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ABSTRACT

Building upon our research in the rational design of metal-free heterojunctions as 

multifunctional photocatalysts, we report herein a novel ternary heterojunction comprising 

few-layer phosphorene (FLP), reduced graphene oxide (rGO), and graphitic carbon nitride (g-

CN) (FLP/rGO/g-CN) for the visible-light-driven C-H arylation of heteroarenes. 

Comprehensive characterization techniques confirmed the successful integration of FLP, rGO, 

and g-CN into a well-defined heterostructure with intimate interfacial contact. Optimization 

studies on the photoredox C-H arylation of heteroarenes revealed that 30 wt% FLP within 

rGO/g-CN exhibited superior performance, outperforming individual constituents and binary 

heterojunction (rGO/g-CN). Under the optimized reaction conditions, the FLP/rGO/g-CN 

heterojunction efficiently mediated the arylation of furan derivatives with aryl diazonium salts, 

achieving yields up to 94%, while thiophene derivatives furnished moderate yields (up to 84%) 

with electron-deficient aryl groups. Solid-state NMR (ssNMR) analysis reveals strong 

interactions between the central nitrogen atoms of the tri-s-triazine units and the FLP species 

as well as rGO, leading to increased local electron density that synergistically enhances 

photocatalytic activity compared to the pristine materials. Mechanistic studies, including 

radical scavenger experiments and charge transfer analysis, revealed a synergistic nonclassical 

type-I heterojunction mechanism that promotes efficient spatial separation and directional 

migration of photogenerated charge carriers, thereby minimizing their recombination. 

Furthermore, the FLP/rGO/g-CN heterojunction demonstrated excellent recyclability, 

maintaining its high activity over five consecutive cycles without significant loss, underscoring 

its robustness and high chemical stability. This study highlights the potential of rationally 

engineered 2D-based ternary heterostructures as sustainable and high-performance 

photocatalysts for solar-driven C-H functionalization, offering insights into the design of 

advanced metal-free catalytic systems for organic transformations.

Keywords: Phosphorene, C-H arylation, reduced graphene oxide, graphitic carbon nitride, aryl 

diazonium salts, photoredox catalysis.
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INTRODUCTION

Synthetic methods for C-H functionalization represent a continually evolving area of research, 

aimed at achieving higly selective, mild, atom-efficient, and cost-effective strategies for the 

construction and late-stage modification of high-value organic molecules.(1, 2) Among these 

strategies, photocatalysis has emerged as a sustainable paradigm, leveraging solar energy to 

enable low-energy and environmentally benign chemical transformations.(3, 4) As a pollution-

free and renewable energy source, sunlight offers significant advantages by minimizing 

ecological impact while maintaining cost efficiency.(5, 6) However, a major limitation arises 

from the fact that most organic substrates lack intrinsic redox-active functional groups, 

hindering efficient photocatalytically driven bond cleavage and formation.(7) Additionally, 

certain reactions with high activation energies, particularly C-H activation and subsequent 

functionalization processes, are often difficult to initiate using light as the sole energy 

source.(2, 8) To overcome such high activation energy, various metal complexes have been 

introduced for a wide range of applications as photocatalysts due to their versatile redox 

properties and broad applicability.(9–12) However, their use is hampered by several 

drawbacks, including high cost, scarcity, toxicity, and environmental persistence, alongside 

issues such as thermal instability and catalyst deactivation. In response, many researchers have 

contributed to this field by developing metal-free photocatalysts(13–17) yet a critical 

unresolved challenge lies in their efficient separation and recyclability from reaction mixtures. 

This has driven growing interest in designing robust, economical, and reusable catalytic 

systems. Within this framework, metal-free semiconductor-based photocatalysts have emerged 

as a promising alternative due to their favorable sustainability and operational advantages.(18, 

19) 

Among emerging candidates, the use of two-dimensional (2D) semiconductor materials 

consisting of the abundant elements as photoredox catalysts in organic transformations is 

promising path for researchers.(20–23) Notably, the pnictogen family (e.g., 2D black 

phosphorus (BP or phospherene (FLP)) and bismuthene) has attracted considerable attention 

due to their tunable bandgaps, broad visible-to-NIR light absorption, layered structures, and 

high charge-carrier mobility.(24–27) Building on our previous works, we have demonstrated 

that heterogeneous photocatalytic systems based on few-layer phoshorene (FLP) and 

bismuthene offer significant advantages over conventional homogeneous catalysts for 
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photoredox C-H arylation reactions.(28, 29) However, the broader application of FLP remaims 

limited by its low chemical stability, as it is sensitive to moisture and oxygen, leading to 

degradation. To address this challenge, we previously engineered BP-based heterojunctions by 

coupling FLP with functionalized 2D materials such as graphitic carbon nitride (g-CN) and 

reduced grapheneoxide (rGO) to form binary heterojunctions.(30, 31) rGO offers a large 

surface area, excellent electrical conductivity and exceptional thermal stability, making it an 

efficient electron reservoir(32–34). On the other hand, g-CN is widely recognized for its 

abundance, low cost, chemical robustness, and suitable bandgap (~2.7 eV), positioning it as a 

benchmark material in metal-free photocatalysis.(35) By strategically integrating BP into a 

binary rGO/g-CN heterostructure, we hypothesized that the resulting ternary heterojunction 

would combine the unique benefits of all three components, namely enhancing charge 

separation, boosting photocatalytic performance, and, crucially, improving FLP’s stability 

under ambient conditions. 

In this perspective, we introduce herein a FLP/rGO/g-CN ternary heterojunction as a reusable, 

metal-free photocatalyst for efficient C-H arylation reactions under visible-light irradiation. 

