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- Enhanced H2 production rate induced by trace level (<0.1 wt%) of S-dopant. 

- Benefits of low-level doping strategy to overcome the main limitations of g-C3N4. 

- One-pot easy synthesis of nonmetal doping of g-C3N4 during thermal polycondensation. 

- Those photocatalyst exhibit enhanced visible light harvesting properties. 
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Abstract 

In this paper, a facile one step synthesis method for the preparation of C-, B-, P- and S-doped g-C3N4 

by incorporation of small concentration of doping element precursor into urea during thermal 

polycondensation is reported leading to much lower doping levels than the ones usually reported. The 

as-obtained doped g-C3N4 photocatalytic materials are deeply characterized in terms of structural, 

morphological, surface and optical properties. Doping yields beneficial surface morphology modulation 

along with improved optical, electronic and photocatalytic properties. In particular, C-doped and S-

doped g-C3N4 show, after deposition of gold nanoparticles (<1 wt%), enhanced photocatalytic 

performance (at least twice as high as the undoped photocatalyst, to achieve ca. 610 mol/h/g) for the 

production of H2 by water splitting under solar light in the presence of low content (1 vol%) of 

triethanolamine (TEOA) as sacrificial agent. The most remarkable activity results from the incorporation 



of traces of S dopant, mainly inserted into interplanar hollow cavities. The enhanced activity is attributed 

to a combination of high surface area, location of the S dopant and small size of the co-catalyst NPs, 

which induces enhanced visible light harvesting, enhanced charge carrier separation and enhanced 

proton recombination. This work highlights the benefits of the optimized low-level doping strategy to 

overcome the main limitations of g-C3N4-based photocatalysts. 

 

Introduction 

Growing global energy depletion and worsening environmental pollution from the depletion of non-

renewable sources has sparked intensive research interest around the world since the 1970s [1,2]. 

Replacing these fossil fuels with clean renewable energies is one of the challenges currently being 

researched [3]. Among the different types of renewable energy available, solar energy is the most 

abundant source of energy arriving on earth. Yet it is very little used and accounts for only 2% of the 

world's electricity production [4]. The development of new technologies allowing the storage of solar 

energy in another form of energy is a very important task. Among the wide variety of processes 

discovered, semiconductor-based photocatalysis has become one of the promising technologies, 

allowing the conversion of solar energy into chemical energy in the form of a transportable, storable and 

useable energy carrier [5,6]. In 1972, Fujishima and Honda were the first to produce H2 from water 

splitting using an n-TiO2 cell attached to Pt [7]. Thus, the search for abundant, inexpensive and robust 

semiconductors with high catalytic activity under visible light is in great demand to meet the needs of 

terawatt energy transfer. 

Graphitic carbon nitride has been of interest since Wang et al. first discovered its ability for 

photocatalytic H2 and O2 evolution in 2009 [8]. It is a metal free polymer n-type semiconductor, 

possessing many interesting properties, such as high thermal, physical, chemical and photochemical 

stability, which make g-C3N4-based materials a new class of multifunctional nanoplatforms for solar 

water splitting [9,10], pollutants photodegradation [11-13], carbon dioxide reduction [14], etc. g-C3N4 

has an optical band-gap (≈ 2,7 eV) corresponding to a wavelength of ca. 460 nm [15], which makes it 

active under visible light. It is considered as an organic semiconductor mainly composed of carbon and 

nitrogen, which are among the most abundant elements on the Earth [16]. It can be synthesized at low 

cost by pyrolysis of nitrogenrich precursors like urea, thiourea, cyanamide, dicyandiamide, melamine 

[8,17,18], etc. However, the texture, electronic structure and performance of g-C3N4 are strongly 

dependent on the type of precursor used, due to the different formation processes and degrees of 

condensation involved [19]. Recently, urea has emerged as an inexpensive nitrogen precursor suitable 

for large-scale production. It is the only nitrogen precursor which leads, without structuring agent, to 

the synthesis of highly porous g-C3N4 with large specific surface areas and therefore a potentially high 

photocatalytic activity [17]. 

