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Abstract

:

Recently, the engineering of optical bandgaps and morphological properties of graphitic carbon nitride (g-C3N4) has attracted significant research attention for photoelectrodes and environmental remediation owing to its low-cost synthesis, availability of raw materials, and thermal physical–chemical stability. However, the photoelectrochemical activity of g-C3N4-based photoelectrodes is considerably poor due to their high electron–hole recombination rate, poor conductivity, low quantum efficiency, and active catalytic sites. Synthesized Ni metal-doped g-C3N4 nanostructures can improve the light absorption property and considerably increase the electron–hole separation and charge transfer kinetics, thereby initiating exceptionally enhanced photoelectrochemical activity under visible-light irradiation. In the present study, Ni dopant material was found to evince a significant effect on the structural, morphological, and optical properties of g-C3N4 nanostructures. The optical bandgap of the synthesized photoelectrodes was varied from 2.53 to 2.18 eV with increasing Ni dopant concentration. The optimized 0.4 mol% Ni-doped g-C3N4 photoelectrode showed a noticeably improved six-fold photocurrent density compared to pure g-C3N4. The significant improvement in photoanode performance is attributable to the synergistic effects of enriched light absorption, enhanced charge transfer kinetics, photoelectrode/aqueous electrolyte interface, and additional active catalytic sites for photoelectrochemical activity.
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1. Introduction


Over the past few decades, energy and environmental issues have become the most important and popular topic worldwide. Compared to fossil fuels, hydrogen energy is ecofriendly and exhibits a higher calorific value, which is approximately four-fold higher than that of methane [1,2]. Hydrogen production from water has been attracting significant attention based on its potential to generate a clean energy carrier without CO2 emissions [3]. Photoelectrochemical (PEC) water splitting is one of the most promising methods to produce pollutant-free hydrogen fuel [4,5]. Consequently, the development of novel, nontoxic, low-cost, efficient, and stable photoelectrodes is of great significance. To accelerate electron transfer, reduce electron–hole recombination, and improve the efficiency of hydrogen production, certain catalytic materials are essential, especially for future energy applications.



As a metal-free photocatalyst, graphitic carbon nitride (g-C3N4) has attracted significant interest owing to its remarkable physical and chemical properties, such as reliable thermal and chemical endurance, super hardness, high efficiency, stability, nontoxic photocatalysis, low density, water resistivity, and biocompatibility [6]. Thus, g-C3N4 is regarded as a promising semiconductor for surface modification, light-emitting devices, photocatalysis, and photoelectrodes, among others [7,8]. Of the various semiconductors investigated [9,10,11,12], g-C3N4 is characteristically nontoxic and metal-free, with a comparatively narrow bandgap (2.7 eV), high thermal and chemical stability, and attractive electronic properties. It is considered as a promising material owing to its reasonable bandgap and electron localization properties or appropriate microstructural active site anchoring with surface dissolution as well as nitrogen atom water-splitting defect [13,14]. Zhang et al. [15], in their study on band position, reported that the oxidation possibility of the conduction band and local valence band reduction are approximately 1.3 and 1.4 eV, respectively, which enhances oxygen reduction reaction, as determined by solar energy. Su et al. used g-C3N4 to comprehend alcohol oxidation in visible light [16]. Wang et al. [17] synthesized g-C3N4 for energy transducers. However, owing to the limitation of the visible-light response range, poor quantum efficiency, and low specific surface area, the real-time/practical applications of g-C3N4 remain unappreciated [6,18,19]. To improve the activity and enhance the absorption properties of g-C3N4, doping is considered as a versatile technique by many researchers [8,18,20,21]. Chai et al. observed an improved photocatalytic degradation of rhodamine B over P-doped g-C3N4 [22]. Dang et al. [23] produced photocatalytic hydrogen using a nickel-based catalyst combined with g-C3N4. Takanabe et al. [24] synthesized a MgPc/mpg-C3N4 photocatalyst to expand light absorption for the evolution of hydrogen. Recently, a Ni/g-C3N4 catalyst was designed for efficient ethanol electro-oxidation [25]. Gong et al. [26] developed NiO and Ni co-doped g-C3N4 for octylphenol sensing applications. It is evident that Ni-based g-C3N4 catalysts exhibit good catalytic activity; however, a methodical study on Ni-doped g-C3N4 photoelectrodes for PEC water-splitting activity remains unavailable. Hence, in the present study, we investigated the systematic variation of the Ni dopant effect on the structural, morphological, and optical properties of g-C3N4 as well as its PEC activity. The optimized 0.4 mol% Ni-doped g-C3N4 photoelectrode showed a noticeably improved PEC water-splitting activity. Additionally, the incorporation of Ni improved the photoanode performance and enhanced the charge transfer kinetics between the photoelectrode/aqueous electrolyte interface.