Comprehensive characterization of the FLP/rGO/g-CN heterojunctions via advanced 

instrumental techniques revealed strong interfacial coupling between the constituent phases, 

facilitating efficient photogenerated charge separation and transfer, which collectively 

contribute to the significantly enhanced photocatalytic activity. To identify the optimal 

photocatalyst composition, where the components synergistically form a heterojunction with 

the best photocatalytic activity for the photoredox C-H arylation of heteroarenes, binary and 

ternary heterojunctions were systematically prepared with varying component ratios in a 

stepwise manner. Among them, the use of of FLP/rGO/g-CN ternary heterojunction composed 

with 30 wt% FLP demonstrated superior activity in the C-H arylation compared to its pristine 

materials. The scope and limitations of the designed ternary heterojunction were explored using 

seven different heteroarenes and twelve different aryl diazonium salts, yielding a total of 30 

distinct biaryl products. To elucidate the role of the FLP/rGO/g-CN heterojunction in the C-H 

arylation mechanism, a series of radical scavenger experiments and charge transfer analyses 

were conducted. The results confirmed that the nonclassical type-I heterojunction mechanism 

is responsible for the enhanced photocatalytic performance, which is attributed to improved 

photophysical properties and more efficient charge separation. Furthermore, the heterogeneous 
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nature and  reusability of the FLP/rGO/g-CN heterojunction was confirmed through a model 

reaction, showing no significant loss in catalytic activity even after five consecutive cycles.

EXPERIMENTAL SECTION

Synthesis of BP Crystals

BP crystals were synthesized using a modified low-pressure chemical vapor transport (CVD) 

method.(36) The detailed synthesis procedure is provided in the Supporting Information. 

Synthesis of Reduced Graphene Oxide (rGO)

rGO was synthesized through a two-step process: initially, graphene oxide (GO) was prepared 

using a modified Hummers method(37), followed by its reduction using N,N-

dimethylformamide (DMF) as the reducing agent. The detailed synthesis procedure is provided 

in the Supporting Information. 

Synthesis of g-CN

g-CN was synthesized via thermal polycondensation of urea.(38) The detailed synthesis 

procedure is provided in the Supporting Information.

Synthesis of FLP/rGO/g-CN Heterojunction Photocatalyst

A two-stage optimization strategy was employed to prepare the ternary FLP/rGO/g-CN 

heterojunction photocatalyst for enhanced activity in photoredox C-H activation reactions.(30, 

31) Initially, the binary rGO/g-CN system was synthesized at varying ratios, and the 

composition yielding the highest photocatalytic activity was identified. This optimized ratio 

was then maintained while FLP was incorporated at different concentrations to determine the 

optimal ternary composition.

For this purpose, predetermined amounts of rGO and g-CN were individually dispersed in 

ethanol and sonicated for 1 hour. The rGO dispersion was then added dropwise to the g-CN 

suspension, followed by 4 additional hours of sonication to ensure homogeneous dispersion 

and strong interfacial interactions. The resulting mixture was centrifuged at 7500 rpm for 12 

minutes, and the solid product was dried under vacuum.
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For the FLP/rGO/g-CN heterojunction, bulk BP was dispersed in DMF and subjected to 12 

hours of sonication to achieve exfoliation. The resulting dispersion was centrifuged at 2000 

rpm for 10 minutes to remove unexfoliated BP, yielding a stable FLP/DMF colloidal 

suspension. Separately, the optimized rGO/g-CN mixture was dispersed in DMF and sonicated 

for 1 hour, then added dropwise to the FLP dispersion while maintaining sonication. The 

reaction mixture was further sonicated for 5 hours to promote strong interactions between the 

2D nanostructures. The final material was isolated by centrifugation at 12,000 rpm for 10 

minutes, washed multiple times with ethanol to remove DMF, and dried under vacuum at 50 

°C.

Synthesis of Aryl Diazonium Tetrafluoroborates

As followed the literature(39), to a solution of corresponding aniline (10 mmol, 1 equiv) in 

ethanol (2 mL) and water (2 mL) was added the aqueous tetrafluoroboric acid ( 48 wt %, 2.0 

equiv). After stirring for 20 min at room temperature, the reaction mixture was cooled down to 

0 °C using an ice-water bath and a solution of tert-butyl nitrite (20 mmol, 2.0 equiv) was added 

dropwise under 0 °C. After the addition was completed, the mixture was stirred for 1 hour at 

room temperature. Then, diethylether (25 mL) was added to the reaction solution, the resulting 

precipitate was collected by filtration and washed with cold diethyl ether (3×10 mL), and dried 

under vacuum. The crude product was used in next step without further purification.

General Procedure for the Photoredox C-H Arylation Reaction 

The photocatalyst in 1 mL of dry DMSO was placed in the jacketed flask. The corresponding 

aryl diazonium salt (0.25 mmol) and heteroarene (10 mmol) were added. Then, the jacketed 

flask was sealed with a septum, placed in the photoreactor system under white light (150 W, 

13,330 lumens, UV cutoff, 140 mW.cm-2), and stirred with a magnetic stir bar at room 

temperature for 90 min. Finally, the mixture was diluted by the addition of ethyl acetate (10 

mL) and washed with brine (3x10 mL). The combined organic phases were dried over Na2SO4 

and the solvent was removed under vacuum. The residue was purified by thin layer 

chromatography on silica gel using EtOAc/hexane.

