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Abstract: A promising technology to address the global environmental challenges and solar-to-fuel 

conversion development is photocatalysis. Thus, this study was conducted to fabricate ultrathin Br-

doped g-C3N4 nanosheet for photocatalytic reduction of CO2 into solar fuels. The sample was produced 

by a mixture of dicyandiamide with ammonium bromide (NH4Br) in water, dried, calcinated, and 

exfoliated in methanol by ultrasonication. Compared to the pure g-C3N4 NS, the g-C3N4 NS-Br (0.5g) 

sample exhibited unique characteristics such as high porosity, large surface area, excellent visible light-

harvesting ability, effective charge separation, and mobility of charge carriers with enhanced 

photocatalytic CO2 reduction into solar fuels (i.e., CH4 and CH3OH).  DFT calculation indicated that 

the sample possesses an excellent electronic band structure with band-gap energy to be 2.05 eV closed 

to 2.45 eV obtained from the experiment. The electronic band alignment structure favored a 

significantly higher CO2 photocatalytic reduction of 0.4 μmolh−1g−1 of CH4 and 0.6 μmolh−1g−1 of 

CH3OH formation, which is 4.0 and 7.5 times higher than the pure g-C3N4 NS. A combination of 

nanostructure tuning and doping produced a synergistic effect for enhancing photocatalytic activity and 

have potential applications in various fields. 
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1. Introduction 

Over the past three decades, the world has witnessed a tremendous increase in 

environmental challenges and energy demand caused by the depletion of fossil fuels. To 

address the challenges above, various technologies have been proposed. Semiconductor 

photocatalysis is a potential technology proposed to address the challenges mentioned above. 

This technology involves converting CO2 as a raw material into chemical solar fuels [1-8]. This 

has necessitated wide and progressive studies into various photocatalytic semiconductor 

materials over the past decades. However, the major challenges facing the practical application 
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of most semiconductor photocatalysts studied and reported are their poor light-harvesting 

ability in the visible light region and high electron-hole pair recombination rate [9, 3, 10].   

Therefore, in recent times, photocatalysis is a hot research area been explored for metal-

free, high efficient, durable, low-cost, and earth-abundant graphitic carbon nitride (g-C3N4) 

semiconductor photocatalyst. g-C3N4 has emerged as a metal-free polymeric semiconductor 

among the variety of visible light photocatalysts that have been studied extensively due to 

suitable band-gap (~2.7 eV). It is easily synthesized through thermal condensation of simple 

and cheap precursors like urea, cyanamide, dicyandiamide, melamine, etc. Also, it has unique 

physicochemical properties such as high thermal and chemical stability, unique electronic 

properties, low density, and extreme hardness. These properties make g-C3N4 an excellent 

potential material for application in a wide range of areas such as photocatalytic CO2 reduction, 

fuel cells, pollutant removal, photochemical water splitting for hydrogen production, 

environmental remediation, etc. [1, 3, 9, 11-14]. Nevertheless, serious limitations of pristine g-

C3N4 are its poor visible light utilization ability, fast recombination of photogenerated electron-

hole pairs (i.e., low mobility of charge carriers), and low surface area [9-11, 15]. 

Of late, various modification techniques have been explored sufficiently to optimize 

the performance of g-C3N4. Among them are band-gap engineering, micro/nanostructuring, 

surface modifications, cocatalyst combination, semiconductor coupling, heterojunction 

formation, etc. Band-gap engineering through metal and nonmetal elements doping has been 

studied to inhibit photogenerated electron-hole pairs' recombination and greatly increased the 

light-harvesting ability in the visible region in pristine g-C3N4. To increase the surface area of  

g-C3N4, various modification strategies including ultrasound exfoliation, chemical exfoliation, 

chemical oxidation, among others, and morphology nanostructuring through the fabrication of 

various architectures such as nanotube, hollow sphere, nanofibers, nanowire, nanoribbons, and 

nanosheet have been explored and observed to be effective [2, 3, 15-20]. 

Most of the studies carried out to improve the performance of g-C3N4 involved only a 

single modification technique such as fluorine, iodine, boron, sulfur elemental dopings, etc. 