2. Results and Discussion


The crystalline structures of the synthesized pure and Ni-doped g-C3N4 nanostructures with various doping concentrations were examined via XRD (wavelength of 1.54060 Å), as shown in Figure 1.



The wide and highest intensity peak at 2θ = 27.37° is attributed to the (002) reflection of tri-s-triazine-based g-C3N4, which corresponds to the stacking of the conjugated aromatic system with an interplanar distance of 0.329 nm [27]. The XRD analysis of the pure g-C3N4 sample exhibited a hexagonal phase as per JCPDS: 87–1526. Furthermore, the XRD analysis of the Ni-doped g-C3N4 samples revealed that there were no characteristic peaks related to metallic nickel, nickel oxides (NiO and Ni2O3), nickel nitrides (Ni3N), and nickel carbides (Ni3C) in any of the Ni-doped g-C3N4 nanostructures, even at a high Ni dopant concentration of 0.5 mol%, which designates the substitution of Ni ions into the host g-C3N4 matrix, possibly in the form of Ni–N bonds due to the high affinity among the Ni2+ ions and negatively charged N atoms in the N pots of g-C3N4 [28]. The major peak intensity of Ni-doped g-C3N4 gradually decreased with increasing Ni dopant concentration, indicating that the deterioration of the (002) reflection plane was related to the inhibition of the polycondensation of g-C3N4 nanostructures upon increasing the dopant concentration of Ni. This is due to the hampering of polymeric compression, which breaks the lamellar structure, thereby resulting in a reduction in the crystallinity of g-C3N4 by increasing the Ni dopant concentration [29]. In addition, a slight shift in the (002) characteristic peak was observed for Ni-doped samples, indicating that the crystalline structure of the synthesized samples remained the same for the Ni dopant concentration. The abovementioned results indicate that the dopant was successfully incorporated into the host lattice of the g-C3N4 nanostructures. Besides, catalytic materials with low crystallinity commonly have a larger number of defects that can trap a huge quantity of carriers, thereby leading to an enhancement of the photogenerated electron–hole separation rate. Meanwhile, the decrement in the interplanar positions could enable the passage of carriers between the stacked crystal planes [29]. All these advantages ensured improvement in the PEC performance.



The distribution of elements in the synthesized samples were investigated using EDS analysis, as shown in Figure 2. The EDS analysis of the samples showed a uniform distribution of elements throughout the scanned area, indicating the quality of the prepared samples. As the concentration of dopant increased, the quantity of Ni incorporated into the host lattices also increased. This can be observed in the EDS mapping analysis of the synthesized samples.



The morphologies of the synthesized samples were investigated via TEM. Figure 3a–f shows the TEM images of the pure and Ni-doped g-C3N4 samples. All the samples exhibited a nanosheet-like morphology with an irregular porous appearance throughout the complete nanosheets.



Each pure and doped g-C3N4 photoelectrode nanosheet was several micrometers in length and nanometers in thickness. The porosity of the g-C3N4 nanosheets significantly increased with Ni dopant concentration. In addition, the nanosheets exhibited wrinkles and edge folds with increasing dopant concentration owing to the repulsion between the lone pair electrons at the N atom on the edge of the tri-s-triazine unit [30]. Xing et al. [31] observed a similar morphology for g-C3N4 nanosheets synthesized for H2 evolution. However, changes in pore sizes and density were noticed with increasing dopant concentration, indicating that the dopant had a significant effect on the formation of porous nanosheets. Similar porous nanostructures have also been observed by several researchers [32,33]. The porous structure of photoelectrodes can offer a better surface area, improve the access to active sites, and charge pair separation and migration [33]. Furthermore, HR-TEM analysis was conducted for an optimized sample, i.e., 0.4 mol% Ni-doped g-C3N4 nanosheets, as shown in Figure 4a,b. The HR-TEM images indicated that the g-C3N4 nanosheets exhibited high porosity and edge folding, along with nanometers of thickness. The corresponding selected area electron diffraction (SAED) pattern is shown in the inset of Figure 4.



The ring SAED pattern corresponding to the (002) plane of g-C3N4 was observed for the optimized samples. From the abovementioned analysis, it is evident that the Ni dopant significantly affected the morphology of g-C3N4 and enhanced the PEC activity by improving the access to active sites. These results are consistent with the XRD analysis of the synthesized samples. Further, the EDS images of the optimized sample, shown in Figure 4c–f, indicated high uniform distribution of elements throughout the scanned area. This shows that the prepared catalysts had Ni dopant uniformly incorporated into the host structures.