RESULTS AND DISCUSSION

Photocatalyst Characteristics
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The integration of g-CN with rGO is expected to enhance the photochemical stability, 

electronic structure, and diverse chemical properties of g-CN owing to superior electrical 

conductivity of rGO, which facilitates efficient electron mobility. The further incorporation of 

FLP into the rGO/g-CN binary heterostructure not only extends the optical absorption range 

from visible to near-infrared (NIR) region but also helps mitigate the inherent stability 

challenges associated with FLP.(37) The ternary FLP/rGO/g-CN heterojunction is rationally 

designed for superior performance in photoredox C-H functionalization reactions due to 

improved charge separation and light absorption as following. To gain a synergistic effect 

among the materials, in which the binary and ternary heterojunctions exhibit superior 

photocatalytic performance, a systematic two-stage optimization process was conducted to 

determine the optimal composition of the FLP/rGO/g-CN heterojunction photocatalyst, as 

detailed in the Experimental Section. In the first stage, the rGO content in the rGO/g-CN binary 

system was varied, revealing that the highest photocatalytic activity was achieved by using 1 

wt% rGO while higher rGO loadings yielded lower product formation reducing the effective 

photon utilization by the photocatalyst.(18) rGO can lead to significant absorption of incident 

light by itself despite enhancing charge transport. This finding underscores the importance of 

balancing conductivity and light absorption to maximize photocatalytic efficiency. In the 

second stage, the FLP content in the ternary system was optimized, with the highest activity 

observed at 30 wt% FLP, indicating its crucial role in further enhancing charge separation and 

light harvesting. Following optimization of the constituents in the ternary heterojunction, the 

most efficient FLP/rGO/g-CN heterojunction based on its photocatalytic activity in the model 

reaction was subjected to comprehensive structural and spectroscopic characterization to 

elucidate photocatalytic activity.
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Figure 1. a. XRD patterns of g-CN, rGO/g-CN, and FLP/rGO/g-CN, b. FTIR spectra of rGO/g-
CN, and FLP/rGO/g-CN, c. Raman spectra BP, and FLP/rGO/g-CN, High- resolution d. C 1s 
XPS spectra of g-CN, rGO, rGO/g-CN and FLP/rGO/g-CN, High-resolution e. N 1s XPS 
spectra of g-CN, rGO/g-CN and FLP/rGO/g-CN and High-resolution f. P 2p XPS spectra of 
FLP and FLP/rGO/g-CN, g. 13C CP MAS NMR of g-CN, rGO/g-CN and FLP/rGO/g-CN.

To investigate the crystalline properties of the synthesized materials, X-ray diffraction (XRD) 

analysis was performed, and the diffraction patterns of g-CN, rGO/g-CN, and FLP/rGO/g-CN 

photocatalysts are presented in Figure 1a. The diffraction peak at 2θ= 12.7° can be indexed to 

the in-plane structural ordering of g-CN (100) reflection, while the one observed at 2θ= 27.1° 
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attributing to the interlayer stacking of conjugated aromatic systems.(40) Additionally, 

diffraction peaks characteristic of orthorhombic FLP are detected at 2θ= 16.7°, 33.6°, 34.5°, 

and 52.5°, corresponding to the (020), (040), (111), and (060) crystal planes of BP, respectively 

(PDF No. 40-444)(41). A shift toward smaller 2θ values in these diffraction peaks compared 

to standard reference values suggests an increased interlayer spacing, likely due to the 

interactions among FLP, rGO, and g-CN. The absence of distinct rGO peaks in the XRD pattern 

is attributed to its lower loading amount (1 wt% rGO) relative to other components and its 

predominantly amorphous nature. To investigate the interactions involving the polar functional 

groups in g-CN-based binary and ternary heterojunction, Fourier-transform infrared (FTIR) 

spectroscopy was performed as shown in Figure 1b. The broad absorption band centered at 

3235.9 cm-1, similar to that of g-CN, corresponds to the stretching vibrations of N-H while O-

H functional groups of rGO overlapped in the same region.(36) The characteristic peak at 807 

cm-1 is attributed to the out-of-plane bending vibrations of heptazine units, confirming the 

retention of the structural framework of g-CN.(38) Additionally, the absorption bands observed 

in the range of 1200-1600 cm-1 correspond to the C-N stretching vibrations within the 

conjugated heptazine rings of g-CN, indicating the presence of strong interactions within the 

heterojunction structure. To further support the structural characterizations obtained from XRD 

and FTIR, Raman spectroscopy was performed, and the corresponding spectra are presented in 

Figure 1c. Given the low concentration of rGO and the Raman-inactive nature of g-CN, only 

the characteristic peaks associated with FLP were observed. Specifically, the peaks 

corresponding to the Ag
1 (out-of-plane), B2g (in-plane), and Ag

2 (in-plane) phonon modes of 

FLP were clearly identified.(37) Notably, the Ag
1 phonon mode exhibited a 1.5 cm-1 red shift 

in the ternary FLP/rGO/g-CN heterojunction compared to pristine FLP, which is attributed to 

interlayer distance modifications resulting from interactions within the heterostructure. This 

shift provides additional evidence for the successful formation of the designed ternary 

heterojunction.

X-ray photoelectron spectroscopy (XPS) analysis was conducted to investigate the surface 

chemical composition and environment of the synthesized FLP/rGO/g-CN heterojunction and 

its pristine materials. The survey XPS spectrum (Figure S1) confirmed the presence of P 2p 

and P 2s peaks characteristic of FLP, C 1s and O 1s peaks associated with rGO and g-CN, and 

the N 1s peak originating from g-CN. In both the high-resolution C 1s spectra of rGO/g-CN 

and FLP/rGO/g-CN, the peak at 284.5 eV attributed to C-C/C=C increased in intensity upon 
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incorporation of rGO, and all carbon-related peaks shifted to higher binding energy compared 

to pristine g-CN.(42, 43) The high-resolution C 1s spectrum (Figure 1d) also displayed two 

additional peaks corresponding to , C-N (285.9 eV), and (N)2-C=N (288.0 eV), confirming the 

presence of sp2-hybridized carbon and carbon-nitrogen bonds in ternary heterojunction. In the 

high-resolution N 1s spectrum (Figure 1e), the peaks at 398.6 and 400.4 eV were attributed to 

N=C and N-C bonds, respectively, which are characteristic of the heptazine units in g-CN.(44) 

The high-resolution P 2p spectrum (Figure 1f) exhibited peaks at 129.0 and 129.9 eV, 

corresponding to P 2p3/2 and P 2p1/2 of FLP, respectively.(45) Additionally, peaks at 133.2 and 

134.1 eV were assigned to P-OH and PxOy species, indicating interactions between phosphorus 

in FLP and other components of the heterojunction.(46) Notably, compared to pristine FLP, all 

P 2p peaks shifted to lower binding energy, while C 1s and N 1s peaks shifted to higher energy. 