However, g-C3N4 suffers from certain limitations such as rapid recombination between photogenerated 

electron/hole pairs and limited absorption of visible light [20]. Several approaches can be used to 

improve the photocatalytic performances of g-C3N4, including nanostructuring [21,22], doping by 

metals and non-metals [15,23,24], exfoliation [25], controlling morphologies and geometric shapes [26], 

and copolymerization [27]. Doping of graphitic carbon nitride with nonmetal element in particular 

modulates its surface morphology, electronic structure, size of particles, optical and physicochemical 

properties [15]. This non-metal incorporation generally allows to tune the band structure, extend 

absorption of visible irradiation and create more active sites [28]. 

Self-doping C3N4 with carbon has been pointed out as an efficient strategy to change the surface and 

electronic properties of g-C3N4 without introducing other foreign atoms and defects [29], and to obtain 

enhanced visible light absorption, better separation of photo-excited charge carriers thanks to better -

electrons delocalization [30], and a negative shift in the CB edge potential [31]. 

B-doping of C3N4 allows to tune magnetic and electronic properties of carbon nitride [32,33] and can be 

used for visible lightedriven photocatalysis [34,35]. B-doped C3N4 can be obtained by heating a mixture 

of melamine and boron oxide in N2 atmosphere [36] or by a one-step calcination of 4- pyridylboronic 

acid as both a boron and a nitrogen source [37]. In some materials, it has been shown that functional 

groups with a B-C bond can act as Lewis acid sites. The doping of g-C3N4 by phosphorus can regulate 

the band gap structure and improve the carrier separation efficiency. P-doped g-C3N4 can be prepared 

via thermal condensation of adenosine phosphate and urea followed by thermal exfoliation method [38] 

or via thermal copolymerization of hexachlorocyclotriphosphazene as phosphorus source and 



guanidiniumhydrochloride as g-C3N4 precursor, and exhibit excellent photocatalytic performance both 

in the photoconversion of H2O to produce H2 and the photodegradation of Rhodamine B (RhB) [39]. P-

doped tubular g-C3N4 with surface defects have been obtained from a supramolecular precursor under 

sodium pyrophosphate assisted hydrothermal synthesis, showing excellent photocatalytic production of 

hydrogen under visible light [40]. 

Sulfur atom doping has been utilized to optimize the electronic band structure of g-C3N4. It can be 

achieved by thermal treatment under H2S [41], thermal polymerization or copolymerization with S-

containing compounds [42,43], and by sulfuring g-C3N4 [44]. For example, sulfur-doped terminal 

methylated g-C3N4 nanosheets with a tunable band gap were obtained by thermal copolymerization of 

thioacetamide as a sulfur source and blocking agent [45]. Sulfur-doped twodimensional graphitic carbon 

nitride nanosheets with high surface area and efficient activity in photocatalytic watersplitting were 

synthesized via polycondensation of thiourea followed by thermal oxidative etching treatment of the 

obtained S-g-C3N4 [46]. 

Here we report a facile one step synthesis method for the preparation of C-, B-, P- and S-doped g-C3N4 

with low dopant content. The as-obtained photocatalysts exhibit decreased band gap energies, which 

leads to increased visible light absorption properties and better charge carrier separation, while 

maintaining high surface area. It is shown that, after addition of gold nanoparticles, S-doped graphitic 

carbon nitride at sulfur trace level can effectively enhance the photocatalytic performances for the 

production of H2 by water splitting under solar light in the presence of triethanolamine (TEOA, 1 vol%) 

as sacrificial agent. Extensive characterization of the structural, morphological, surface and optical 

properties show that Au/CN-S combines a low stacking degree, high surface area, large mesoporosity, 

small Au NPs size and narrow Au NP size distribution, which is beneficial to the photocatalytic reaction. 
 

Experimental 

Materials 

Urea (NH2CONH2, 99%, Sigma Aldrich), citric acid monohydrate (HOC(COOH)CH2COOH)2.H2O, 

≥99%, Sigma Aldrich), boric acid (H3BO3, ≥99,5%, Sigma Aldrich), sodium phosphate monobasic 

(NaH2PO4, ≥99%, Sigma Aldrich), chloroauric acid (HAuIIICl4.3H2O)( ≥99,9% trace metal basis, Alfa 

Aesar), sodium borohydride (≥98%, Sigma Aldrich), ethanol (CH3CH2OH, ≥96%, Sigma Aldrich), 

triethanolamine (TEOA, ≥99%, Sigma Aldrich), 2-thiobarbituric acid (C4H4N2O2S, ≥98%, Sigma 

Aldrich) were used without further purification. 

