth.32 The diffraction from PhCN dies down with increasing TiO2 content in the hybrids due to 
the lowering concentration of the PhCN component.25 The hybrids with lower TiO2 content also 
show the PhCN characteristic peak at ~27.9˚ shifted from its original angle in pristine PhCN 
(Figure 2a). This shift towards higher 2θ can be a result of decrease in the interplanar spacings 
of its nanosheets because of high pressure treatment in the autoclave. The same effect was 
observed when PhCN was treated at the same temperature, pressure, and duration in an 
autoclave as the hybrids without the Ti precursor (Figure S1). The XRD peaks of TiO2 in the 
hybrids also exhibit a minor shift towards higher 2θ when compared to the characteristic peaks 
of the pristine anatase. This shift in the crystallographic planes of TiO2 can be attributed to its 
interaction with PhCN structure.10 In comparison to this, no further shifts are observed between 

Figure 2. a) XRD of all as-prepared hybrids, pristine PhCN and TiO2 anatase; b) XRD of the hybrid 
series A annealed at different temperatures; c) ATR-FTIR spectra of as-prepared hybrids with varying 
PhCN:TiO2 ratio; d) ATR-FTIR of hybrid series B annealed at different temperatures; e) TGA graphs 
for all as-prepared hybrids compared with Bulk PhCN. 



the samples containing different ratios of PhCN:TiO2, nor after annealing at different 
temperatures (Figure 2b). The average crystallite sizes calculated using the Scherrer equation 
ranges from 5 -14 nm for the hybrids (Figure S2). It is observed that the crystallite size always 
grows with annealing temperature for all the hybrids. According to the degree of crystallization 
calculated by the XRD data (Figure S3), we see an increase in the crystallinity of the hybrid from 
A_RT to B_RT and similar values for hybrids B_RT, C_RT and D_RT. This could imply that the 
TiO2 has the highest degree of crystallization for the hybrid B ratio because hybrid C and D do 
not show appropriate increase in the % crystallinity in the hybrid system even after possessing a 
significantly high amount of Ti precursor during the solvothermal treatment. Since the synthesis 
conditions were the same for all the hybrids, it can be said that the TiO2 did not find enough 
solvent molecules for immediate hydrolysis which slowed the process and the total time for the 
reaction was not enough for the crystallization of Ti species.33 

The chemical composition of the PhCN/TiO2 hybrids was studied by attenuated total reflection IR 
absorption spectroscopy (ATR-FTIR) (Figure2c, 2d). Pristine PhCN shows the characteristic 
peaks of sp3 C-N vibrations at 1383, 1324 and 1250 cm-1, and sp2 C=N vibrations at 1611 and 
1534 cm-1, well in agreement with reported literature (Figure S4).34 The band at 810 cm-1 shows 
the breathing mode for triazine units in PhCN34 – confirming its incorporation – whereas the broad 
peak in the range of 3500-3000 cm-1 corresponds to the terminal N-H groups and adsorbed water 
molecules in PhCN.14 Figure 2c shows the successful formation of TiO2 in the hybrids visible from 
the appearance of a broad absorption in the low-wavenumber region at 483 cm-1, corresponding 
to the Ti-O vibration.34 All hybrids show a broad band between 3500 and 2800 cm-1 corresponding 
to the terminal N-H groups of the PhCN with a decrease in intensity with increasing TiO2 loading. 
Moreover, the band 1300-1200cm-1 corresponding to an aromatic amine gets weaker alongside 
other aromatic bond vibrations in samples containing higher titania content, showing a loss in the 
PhCN structure. When annealed, the hybrids show less surface adsorbed water molecules, lower 
contribution of sp3 C-N and sp2 C=N vibrations along with a stronger Ti-O stretching related to the 
higher degree of crystallization of the anatase phase and high amounts of TiO2 (Figure 2d). 
Complementarily, the RAMAN spectra of the hybrids (Figure S5) show the presence of 
characteristic Eg mode vibration of anatase TiO2 and the grain development with annealing. 

Next, the thermal stability of the pristine components and the hybrids was studied via thermo-
gravimetric analysis (TGA) by heating them from room temperature until 700˚C in synthetic air 
(Figure 2e). PhCN shows a sharp mass loss starting from 500˚C and losing 100% of its mass via 
thermal oxidation until 650°C, while pure TiO2 shows no change in mass in this temperature 
range.35 The autoclave treatment of PhCN barely alters the nature of the TGA curve (Figure S7a). 
In the as-prepared hybrids, a similar mass drop is observed in the same temperature range, 
attributed to the PhCN decomposition, and was used to calculate the fraction of PhCN present in 
these hybrids (Table S1). Interestingly, the amount of PhCN in the as-prepared hybrids calculated 
by the TGA results are lower than the amounts expected from the synthesis conditions. This result 
indicates a possible loss in the pristine form of PhCN during the hybrid formation via solvothermal 
treatment. On the other hand, TGA curve of hybrid sample annealed at 400°C (Figure S7b) show 
much lower mass loss due to the presence of highly crystalline TiO2. 