The optical properties are important for determining the photocatalytic activity of the synthesized photoelectrodes. The absorption properties of pure and Ni-doped g-C3N4 were examined by UV–vis spectroscopy, as shown in Figure 5a–f, which revealed that the absorption edges of the pure and Ni-doped g-C3N4 photoelectrodes gradually shifted toward higher wavelengths with increasing dopant concentration.



The increase in the absorption edge may be due to the incorporation of the Ni dopant into the g-C3N4 host structures, thereby reducing the π-deficiency and causing imbalanced electron density in the π-electron conjugated systems [34,35]. A significant redshift along with increased absorption occurred for the Ni-doped g-C3N4 samples, which in turn enhanced the usage of the visible spectra. In addition, a slight peak at ~400 nm could be observed in Ni-doped g-C3N4 samples, perhaps due to the SPR (Surface Plasma Resonance) effect of the dopant, and occurred at a wavelength range of 390–540 nm depending on the Ni size. A similar increase in the absorption edge has also been observed by many researchers [21,36,37,38]. Furthermore, the optical bandgap of pure and Ni-doped g-C3N4 was estimated from the absorption spectra, as shown in Figure 6a–f. The corresponding estimated optical bandgap values were 2.53, 2.45, 2.28, 2.19, 2.18, and 2.22 eV, respectively, for the undoped and Ni-doped g-C3N4 samples.



As the dopant concentration increased, the optical bandgap of g-C3N4 gradually decreased and shifted toward lower energies, thereby indicating that the Ni dopant was effectively incorporated into the g-C3N4 host structures. The incorporation of Ni dopant into the g-C3N4 host structures resulted in a decrease in the bandgaps, which suggested a change in the electronic band structure upon Ni dopant substitution. The reduction of the optical band values may be due to the formation of intermediate states within the forbidden region. Owing to the presence of Ni dopant in the host g-C3N4 lattice, it is also possible that the localized isolated states of Ni formed below the conduction band (CB) minima and the dopant Ni atoms may form complexes, such as g-C3N4-nNin, by utilizing the lone pairs of the neighboring nitrogen atoms, thereby resulting in a reduction in the bandgap [30]. Thus, the dopant Ni can shift the light absorption range of g-C3N4 from the UV to the visible region, leading to improved catalytic activity under solar radiation. Further, an increase of optical bandgap was observed for the 0.5 Ni sample, may be due to the Burstein–Moss (B–M) effect, which suggests that the optical band gap of degenerately doped semiconductors increases when all states close to the conduction band get populated due to shifting of an absorption edge to higher energy. The reduction in the g-C3N4 optical bandgap with various dopant concentrations has also been observed by many researchers [21,30,36,37,38]. This optical analysis indicates that the doped samples may generate more charges under visible irradiation, which can enhance the water-splitting activity compared to pure g-C3N4.



Superior generation, separation, and migration of energized charge pairs are essential for the PEC method; thus, to investigate the aforementioned properties, photoluminescence (PL) emission spectroscopy [32] was recorded at a wavelength of 325 nm. Figure 7a shows the PL spectra of the pure and Ni-doped g-C3N4 electrodes.



The pure g-C3N4 exhibited two major emission peaks at 432 and 562 nm. The peak at 432 nm is ascribed to the recombination process of self-trapped excitons or excited charge pairs, which is used to approximate the transmission and separation efficiency of excited charge pairs, whereas the one at 562 nm is attributed to the neutral charge state of nitrogen vacancies [39,40,41]. The Ni-doped g-C3N4 electrodes also showed two similar major peaks at 432 and 562 nm. However, the intensity of these emission peaks decreased with increasing dopant concentration, and the emission peak positions were marginally shifted to higher wavelengths, thereby confirming the incorporation of dopants into the host g-C3N4 structures, which improved the separation of photoexcited charge carriers and significantly reduced the recombination rate of charge carriers. Furthermore, the g-C3N4 nanosheet-like nanostructures decreased the travel path distance of the generated charge pairs to the surface of the electrode, which diminished the recombination rate of the photoexcited charge carriers. The lowest charge recombination rate was observed in the 0.4 Ni sample, i.e., 0.4 mol% Ni-doped g-C3N4, compared to other photoelectrodes. Hence, optimal Ni-doped photoelectrodes may exhibit enhanced PEC activity compared to other photoanodes.