Pure g-C3N4 was synthesized via thermal polycondensation of urea at 550 °C for 3 h, with a heating 

ramp rate of 15 °C/min. 10 g of urea was put into an aluminum crucible with a top cover. The obtained 

product is denoted as CN. The non-metal element doped g-C3N4 were synthesized by mixing urea (10 

g) and 10 mg of the precursor of non-metal elements (H3BO3 for element B, NaH2PO4 for element P, 

HOC(COOH)CH2COOH)2.H2O (acetic acid) for element C and C4H4N2O2S (2-thiobarbituric acid) for 

element S). After grinding, the mixture was annealed at 550 °C for 3 h in a muffle furnace with a heating 

ramp rate of 15 °C/min. The composites were named as CN-X, where X is the dopant element (C, B, P 

or S) in g-C3N4. 

Au (0.86 wt % theoretical value) was loaded as a co-catalyst onto the surface of g-C3N4 by an 

impregnation-reduction method using chloroauric acid as the precursor of gold. In a 100 mL flask, 40 

mL of H2O, 80 mL of HAuIIICl4.3H2O (0.22 M in water) and 400 mg of C3N4 were mixed. The mixture 

is left under magnetic stirring (1000 rpm) for 45 min while the precursor is impregnated. Then 1 mL of 

a solution of NaBH4 (0.1 M) was added (with NaBH4/Au = 5) to the freshly prepared mixture. A grey 

coloration which highlights the reduction of the gold precursor and the formation of Au nanoparticles is 

observed. After the reduction, the mixture is stirred for 15 min and then the obtained material is filtered 

and washed with 1 L of distilled water. During filtration, the filtrate appears clear and colorless, which 

suggests that a good deposit has been obtained. Finally, the composite is placed in an oven at 100 °C for 

24 h, and a grey powder of Au/g-C3N4 is obtained. The same deposition method was applied to the 

different doped-C3N4. By ICP-AES analysis, it was confirmed that the gold contents were all in the 

range 0.71-0.79 wt %, i.e. an average gold content of 0.75 ± 0.04 wt % and average deposition yield of 

Au nanoparticles on C3N4 of 87%. 

The resulting samples are named CN for bare g-C3N4, CN-X for the doped-C3N4 samples (with X ¼ C, 

B, P or S) and Au/CN-X after Au deposition.  

 



Materials characterization 

The X-ray diffraction apparatus used is a Bruker D8 Advance diffractometer equipped with a Lynxeye 

XE detector operating at 40 kV and 40 mA in / mode. The source of the X-Rays is a copper 

anticathode using the K line at 1.5418 Å. In order to obtain normalized diffractograms, a fixed amount 

of the sample (50 mg) was placed on a plastic holder. The acquisition of diffractograms was performed 

in scanning mode in of the range 2 = 10-38° with a step of 0.041° and a counting time of 5 s per step. 

The mean crystal thickness is calculated from the Debye-Scherrer equation based on the full width at 

half maximum and the position of the most intense peak at 2 = 27.3°. This peak also makes it possible 

to obtain the interreticular distance between two crystal planes using Bragg's law 2 × d(hk1) × sin() = 

n × , where d(hk1) represents the interreticular distance between two crystalline planes,  is the Bragg 

angle, n is the diffraction order and  represents the wavelength of the radiation (Å). The average number 

of sheets can also be calculated from the crystal domains and the distance between sheets. 

Fourier transform infrared spectra (FTIR) were collected from 525 to 4000 cm-1 with a Thermo Fisher 

Nicolet spectrometer S10. Due to the physisorbed CO2, the characteristic doublet of the atmospheric 

CO2 signal 2340/2360 cm-1 could not be completely removed from the spectra after background 

subtraction. FT-IR spectra after photocatalytic tests were recorded after recovering, filtration, washing 

and drying of the sample in an oven for 12 h. 

Nitrogen adsorption-desorption isotherms were obtained using a Micromeritics Asap 2420 porosimeter. 

The analysis was carried out under atmospheric pressure at the nitrogen liquefaction temperature (-196 

°C). The materials were degassed at 150 °C under primary vacuum for 8 h with a temperature rise of 

10°Cmin-1 in order to desorb water and adsorbed molecules from their surfaces. The specific surfaces 

of the materials were calculated from the adsorption isotherm by the BET method. From the desorption, 

the pore size distribution can be calculated by the BJH method specifically for mesoporous solids. 