XPS was employed to elucidate the surface composition and nature of the chemical bonds present 
in the hybrids. In PhCN C1s spectra (Figure S8) the chemical bonds N=C-N, C-NHx and C=C are 
observed at 288.7 eV, 286.02V and 284.6V respectively.14 The N1s spectra of PhCN (Figure 3c) 
shows characteristic peaks of C–N=C, N–(C)3, C-NH, and pi-excitation, at 398.15, 399.43, 401.23, 
and 404.51 eV respectively.16 The XPS indicates a successful phenyl-modification of carbon 



nitride according to previous reports.34 The survey spectra of hybrids A_RT, B_RT, C_RT and 
D_RT show the presence of species from both - PhCN and TiO2 (Figure 3a). With increasing 
titania loading in the hybrid, the Ti peaks strengthen and the N1s peak weakens. The calculated 
atomic % of N depreciates with increased titania loading in the samples and an increase in Ti% is 
also observed (Table S2). We observe a shift of 0.7 eV in the N1s edge of the hybrids towards 
lower binding energies as compared to PhCN (Figure 3c) indicating the presence of a more 
electropositive atom which we attribute to the Ti-neighbour in the hybrids.23 Furthermore, we also 
see an increasing contribution from the C-N=C signal and a decreasing contribution from the N-
(C)3 component with the increase in TiO2 content. 

 

 

This implies that when titania grows onto the surface of PhCN, it may hamper the degree of 
polymerization in PhCN and thus hinder the integrity of the heptazine structure. The peak related 
to the N-(C)3 bond of the hybrids shifts towards higher binding energy with higher TiO2 content 
indicating a successful perturbation of the aromatic carbon nitride structure due to the presence 
of Ti which agrees with FTIR and TGA studies. On the other hand, the N1s spectra is very weak 
for C_RT and D_RT hybrids which is due to enhanced crystallization of TiO2 on the surface (Figure 
S9a, S9b).23 The Ti 2p spectra (Figure 3b) of TiO2 anatase shows peaks at 458.44 (Ti2p3/2) and 
464.14 eV (Ti2p1/2) with a symmetric line shape and a spin orbit splitting of 5.7eV corresponding 
to the Ti4+ state. 36 The Ti2p spectra at 458.3eV is observable in all the as prepared hybrids 

Figure 3. a) XPS survey spectra; b) XPS Ti2p spectra; c) XPS N1s spectra; d) Ti:N mass ratios in hybrids 
B_RT and D_RT with altering incident acceleration voltage calculated via EDS point mapping. 



indicating the presence of TiO2 on the surface (Figure 3b). The Ti2p3/2 peak position in the hybrid 
A_RT shifts to a lower binding while it stays alike to pristine TiO2 in hybrids B_RT and D_RT. This 
is due to the higher fraction of PhCN (i.e., N atoms) in the hybrid A_RT and comparatively much 
lower fraction of PhCN in the hybrids B_RT and D_RT. We could suggest that Ti sites on the 
surface of A_RT are well surrounded by a high number of electronegative N atoms causing the 
shift. When annealed at 400˚C, the nitrogen % in hybrid B drops to a lower value and the N1s 
spectrum becomes very weak (Figure S10) indicating loss of N related bonds due to annealing, at 
the same time Ti2p spectra of B_400 shows a shift of 0.1eV towards lower binding energy (Figure 
S11) due to the removal of electron rich N atoms from its vicinity. A higher count for Ti 2p signal 
is also observed, showing enhanced crystallization of TiO2 in the annealed hybrid.23  

Scanning electron microscopy (SEM) images show the evolution of the hybrid morphology 
occurring with increasing titania loadings (Figure S12). They show smaller particle size and 
agglomeration with increasing TiO2 loading in the hybrids which is consistent which the SEM 
images of TiO2 nanoparticles prepared with identical amounts of Ti precursor under identical 
solvothermal process (Figure S13). When annealed, the hybrids do not show any considerable 
size changes through the SEM images (Figure S14) while for pristine TiO2 nanoparticles, we 
observe an increase in the particle size (Figure S13). In addition, the SEM images of PhCN treated 
in the autoclave show larger distribution of particles with smaller diameters (Figure S15), which 
can enhance the surface area available for TiO2 for nucleation. Next, we conducted detailed 
energy-dispersive X-ray spectroscopy (EDS) point analysis coupled with SEM with electron beam 
energies of 10keV, 15keV, 20keV, 25keV and 30keV, and observed the gradient of N from PhCN 
and Ti from TiO2 in the hybrids. The hybrids B_RT and D_RT were penetrated by electrons with 
increasing acceleration voltages providing us the weight ratios of the constituent elements (Ti and 
N) at corresponding depths of the material (Figure 3d). The amount of Ti decreases with increasing 
depth in both samples, showing a gradient and confirming the major presence of TiO2 on the PhCN 
surface as shown by XPS results. Meanwhile D_RT, in which the amount of Ti precursor was five-
fold higher, shows higher percentage of Ti at greater depths of the sample. It must be noted that 
N was detected in both the hybrids at all acceleration voltage settings. This indicates a continuum 
of carbon nitride in-between the TiO2 particles which ensures a strong connection between the 
two components – a structural characteristic favourable for charge transfer.37 