Figure 7b shows a FTIR analysis of all the synthesized photoelectrodes. The band appearing at ~810 cm−1 can be accredited to triazine breathing modes of CN heterocycles due to the s-triazine ring systems [30] or an out-of-plane collective wagging vibration of the nitrogen and carbon atoms in the heptazine. The intense peaks originating between 1150 and 1650 cm−1 correspond to the stretching vibrations of CN heterocycles. The broad band at 3200 cm−1 is attributed to the stretching modes of the remaining uncondensed N–H groups due to inadequate polymerization, and the slight hump at 2169 cm−1 was due to the existence of cyano groups [30]. Due to dopant of Ni, the band at ~810 cm−1 remained unchanged. However, the dopant partially suppressed the aromatic CN heterocycles.



The chemical and electronic states of the synthesized pure and Ni-doped g-C3N4 nanosheet nanostructures were investigated via XPS analysis. The survey spectra between 0 and 1350 eV for all the photoelectrodes are shown in Figure 8. The spectra show only the existence of core elements, such as C, N, and Ni. The intensity of the dopant Ni peak increased with increasing dopant concentration in the host g-C3N4 nanostructures. No other impurities related to the metallic nickel peaks were observed, thereby indicating that the dopant had been incorporated into the host lattice. Similar XPS survey analyses were conducted on Ni-doped g-C3N4 for the degradation of methyl orange by Deng et al. [27].



For more details, the core-level XPS spectra of C1s, N1s, and Ni2p were recorded to their respective binding energies. The high-resolution core spectra of the C1s peaks of all the synthesized photoelectrodes are shown in Figure 9a–f and resolved into two major peaks at ~288.0 and ~284.8 eV. The binding energy peak at ~284.8 eV relates to the sp2 hybridized C–C bonds resulting from adventitious carbon, whereas that at ~288.0 eV is attributed to the sp2-bonded carbon in the N–C=N tri-s-triazine rings of the elementary aromatic g-C3N4 cycles, which is the ruling carbon in the conjugated system. It was observed that the area of the peak of N–C=N coordination decreased with an increase in the Ni doping concentration, representing the alteration of the triazine rings [42].



The core-level spectra of the N1s peaks for all the pure and doped photoelectrodes are shown in Figure 10a–f, and they were deconvoluted into four major peaks at binding energies of 404.5, 400.8, 399.4, and 398.3 eV. The high-intensity peak centered at ~398.3 eV is attributed to the sp2 hybridized aromatic N atoms bonded to carbon (N–C=N) [43], whereas that at 399.4 eV is ascribable to the sp3 hybridized tertiary nitrogen N–(C)3 groups [44]. These two types of nitrogen and carbon for N–C=N bonding were collected to build the heptazine heterocyclic ring (C6N7) style. The N1s peak was positioned at 400.8 eV, which is related to the shortened amino-functional clusters transporting hydrogen ((C)2–N–H) [44], while the weak peak at 404.5 eV is associated with the π excitation [44].



The core-level XPS spectra of Ni2p for the 0.1Ni, 0.2Ni, 0.3Ni, 0.4Ni, and 0.5Ni photoelectrodes are shown in Figure 11a–e. The corresponding concentration of Ni was 0.25, 0.35, 0.48, 0.55, and 0.63 at% for 0.1Ni, 0.2Ni, 0.3Ni, 0.4Ni, and 0.5Ni samples, respectively. All the Ni2p peaks contained four constituent peaks. These peak intensities increased with Ni dopant concentration in the g-C3N4 host structures. The main Ni2p peaks were located at binding energies of ~855.9 and 872.9 eV, which are attributed to Ni2p3/2 and Ni2p1/2 spin–orbits, respectively, and represent the characteristic bands of Ni2+ [45].



No characteristic metallic nickel peaks, such as those located at 852.9 and 870.3 eV for Ni2p3/2 and Ni2p1/2, respectively, were noticeable [46]. However, the peaks located at 861.6 and 879.9 eV are the satellite peaks of Ni2p3/2 and Ni2p1/2 for Ni2+, respectively. These results reveal that Ni was present in the form of Ni2+ in all the Ni-doped samples. The abovementioned results are consistent with those reported in the literature [27,46].



For all the samples, valence band (VB) spectra were recorded to determine the VB positions, as shown in Figure 12. The VB energies for the doped g-C3N4 nanosheets were lower than those for the undoped g-C3N4 samples; the energies varied from 1.81 to 1.51 eV. The optical bandgaps obtained from the UV–vis spectroscopy analysis and the VB energies were used to determine the electronic structures and band locations of the synthesized photocatalysts, as illustrated in Figure 12. The Ni-doped g-C3N4 samples showed narrower optical bandgaps, high VB state potential, and low CB state potential as compared to the undoped g-C3N4 samples, enabling more efficient visible-light absorption and charge excitation and providing sufficient energy for water splitting. Accordingly, these photocatalysts are expected to demonstrate enhanced photoelectrode performance under visible-light irradiation for hydrogen generation.