[21-26] and morphology tuning [27-29]. Few studies have also reported on the combination of 

doping and nanostructuring of g-C3N4 for improved photocatalytic activity. For instance, She 

et al. (2016) reported on the template-free synthesis of 2D porous ultrathin nonmetal-doped g-

C3N4 nanosheets with highly efficient photocatalytic H2 evolution from water under visible 

light (She et al., 2016).  Another study also indicated that simultaneous modification of g-C3N4 

by co-doping with S, P, and O nonmetal-atoms and exfoliation into ultrathin 2D nanosheets 

shows significant photocatalytic hydrogen production [30]. Zhou et al. (2019) has also reported 

that g‑C3N4 nanosheets with simultaneous porous network and S‑Doping have a remarkable 

visible-light-driven hydrogen evolution rate [31].  

Fabrication of a unique g-C3N4 system using multiple modification strategies would 

largely strengthen the visible light-harvesting ability, charge separation and charge utilization, 

and surface area simultaneously. Therefore, the photocatalytic performance can be greatly 

enhanced relative to the single modification strategy.  A study by Zhu et al. (2017) based on 

density functional theory (DFT) calculations shows that halogen-doped monolayer g-C3N4 

systems have narrowed band-gap, increased light absorption, and reduced work function which 

is conducive to high photocatalytic activity [16]. Herein, we report the fabrication of a Br-

doped g-C3N4 nanosheet for photocatalytic reduction of CO2 into solar fuels (i.e., CH4 and 

CH3OH). In detail, analyses of optical absorption, surface area, intrinsic band structure, and 

charge transfer are carried out to examine Br-doping's effects in the nanosheet of g-C3N4 
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matrices for visible‐light photocatalytic activity. To better understand the effect of Br doping 

on the electronic structure of g-C3N4 nanosheet, Density Functional Theory (DFT) 

calculations were carried out using a model unit. 

2. Materials and Methods 

2.1. Preparation of Br-doped g-C3N4 nanosheet. 

2.0 g of dicyandiamide was mixed with 1.0 g of ammonium bromide (NH4Br) in 10 ml 

deionized water. The mixture was stirred at 80oC to remove water and dry in an oven. The 

resultant solid was calcined at 550°C at 5°C min− 1 for 4 h in N2 gas atmosphere in a tube 

furnace to obtain the final bulk sample. The bulk sample obtained was ground into a fine 

powder and exfoliated in methanol by ultrasonication for 48 h to obtain a Br-doped g-C3N4 

nanosheet. Pristine nanosheet g-C3N4 was prepared without the addition of NH4Br. 

2.2. Characterization.  

Powder X-ray diffraction (XRD) was conducted on an X-ray diffractometer (Rigaku, Japan) 

using Cu Kα irradiation (λ = 0.15418 nm) at a scan rate of 0.05° s-1. Transmission electron 

microscopy (TEM) analysis was conducted using a Tecnai G2 20 U-Twin electron microscope. 

The element mapping and field emission scanning electron microscopy were performed using 

the FESEM Hitachi S-4800 instrument, connected with energy-dispersive X-ray spectroscopy 

(EDS, Oxford Instruments, Britain). The thickness of the samples was measured by AFM 

(Multimode 8, Bruker, USA). The Brunauer-Emmett-Teller (BET) specific surface areas (SBET) 

of the samples were determined by nitrogen adsorption data obtained in a Micromeritics ASAP 

2020 nitrogen adsorption apparatus (USA). All the samples were degassed at 180 oC before the 

nitrogen adsorption measurements. A desorption isotherm was used to determine the pore size 

distribution via the Barret-Joyner-Halender (BJH) method, assuming a cylindrical pore modal. 

The nitrogen adsorption volume at the relative pressure (P/P0) of 0.994 was used to calculate 

the pore volume and average pore size [32]. The XPS measurement was performed in an 

ultrahigh vacuum VGESCALAB 210 electron spectrometer equipped with a multichannel 

detector, using Mg Kα (1253.6 eV) radiation (operated at 200 W) of a twin anode in the 

constant analyzer energy mode with a pass energy of 30 eV. All the binding energies were 

referenced to the C1s peak at 284.8 eV of the surface adventitious carbon. Survey scans and 

detailed scans of C1s and N1s photoelectron peaks were recorded for the samples. The samples' 

optical absorption property was obtained by a UV-visible absorption spectrophotometer (UV-

2600, Shimadzu, Japan). BaSO4 was used as a reflectance standard in the UV-visible 

reflectance experiment. Fourier transform infrared spectra (FT-IR) of the samples were 

evaluated using an IR Affinity-1 FT-IR spectrometer which uses conventional KBr pellets in 

the range of 4000–500 cm-1 at room temperature. Photoluminescence (PL) emission spectra 

were used to investigate the fate of photogenerated electrons and holes in the samples. It was 

measured at room temperature on an F-7000 Fluorescence Spectrophotometer (Hitachi, Japan). 