Transmission electron microscopy (TEM) analysis was done to unravel the structural properties 
of the hybrids. The TEM images of TiO2 nanoparticles show the presence of nano-crystallites, 
which further grow upon annealing at different temperatures (Figure S16). PhCN shows a typical 
g-C3N4 like structure with irregularly curved layers and tremella-like appearance (Figure 4a). 38 
When autoclaving with low amounts of TiCl4, the PhCN nanosheets become tightly overlapped 
with each other due to the high pressure (Figure 4b) and display minimal to no presence of TiO2 
crystallites. As the amount of Ti precursor is increased, we see the crystallization of TiO2 around 
the PhCN nanostructures (Figure 4c, 4d) in the hybrid B_RT where we can observe intermeshed 
PhCN and TiO2 on the surface where TiO2 crystallites look like platelets on the background of 
PhCN. TEM images clearly show that the TiO2 forms a layer around the irregular PhCN structures. 
B_RT exhibits a gradient core-shell morphology wherein the core of closely stacked PhCN 
nanosheets are decorated with small TiO2 nano-crystallites all around the perimeter without large 
agglomeration (Figure 4c, 4d). It is possible to observe a continuous network of PhCN with TiO2 
in the hybrid B_RT. However, further increasing the TiO2 loading results in inhomogeneous 
agglomeration spots of TiO2 encapsulating PhCN as evident in sample C_RT and D_RT (Figure 
4e, 4f). Additionally, we also observe breakage and random ordering of PhCN nanosheets in these 
samples. Furthermore, the effect of annealing the hybrids is identical to that as observed in TiO2 



nanoparticles (Figure S17). Hybrid A _400 shows TiO2 nano-crystallites even when they were not 
observable in the as-prepared sample A_RT (Figure S17a). These observations show that the 
ratio of the precursors and the employment of thermal treatment plays an important role in the 
morphology of a hybrid system. 

 

 

Figure 4. TEM images of a) Pristine Bulk PhCN, b) hybrid A_RT, c),d) hybrid B_RT with dark field image 
inset at c), e) hybrid C_RT and f) hybrid D_RT 



 

 

The surface area of pristine TiO₂ nanoparticles shows a slight decrease with increased annealing 
temperatures (Table S3), accompanied by a reduction in micro- and mesopores, ultimately 
resulting in a predominantly macroporous material (Figure S18). In contrast, PhCN itself is non-
porous, with a low surface area of 5.9 m²/g (Figure S19). However, in the PhCN/TiO₂ hybrids, the 
porous TiO₂ outer shell contributes to significantly higher porosity (Table S4). Additionally, we 
observed that as the TiO₂ loading in the hybrids increases, so does the surface area, consistent 
with SEM images that reveal smaller particle sizes with higher TiO₂ content. When annealed, the 
hybrids exhibit a similar trend to pure TiO₂ nanoparticles, showing a decrease in surface area, as 
reflected in both BET analysis and SEM images (Table S5). This pattern likely results from the 
densification of the TiO₂ shell around the PhCN core during thermal treatment Through these 
results, it can be said that the structural evolution of PhCN/TiO2 hybrids is synonymous to the 
structural evolution of TiO2 nanocrystals present in them which is the fruit of TiO2 crystallization 
on the surface of pristine PhCN during the solvothermal synthesis.  

 From the FTIR, TGA and XPS studies we can conclude the loss in the PhCN’s heptazine integrity 
with increasing TiO2 content in the hybrids. We thus propose that the nucleation of  TiO2 happens 
on the surface of stacked PhCN sheets and as the crystallization takes place during the 
solvothermal treatment; it cleaves some of the PhCN nanosheets on the surface of the matrix as 
shown in TEM (Figure 4f). With an increase in the dosage of Ti precursor, more PhCN sheets are 
cleaved without any formation of Ti-C or Ti-N bonds as corroborated by XPS C1s and N1s spectra 
and more TiO2 crystallites are formed around the PhCN particles. The XPS, EDS and TEM studies 
show the presence of a PhCN core and a PhCN-TiO2 layer around it in the hybrids. With higher 
TiCl4 dosage, nucleation is prevented, and the TiO2 growth is slowed down due to less availability 
of the free water content needed in the hydrolysis.39 A similar trend is observed in the annealed 
hybrids. The extensive growth in the size of TiO2 crystallites due to annealing leads to more rupture 
of PhCN nanosheets and the big crystallites form an outer shell shielding the PhCN core from the 
neighbouring environment. A schematic of this proposed structural evolution is given in Figure1.  



3.2. Optical characterizations 

 

The light-absorption behaviour of the solid hybrids was studied with diffuse-reflectance 
spectroscopy (DRS) to shed light on the interaction between the PhCN and TiO2 semiconductors 
and the Kubelka-Munk transformation function was used to estimate the optical band gaps of the 
materials (Figure S21-S25). The reflection configuration measures the diffuse reflection of the 
sample with respect to a KBr reference that is considered to have 100% reflectivity. As shown in 
Figure 5a, TiO2 absorbs from wavelengths lower than 400nm corresponding to a band gap of 3.2 
eV, while PhCN shows considerable absorption in the visible range with a band gap of 2 eV. The 
autoclave-treatment of PhCN widens its bandgap to 2.3 eV and reduces the visible-light absorption 
(Figure S20). The as-prepared hybrids show light absorption extended throughout the visible 
range and a clearly visible absorption edge of TiO2 at 390 nm (Figure 5a). The differential analysis 
of the absorption spectra of the as-prepared hybrids do not show any new optical band at energies 
lower than the energies of the absorption edge of either of the component indicating a case of a 
weak coupling, or the photoinduced electron transfer17 where, the absorbed photons might result 
in the excitation of electron in the PhCN’s HOMO to LUMO followed likely by a fast transfer to the 
conduction band of TiO2. The absorption of the hybrids is controlled by the gradient core-shell 
structure, where a thick TiO2 shell (in the case of C_RT and D_RT) shows low visible light 
absorption, a shell with equal distribution of PhCN and TiO2 (B_RT) shows intermediate visible-
light absorption and, low TiO2 on the surface (A_RT) shows visible-light absorption identical to 
PhCN. When a hybrid is annealed, its visible light absorption decreases due to the removal of N 
atoms from the surface as confirmed by XPS (Figure S10), resulting in the alteration of PhCN’s 
chemical structure and hence, absorption properties.7 This trend is most prominent in hybrids with 
highest TiO2 content- hybrid D series (Figure 5b) where we can observe the sample annealed at 
higher temperature showing absorption spectra identical to TiO2 due to a highly crystallized and 
thick outer TiO2 shell and low availability of N atoms from the PhCN. The reduction in the surface 