Thermogravimetric analyzes were performed using a model Q 5000 IR apparatus from TA Instrument 

equipped with a sample changer and a microbalance with a sensitivity of around 0.1 g. 3 mg of each 

sample was placed in a platinum crucible, then heated from room temperature to a temperature of 800 

°C with a temperature rise ramp of 15 C min-1 under an air flow rate of 25 mL min-1. 

Elemental analyzes of the samples were performed by Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES, Varian 720 ES). 

High-resolution transmission electron microscopy was performed on a Jeol 2100F microscope equipped 

with a lanthanum hexaboride cathode (LaB6) operating at 200 kV. The device is coupled with an EDS 

KEVEX Deltapro Quantum spectrometer which measures the dissipative energy of X-rays (EDX). The 

sample was sonicated in ethanol and then a drop of the suspension was placed on a carbon membrane 

placed on a copper grid. HRTEM is used to determine the size of gold nanoparticles and consequently 

the distribution in size is obtained by measuring the particles size for more than 100 particles using the 

ImageJ software [W. Rasband, http://rsb.info.nih.gov/ij/]. 

UV-vis absorption spectra were recorded on a PerkinElmer 950 spectrophotometer fitted with a 

Labsphere RSA ASSY 100 nm integrating sphere. The spectra are acquired in reflection mode (diffuse 

reflectance). In order to determine the absorbance coefficient, the diffuse reflectance spectra were 

converted to Kubelka-Munk units via the equation: F(R) = (1-R)2/2R. To obtain the band gap (Eg) of 

the semiconductor (SC), the Tauc equation (F(R)*h)S = (h - Eg) was used where h is the Planck 

constant, v is the frequency and S is a coefficient which is ½ in the case of an SC indirect gap and 2 in 

the case of a direct band gap SC (½ for g-C3N4). 

X-ray photoelectron spectroscopy (XPS) measurements were performed on an ultra-high vacuum 

spectrometer (UHV) equipped with a VSW Class WA hemispherical electron analyzer. The X-ray 

source used is a double anode of aluminum Al K X-Ray (1486.6 eV) as incident radiation. General 

and high-resolution spectra were recorded in constant energy mode (100 and 20 eV respectively). In 

order to correct the shift in binding energy due to the electrostatic charge, the internal reference used is 

the C1s peak at 288.0 eV characteristic of hybridized C bonded to N atoms in the striazine structural 

units of g-C3N4 [47]. The background noise is subtracted according to the Shirley method. Photocatalytic 

tests The photocatalytic activities of Au/doped and non-doped g-C3N4 catalysts were studied under 

atmospheric pressure and at room temperature as a function of the amount of hydrogen produced from 

water. In a first step, 200 mg of the photocatalyst were dispersed in a quartz reactor containing 720 mL 

of Milli-Q water and 8 mL of TEOA as sacrificial agent under a flow of nitrogen flowing at 100 mLmin-



1 with mechanical stirring at 700 rpm. The device was equipped with a double-walled quartz tube 

containing a 150 W ceramic metal halid lamp simulating the solar spectrum (23.6 mW cm-2) and a 

cooling system regulating the reaction mixture at 20 °C. The entire device is connected to a GC R-

3000 apparatus (SRA Instrument) controlled by a Soprane software for on-line analysis of the gases 

produced and equipped with thermal conductivity detectors (TCD). Before each test, the system is 

purged (for 1 h) with a flow of nitrogen (500 mL/min, Alphagaz 2, SMARTOP) in order to remove the 

residual oxygen in the reactor. After purging, the lamp is turned on and the photocatalytic test lasts 3 h. 

Stable H2 production is considered to be the value after reaching a stable plateau. The hydrogen specific 

formation rate (expressed in mol/h/g) is determined by the expression: 

 

 
 

where ppm is the concentration of H2 as analyzed by the GC apparatus, f is the nitrogen flow (100 

cc/min) and VmH2,20°C is the molar volume of H2 at 20 °C. In order to study the stability of the initial 

photocatalyst, recycling tests were carried out on the most performant photocatalyst. Note that after each 

washing cycle, there was a 5% mass loss that has to be taken into account for the calculation of the mass-

specific hydrogen evolution rate. 

 

Results and discussion 

Structural characterization (XRD) 

 

 
 

Fig. 1 Normalized X-Ray diffraction pattern of (Top) Bare and doped-g-C3N4 and (Bottom) After Au 

(0.75 wt% nominal) deposition. 