The excitation wavelength was 380 nm, the scanning speed was 1200 nm min-1, and the 

photomultiplier tube (PMT) voltage was 700 V. The width of both the excitation slit and the 

emission slit was 1.0 nm. Time-resolved transient PL decay curves were obtained from an 

FLS920 fluorescence lifetime spectrophotometer (Edinburgh Instruments, UK) under the 

excitation of 325 nm. 
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2.3. Photocatalytic CO2 reduction test. 

According to our recent reports, the photocatalytic reduction of CO2 was carried out in 

a 200 mL capacity home-made Pyrex reactor at room temperature and atmospheric pressure, 

according to our recent reports [28]. In a typical photocatalytic CO2 reduction experiment, 0.1 

g of the sample was suspended in 20 mL of deionized water, ultra-sonicated, and dried in an 

oven at 80 oC to form a thin film at the bottom of the Pyrex reactor. Before illumination, the 

reactor was tightly sealed and fastened using a rubber septum. Then, ultra-pure nitrogen gas 

was blown through the system for 30 min to remove air and to create an anaerobic condition in 

the reaction system. There was a chemical reaction between 0.12 g NaHCO3 (added into the 

reactor before sealing) and 0.3 mL HCl aqueous solution (4 M), which was added into the 

reactor by syringe to produce CO2 and H2O vapor in-situ. Then, the reactor was irradiated for 

1 h under visible light by a 300-W Xe arc lamp with UV-cut off filter (λ > 400 nm), which was 

placed 10 cm above the photocatalytic reactor. After photocatalytic CO2 reduction reaction, 1 

mL of mixed gas was taken out from the reactor and examined using a gas chromatograph 

(GC2014C, Shimadzu, Japan) equipped with a flame ionized detector (FID) and methanizer. 

Products were analyzed based on retention time data for the analyte and the standard gaseous 

sample. The amount of CH4 and CH3OH produced after the reaction was quantified as major 

products of the reaction. 

2.4. Photoelectrochemical measurements.  

The electrochemical behaviors of the as-prepared samples were determined by 

Electrochemical Impedance Spectroscopy (EIS) and transient photocurrent measurements. 

Before the EIS and photocurrent measurements, the samples were prepared as the working 

electrodes as follows: 0.08 g of the samples were grounded with 0.03 g of polyethylene glycol 

(PEG, molecular weight: 20000) and 0.5 mL of ethanol to make a slurry. The slurry was then 

coated on a 2 cm x 1.5 cm fluorine-tin oxide (FTO) glass electrode by the doctor blade 

technique. Next, the prepared electrodes were dried and then calcined at 450oC for 1 h in an 

oven at a heating rate of 5 oC min-1. The weight and thickness of the sample coated on the FTO 

glass were fixed at ca. 10 mg and 15 mm, respectively. The photoelectrochemical 

measurements were performed in a three-electrode system (CH1660C instruments, CHI. 

China) using Ag/AgCl as the reference electrode, Pt wire as the counter electrode, and sample 

coated FTO glass as the working electrode (with an active area of ca. 0.5 cm2). Na2SO4 (0.5 

M) aqueous solution was used as the electrolyte. EIS measurements were obtained from the 

Nyquist plot carried out. However, for the photocurrent measurements, an LED light (3 W, 420 

nm, Shenzhen LAM-PLIC Science Co. Ltd, China) was positioned 1 cm away from the reactor 

and was used as a visible-light source. The measurements obtained were used to plot the 

photocurrent-time (I–t) curves. Mott–Schottky plots were measured in 0.5 M Na2SO4 solution 

at ambient temperature. The potential range was -1.0 to 2.0 V and at different frequencies of 1, 

2, and 3 kHz with an AC voltage magnitude of 10 mV and a scan rate of 10 mV s-1. 