Figure 5 DRS absorption spectra of a) PhCN, TiO2 and the as-prepared hybrids; b) hybrid D annealed 
at different temperatures. 



area and porosity of TiO2 nanoparticles with annealing according to the BET data, also suggests 
a lower interaction of outer shell TiO2 with PhCN and in turn less heterojunction formations which 
can also hamper the visible-light absorption. The optical bandgaps of the hybrid A series (Figure 
S22-S25) show no TiO2 contribution in RT and 230oC annealing but show the same when 
annealed at higher temperatures. The tauc plots of B,C and D series (Figure S22-S25) show 
similarities with TiO2 band gap values as all of them contain titania in much higher ratios than 
hybrid A. A tentative increase in optical bandgap of the hybrids can be observed when TiO2 
amounts are increased.(Figure S25) 

To study the excited state of the hybrid systems, we mapped the photoluminescence (PL) spectra 
of our samples with respect to excitation wavelength ranging from 300-600nm. The emission from 
bulk PhCN, consists of a broad emission between 450 and 650 nm peaked at 525 nm with a large 
excitation maximum between 350 and 420 nm (Figure 6a). This broad emission from PhCN is a 
function of generated excitonic species (bound e- -h+) and not separated e- and h+. The autoclave 
treatment of PhCN generates higher luminescence counts without any variation in the 
photoluminescence excitation range (Figure S26). It is observed that the profile of emission from 
PhCN does not change with the excitation wavelength, and it has the same PL profile under both 
UV and visible excitation (Figure 6a). This arises from the localization of excitons in the disordered 
regions of the material where the presence of phenyl groups introduces additional states that 
facilitate the trapping of excitons, leading to the formation of self-trapped excitons (STE).40 The 
excitation-emission maps of the as-prepared hybrids (Figure 6b, 6c, 6d, 6e) show overall decrease 
in photoluminescence with increasing TiO2 content. This quenching of PL indicates a reduced 
recombination of charge-carriers and a successful charge separation in the hybrids. The as-
prepared samples also show a blue shift of the peak maximum (about 500 nm) and a restricted 



range of the excitation spectrum between 360 and 420 nm due to the high absorption of the UV 
energy by the TiO2 component in the hybrids as shown by the UV-Vis absorbance spectra. It must  

 

Figure 6 a), b), c), d), e) 3D steady-state luminescence maps of as-prepared PhCN, and hybrids 
A_RT,B_RT, C_RT, D_RT respectively with different maxima and minima values as indicated in the 
accompanying colour bar (the measurement for C_RT was done without a 10% filter at the excitation 
slit); f) Time-resolved photoluminescence measurement with an excitation wavelength 410nm and 
monitored emission wavelength from 440nm to 700nm.. 



 

be noted that only the emission from excitations below the wavelength 390 nm (the absorption 
edge of TiO2) should have any absorption contribution from TiO2. The PL spectra of B_RT also 
show a blue shift in the emission maxima which might be due to a higher contribution from the 
recombination from σ* energy level of the PhCN41. The annealed hybrids show extremely low 
emission counts (Figure S27) and no excitation from the UV due to the presence of highly 
crystallized TiO2.  

The trapping of excitons on a timescale of picoseconds to nanoseconds, followed by slower 
relaxation processes in the microsecond region40 can be studied by the time-resolved 
photoluminescence (TRPL) measurements. Generally, the time decay behaviour of excitons in 
PhCN can be well reproduced by three time-exponential curves with time decay of 35 ns, 150 ns 
and 750 ns.12   The decay time profiles can be modelled using a multi-exponential decay function: 
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The experimental time-resolved luminescence data relate to the recombination probability from 

the excited states through the equation: 
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Here, i=1 or 2i=1 or 2 γtot represents the overall recombination probability from the excited state, 
with γrad and γNR being the probabilities for radiative and non-radiative recombination, 
respectively. τrad and τNR are the respective lifetimes of the radiative and non-radiative pathways, 
and τtot, the overall decay time, is determined experimentally through the fitting procedure. Hence 
the observed decrease in the recombination kinetics in the PL is due to the presence of the 
increased probability of non-radiative path. This effect can be well observed in Figure 6f, where a 
faster decay is observed from the σ* level of the PhCN. All the hybrid samples show a faster 
kinetics, related to the presence of new non-radiative channels (Figure 6f). The increased 
efficiency in the charge transfer mechanism in sample D_RT is due to the higher number of active 
organic sites. D_RT has most of the PhCN surface in close contact with titania generating the 
efficient charge transfer. The thermal treatment of the hybrids leads to low photoluminescence 
where annealing at 300˚C and above did not provide enough counts for a TRPL measurement 
(Figure S28). The optical characterization results show a successful charge-separation and 
charge transfer in the case of the as-prepared hybrids indicating that the hybrid structure has been 
achieved only by the solvothermal process without further annealing. 