 

The main X-ray diffraction peaks of undoped g-C3N4 (Fig. 1-Top) at 2 = 13° and 2 = 27.5° correspond 

respectively to the (100) plane of the in-plane structural packing and repeating motif of the heptazine 

(tri-s-triazine) network and to the interlayer stacking of -conjugated aromatic systems, indexed as the 

(002) diffraction plane for graphitic materials [8]. The lower intensity diffraction peak at 17.5° can be 

attributed to the diffraction plane of the repeating motifs of the s-triazine unit of the aromatic system 

[48]. The calculated distance (Table 1), from the Bragg equation, corresponding to the size of the tri-s-

triazine unit of g-C3N4 is 6.8 Å, slightly smaller than the theoretical size of ca. 7.3 Å. This difference 

could be attributed to the presence of small tilt angularity in the assembly, compared to theoretical 

assembly of tri-striazine units [45]. The calculated inter-planar distance between aromatic units of 3.24 

Å is in good agreement with previous studies [8] and is related to a crystal thickness of 4.9 nm. From 

the Debye-Scherrer equation, it can be deduced that g-C3N4 is constituted of an average staking of 15 

layers. XRD patterns of doped-g-C3N4 (Fig. 1-Top, Table 1) reveal a slight shift of the main diffraction 



peaks towards lower angles, resulting in increasing both the tri-s-triazine repeating unit size and the 

interlayer distance. Nevertheless, the tri-striazine unit sizes remain smaller than the theoretical size (ca. 

7.13 Å), probably due to small tilt angularity in the assembly as mentioned previously [45]. One can 

also mention (Table 1) that the mean stack thickness also decreases after doping, except for the P-doped 

C3N4 sample, leading to a decrease in the number of stacked layers. Amongst the different kinds of 

doping, it must be underlined that P-doping yields the largest heptazine repeating motif size and the 

most important crystallite thickness (and thus the largest number of layers) related to higher crystallinity. 

After Au deposition (Fig. 1-Bottom), new peaks appear in some of the diffractograms, at 38.2° and 

44.3°, which can be attributed to the (111) and (200) reflections of gold, respectively (ICDD card No 

00-004-0784). The absence of such peaks in the diffractograms of Au/CN-B and Au/CN-S, despite the 

similar gold content measured in all composites (Table 1), suggests that Au NPs are probably smaller in 

these two materials. 

Looking at the N/C vol. ratio (Table 1), it must be mentioned that S- and C-doping yield a slight decrease 

compared to the other doped-materials and to bare g-C3N4, suggesting that C-slightly rich structure is 

obtained. One can also mention that the doping amounts remain lower than 1 wt% with traces doping 

level for S doping. 

 

 
 

Thermal stability (TGA) 

From TGA profiles of the undoped reference sample (Fig. 2), one can observe a one-pot decomposition 

profile in accordance with reported works [49,50], with decomposition starting at ca. 550 °C and with 

total decomposition achieved at 650 °C. Doping of g-C3N4 only leads to a slight shift to lower 

temperatures for the beginning of decomposition (ca. 530 °C), enhanced for B-doping for which the 

corresponding temperature is decreased to 460 °C. This feature is consistent with lower crystallite 

thickness and a lower number of stacked layers probably in weaker van der Waals interaction. 

Theoretically, thermal stability is correlated with ideal graphitic structure for g-C3N4. From TGA 

analyses showing only slight modifications of decomposition temperature, one can suggest that doping 

does not modify the main skeleton structure of g-C3N4. 

 

 
Fig. 2 TGA analysis of bare and doped-g-C3N4 



Surface characterizations 

 

FT-IR characterization 

 

 
Fig. 3 FT-IR spectra of undoped- and doped-g-C3N4. 

 

FT-IR spectra (Fig. 3) of all bare and doped g-C3N4 samples show the typical features of g-C3N4 

materials in the 1240 to 1650 cm-1 region, assigned to the fingerprint of tri-s-triazine moieties vibration 

and characteristic of the presence of dimelem units [51,52]. More precisely, one can observe the specific 

bands at ca. 1630 and 1540 cm-1 corresponding to the asymmetric vibration of C-N bonds and at 1455, 

1400, 1310 and 1230 cm-1 attributed to C-N stretching of secondary and tertiary aromatic amines. 