2.5. DFT computational method. 

In this work, ab initio calculations within the density functional theory (DFT) method 

using the plane-wave basis sets implemented in the Quantum Espresso code [33] has been 

employed. The generalized gradient approximation in the Perdew, Burke, and Ernzerhof 

(GGA-PBE) format and the Grimme van der Waals (vdW) dispersion correction as a necessary 
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tool to account for the adverse effects of dispersion forces is employed in our model structural 

material as proposed by Tkatchenko and Scheffler (TS method). We use the ultrasoft 

pseudopotentials [34] in modeling the interactions between the ions and electrons with Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional [35]. The Methfessel-Paxton 

smearing technique is used to smear occupation numbers with Gaussian broadening of up to 

0.001 Ry [36]. 

A plane wave energy cutoff of 30 Ryd was used, and periodic boundary conditions are 

applied. The unit cell is oriented along with the z-axis and unit cell geometry with a vacuum 

space of 12 Å thick in both x- and y-directions are allowed to ensure negligible interactions 

between the structure and its periodic images with a  unit cell lattice parameter of 6.987 Å. The 

structure is optimized with the Broyden-Fletcher Goldfarb-Shanno (BFGS) method [37]. Next, 

we sample with a Γ-centred 5x5x1 Monkhorst-Pack scheme [38] grid for the k-points 

generation along the high-symmetry paths of Γ−M−K−L−Γ in the irreducible Brillouin zone to 

acquire the band structures with very smooth grid for our mesh points. fine 9x9x1 grids follow 

this for non-self-consistent field (NSCF) calculations to determine quantized energy levels and 

Fermi energy for band structure calculations, charge density analysis, the density of electronic 

states (DOS), and partial density of electronic states (PDOS). 

3. Results and Discussion 

3.1. Structure and morphology characterization. 

Figure 1. shows the XRD patterns of the crystal structure of the samples prepared. The 

successful exfoliation of bulk g-C3N4 into nanosheets was indicated by the significant decrease 

in the peak intensities at (001) and (002) planes (Figure 1A).  From Figure 1(B), the strong 

peak at 27.30 indicates the (002) interlayer diffraction stacking for graphitic materials [31, 30]. 

No other peak was observed in the XRD patterns to show bromine because of its low 

concentration used in the samples' preparation. The SEM images of the Br-doped g-C3N4 

nanosheets show a thin-layered structure indicating the effectiveness of the exfoliation process 

employed in the study (Figure 2). Also, the TEM image revealed the very thin thickness and 

almost the transparent nature of the Br-doped g-C3N4 nanosheet (Figure 3). The atomic force 

microscopy (AFM) analysis was carried out further to investigate the structural features of the 

Br-doped g-C3N4 nanosheets. It can be observed that the thickness of the Br-doped g-C3N4 was 

approximately 4.0 nm, an indication that the exfoliated nanosheets comprised of 9-11 C-N 

atomic monolayers (Figure 4). 

From the EDX elemental mapping images (Figure 5), it can be observed that only 

carbon (C) and nitrogen (N) were the elements homogeneously distributed as components 

within the Br-doped g-C3N4 nanosheets. This was also indicated by the EDX composition 

graph (Fig. 5). Br was not detected because of its low concentration used in the preparation of 

the sample. The C/N molar ratio of Br-doped g-C3N4 (0.5g) and pure g-C3N4 nanosheet was 

determined to be 0.76 and 0.74, respectively. The stoichiometric C: N ratios were C2.6:N3.4 and 

C3.1:N4.2 for Br-doped g-C3N4 and pure g-C3N4 nanosheet, respectively. The variation in the 

ratios obtained from the hypothetical value of 0.75 for the ideal g-C3N4 indicates incomplete 

condensation, which is associated with the preparation of g-C3N4 [28].  
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Figure 1. XRD patterns (a) bulk and nanosheet g-C3N4 nanosheets (b) pure and Br-doped g-C3N4 nanosheets. 

 
Figure 2. SEM of Br-doped g-C3N4 (0.5g) nanosheets 

 
Figure 3. TEM of Br-doped g-C3N4 (0.5g) nanosheet. 

 
Figure 4. AFM images of Br-doped g-C3N4 (0.5g) nanosheet. 
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Figure 5. EDX images and composition graph of Br-doped g-C3N4 (0.5g) nanosheet. 

The samples' atomic bond structure was further analyzed by the Fourier transform 

infrared (FTIR) spectroscopy, as shown in Fig 6.  The samples' characteristics absorption peaks 

at 1215–1640 cm-1 and 811 cm-1 were attributed to the vibration mode of aromatic C-N 

heterocycles and breathing vibration of triazine (or heptazine) units, respectively. The broad 

absorption peak located at 3000−3500 cm−1 was attributed to the O−H or N−H stretching 

vibration mode of N−H bond in CN, as well as the surface adsorbed OH [28, 31, 39]. The 

characteristic vibration peaks of bromine-related groups were not detected in any of the Br-

doped g-C3N4 nanosheet samples, indicating that Br did not affect CN's crystal phase. This 

might be due to the low bromine content used in the preparation of the samples.  