3.3. Photocatalytic Dye Degradation Tests 

Rhodamine B (RhB)is an organic synthetic dye that is both harmful towards the ecosystem and 
extremely carcinogenic in nature causing various diseases in the human population. Therefore, it 
was selected as a model dye pollutant first, due to its high abundance and second, due to its 
excellent stability in industrial wastewater making its treatment difficult via other conventional 



methods. The photocatalytic performances of the PhCN/TiO2 hybrids were evaluated by 
monitoring their oxidative properties of RhB dye under visible light irradiation. To evaluate their 
photodegradation performance, dye concentration profiles were measured as a function of time 
under illumination using a commercial white LED with a sharp emission at 445 nm (Supporting 
Information Section 1). The tests were done in the presence of O2 in ambient conditions. 2ml 
aliquots were taken every hour after illumination. 0.02mM concentration of dye was used for all 
degradation studies. Before illumination, the dye-photocatalyst system was kept in dark for 30 
minutes to attain adsorption-desorption equilibrium. The effect of light on the dye was also studied 
without the presence of photocatalyst to look for any photodegradation. 

Control experiments show no photo-degradation of RhB dye on visible light irradiation (Figure 
S29), and a small adsorption of the dye on the surfaces of the hybrids in the dark, indicating 
adsorption-desorption equilibrium. The photocatalytic degradation of RhB dye by PhCN and TiO2 
is shown by the Figure S30 a and b respectively. PhCN could degrade only 28.4% of the 0.02mM 
RhB solution in 7h while TiO2 could degrdate only 7% of it. The photocatalytic tests with RhB and 
the PhCN/TiO2 hybrids showed successful visible-light active photocatalytic degradation. (Figure 
7a, 7b, 7c). The photodegradation performance was found to be in the order of A_RT < D_RT < 
C_RT < B_RT along with the pseudo-first-order rate constants of 0.6x10-2 min-1, 2.3x10-2 min-1, 
1.4x10- 2 min-1 and 0.80x10-2 min-1 respectively calculated by using Langmuir-Hinshelwood kinetic 
model. The photocatalytic performance of hybrid B degrades with annealing at higher 
temperatures and the as-prepared hybrid has the highest activity. For the photocatalysts annealed 
at 400˚C, hybrid B_400 showed the highest rate constant of 6.2 x 10-3min-1 followed by hybrids 
A_400, C_400 and D_400 which is the order of their increasing TiO2 content. 

The observed trends in the degradation of RhB can be related to the morphology of the hybrids 
revealed from TEM images (Figure 4.) where the less availability of TiO2 on the surface can lead 
to worst photocatalytic performance for hybrid A, followed by an optimum level of interaction 
between PhCN and TiO2 in hybrid B and an excess of TiO2 agglomeration leading to a reduction 
in active catalytic surface for hybrids C and D.10 When the hybrid B is annealed at different 
temperatures, the crystallinity of TiO2 increases with the temperature alongside the band gap 
leading to lower RhB degradation. Through this detailed study, one could argue that the best 
performing photocatalyst is in its unannealed phase because of the superiority of solvothermal 
synthesis as a facile method to generate crystalline anatase hybrids with good crystallinity which 
has enough active sites to refrain further heat treatment.19 The tendency of the moderate ratio of 
PhCN/TiO2 (hybrid B) to outperform others indicates an optimised interaction between the PhCN 
core and the TiO2 porous envelope suggesting the highest degree of charge extraction with lowest 
recombination rates. The observed substantial decrease in the photocatalytic ability of all the 
hybrids when annealed at 400˚C is likely related to the sintering of TiO2 at higher temperatures 
and the corresponding loss of its active surface area along with the loss in the integrity of PhCN 
due to TiO2 crystallization. In addition, when there is agglomeration of TiO2 on the surface of PhCN 
core, it gets shielded from the incident light and cannot generate charged carriers. Recyclability 
tests were done for the best performing hybrid B_RT till 4 cycles of RhB degradation without 
observing any loss in the photocatalytic activity indicating its excellent stability (Figure S31). The 
test in the dark (Figure S32) shows that the removal of RhB by B_RT is solely due to photocatalysis 
without a major contribution from adsorption which enhances the reusability of the hybrid B_RT 
after a cycle of dye removal. All the above-mentioned discussion implies that we have successfully 
generated a hybrid which can be easily commercialised due to use of cheaper and readily 
available chemicals, ease of synthesis, reusability and practicality. Our hybrid is compared with 
some other advanced materials for the degradation of RhB in Table S6. 



To investigate the main oxidation species responsible for the degradation of RhB dye, the 
identification of reactive oxygenated species (ROS) produced during the reaction is essential. For 
this, quenching tests were performed with 1mM solution of radical scavengers namely: NaN3, IPA, 
CHCl3, AgNO3 and TEOA for the species O2

1, OH*, O2
*
 , photogenerated e-, and h+ respectively 

(Figure 7d). The tests were performed in identical conditions to that of the dye degradation tests.  