These opposite shifts indicate electron transfer from rGO/g-CN to FLP, providing strong 

evidence of interfacial electronic coupling and a well-established heterojunction. 13C cross-

polarization magic-angle-spinning solid-state NMR 13C CP MAS ssNMR) spectroscopy was 

performed to further investigate how rGO and BP influence the structure of g-CN and their 

positioning within the composite (Figure 1g). Pristine g-CN exhibits two main characteristic 

resonances at 156.1 ppm (CN2-(NHx), labeled C-2) and 163.9 ppm (CN3, labeled C-1).(47) 

Upon incorporation of rGO, the C-1 signal shifts to higher frequency (164.7 ppm), while C-2 

remains essentially unchanged at 155.9 ppm. This downfield shift of C-1 is consistent with the 

presence of polar, electron-deficient functional groups at the edges of the rGO layers. In 

contrast, introduction of FLP into the binary rGO/g-CN heterojunction causes C-1 to shift to a 

lower frequency (163.1 ppm), even below that of pristine g-CN, whereas the C-2 resonance 

remains unaltered at 155.9 ppm. Owing to these chemical environment changes observed for 

the C-1 peak, both rGO and FLP are inferred to be positioned at or interacting with the central 

triazine rings of g-CN.(36) These spectral changes clearly indicate strong interfacial coupling 

among the components and support the occurrence of electron transfer from FLP to the rGO/g-

CN system, in agreement with the XPS analysis.
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Figure 2. TEM images of a. g-CN, b. FLP, c. rGO, d. rGO/g-CN, e. and f. FLP/rGO/g-CN g. 
HAADF-STEM image and associated elemental mappings (The scale bars are all 500 nm). 

Transmission electron microscopy (TEM) analysis was performed to examine the 

morphological features of g-CN, FLP, rGO, the binary rGO/g-CN heterojunction and the 

ternary FLP/rGO/g-CN heterojunction, with representative TEM images at different 

magnifications presented in Figure 2. The mesoporous nanostructure of g-CN is clearly 

observed in Figure 2a, whereas the smooth surface and layered morphology of FLP are evident 

in Figure 2b. While the sheet-like morphology of rGO is evident in Figure 2c,the image in 

Figure 2d confirm the successful incorporation of rGO, displaying its thin, layered structure 

intimately attached to the mesoporous framework of g-CN. Furthermore, in Figure 2e-f, 

morphological features of the ternary FLP/rGO/g-CN heterostructure were identified: blue 
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dashed lines highlight the distinctive traces of FLP, the dark regions outlined by red dashed 

lines correspond to rGO, and the yellow circular dashed lines indicate the g-CN nanolayers. 

High-Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-

STEM) analysis, along with correlative Energy Dispersive Spectroscopy (EDS) elemental 

mapping, was performed to investigate the elemental distribution and confirm the formation of 

heterojunctions. The HAADF-STEM and EDS mapping results for the rGO/g-CN 

heterojunction are presented in Figure S2, while those for the FLP/rGO/g-CN heterojunction 

are shown in Figure 2g. As depicted in Figure S2, the uniform distribution of C, N, and O 

elements throughout the structure provides strong evidence of the successful synthesis of the 

binary rGO/g-CN heterojunction. Furthermore, in Figure 2g, the homogeneous spatial 

distribution of C, P, and N elements in the HAADF-STEM image and corresponding EDS 

elemental maps confirms the successful fabrication of the ternary FLP/rGO/g-CN 

heterojunction. The uniform integration of these elements suggests well-established interfacial 

interactions among the components, which are critical for efficient charge transfer and 

enhanced photocatalytic performance.
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Figure 3. a. UV-visible absorbance spectra, b. Tauc plot, c. PL spectra, d. TRPL spectra of g-
CN, rGO/g-CN, and FLP/rGO/g-CN.

To evaluate the enhancement in photophysical properties achieved through heterojunction 

formation, UV-vis DRS, photoluminescence (PL), and time-resolved PL (TRPL) analyses were 

conducted for single (g-CN), binary (rGO/g-CN), and ternary (FLP/rGO/g-CN) 

heterojunctions. As illustrated in Figure 3a, the incorporation of rGO led to increased light 

absorption, particularly beyond 450 nm, compared to pristine g-CN. Furthermore, the addition 

of FLP, which interacts with light across a broader range from the visible to NIR region, 

significantly enhanced light absorption, resulting in a heterojunction with superior optical 

absorption properties. The Tauc plots (Figure 3b) revealed a reduction in the band gap of g-

CN from 2.77 to 2.66 eV in the FLP/rGO/g-CN heterojunction, indicating lower energy 

requirements for charge excitation. This enhanced charge separation was further confirmed by 

PL spectra (Figure 3c), where a substantial decrease in PL emission intensity from g-CN to 

FLP/rGO/g-CN suggested effective suppression of photogenerated electron-hole 

recombination. Additionally, TRPL measurements (Figure 3d) demonstrated a decrease in the 

average electron lifetime (τ) from 6.67 ns (g-CN) to 6.21 ns (rGO/g-CN), highlighting the role 

of rGO as a conductive pathway for accelerated charge transfer. Upon the incorporation of 

FLP, the electron lifetime increased to 6.51 ns, implying that while rGO facilitated rapid charge 

transport, FLP structure with its wide band gap contributed to reduced charge recombination. 