 
Figure 6. FTIR of pure g-C3N4 nanosheets and Br-doped g-C3N4 nanosheets. 

To characterize the specific surface areas and porosity of samples, the N2 adsorption-

desorption isotherm and pore size analysis were carried out. From Figure 7, it can be observed 

that all the samples exhibited type IV shapes of isotherms (BDDT classification) with an H3-

type hysteresis loop in the IUPAC classification. This suggests the existence of slit-like 

mesopores inside the samples because of the accumulation of plate-like particles. This result is 

in line with the morphology of the nanosheets obtained, as shown by the SEM and TEM (Fig. 

2 and 3).  It can be seen further that the isotherms exhibited a high relative pressure range 

(approaching 1.0), an indication of the presence of mesopores and macropores. The 

mesoporosity of the samples was further confirmed by the pore distribution curves, which are 

from 4 to 120 nm (inset in Figure 7). The samples show the mesopores' existence at a peak pore 

size of 4 nm and macropores at 75 nm. The mesopores and macropores may be formed during 

the thermal exfoliation process of splitting the large or bulk g-C3N4 layers into thin nanosheets.  
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Figure 7. N2 adsorption-desorption isotherms and the corresponding pore size allocation curves of the as-

prepared samples are shown as insert. 

The specific BET surface area, pore-volume, and peak pore size are summarized in 

Table 1. It can be observed that the surface area and pore sizes of the samples increases as the 

bromine concentration also increases. Generally, the samples' surface areas and pore sizes are 

large, which would result in efficient surface absorption of reactants and faster-photogenerated 

carrier separation leading to improve photocatalytic activity.  

Table 1. Physical properties of the samples. 

Samples SBET 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

g-C3N4 NS 10.5 0.03 12.3 

g-C3N4 NS-Br (0.5g) 0.4 0.001 14.6 

g-C3N4 NS -Br (1.0) 7.6 0.03 13.7 

g-C3N4 NS -Br (2.0g) 12.1 0.05 16.2 

g-C3N4 NS-Br (3.0) 14.7 0.06 16.5 

3.2. Chemical characterization. 

To investigate the composition of the chemical state of the samples prepared, X-ray 

photoelectron spectroscopy (XPS) analysis was carried out. The XPS survey spectrum shown 

in Figure 8(a) indicated only three elements (i.e., C, N, and O). No prominent peak can be 

found signaling the presence of bromine due to the low concentration of Br ions used in the 

preparation of the samples. The peak representing the O 1s is due to absorbed H2O or CO2 

molecules on the samples' surface and confirmed by the FTIR analysis. The high-resolution C 

1s spectra (Figure 8b) of the samples can be deconvoluted into two peaks located at 284.8 eV 

and 288.1 eV binding energies ascribed to surface adventitious carbon derived from the XPS 

instrument itself and sp2 hybridized carbon-carbon (C-C) bonds and in the sp2-hybridized 

carbon-nitrogen of the aromatic ring (N-C=N), respectively [28, 30, 40]. The high-resolution 

spectra of N 1s shown in Fig. 8(C) were deconvoluted into four peaks located at 398.8 eV for 

C–N=C, 399.2 eV for C3-N, 401.0 eV for N-H and 404.3 eV for π-π excitation [40, 41]. The 

high-resolution spectra of Br 3d show a very weak and small broad peak located in a range of 

67.7 eV and 69.2 eV, as shown in Fig. 8(d). This weak peak is due to the low concentration of 

bromine used in the sample preparation and attributed to bromine bonded to carbon (i.e., Br 

atoms interacted with the C-N network) [42, 43].  
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Figure 8. Survey spectrum (a) and the corresponding high-resolution spectra of C1s (b), N1s (c), N 1s (d) Br 3d 

of the pure g-C3N4 nanosheet and Br-doped g-C3N4 nanosheets samples. 

3.3. Optical property.  

The light-harvesting or optical properties of the samples were investigated by UV–vis 

diffuse reflectance spectroscopy (DRS). It can be observed from Figure 9 that all the samples 

show similarities in their absorption spectra extending from the UV region to the visible region 

up to approximately 700 nm. However, the Br-doped g-C3N4 NS samples exhibited slight 

changes in the absorption edge and hence band-gap energies due to the doping effect of the 

bromide ion and color variations (shown as an insert in Fig. 9).  The dopant has enhanced the 

samples' light-harvesting ability, causing a slight blue shift in the wavelength of pure g-C3N4 

NS from 495 nm to around 505 nm in the bromine doped samples. This is an indication of an 

improvement in the band-gap energy. It can be observed specifically in Figure 10 that the g-

C3N4 NS-Br (0.5g) sample have band-gap energy of 2.45 eV whiles that of pure g-C3N4 NS 

was 2.51 eV; a difference of 0.06 eV, which could be attributed to the nanostructuring or tuning 

of g-C3N4 into nanosheets and the bromine doping effects.  