For better PEC water-splitting activity, the photoelectrode should possess a low electrolyte and charge transfer resistance, high transport mechanism and charge separation rate, and good photoelectrode/electrolyte interface kinetics. The charge transfer resistances of the synthesized photoanodes were determined by electrochemical impedance spectroscopy via Nyquist plots in 0.1 M KOH aqueous electrolyte under visible-light illumination. The recorded Nyquist plots for all the photoelectrodes under light ON/OFF state are shown in Figure 13a.



The obtained Nyquist plots were fitted with the equivalent circuits along with physical elements, as shown in the inset of Figure 13a. In the circuit, R1, R2, and R3 represent the solution resistance, ion-conducting path resistance, and the charge transfer resistance, respectively, whereas C2 and C3 represent the corresponding intact coating and double layer capacitances, respectively. The estimated physical element values under light ON/OFF states are listed in Table 1. Under both states, the solution resistance (R1) of all the synthesized samples was in the range of 0.13–1.01 Ω, indicating that all the photoelectrodes were compatible with the aqueous electrolyte, which could enhance charge migration between the electrode/electrode interface. The R3 values of the pure g-C3N4 photoelectrode under light ON/OFF were estimated to be 564.1 and 445.7 Ω, respectively, whereas the R3 values for the Ni-doped photoelectrodes drastically decreased with increasing Ni dopant concentration under both states. However, the R3 values of the doped photoelectrodes were much lower than those of the pure photoelectrode. The lowest R3 value of 81.2 Ω was obtained for the 0.4 mol% Ni-doped g-C3N4 photoanode under the light ON state. The R3 values seemingly followed the order of g-C3N4 > 0.1Ni > 0.2Ni > 0.3Ni > 0.4Ni < 0.5Ni, which confirmed that charge transfer between the electrode and aqueous electrolyte interface was very superficial. The above results suggest that the doping of Ni significantly improved the conductivity of the g-C3N4 nanostructures and considerably lowered the charge transfer resistance. Thus, the enhanced properties of Ni-doped g-C3N4 are attributable to the change in the g-C3N4 band structures and decrease in the charge transfer resistance. These results evidently show that the generated electron–hole pairs were better separated in the Ni-doped g-C3N4 photoelectrodes and that the interfacial charge transfer between the electron donor and acceptor was more efficient, resulting in a reduced recombination rate. In addition, the improved light absorption can be attributed to an increase in the number of photogenerated electron–hole pairs caused by doping, which consequently enhanced the PEC activity [47]. Therefore, the dopant significantly influenced the charge transfer properties of the host g-C3N4 photoelectrode, enhancing the electrochemical activity of the samples. To verify this assumption, the PEC properties of potentiodynamic, I–V, and I–t for all the synthesized photoelectrodes were recorded with a three-electrode setup in a 0.1 M KOH aqueous electrolyte under visible-light illumination.



To understand the evolution reaction mechanism, the potentiodynamic analyses of all the synthesized g-C3N4-based photoelectrodes were investigated. The dynamic studies of pure and Ni-doped g-C3N4 photoelectrodes were recorded in a 0.1 M KOH aqueous electrolyte under light ON/OFF conditions, as shown in Figure 13b. The obtained Tafel plots were fitted with a Tafel equation, h = a + b log (j), to obtain the Tafel slopes for the pure g-C3N4 and Ni-doped g-C3N4 photoelectrodes. The estimated kinetic parameters from the Tafel fitting under light ON/OFF states are listed in Table 2.



Normally, the low Tafel slope values of the photoelectrodes indicate that the photoelectrode has a low applied potential to generate charge carrier pairs. However, these fitting and analysis should be interpreted carefully because the Tafel slopes differ in a complex manner depending on diverse constraints, such as reaction kinetics pathway, synthesis method, active site adsorption states, and catalyst type [48]. From Table 2, it can be seen that the Tafel slopes of the pure g-C3N4 photoelectrode exhibited a value of 92.1 and 91.2 mVdec−1 under light ON/OFF states, indicating that the photoelectrode generated more carrier pairs under the light ON state. The Tafel slopes with various Ni dopant concentrations in the host g-C3N4 lattice evinced a significant effect on the Tafel slopes, whose values of doped photoelectrodes showed a decreasing trend with increasing Ni dopant concentration. The order of the Tafel slope values was as follows: g-C3N4 > 0.1Ni > 0.2Ni > 0.3Ni > 0.4Ni < 0.5Ni. However, the lowest Tafel slope value was obtained for the 0.4 mol% Ni-doped g-C3N4 photoelectrode compared to other synthesized photoanodes. In addition, the entire doped Tafel slope value was lower than that of the pure g-C3N4 photoelectrode, indicating that the doped electrodes required a lower applied potential than the pure g-C3N4 photoelectrode. From the abovementioned analysis, it is assumed that doped photoelectrodes may possess superior PEC performance.