Furthermore, the absorption at ca. 800 cm-1 may be related to the tri-s-triazine breathing mode. From 

FT-IR characterization, it can be concluded that doping, and whatever the dopant element, does not 

noticeably impact the main and characteristic surface functions of g-C3N4 material and does not result 

in any additional vibrations related to in-plane stretching of newly formed bonds. 

 

BET surface area and porosity measurements 

From Fig. S1-Left, it can be observed that bare and doped gC3N4 exhibit type-IV adsorption-desorption 

isotherm profiles, which are characteristic of mesoporous/macroporous solids. The as-synthesized g-

C3N4 samples all present a high surface area (Table 2) for this kind of materials. The highest surface 

area, reaching 170 m2/g, is obtained for the bare g-C3N4. Doping leads to a decrease, which is more or 

less pronounced depending on the doping element and amount. The most important decrease (95 m2/g) 

is observed after P-doping and the less marked one (136 m2/g) after S-doping. It also appears from Fig. 

S1-Right and Table 2 that doping results in a decrease of the total pore volume, in line with the evolution 

of the surface areas. From Fig. S1-Right it can be seen that bare g-C3N4 is characterized by two kinds of 

pore structures, a main mesoporous/macroporous contribution centered at ca. 35 nm, that can be 

assigned to interplanar hollow space cavities, and a second and minor one at ca. 2-3 nm, probably linked 

to intra-planar space, keeping in mind the large uncertainty of micropores (<2 nm) distribution. One can 

observe that doping mainly leads to a shift of the meso/macroporosity contribution to larger pore 

diameters that may be correlated to the formation/presence of larger hollow space cavities, even if the 

total pore volume decreases. Furthermore, it is worthy to underline that S-doping, which consist in the 

lowest doping concentration (only 0.03 wt% of S, Table 1), yields specifically to the most important 

shift of the main pores size distribution towards higher values of ca. 50 nm, in line with the largest pore 

volume among the doped materials. 

 

XPS characterization 

 



 
 

 
 

Fig. 4 XPS spectra of bare and doped-gC3N4. (Top) C1s, (Middle) N1s and (Bottom) O1s. 

 

From XPS analysis of the C1s region (Fig. 4-Top), one can clearly observe the main contribution at 

288.0 eV related to the typical feature of the sp2-hybridized C bonded to N atoms units ((N)2-C=N) of 

the aromatic skeleton of s-triazine rings (taken as the reference line for charging effect correction [52]. 

In addition, a second very low contribution at ca. 284.7-285.0 eV, not observed on bare g-C3N4, can be 

assigned to sp2 graphitic C impurities. 

N1s spectra (Fig. 4-Middle) reveal the two characteristic contributions in g-C3N4 materials with a first 

peak at 398.5 eV related to sp2-hybridized N bonded to C atoms (C-N=C) in carbon-containing triazine 

ring (graphitic-N) and a second one at 400.3 eV attributed to bridging-N ternary atoms in N-(C)3 group. 

It must be mentioned that this last contribution is shifted towards higher binding energy on C-, S- and 

P-doped g-C3N4 samples suggesting that these bridging-N atoms are in more pronounced electron-

deficient configuration, compared to the undoped material. On the contrary on the B-doped sample, it is 

shifted towards lower binding energy, suggesting that the bridging-N atoms interact with electron donor 

species and that their electron density is increased. This important negative shift of bridging-N 

contribution on B-doped material may be explained according to the electronegativity order of B (2.0), 

P (2.2), C (2.5), S (2.6) and N (3.0). Furthermore, one can also underline that the graphitic-N/bridging-

N ratio decreases after doping, except for B- and P-doping. This means that the content of bridging-N 

atoms is higher in C-doped and S-doped g-C3N4. Finally, one could not exclude a minor contribution at 

higher binding energy that could be assigned to amino groups, as already reported in some case in 

literature on doped graphitic carbon nitrides [28]. 

O1s spectra (Fig. 4-Bottom) present much lower intensities underlying low contributions of oxygen-

containing groups onto g-C3N4 surfaces. O1s spectra can be decomposed into two main contributions 

on bare g-C3N4, the first one located at ca. 531.7 eV can be due to -OH surface groups and the second 

one at ca. 533.6 eV to adsorbed H2O from atmosphere during preparation, as already reported [53]. One 

can noticed that doping leads to the absence of the second contribution. Furthermore, C-doping results 



in a decrease in the binding energy corresponding to hydroxyl groups, whereas B-doping leads to an 

increase in this value. It must also be noted, looking at O/C atomic ratios, that B- and P-doped g-C3N4 

exhibit slightly higher content of oxygen-containing species. 