 
Figure 9. (a) UV−vis diffuse reflectance spectra of pure g-C3N4 nanosheets and Br-doped g-C3N4 nanosheets. 
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Figure 10. Kubelka–Munk band-gap energies of pure g-C3N4 nanosheets and Br-doped g-C3N4 nanosheets 

(0.5g) samples. 

To gain further insight into the charge carrier separation, which is a pre-requisite for 

effective photocatalytic activity, photoluminescence (PL) emission spectroscopy was carried 

out. This analysis determines the charge carrier’s dissolution or re-sequencing rate of 

photogenerated electrons and holes pairs of the photocatalyst. If the PL peak intensity is 

stronger, it indicates the superior re-sequencing ability of the photoexcited electron-hole pairs 

and hence lower photocatalytic activity [28]. Figure 11 shows the samples' PL spectra with g-

C3N4 NS-Br (0.5g) exhibiting a decreased PL intensity and stronger PL quenching relative to 

other samples, the pure g-C3N4 NS. This is attributed to the synergistic effect of the nanosheets 

formed and Br-doping, which led to efficient suppression in the re-sequencing rate of 

photoexcited electron-hole pairs. Therefore, the effective separation of charge transfers in the 

g-C3N4 NS-Br (0.5g) sample enhances the sample's photocatalytic activity. 

 
Figure 11. PL spectra of pure g-C3N4 nanosheet and Br-doped g-C3N4 nanosheets samples. 

To further investigate the charge carrier recombination dynamics, the time-resolved 

fluorescence decay analysis was carried out. It can be observed from Figure 12 that both the 

short and long lifetime (τ) values of g-C3N4 NS-Br (0.5g) were much higher than that of pure 

g-C3N4 NS. This suggests that the charge lifetime of g-C3N4 NS-Br (0.5g) sample was 

significantly prolonged due to Br doping and quantum confinement effects in the constructed 

nanosheets [40]. This has improved the electron-hole separation efficiency and increased the 

probability of charge carrier’s involvement in photocatalytic reaction before re-sequencing or 

recombination.   
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Figure 12. Time-resolved transient fluorescence decay curves of pure g-C3N4 nanosheet and doped g-C3N4 NS-

Br (0.5g) samples excited at the wavelength of 325 nm. 

Electrochemical Impedance Spectroscopy (EIS) was carried out to further understand 

and provide more information on the recombination rate of photoexcited electron-hole pairs 

(i.e., charge carriers separation efficiency). From the Nyquist plots shown in Fig. 13, it can be 

observed that g-C3N4 NS-Br (0.5g) sample has shown a remarkably very low semicircle arc 

relative to the other samples. This indicates a lower recombination rate of photoexcited 

electron-hole pairs (i.e., inhibition in the rearrangement of photogenerated electron and hole 

pairs), resulting in higher migration of charge carriers and favorable to effective photocatalytic 

performance. However, samples with large semicircle arcs, especially the pure g-C3N4 NS can 

be attributed to faster recombination or rearrangement of photogenerated electrons and hole 

pairs. 

 
Figure 13. Nyquist plots of pure g-C3N4 nanosheet and Br-doped g-C3N4 nanosheets samples. 

To determine the suitability of the g-C3N4 NS-Br (0.5g) for photocatalytic CO2 

reduction into solar fuels under visible light irradiation, Mott-Schottky analysis was carried out 

to examine the band energy level structure. The electrochemical technique was used to measure 

the flat band potential (EFB) to estimate the approximate conduction band edge potentials (ECB). 

It can be observed from the Mott-Schottky plots that the samples g-C3N4 NS and g-C3N4 NS-

Br (0.5g) show positive slopes, which is a typical characteristic of an n-type semiconductor. 