These findings suggest that the FLP/rGO/g-CN ternary heterojunction exhibits enhanced light 

absorption, efficient charge separation, and minimized photogenerated electron-hole 

recombination, making it a highly efficient catalyst for C-H activation reactions under light 

irradiation.

Photocatalytic Performance

To investigate the photocatalytic activity of FLP/rGO/g-CN ternary heterojunctions in the 

photoredox C-H arylation, the reaction between furan (1a) and 4-chlorophenyl diazonium salt 

2a was selected as the model reaction. Initially, FLP, rGO and g-CN were tested separately to 

understand the activity of pristine materials, yielding the desired product 3a with yields of 42%, 

27% and 53%, respectively (Table 1, entries 1-3). Subsequently, the binary combination of 

rGO and g-CN was evaluated in the model reaction by varying the reaction time and 

photocatalyst amounts. The product 3a was obtained with a 89% yield using 10 mg of 

photocatalyst over a 2-hour period (Table 1, entry 4). Remarkably, reducing the reaction time 
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to 1 h did not affect to efficiency (Table 1, entry 5). Once the photocatalyst amount was 

reduced to 5 mg of rGO/g-CN, the product yield remain intact  (Table 1, entry 6). Following 

the results of the binary heterojunctions, the effectiveness of the ternary heterojunction 

photocatalysts with varying FLP contents was evaluated in the model C-H arylation reaction. 

In the reaction performed with FLP/rGO/g-CN (5 wt% FLP) ternary heterojunctions, the 

product 3a was obtained with an 85% yield (Table 1, entry 7). When the FLP content was 

increased (30 wt%), a yield increase of up to 90% was observed (Table 1, entry 8). 

Investigation of the heteroarene loading revealed  reducing the amount of furan to 10 

equivalents led to a dramatic decrease in yield to 40%  (Table 1, entry 9). It was determined 

that further doubling the photocatalyst amount from 5 mg to 10 mg did not significantly affect 

the yield (Table 1, entry 10). Furthermore, increasing the heteroarene loading from 20 to 30 

equivalents afforded comparable  yields (Table 1, entries 11). Notably using 40 equivalents 

of 1a resulted in the same yield within 1 h  and 94% in 90 min (Table 1, entries 12 and 13). 

When the FLP amount in the FLP/rGO/g-CN ternary photocatalyst was increased from 30% to 

40%, the product was obtained in 88% yield (Table 1, entry 14). In the absence of the photo 

catalyst, trace amount of the product were observed (Table 1, entry 15). To get further insight 

into the catalyst effect, the reaction was evaluated in various solvents and 3a was obtained in 

27% yield in THF, 54% yield in DMF, and 47% yield in CH3CN (Table 1, entries 16-18). It 

was clearly observed that the reaction gave the best result with DMSO (Table 1, entry 13). 

Consequently, the optimized reaction conditions were established as  25 °C for 90 min using 

40 equivalents furan (1a) and 0.25 mmol of aryl diazonium 2a. Regarding the effect of reaction 

concentration on product yield, the reaction yield was 85% in 0.5 mL of DMSO, while the 

yield was determined to be 90% when the reaction mixture was diluted to 2.0 mL (Table 1, 

entries 19,20). When the reaction was carried out in the dark, no product formation was 

observed (Table 1, entry 21). Another reason for choosing DMSO as the reaction solvent is 

our previous experience and examples in the literature.(16, 48, 49) In related direct C-H 

photoarylation reactions with aryldiazonium salts, DMSO produced positive outcomes 

compared to other solvents likely due to its ability to solubilize diazonium salts and 

heteroarenes and to facilitate formation of photoactive intermediates under visible-light 

irradiation. In addition, this solvent provides an efficient environment for the exfoliation of the 

ternary heterojunction.
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Table 1. Optimization of reaction conditions using FLP/rGO/g-CN and the pristine materials.a

O

N2BF4

O

Catalyst

white light, 25 oC

+

1a 2a 3a
Cl

Cl

Entry 1a (equiv.) Catalyst Solvent Time(min) Yield (%)e

1 20 FLP DMSO 120 42b

2 20 rGO DMSO 120 27b

3 20 g-CN DMSO 120 53b

4 20 rGO/g-CN DMSO 120 89b

5 20 rGO/g-CN DMSO 60 89b

6 20 rGO/g-CN DMSO 90 88

7 20 FLP/rGO/g-CN (5%) DMSO 90 85

8 20 FLP/rGO/g-CN (30%) DMSO 90 90

9 10 FLP/rGO/g-CN (30%) DMSO 90 40

10 20 FLP/rGO/g-CN (30%) DMSO 90 89b

11 30 FLP/rGO/g-CN (30%) DMSO 90 90

12 40 FLP/rGO/g-CN (30%) DMSO 60 91

13 40 FLP/rGO/g-CN (30%) DMSO 90 94

14 40 FLP/rGO/g-CN (40%) DMSO 90 88

15 40 - DMSO 90 trace

16 40 FLP/rGO/g-CN (30%) THF 90 27

17 40 FLP/rGO/g-CN (30%) DMF 90 54

18 40 FLP/rGO/g-CN (30%) CH3CN 90 47

19 40 FLP/rGO/g-CN (30%) DMSO 90 85c

20 40 FLP/rGO/g-CN (30%) DMSO 90 90d

21 40 FLP/rGO/g-CN (30%) DMSO 90 - f
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aThe reaction was carried out with 1a (in varying equiv), 2a (0.25 mmol), and catalyst (5 mg) in a 
solvent (1.0 mL) under white light (150 W) irradiation at 25 °C. bCatalyst (10 mg). cSolvent 0.5 mL, 
dSolvent 2.0 mL, eYields were determined by 1H NMR analysis using 1,3-dinitrobenzene as internal 
standard.  fDark condition.