 

 

Figure 7  a),b),c) Photocatalytic degradation of rhodamine B dye by the PhCN/TiO2 hybrids under visible 
light illumination. ;d) Quenching of the degradation of Rhodamine B by B_RT through radical scavengers. 

 



It was observed that all the ROS were present during the intermediate reactions for RhB 
degradation. NaN3 and CHCl3 show identical quenching suggesting the origin of singlet oxygen 
and the superoxide radical from identical pathways. AgNO3 accelerates the degradation of RhB, 
where Ag enhances the e—h+ separation process which was confirmed by the degradation of RhB 
dye by AgNO3 in the absence of the photocatalyst (Figure S33). The quenching by IPA is higher 
than O2- quencher and it acts as one of the major species for RhB degradation as evident by 
detailed quenching tests (Figure S34) where 50% v/v IPA shows complete stopage of the 
photocatalytic dye degradation. Amongst all, the use of TEOA hampers the photocatalytic 
degradation to the highest extent and stops the process completely when added at 100mM 
concentration (Figure S35). This shows that the photogenerated holes were the predominant ROS 
responsible for the RhB degradation. The degradation of methylene blue (MB) and methyl orange 
(MO) dyes were also checked under visible-light illumination with hybrid B_RT as shown in figure 
S36a, S36b. It was observed that B_RT did not interact with MB either by photocatalytic 
degradation or adsorption, while MO was substantially adsorbed (60%) in 30mins by B_RT along 
with a red shift. Since MO is an anionic dye and MB is a cationic dye, the tests suggest that the 
surface of B_RT photocatalyst is positively supported by the abundance of holes. The red shift in 
the absorbance spectra of MO could be attributed to the polarity of the photocatalyst as MO is 
sensitive as a pH indicator. The pH of the reaction plays a significant role in influencing the 
photocatalytic degradation efficiency of the PhCN/TiO₂ hybrid. In general, pH adjustments can 
enhance or suppress the formation of reactive oxygen species (ROS), such as hydroxyl radicals, 
which are critical for the degradation of RhB.as shown by the quenching tests. The addition of a 
weak base like TEOA can raise the pH of an acidic environment but it resulted in complete 
quenching of RhB degradation in our case. Conversely, the addition of the hydroxyl radical 
quencher IPA lowers the pH, but it also inhibited photocatalytic RhB degradation, though to a 
lesser extent.  

3.4. Photocatalytic H2 production Tests 

After evaluating the oxidative potential of our hybrids, we switched to the photocatalytic 
performance towards their sacrificial hydrogen evolution reaction (HER). Due to the higher dye 
degradation abilities of the as-prepared hybrids, only A_RT, B_RT, C_RT and D_RT were selected 
for the HER tests. The tests were conducted using a home-made closed reactor system with a 
constant temperature of 15˚C through water jacket cooling, 1wt% photo deposited Pt as the co-
catalyst and 445nm LED illumination (Supporting information, section 1). Hybrid B_RT was used 
to test two sacrificial agents, MeOH and TEOA, which are widely reported as an efficient sacrificial 
agent for TiO2 and carbon nitrides, respectively.42 We observed that B_RT produced 15 times 
more H2 in the presence of 0.1M TEOA as compared to MeOH (Figure 8a), thereby suggesting 
that the holes are effectively scavenged from the PhCN part of the hybrid and not TiO2. Therefore 
0.1M TEOA was employed for the rest of the HER tests of all the as-prepared hybrids (Figure 8b). 
Like the RhB degradation tests, hybrid B_RT showed the highest HER activity among the as-
prepared hybrids at an impressive 5789 μmol h-1g-1. Table S7 compares the H2 production abilities 
of recently reported gCN based advanced photocatalysts. Compared to the case of the as-
prepared PhCN (Figure S37), B_RT produces ~6.5 times more H2 which can be ascribed to the 
successful formation of heterojunctions with TiO2 enhancing charge separation as shown by the 
PL measurements. Since the holes are scavenged from the PhCN core, D_RT shows the lowest 
H2 production due to shielding of the PhCN core by a thick TiO2 outer cover and further leading to 
inaccessibility of holes to the electron donating TEOA. The HER results validate the superiority of 
the gradient core-shell structure of the PhCN/TiO2 hybrid where loss of porosity and interaction 
with surrounding molecules lead to lower photocatalytic activity in the case of A_RT and C_RT.43  



The HER ability of the best performing hybrid B_RT was further evaluated with the help of an in-
flow online H2 detection system over a period of 44 hours (Experimental details in Supporting 
information, section 1; Figure S38). The rate of hydrogen production was measured continuously 
for 44 hours instead of doing hourly injections. Figure 8d shows the first 24 hours of the test in 1st 
illumination cycle. The initial rate of hydrogen production was measured around 80 μmol h-1 during 
the first ~40 min of illumination using a 445nm LED. However, following this, the photocatalytic 
rate was found to decrease gradually to ~19.2 µmol h-1 over the course of 21 hours, which could 
be attributed to the agglomeration, growth, and potential leaching of the Pt nanoparticles on the 
surface of the hybrid, as observed by similar studies on TiO2/Pt photosystems.44  

 

 

 

To understand the process of deactivation of the hybrid, XRD, ATR-FTIR and XPS were performed 
on the hybrid B_RT post the flow HER reaction. XRD analysis showed all the characteristic 
reflections corresponding to PhCN and TiO2 anatase, as observed in the pristine B_RT (Figure 

Figure 8 a) HER tests for sacrificial agent; b) HER tests of as-prepared hybrids; c) FTIR transmittance 
spectra of B_RT post flow HER test; d) Flow HER activity of B_RT for 1day. 