This is an indication that the majority of the charge carriers are electrons [28]. From the Mott-

Schottky plots, the conduction band potentials (ECB) were -1.22 V and -1.31 V for g-C3N4 NS 

and g-C3N4 NS-Br (0.5g) samples, respectively (Figure 14(a)). Based on the band-gap energies 
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(Eg) derived from the Tauc plots of the Kubelka-Munk function (Fig.10), the valence band 

potentials (EVB) were determined from the formula ECB = EVB – Eg for g-C3N4 NS and g-C3N4 

NS-Br (0.5g) samples to be 1.29 V and 1.14 V, respectively. The schematic band energy level 

alignment (Fig 14(b)) shows that both g-C3N4 NS and g-C3N4 NS-Br (0.5g) samples satisfied 

the condition for photocatalytic reduction of CO2 into solar fuels thermodynamically. It could 

also be seen from Figure 14(b) that the CB edge of g-C3N4 NS-Br (0.5g) has shifted to more 

negative potential while that of VB  edge shifts to less positive values compared to pure g-C3N4 

NS. Generally, the more negative the CB value, the decreased photoexcited electrons are 

produced and transferred to reactants for a reaction. This is coupled with a lower recombination 

rate because of efficient charge carriers’ better transportability [28]. Upon visible light 

irradiation, g-C3N4 NS-Br (0.5g) has a more favored electronic band alignment structure and 

stronger reducing power for reactants for enhanced photocatalytic performance due to the 

synergistic effect of the nanosheets constructed and bromine doping.  

 
Figure 14. (a) Mott-Schottky plots were carried out at various frequencies. (b) Schematic band energy level 

alignment for g-C3N4 NS and Br-doped g-C3N4 NS (0.5g) samples. 

The photocatalytic CO2 reduction activity of the Br-doped g-C3N4 NS and pure g-C3N4 

NS samples into solar fuels was determined under simulated visible light irradiation (λ > 400 

nm). The photocatalytic activity analyses were carried out under two distinct controlled 

conditions. The first experiment was conducted without visible light. The second was in the 

absence of a photocatalyst that did not produce any solar fuel or hydrocarbon products. This 

suggests that light irradiation and photocatalyst were two important pre-requites for a 

photocatalytic reduction of CO2 into solar fuels. This further shows that solar fuels can be 

generated through a photocatalytic reduction of CO2 with water vapor over a photocatalyst 

under visible light irradiation.  CH4 and CH3OH were the major solar fuels or hydrocarbon 

products generated in the photocatalytic reduction of CO2 process. It can be observed from 

Figure 15 that g-C3N4 NS-Br (0.5g) sample yielded high photocatalytic CO2 reduction into 

solar fuels (i.e., CH4 and CH3OH) compared to other samples, especially pure g-C3N4 NS. The 

improved photocatalytic activity of g-C3N4 NS-Br (0.5g) could be attributed to the synergistic 

effect of the nanosheets constructed and the quantity of the bromine dopant. The unique porous 

nanosheets architecture constructed has many pores as well as a large surface area. The 

enhanced porosity increases the transportation of reactive species for photocatalytic activity. 

Besides, the sample with 0.5g Br dopant has enhanced light-harvesting ability and improved 

photocatalytic activity. 
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To support the enhanced photocatalytic activity observed in the g-C3N4 NS-Br (0.5g) 

sample, a photoelectrochemical (PEC) analysis was conducted.  This analysis was carried out 

to investigate the charge mobility processes of the photoinduced electrons in the samples 

prepared and cast on FTO glass. Figure 16 shows the photocurrent–time (I–t) correlation curves 

of all the samples prepared to exhibit fast photocurrent feedback in their electrodes.  It can be 

observed from Fig 16 that fast and reversible photocurrent responses were obtained for each 

on–off-cycle for all samples prepared on the electrodes. This indicates that most 

photogenerated electrons are transported back to unity across the samples to generate 

photocurrent under visible light irradiation.  The g-C3N4 NS-Br (0.5g) sample produced a 

significantly higher photocurrent in its electrode relative to the electrodes of other samples. 

These results indicated low re-sequencing of electrons and holes pairs, effective charge 

separation, and transfer efficiency (which is consistent with the EIS and PL experiments), 

resulting in enhanced photocatalytic reduction of CO2 into CH4 and CH3OH.    

 
Figure 15. Generation of hydrocarbon products over pure g-C3N4 NS and Br-doped g-C3N4 NS 

samples under visible light (λ > 400 nm) irradiation for 1 h. 