The linear sweep voltammetry curves (I–V) of all the synthesized pure and Ni-doped g-C3N4 photoanodes were recorded in 0.1 M KOH electrolyte between the potentials of +1 and −1 V under light ON/OFF states, as shown in Figure 13c. All the voltammetry curves exhibited a general trend between the applied potentials. Extremely low photocurrents were observed for the pure g-C3N4 photoanode. The difference in photocurrents (ΔJ values) between the light ON and OFF states was approximately 0.029 mAcm−2 (Table 2). For Ni-doped g-C3N4 photoanodes, the photogenerated currents steadily increased with dopant concentration. The ΔJ values for the doped photoelectrodes are given in Table 2. However, the overall photocurrent generated from the doped photoelectrodes was higher than that from the pure g-C3N4 photoanode. The optimized photoelectrode of the 0.4 mol% Ni-doped g-C3N4 sample showed a maximum ΔJ value of 0.175 mAcm−2, which is six-fold higher than that of the pure g-C3N4 photoelectrode. The order of photocurrents generated from the synthesized photoelectrodes was as follows: g-C3N4 < 0.1Ni < 0.2Ni < 0.3Ni < 0.4Ni > 0.5Ni. The enhanced higher photocurrent could be attributed to the appropriate charge transfer kinetics, structure, optical bandgap, and morphology of the 0.4Ni, i.e., 0.4 mol% Ni-doped g-C3N4 photoanode, compared to other photoanodes. This resulted in a low charge carrier migration path distance between the semiconductor photoelectrode and photoelectrode/aqueous electrolyte interface, higher charge transportation rate toward the solid/liquid interface, and improved charge collection [49]. The light absorption ability of the Ni-doped g-C3N4 photoelectrodes was considerably greater than that of the pure g-C3N4 photoelectrode, which resulted in enhanced electron–hole generation and separation. This could be due to the oscillation of light at larger frequencies, which encouraged electron–hole carrier pair generation. Consequently, electrons with sufficient energy impulsively drifted into the CB of the photoanode, then moved toward the Pt electrode, thus contributing to the improved PEC activity of the samples. Similarly, an energetic hole approached the photoelectrode/liquid electrolyte interface, whereby it oxidized water. Hence, the optimized Ni-doped g-C3N4 photoanode showed remarkably high photogenerated current value.



The amperometric curves (I–t) of the pure and Ni-doped g-C3N4 photoanodes are shown in Figure 13d. The pure Ni-doped g-C3N4 showed no switching phenomenon during light ON/OFF cycles and registered near-negligible photocurrents. However, the doped photoanodes exhibited an evident cycling behavior with increasing dopant concentration, which recorded significantly enhanced photocurrents. This indicates that the dopant significantly influenced the generation of photocurrents by the host g-C3N4-based photoanodes. All the doped samples showed higher photocurrents than the pure g-C3N4 during cycling as well as a long run-up of 310 s. The initial cycle of all the doped samples showed considerably higher photocurrents compared to consecutive cycles, possibly due to the availability of active sites in the host structures. These I–t results are consistent with the I–V, Nyquist, and potentiodynamic results. The stability of the photoelectrodes is determined by measuring the I–t curves for a long period of time; the initial portion of the I–t graph reveals that the switching behavior and stable photocurrents recorded for a long duration generates photoelectrode stability. Here, the stability of the synthesized photoelectrodes was tested up to 310 s, and all the photoanodes generated constant stable photocurrents during the long run, which indicated their high stability. The order of photocurrents generated by the photoanodes was as follows: g-400 < 0.1Ni < 0.2Ni < 0.3Ni < 0.4Ni > 0.5Ni. The above-stated I–t analysis indicates that optimal Ni doping into the host g-C3N4 lattices can efficiently enhance photocurrent generation. Thus, the superior PEC activities of Ni-doped photoelectrodes are ascribed to their efficient morphology, reduced bandgap, low electrolyte and charge transfer resistance, enhanced kinetics, and solid/electrolyte interface.