 

 
 

Looking at the C/N surface atomic ratios (Table 3), they are close to 0.67, whatever the bare or doped 

g-C3N4 material, and lower than the theoretical value of 0.75, suggesting a lower quality of 

polymerization and the presence of C-defective structures on the surface of the materials. However, the 

P-doped sample shows the highest C/N ratio, confirming better polymerization degree that may be 

correlated to better crystallinity as previously observed from XRD analyses. 

Looking at B1s and P2p spectra (Fig. S2), the typical contributions at 191.9 eV and 133.2 eV, 

respectively, are observed and are characteristic of oxidized B and P species that might also explain the 

slightly larger O/C surface atomic ratios even if those contributions are too low to be distinguished from 

O1s spectra. Moreover, the two P2p3/2 and P2p1/2 cannot be distinguished, due to the low P2p peak 

intensity and low signal to noise ratio. 

One can underline that B and P global wt.% contents, of 0.87% and 0.70% respectively, as determined 

from ICP analyses (Table 1), are much higher than the related B/C and P/C surface atomic ratios found 

by XPS (Table 3) (B/C and P/C at.% of 0.04 and 0.01 corresponding to 0.16 and 0.70 wt% of B and P, 

respectively).It suggests that the most important part (82 and 84%, respectively) of the dopant is 

incorporated inside the deeper porosity of g-C3N4. 

 

 
Fig. 5 XPS spectra of Au4f. 

 

After Au deposition, XPS analyses of only the bare and S-doped g-C3N4 were performed (Fig. 5). From 

Au4f spectra, it can be observed that the Au4f7/2 component, expected at 84.0 eV in bulk gold, is shifted 

to lower binding energies, i.e. 82.9 eV and 83.2 eV in Au/CN and Au/S-CN, respectively. This has been 

observed before for SC-supported Au NPs [54]. It cannot be accounted for by the small size of Au NPs, 

since the related surface-core level shift effects would decrease binding energies by less than 0.4 eV 

[55]. Instead, the decrease in binding energies is attributed to a strong Au NPs-support interaction which 

allows for electron transfer from the support to Au NPs, resulting in negatively charged Au NPs [56]. 

Au/C surface ratios are found to be equal to ca. 0.3 at.% on both kinds of graphitic carbon nitride support 

(Table 3). This corresponds to approximatively 0.21 wt%, which is significantly lower than the global 



weight percent of gold obtained by ICP analysis (Table 1). This indicates that a large part of Au NPs is 

located into the material deeper porosity. 

 

TEM characterization 

 

 
 

Fig. 6 TEM micrographs of (Top-left) bare g-C3N4, (Top-right) CN-S, (Middle-left) Au/CN, (Middle-

right) Au/CN-S, (Bottom Left) Au/CN-C and (Bottom Right) Au/CN-P nanostructures. Histograms 

showing Au NPs size distribution of Au/CN, Au/CN-S, Au/CN-C and Au/CN-P. 

 

From TEM images (Fig. 6-Top, example of bare and S-doped g-C3N4) one can clearly observe the typical 

lamellar structure of g-C3N4 with entangled nanosheets constituted of the stacking of ca. 10-15 layers, 

according to XRD analyses. Au NPs seem to be homogeneously deposited onto bare, S-doped and C-

doped g-C3N4 support, their distributions in size following a monomodal tendency. However, Au NPs 

mean size and size distribution differ between bare S-doped and C-doped g-C3N4 (Fig. 6-Middle). Au 

NPs exhibit the smallestmean size (1.9 nm) onto S-doped g-C3N4, associated with the lowest standard 

deviation (0.6 nm), followed by C-doped g-C3N4 (2.4 nm with a standard deviation of 0.8 nm), compared 

to the larger mean size (2.9 nm) and broader deviation (1.1 nm) observed on bare g-C3N4. It must also 

be highlighted than P doping results in the largest Au NPs size (4.8 nm) broadly distributed without 

monomodal tendency. We assume that these features are related to different surface chemistries between 

depending on the dopant element. In particular, the higher amount of bridging-N atoms on C-doped and 

S-doped g-C3N4 may help to stabilize smaller Au particles, due to enhanced interaction between the gold 

precursor/gold seeds and the free electron doublet of such N atoms. Furthermore, interactions of Au NPs 

with S atoms could also contribute to the smallest size observed, due to the strong Au-S bond. 