 

 

 

 

 

 



S39). The IR absorbance of the photocatalyst after the flow tests showed the formation of aliphatic 
C-O and C-N bonds and enhancement of -OH and -NH stretches as compared to as-prepared 
B_RT (Figure 8c). These new absorbance peaks arise from the sacrificial agent used i.e., TEOA 
which is present in excess amounts (0.1 M) and may have adhered to the porous surface of our 
hybrid. Survey spectra obtained from XPS analysis (Figure S40) confirms the presence of C, O, 
N and Ti on the surface of the post-HER hybrid. A minor increase in the counts in the 70-72 eV 
region was observed suggesting the presence of small amount of Pt0 on the surface.44  

 

 

 

However, due to the porous nature of the hybrid, it might be possible that some of the PtCl62- from 
the photo deposition process seeped into the pores of the hybrid at the PhCN/TiO2 interface, which 
is not detectable by outer surface sensitive XPS.44 The atomic concentration% quantification show 
an increase in the amount of N, a decrease in the amount of O and a substantial decrease in the 
Ti amounts from 10% to 4% in the post HER hybrid, which might suggest leaching of TiO2 
nanoparticles into the solution or a changing morphology of the hybrid. The N1s spectrum (Figure 
9a) shows a shift of 0.3eV and Ti2p (Figure 9b) showed 0.5eV shift, both towards lower binding 
energy in the post HER B_RT. The O1s deconvoluted spectrum of the post-HER B_RT shows a 
major loss of Ti-O-Ti signal (Figure S41). All these observations indicate a partial reduction of the 
TiO2 on the surface of the hybrid during the H2 production.45 Based on these results, we propose 
that this reduction of TiO2 happens due to the surge of electrons flowing from PhCN to TiO2. When 
illuminated using visible light, the photogenerated electrons from the PhCN goes towards the TiO2 
to increase the electron density around it causing the shift towards a lower binding energy. At the 
same time the lone pairs on N from the amine group of TEOA surrounds the PhCN resulting in the 
enhancement of electron density around N. While there have been a few reports studying such 
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behaviour44–46, where the Ti-O bond is fractured during the photoreduction process creating 
oxygen vacancies and thereby recombination centres 46, it requires a reducing environment, and 
our experiments were carried out in a continuous gas flow system which deems this scenario to 
be highly unlikely. 

3.5. Dual functional catalytic tests 

Integrating pollutant degradation with hydrogen production in a single process can reduce 
operational costs compared to treating pollutants and producing hydrogen separately. Based on 
our structural and mechanistic insights, it was obvious that our hybrids are perfectly suited for 
simultaneous RhB degradation and HER where RhB molecules adsorbed on the surface of the 
hybrid would quench the holes and maintain a higher availability of electrons by photoexcitation 
for H2 generation. At the same time, the dye molecules will also act as the source of protons 
necessary for a sustained HER. All experiments were performed using aqueous RhB dye solutions 
along with 1wt% Pt photodeposited onto B_RT without any additional sacrificial agents 
(Supporting information, section 1). Figure 10 shows that the hybrid B_RT is successfully able to 
produce H2 while simultaneously oxidising RhB to CO2 gas. We observe an initial rate of 8 μmol 
h-1 of H2. Moreover, the H2 production rate was further doubled when increasing the amount of 
RhB, with an optimal dye concentration of 0.04 mM for best HER results of 17.5 µmol h-1, since 
further increasing the RhB concentration did not yield any improvement in the HER performance. 
 

 
 As expected, the amount of H2 produced using RhB as the sacrificial agent was much lower than 
when with TEOA because of the high basicity of TEOA and its small molecular size which helps it 
to diffuse better in the pores of the hybrid photocatalyst leading to a more effective electron 
donation process.2Complementarily, the amount of evolved CO2, as the product of RhB 
degradation, increased with time showing that more RhB molecules are being degraded (Figure 
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Figure 10 Simultaneous H2 production a), and Rhodamine B dye degradation indicated by CO2 
evolution b) using PhCN/TiO2 B_RT.  



10b). However, longer illumination reveals a sharp decrease in the H2 production rate which is first 
most likely due to the lack of sufficient amounts of RhB in the solution to consume the 
photogenerated holes, resulting in an increase in the number of charge-recombination, and 
secondly could be due to the agglomeration and deactivation of Pt NPs as suggested in section 
2.5. Nonetheless, UV-Vis spectroscopic measurement confirmed the complete degradation of 
0.02mM RhB after 5 h of illumination (Figure S42), along with a cease in any H2 production further 
demonstrating that RhB acts as the source of CO2 and H2 (Figure 10a, 10b). Similar is the case 
with 0.1mM RhB (Figure S43). It is important to note that the negligible amount of H2 produced in 
the latter half of the illumination cycle could also be due to the lack of dissolution of the dissolved 
H2 in the reaction solution. Therefore, the successful production of H2 by the degradation of RhB 
dye showed that the PhCN/TiO2 hybrid B_RT has a good redox capability i.e., electron reduction 
through HER and hole oxidation through RhB degradation.  
 