With the optimum reaction conditions in hand, the substrate scope of FLP/rGO/g-CN ternary 

heterojunction was investigated. As illustrated in Table 2, various aryl diazonium salts bearing 

a wide range of electron-withdrawing and electron-donating groups were studied using 

heteroarenes (furan and thiophene). Arylation products 3b and 3c, with aryl diazonium salts 

containing para- and meta-nitro were obtained in 76% and 73% yields, respectively. In the 

case of -CF3 (para-, meta-) substituted aryl diazonium salts, the C-H arylation products were 

formed with very good yields (3d and 3e, 80% and 82%, respectively). The reactions of 

aryldiazonium salts substituted with electron-donating groups -Me and -OMe (para-, meta-) 

with furan delivered the arylation products in modest to very good yields (3f-3i, 38%-87%, 

respectively). Here, it was observed that the photocatalyst is more effective with aryl 

diazonium salts bearing para-substituted electron-donating groups (-Me, -OMe) compared to 

aryl diazonium salts bearing meta-substituted counterparts. Aryl diazonium salts containing 

halogens reacted smoothly, and the corresponding products were obtained in excellent yields 

(3j and 3k, 96% and 92%, respectively). The reaction of phenyl diazonium salt and furan 

yielded 3l in 71% yield. Based on the obtained results, it was observed that the reaction 

proceeded in better yields in the presence of aryl diazonium salts containing electron-

withdrawing group.

The reactions of thiophene and aryl diazonium salts were conducted for 4 hours to obtain better 

yields. The reaction of thiophene and aryl diazonium salt containing 4-Cl yielded the arylation 

product 4a in 77% yield. Aryl diazonium salts bearing nitro (para-, meta-) were converted to 

the corresponding arylation products (4b and 4c) in 77% and 76% yields, respectively. 

Similarly, C-H arylation products 4d and 4e obtained from -CF3 (para-, meta-) substituted aryl 

diazonium salts were obtained in 74% and 75% yields, respectively. The desired products (4f-

4i) were obtained in 30-65% yields from the reaction between thiophene and aryl diazonium 

salts containing -Me and -OMe groups (para-, meta-). Additionally, the corresponding 

arylation products from aryl diazonium salts bearing halogens resulted in good yields (4j and 

4k, 84% and 73%). Conversely, the yield dropped  to 40% for the unsubstituted phenyl 
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derivative 4l, which is significantly lower than the yield obtained for its furan-based 

counterpart.

Table 2. The substrate scope of heteroarenes and aryldiazonium saltsa

X

N2BF4

O

FLP/rGO/g-CN

white light, 25 oC, 1.5 h
+

O

O O O
NO2

NO2

CF3

O O O O

O O

O

O
F

Cl

CF3

Me

Me

OMe

OMe

Br

S

S S S
NO2

NO2

CF3

S S S S

S S

S

S
F

Cl

CF3

Me

Me

OMe

OMe

Br

X= O, S

3a, 94% 3b, 76% 3c, 73% 3d, 80%

3e, 82% 3f, 87% 3g, 38% 3h, 73%

3i, 46% 3j, 96% 3k, 92% 3l, 71%

2a-2l 3a-3l

4a, 77% 4b, 77% 4c, 76% 4d, 74%

4e, 75% 4f, 60% 4g, 30% 4h, 65%

4i, 33% 4j, 84% 4k, 73% 4l, 40%

R

R

C-H arylation of furan

C-H arylation of thiopheneb

S
4a-4l

R

aThe reactions were carried out with heteroarenes (40 equiv), aryldiazonium salts (0.25 mmol), and 
FLP/rGO/g-CN (5 mg) in DMSO (1.0 mL) under white light (150 W) irradiation at 25 °C for 1.5 h.b 
The reaction was conducted for 4 h.

To investigate the effect of photocatalyst regioselectivity on C-H arylation with aryl diazonium 

salts, various substituted heteroarenes were tested (Table 3). With the optimal conditions in 

hand, the target products 6aa and 6ab were obtained from the reaction of methyl and ethyl 

substituted furan and 4-chloro aryl diazonium salt in 42% and 33% yields, respectively. Furan-

2-carboxaldehyde and 4-nitro substituted aryl diazonium salt provided the arylation product 

6ac in 29% yield. It was observed that methyl- and ethyl-substituted thiophene derivatives 
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provided lower results for the related arylation products. Arylation products 6ba and 6bb were 

obtained with lower yields (8% and 17%) in the reaction with 4-chlorobenzene diazonium salt. 

Finally, the arylation product 6bc was observed in trace amounts in the reaction with 

thiophene-2- carboxaldehyde and 4-chloro aryl diazonium salt. Steric and mechanistic effects 

are likely the cause of the low yields for C2-substituted heteroarenes (Table 3). Alkyl 

substitution at the C2 position of the heteroarene resulted in the obtaining of the corresponding 

arylation products with lower yields. Additionally, thiophene derivatives display lower 

reactivity toward radical addition compared to furan rings because of their higher aromatic 

stabilization, resulting in the lower yields for thiophenes.(16, 50) 

Table 3. The substrate scope of various heteroarenes and aryldiazonium saltsa.

O O O
Cl NO2Cl

H3C Et OHC

S S S
Cl ClCl

H3C Et OHC

6aa, 42% 6ab, 33%

6bc, trace6ba, 8% 6bb, 17%

6ac, 29%

N2BF4

X
H

FLP/rGO/g-CN

white light, 25 °C, 4 h X
+ R

X: O, S

R'
R'

R
5 2 6aa-6bc

R = Cl, NO2

aThe reactions were carried out with heteroarenes (5.0 equiv), aryldiazonium salts (0.25 mmol), and 
FLP/rGO/g-CN (5 mg) in DMSO (1.0 mL) under white light (150 W) irradiation at 25 °C for 4 h. Yields 
were detected by 1H NMR analysis using 1,3-dinitrobenzene as internal standard.