3. Experimental Section


3.1. Synthesis of g-C3N4 and Ni-Doped g-C3N4 Nanostructures


The direct calcination method was adopted to synthesize pure g-C3N4 and Ni-doped (i.e., Ni = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 mol%) g-C3N4 nanostructures by weighing the stoichiometric ratio of urea and nickel nitrate hexahydrate (Ni(NO3)2 6H2O) materials. Typically, 10 g of urea and 0.1 mol% of Ni(NO3)2·6H2O were thoroughly pulverized using a mortar and pestle for 1 h. Thereafter, the pulverized powder was transferred into a covered alumina crucible for heat treatment. All the samples were annealed at 400 °C in a muffle furnace for 2 h and then naturally cooled down to 25 °C upon the completion of the annealing process. Similarly, various molar concentrations of Ni were doped into the host g-C3N4 lattices by varying the stoichiometric amount of the Ni source material using the aforementioned procedure.




3.2. Preparation of Photoanodes


To prepare the g-C3N4-based photoanodes, 10 mg of each synthesized pure and Ni-doped g-C3N4 catalyst material was uniformly dispersed in 10 mL of ethylene glycol (C2H6O2) via ultrasonication for 2 h. Next, the resultant solution was deposited on 1 × 1 cm2 masked conductive indium tin oxide-coated glass substrates by a spin coater at 1500 rpm for 3 min. All the prepared photoanodes were dried at 120 °C in an oven for 12 h. Before deposition, the 2 × 1 cm2 glass substrates were thoroughly cleaned with deionized water, ethanol (C2H5OH), and methoxyethane (C3H8O) for 30 min each using an ultrasonicator and dried in a vacuum oven at 100 °C for 1 h. These prepared photoanodes were considered as working electrodes for measuring the PEC properties of the synthesized samples.




3.3. Characterizations


The crystalline structures of the synthesized pure and Ni-doped g-C3N4 nanostructures were studied via X-ray diffraction (PANalytical, Almelo, The Netherlands), whereas transmission electron microscopy (TEM: TEM, Hitachi H-7600, Ibaraki, Japan) and high-resolution transmission electron microscopy (HR-TEM: HR-TEM, G2 F30 S-Twin, Hillsboro, OR, USA) were used to examine the morphology of the synthesized samples. The distribution of elements in the synthesized samples were examined by EDS attached with SEM (SEM: Hitachi S-4800, Ibaraki, Japan) and HR-TEM. Ultraviolet–visible (UV–Vis: Neogen NEOD3117, Seoul, South Korea) spectroscopy was used to measure the absorbance and determine the optical bandgap of the samples. X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific MultiLab 2000, Seoul, South Korea) analysis was performed to investigate the chemical states, flat band potentials, and electronic structures of the samples.




3.4. Photocurrent, Potentiodynamic, and Impedance Measurements


The PEC properties, such as C–V, I–V, I–t, Tafel plots, and charge transfer kinetics, were investigated for g-C3N4-based photoelectrodes under visible-light ON/OFF conditions in a 0.1 M KOH aqueous electrolyte using a three-electrode Sp-200 Bio-Logic (Seyssinet-Pariset, rue de Vaucanson, France) potentiostat. Herein, the prepared photoanodes were utilized as the working electrodes, Pt wire as the counter electrode, and Ag/AgCl as the reference electrode. All the properties were measured with an AM 1.5G air mass filter, light source power density of 100 mWcm−2, and UV cut-off filter (≤400 nm, from Edmund optics Inc., Barrington, NJ, USA) focused on the 1 cm2 photoanode. Furthermore, the Nyquist plots were recorded through electrochemical impedance spectroscopy for all the photoelectrodes at an amplitude of 5 mV in the applied frequency range of 5 × 106−100 × 10−3 Hz.