 
 
Based on the results above, coupled with XPS analysis, optoelectronic studies and mechanistic 
insights, a mechanism of dual photocatalytic behaviour of oxidative coupling of RhB degradation 
integrated with H2 evolution over PhCN/TiO2 can be proposed as follows: 1)when the PhCN/TiO2 
hybrid comes in contact with the RhB molecules in water under dark conditions, it starts to adsorb 
the dye molecules onto its surface which is highly facilitated by the high porosity of the sample; 2) 
once the adsorption-desorption equilibrium is achieved in 30 mins and the visible light is incident 
to the system, the PhCN, owing to its suitable bandgap, absorbs visible-light photons and  forms 
photogenerated e- - h+ pairs; 3) the adsorbed RhB molecules also get photoexcited owing to its 
LUMO and HOMO band positions at  -1.42 and 0.95 eV (vs NHE) respectively6 and Pt gets 
photodeposited on the surface of the hybrid via the reduction by the photoexcited electrons; 4)The 
photogenerated electrons from RhB migrate to the conduction band of TiO2 as well as the LUMO 
of PhCN whereas the excited electrons from the LUMO band (σ* level) of PhCN are transferred 
to the conduction band of Ti due to the favourable alignment of their energy levels.41 5) the 

Figure 11. Type II charge transfer scheme of improved PhCN/TiO2 hybrid for simultaneous Rhodamine B 
degradation and H2 production under 445nm LED illumination. 



deposited Pt acts as an electron acceptor due to the position of its fermi level which enhances the 
spatial charge separation and lowers the activation energy barrier to enhance the photocatalytic 
performance.3 6) the holes accumulated at the HOMO of PhCN react directly with the RhB 
molecules to further oxidize them to CO2 and other degraded products; 8) Simultaneously the 
surface-adsorbed protons react with the localised trapped electrons on Pt to generate H2 at the 
CB of TiO2. This is a type II charge transfer mechanism where the photogenerated electrons and 
holes are utilised for H2 production and oxidative degradation of Rhodamine B dye respectively, 
resulting in a dual-functional photocatalysis process. Figure 11 shows the dual-photocatalytic 
schematic representation of Type II charge-transfer pathway in the best PhCN/TiO2 hybrid beside 
the E vs. NHE values of the components’ band positions 41,47–49. The reduction potential of H2 is 
more positive than the conduction band potentials of both the components which allows the 
generation of H2 via both. The presence of Pt and its indicative synergy with TiO2 shows that TiO2 
is the principal generator in the HER. Since the oxidation potential of OH· is more positive than 
the HOMO state of PhCN, OH· are not generated via PhCN but TiO2. The dye degradation 
happens majorly through the oxidation from the holes generated at the HOMO of PhCN. The 
irregular shape of the hybrid aids in the formation of maximum number of heterojunctions and the 
porous surface ensures a high interaction between the adsorbed species and the photogenerated 
charge carriers. The intermeshed structure guarantees less time for e- h+ recombination and 
shorter electron travel path from the PhCN core to the surface of the hybrid. Through this efficient 
pathway, the gradient core-shell PhCN/TiO2 hybrid exhibits a good redox performance under 
visible light irradiation for dual-functional photocatalysis. 
 

4. CONCLUSIONS 

A highly efficient intermeshed gradient core-shell structure is reported via solvothermal approach 
with a core of visible-light active PhCN and a porous shell of crystalline PhCN-TiO2 with impressive 
photocatalytic abilities. This work emphasizes on the importance of structural and morphological 
control of the hybrid photocatalytic system through detailed streamlining in the hybrid series. The 
nanoscale features have proven to be fundamental for the study of the photocatalytic efficiency. It 
was demonstrated that properties like surface area, porosity, and overall morphology of a system 
decides its photocatalytic activity and was found that the morphology of a system strongly 
influences the optoelectronic properties of a material, which can be controlled by utilising different 
synthetic procedures and thermal treatment. The gradient core-shell structure guarantees a high 
level of interaction between the semiconductor components of the hybrid as well as ensures a 
high interplay with surrounding molecules. Thermal treatment of the hybrids resulted in a decrease 
in the nitrogen content in the PhCN structure having a negative effect on the photocatalytic 
performance. Hence, the as-prepared hybrids always perform better. The crystallinity of the TiO2 
outer shell also aids in the photo-activity which can be ensured by a solvothermal synthesis. The 
optimised hybrid performs impressively as a visible-light active photocatalyst in the fast 
degradation of Rhodamine B dye via the formation of photogenerated holes as the major reactive 
species which can be coupled with simultaneous evolution of H2 fuel. In this hybrid system, 
efficient and quick electron transfer from the LUMO state of the polymeric PhCN structure to the 
conduction band of TiO₂ plays an essential role. Both the σ* and π* excited states contribute to a 
non-radiative process, leading to a faster decay time. This suggests an electron transfer 
mechanism where the organic component (PhCN) acts as a sensitizer, transferring electrons to 
the TiO₂, which serves as the activator. A type II charge-transfer mechanism is proposed for the 
photocatalysis processes. Utilization of the industrial dye pollutant Rhodamine B for a clean H2 
fuel generation is a positive step towards achieving a circular economy. However, bio-friendly 
inorganic molecular co-catalysts need to be substituted for Pt to increase the lifetime of the catalyst 
and the H2 production in the future. This comprehensive study and improvements can provide 



prospects of continuing research in such a direction and act as a guide towards the design and 
study of new hybrid photocatalysts for dual functional photocatalysis. 
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