To increase the diversity, various (hetero)arenes were tested to investigate the effect of the 

regioselectivity of the photocatalysis on C-H arylation with aryl diazonium salts. (Table 4). 

Under optimum conditions, the reaction of N-Boc pyrrole and halogen-containing aryl 

diazonium salts yielded the Cl-substituted product 8aa in 35% yield, while the Br-substituted 

arylation product 8ab in 49% yield. When the reaction time was extended to 5 h, the arylation 

product 8aa in 42% yield. Arylation products 8ac and 8ad, with aryl diazoniums containing 
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para- and meta-nitro were obtained in 35% and 48% yields, respectively. When the 

photocatalytic performance was evaluated using benzene as an arene, it revealed an 

improvement in the yields. The 4-Cl-substituted product 8ba was obtained in 40% yield, while 

the 4-Br-substituted arylation product 8bb was obtained in 53% yield. Longer reaction time (5 

h) afforded 8ba in 52 % yield. From the reaction of nitro (para-, meta-)  substituted 

aryldiazonium salts, arylation products 8bc and 8bd were obtained in good yields (80% and 

84% yields, respectively). Interestingly, although the arylation products from aryl diazonium 

salts bearing 4-Cl and 4-Br substituents are competitive, benzene arylation products in the 

presence of aryl diazonium salts containing nitro group were observed in higher yields 

compared to N-Boc-protected pyrrole. 

Table 4. The substrate scope of N-Boc pyyrole and Benzene with aryldiazonium saltsa

N
Cl

Cl

8aa, 42%b 8ab, 49%

8bc, 80%8ba, 52%b 8bb, 53%

8ac, 35%

N2BF4

Ar H
FLP/rGO/g-CN

white light, 25 °C, 2 h
Ar+ R

R
7 2 8aa-8bd

Boc
N

Br

Boc
N

NO2

Boc
N
Boc NO2

Br NO2

NO2

8ad, 48%

8bd, 84%

aThe reactions were carried out with N-Boc pyyrole (1.0 equiv) or benzene (40 equiv), aryldiazonium 
salts (0.25 mmol), and FLP/rGO/g-CN (5 mg) in DMSO (1.0 mL) under white light (150 W) irradiation 
at 25 °C for 2 h. bReaction was conducted for 5 h. Yields were detected by 1H NMR analysis using 1,3-
dinitrobenzene as internal standard.

Photocatalytic Mechanism

Understanding the electronic band structures of the individual semiconductors, as well as the 

nature of the heterojunction formed between them, is essential for elucidating the radical-

driven photochemical mechanism. The band edge positions were determined from XPS-

valance band (VB) and Mott-Schottky (MS) analyses, where the VB levels of g-CN and FLP 
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were obtained as +2.02 V and +0.32 V vs. NHE, and the corresponding conduction band (CB) 

levels were derived as −0.65 V and −0.60 V vs. NHE, respectively, as shown in Figure 4a-c 

and Supplementary Note 1. Overall, the resulting band alignment and energy landscape are 

illustrated in the comprehensive band diagram presented in Figure S3.

Figure 4. a. XPS-VB analyses of g-CN and FLP, MS analyses of b. g-CN and c. FLP, Work 
functions of d. g-CN, e. FLP, and f. rGO/g-CN, g. IEF between semiconductors before, after 
contact, and under irradiation, resulting in the bending of band edges for rGO/g-CN and FLP.

In addition to band-edge analysis, work function measurements were used to clarify the 

interfacial charge-transfer direction within the heterostructure. XPS-VB-derived work 

functions (51) for g-CN, rGO/g-CN, and FLP were determined as 6.83, 6.73, and 6.59 eV, 

respectively (Figure 4d-f, Figure S4 and Supplementary Note 2). The reduction in work 

function upon rGO incorporation indicates electron donation from rGO to g-CN, shifting its 

Fermi level (EF) closer to the vacuum level. After incorporating FLP into the rGO/g-CN binary 
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heterojunction, negative charges migrate from FLP (lower EF) to rGO/gCN (higher EF) until 

Fermi level equilibrium is reached, generating an intrinsic electric field at the interface. This 

induces downward band bending in rGO/g-CN and upward bending in FLP. Under visible-

light irradiation, electrons transfer from the CB of rGO/g-CN to the CB of FLP, while holes 

remain in the VB of rGO/g-CN due to unfavorable band alignment (Figure 4g). This spatial 

charge separation enhances carrier transport and supports a nonclassical type-I heterojunction 

mechanism dominated by photocatalytic reactions.

To verify the proposed single-electron transfer (SET) mechanism for the FLP/rGO/g-CN 

heterojunction catalyzed direct C-H arylation reaction and to elucidate the roles of 

photogenerated charge carriers in the reaction pathway, a series of scavenger experiments were 

conducted using the model reaction shown in Figure 5a and Figure S5a. Specifically, 1,4-

benzoquinone (BQ), 2,2,6,6-tetramethylpiperidinoxyl (TEMPO), and triethanolamine (TEOA) 

were employed as scavengers for photo-generated electrons, radicals, and holes, respectively. 