4. Conclusions


Herein, the engineering of optical bandgaps and morphological properties of g-C3N4 photoelectrodes for PEC water-splitting applications was successfully studied. It was observed that pure g-C3N4 photoelectrodes performed poorly because of their high electron–hole recombination rate and low charge transfer mechanism between the electrode/electrolyte interfaces. The synthesized Ni-doped g-C3N4 porous nanostructures improved light absorption. Additionally, a substantial effect on the structural and morphological properties of the g-C3N4 nanostructures was observed. The optical bandgap results varied from 2.53 to 2.18 eV with increasing Ni dopant concentration. Furthermore, a significant improvement in the electron–hole separation and charge transfer kinetics, which remarkably initiated enhanced PEC activity under visible-light irradiation, was observed. The optimized 0.4 mol% Ni-doped g-C3N4 photoelectrode exhibited considerably improved six-fold photocurrent density compared to pure g-C3N4.
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Figure 1. XRD analysis of pure and Ni-doped g-C3N4 porous nanosheets. 
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Figure 2. EDS images of synthesized photocatalysts: (a) 0.1 mol% Ni-doped g-C3N4, (b) 0.2 mol% Ni-doped g-C3N4, (c) 0.3 mol% Ni-doped g-C3N4, (d) 0.4 mol% Ni-doped g-C3N4, and (e) 0.5 mol% Ni-doped g-C3N4. 
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Figure 3. TEM images of synthesized photocatalysts: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4. 
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Figure 4. (a,b) HR-TEM images of optimized 0.4 mol% Ni-doped g-C3N4 nanosheets (inset: corresponding SAED) and (c–f) EDS images of optimized 0.4 mol% Ni-doped g-C3N4 nanosheets. 
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Figure 5. Absorbance spectra of synthesized photocatalysts: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4. 
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Figure 6. Optical bandgap vs. (αhν)1/2 curves for the synthesized photocatalysts: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4. 
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Figure 7. (a) Photoluminescence spectra and (b) FTIR analysis of the synthesized photocatalysts. 
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Figure 8. XPS survey spectra of pure and doped g-C3N4 nanosheets. 
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Figure 9. XPS core-level analysis of C1s: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4. 
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Figure 10. XPS core-level analysis of N1s: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4. 






Figure 10. XPS core-level analysis of N1s: (a) pure g-C3N4, (b) 0.1 mol% Ni-doped g-C3N4, (c) 0.2 mol% Ni-doped g-C3N4, (d) 0.3 mol% Ni-doped g-C3N4, (e) 0.4 mol% Ni-doped g-C3N4, and (f) 0.5 mol% Ni-doped g-C3N4.
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Figure 11. XPS core-level analysis of Ni2p: (a) 0.1 mol% Ni-doped g-C3N4, (b) 0.2 mol% Ni-doped g-C3N4, (c) 0.3 mol% Ni-doped g-C3N4, (d) 0.4 mol% Ni-doped g-C3N4, and (e) 0.5 mol% Ni-doped g-C3N4. 
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Figure 12. Band structures of pure and Ni-doped g-C3N4 photocatalysts. 
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Figure 13. Photoelectrochemical water-splitting analysis of pure and doped g-C3N4 samples: (a) Nyquist plots, (b) Tafel plots, (c) linear sweep voltammetry, and (d) amperometry curves. 
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Table 1. Nyquist plots fitted with equivalent circuit elements.
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Same Name

	
I–V (mAcm−2)

	
Tafel Slopes (mVdec−1)




	
Dark

	
Light

	
ΔJ

	
Dark

	
Light






	
g-C3N4

	
1.078

	
1.107

	
0.029

	
92.1

	
91.2




	
0.1Ni

	
0.746

	
0.787

	
0.041

	
90.3

	
87.6




	
0.2Ni

	
1.283

	
1.352

	
0.069

	
85.7

	
81.2




	
0.3Ni

	
0.268

	
0.400

	
0.132

	
83.5

	
80.2




	
0.4Ni

	
1.630

	
1.797

	
0.175

	
79.3

	
76.0




	
0.5Ni

	
1.080

	
1.174

	
0.094

	
83.1

	
76.5
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Table 2. Photocurrents and Tafel slopes under light ON/OFF conditions.
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Sample Name

	
State

	
R1 (Ω)

	
R2 (kΩ)

	
R3 (Ω)

	
C1 (nF)

	
C3 (μF)






	
g-C3N4

	
Dark

	
1.01

	
28.28

	
564.1

	
3.86

	
11.34




	
Light

	
0.75

	
28.17

	
445.7

	
3.96

	
11.39




	
0.1Ni

	
Dark

	
0.86

	
33.69

	
236.8

	
1.76

	
9.41




	
Light

	
0.68

	
33.51

	
220.3

	
1.93

	
9.24




	
0.2Ni

	
Dark

	
0.62

	
30.71

	
234.0

	
3.60

	
9.83




	
Light

	
0.52

	
30.70

	
212.3

	
3.49

	
9.24




	
0.3Ni

	
Dark

	
0.75

	
35.69

	
134.7

	
1.75

	
7.56




	
Light

	
0.66

	
34.16

	
128.2

	
1.74

	
7.73




	
0.4Ni

	
Dark

	
0.28

	
33.42

	
95.9

	
3.49

	
7.83




	
Light

	
0.13

	
33.22

	
81.2

	
3.43

	
7.78




	
0.5Ni

	
Dark

	
0.67

	
31.10

	
130.5

	
3.48

	
6.62




	
Light

	
0.64

	
31.06

	
114.3

	
3.46

	
6.83
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