 
Figure 16. Transient photocurrent responses of pure g-C3N4 NS and Br-doped g-C3N4 NS samples in 

0.5 M Na2SO4 aqueous solution under visible light irradiation. 

 

3.4. Electronic structure. 

3.4.1. Structural properties of the doped model. 

Figure 17 is the schematic illustration of the unit cell of bromine-doped carbon nitride 

nanosheet (g-C3N4 NS-Br). The optimized lattice parameters computed for the unit cell are a = 

6.987 Å, b = 4.797 Å and c = 6.891 Å. The unit cell volume is calculated to be 155.817 Å3. 
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Figure 17. Unit Cell of Br-doped C3N4 nanosheet. 

The electronic band structure at high-symmetry k-points for the model molecule is 

shown in Figure 18(a). The band structure of the modeled system shows it is both a wide and 

direct band-gap material. This makes it a good candidate for photophysical applications 

because it is a preferred material for the fabrication of optoelectronic devices. 

 
Figure 18. (a) Calculated Band Structure of Br-doped C3N4 nanosheet. 

The energy band-gap of the optimized structure, Fig. 18(a) has been calculated. The 

band-gap occurs due to mixed hybridization of C and N valence states with that of Br atoms in 

the modeled structure. The calculated band gap energy was determined to be 2.05 eV, close to 

the experimental band gap of ca. 2.45 eV. It is well noted that DFT/GGA function is known to 

systematically underpredict band-gap energies [44], which was currently obvious in this study 

that the calculated band-gap energy was not exact in comparison to the experimental value. 

However, the difference obtained was not too significant.  

Figure 18(c) displays the partial density of electronic states (PDOS) for the molecule 

under study. For comparison, the Fermi energy level, EF, is set as zero on the energy scales of 

the energy band-gap, Eg, between occupied and empty atomic orbitals. The same levels are set 

for the DOS, PDOS, and TDOS. To fully understand the role of each of the contributions from 

the atomic orbitals to the projected electron density of states (DOS) of the model structure, 

Figure 18(d) shows in the same plot the DOS and TDOS for the nanosheet. The contributions 

of individual atoms to the electron density of states (PDOS) are projected out as shown in 

Figure 18(c). Figure 18(c) reveals that the portions of DOS below -1 eV are mainly due to 

contributions from N and Br atoms. The central portion, which is above -1 eV, immediately 
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around and near the Fermi level is largely due to contributions from the p-orbital states of N 

and C atoms. 

In the present work, Figures 18(b, c, d & e) show only positive contributions to the total 

and partial spin-polarized states of electrons for the structure model. Figure 18(c) clearly shows 

the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals 

(LUMO) of the model, which lie below and above the Fermi energy level, respectively. From 

Figure 18(c), it is seen that p-orbitals of N and C atoms are the major contributors to the valence 

band states near to the Fermi level. For the bottom of unoccupied bands, it is seen that the N-p 

and C-p orbital states are again the major contributors. The top of filled bands and the bottom 

of unoccupied bands are influenced by the p-orbital states of both nitrogen and carbon atoms. 

 

Figure 18. (b) Projected electronic density of states (DOS), (c) Partial density of electronic states (PDOS), (d) 

Projected electronic density of states (DOS) & total DOS (TDOS) superimposed, and (e) total DOS (TDOS) for 

the model system. The Fermi energy level, EF, is set as zero on the energy scales in all cases. 

4. Conclusions 

 Br-doped g-C3N4 nanosheets were developed by mixing dicyandiamide with 

ammonium bromide (NH4Br) in water, dried, and calcinated. The resultant mixture was 

exfoliated in methanol by ultrasonication leading to ultra-thin nanosheets. The unique g-C3N4 

NS-Br (0.5g) has enhanced photocatalytic CO2 reduction rate into solar fuels (i.e., CH4 and 

CH3OH) compare to other samples.  The higher photocatalytic activity exhibited by g-C3N4 

NS-Br (0.5g) could be attributed to the high porosity, large surface area, excellent light-

harvesting capability, and efficient charge separation and mobility of charge carriers. The g-

C3N4 NS-Br (0.5g) sample possesses excellent band energy level alignment and electronic 

structure with a calculated band gap energy from DFT to be 2.05 eV, which is close to the 

experimental band gap of ca. 2.45 eV. This study shows that morphology tuning of g-C3N4 and 

doping has a synergistic effect in enhancing photocatalytic activity. Therefore, these are 

excellent strategies to produce photocatalysts with potential photocatalysis applications, 
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optoelectronics, biomechanics, nanoelectronics, nanoelectromechanical systems (NEMS), 

spintronics, optoelectronics, and photonic devices manufacturing. 
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