In the presence of BQ, the product yield decreased significantly to 14%, highlighting the 

critical role of the photo-generated electrons in the photocatalytic process. When TEMPO was 

introduced to quench the photo-generated radical species, the yield similarly dropped to 17%, 

indicating that the reaction proceeds via a radical-mediated pathway.  To support the 

involvement of a radical pathway in this transformation, the corresponding radical scavenger 

agent was detected by high-resolution mass spectrometry (HRMS) with the addition of 

TEMPO (Figure 5d and S5b). The resultant HMRS data clearly showed TEMPO-arylradical 

coupling product formation. In contrast, the addition of TEOA, a known hole scavenger, led to 

a comparatively modest decrease in product yield to 36%, suggesting that photogenerated holes 

play a less significant role in the overall reaction. This result is related to the oxidation potential 

of TEOA, which is approximately 0.82 V vs NHE(31) and only the VB of g-CN can accept an 

electron from TEOA, whereas the FLP cannot. Instead, the enhanced photocatalytic 

performance, along with the exceptional optical and morphological characteristics of the 

synthesized ternary heterojunction, can be attributed to the formation of a nonclassical type-I 

heterojunction as earlier discussed and confirmed with control experiments.(31) Based on this 

understanding, a plausible mechanism for the direct C-H arylation reaction is proposed in 

Figure 5b, which supports the involvement of a single photogenerated electron originating 

from the FLP/rGO/g-CN heterojunction. Upon light irradiation, photogenerated electrons from 

the FLP/g-CN component are transferred to rGO, which facilitates rapid electron transport due 
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to its high conductivity. These electrons subsequently interact with the diazonium salt 2a, 

initiating a SET process that generates the aryl radical species I. This aryl radical I is then 

captured by the heteroarene, leading to the formation of radical intermediate II. The 

intermediate is further oxidized to form the cationic species III via electron transfer to the 

photogenerated holes at the VB of g-CN. Finally, deprotonation of the cationic intermediate 

restores aromaticity, resulting in the formation of the desired arylated product 3a.

Figure 5. a. Scavenger test with FLP/rGO/g-CN heterojunction b. Plausuble mechanism of the 
C-H arylation reaction using FLP/rGO/g-CN c. The reusability experiments of FLP/rGO/g-CN 
in the C-H arylation reaction d. Radical quenching experiment with TEMPO

After examining the mechanistic studies, the reusability of the FLP/rGO/g-CN ternary 

heterojunction was investigated in the model reaction, photoredox C-H arylation of furan (1a) 

with 4-chlorobenzene diazonium salt (2a), up to five runs (Figure 5c). In the first two runs, an 

excellent yield of 94% was observed for the arylation product. In the third run, a slight decrease 

was observed to 93% and in the fourth run, to 89%. Finally, in the fifth run, the C-H arylation 

product resulted in a yield of 78%. As a result, the photocatalyst demonstrated its durability 
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and enhanced chemical stability by being reusable over five consecutive cycles, which is one 

of the most important critera of sustainable chemistry. After the reusability experiments, the 

structural and morphological integrity of the FLP/rGO/g-CN photocatalyst were assessed by 

performing XRD and TEM analyses (Figures S6 and S7). As shown in the XRD pattern of 

FLP/rGO/g-CN heterojunction after the fith run (Figure S6), no significant changes were 

observed in the crystalline structure of the ternary heterojunction. Furthermore, the TEM image 

of the ternary heterojunction (Figure S7) revealed that the layered architecture of the 

FLP/rGO/g-CN composite remained intact, with no noticeable degradation or morphological 

distortion. This preserved layered morphology is believed to contribute significantly to the 

catalyst’s excellent reusability and long-term stability under photocatalytic conditions.

As summarized in Table S1, the FLP/rGO/g-CN heterojunction photocatalyst demonstrated 

broad substrate compatibility toward the photoredox C–H arylation of heteroarenes, delivering 

superior catalytic performance for several derivatives and comparable efficiencies for others 

when benchmarked against previously reported homogeneous, heterogeneous, and metal-based 

photocatalytic systems. Importantly, these catalytic results were achieved using a fully metal-

free and heterogeneous photocatalyst, highlighting the effectiveness of the rationally 

engineered ternary heterojunction for sustainable photoredox transformations.

CONCLUSIONS

In summary, we have demonstrated the high efficiency of a novel, metal-free FLP/rGO/g-CN 

ternary heterojunction photocatalyst for the direct C-H arylation of heteroarenes (furans and 

thiophenes) under visible-light irradiation. Advanced characterization techniques confirmed 

the formation of a strongly coupled FLP/rGO/g-CN ternary heterojunction, where synergistic 

interactions between the components promote efficient separation and migration of 

photogenerated charges, ultimately leading to markedly improved photocatalytic performance. 

Systematic optimization revealed that the catalyst containing 30 wt% FLP exhibited the highest 

activity, outperforming both individual constituents and binary systems. Satisfyingly, the 

presence of both electron-acceptor and electron-donating groups in aryldiazonium salts, 

particularly halogen-bearing substituents, was shown to be produced with excellent yields (up 

to 94%) for arylation products of furan derivatives. While the thiophene derivatives yielded 

slightly lower conversions, electron-withdrawing and halogen groups still allowed successful 

transformation with yields reaching up to 84%. ssNMR analysis demonstrates pronounced 
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interactions between the central nitrogen atoms of the tri-s-triazine units and the FLP species 

as well as rGO, accompanied by an increase in local electron density in this region. This 

synergistic coupling at the active sites underpins the enhanced photocatalytic activity compared 

to the pristine materials, stemming from favorable alterations in both the structural architecture 

and electronic characteristics. We performed a series of radical scavenger experiments to 

elucidate the role of the FLP/rGO/g-CN heterojunction on C-H functionalization mechanism. 

These results revealed that the ternary system operates through an efficient nonclassical type-

I heterojunction and the heterogeneous nature of the FLP/rGO/g-CN catalyst was further 

validated through recycling tests, which showed remarkable stability with no significant 

activity loss over five consecutive reaction cycles. We belive that this study will open a new 

direction for extending the use of FLP/rGO/g-CN heterojunction system along with many other 

possible metal-free ternary heterojunctions to other photoredox transformations.
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