 

UV-vis absorption properties 

From Fig. 7-Left, one can observe that doping leads to a displacement of the g-C3N4 absorption edge 

towards higher wavelengths, as confirmed by the determination of bang-gap value from Tauc plot (Fig. 



S3) using Kubelka-Munk formula [57] (Table 2). The resulting band-gap values decrease from 2.85 eV 

on bare g-C3N4 to 2.80 eV, 2.75 eV, 2.70 eV and 2.50 eV respectively on P-doped, B-doped, S-doped 

and C-doped g-C3N4. Furthermore, it is worthy to underline that C-doping results in a very broad red-

shift over the whole visible range allowing photons absorption still at 800 nm, while B-, P- and Sdoping 

exhibit more or less the same and much attenuated shift with absorption up to 500-550 nm. After 

deposition of a similar amount of gold (0.75 ± 0.04 wt%), the presence of Au NPs is evidenced by the 

characteristic SPR contribution centered at ca. 550 nm (Fig. 7-Right). The position of the SPR peak is 

not obviously affected by the nature of the g-C3N4 support. It is consistent with the similar size ranges 

of Au NPs produced on the different supports (2-6 nm) and their similar interactions with the support. 

However, the intensity of the SPR strongly depends on the C3N4 support. The largest intensity is 

obtained on the bare g-C3N4, while a much weaker intensity is observed on all doped materials. As the 

C-doped sample intrinsically shows high absorbance in the SPR region of Au NPs (Fig. 7-Left), it is not 

obvious to clearly identify the weak Au NPs SPR contribution, except considering a slight increase of 

the signal in the presence of Au NPs (Fig. 7-Right). The much weaker intensity of the SPR observed on 

the doped carbon nitrides cannot be due to much lower Au loadings, since these are all very similar 

(Table 1). However, a much larger population of Au NPs below 2 nm was found on CN-S, as compared 

with CN and with the other CN-X materials. Such small particles induce a significant 

enlargement/broadening of the SPR, which significantly limits its intensity [58]. Consequently, the 

difference in SPR peak intensity between bare and doped-gC3N4 may be related to differences in size 

distributions of Au NPs onto the various g-C3N4 supports. Inhibition of the surface accessibility of the 

smaller Au NPs, which may be buried in the deeper porosity of the less crystalline g-C3N4 supports, may 

also contribute to the weaker SPR signal [59]. 

 

 
Fig. 7 UV-Vis absorbance spectra of (left) bare and doped-g-C3N4 and of (right) Au/CN and Au/CN-X. 

 

 
 

Photocatalytic performances and discussion 

As it can be seen on Fig. 8-Top, the samples without Au deposition do not exhibit any observable 

photocatalytic activity towards H2 production. Au deposition leads to H2 production whatever the nature 

of g-C3N4 photocatalyst. As the gold content is the same on the different g-C3N4 based supports, it is 



relevant to compare the photocatalytic activity of Au/g-C3N4 based photocatalysts. In the presence of 

gold, g-C3N4 doping results in enhancement of H2 production, depending on the doping element. S-

doping yields the highest activity increase, compared to bare g-C3N4 (270 mol h-1 g-1), reaching a 

hydrogen production of 608 mol h-1 g-1, followed by C-doping (532 mol h-1 g-1), by B-doping (376 

mol h-1 g-1) and by P-doping which activity was close to that of the undoped material. Looking at 

cumulated H2 production (Fig. 8-Bottom) on the most performant S-doped g-C3N4 material, it reaches 

ca. 347 mol after 3 h under continuous irradiation. The corresponding recycling tests reveal a low 

relative loss of activity of ca. 6% after the first and second test, which only slightly increases after the 

third cycling test. This slight deactivation, already reported in literature [60] for g-C3N4-based 

photocatalysts, can be caused by degradation of TEOA under the experimental conditions used. 

 

 
 

Fig. 8 (Top) Specific rate of hydrogen production (mol.h-1.g-1) under N2 flow (100 mL min-1) with 1 

vol% TEOA as sacrificial agent. Relative experimental uncertainty of ca. 8%, (Bottom) Cumulative H2 

production - recycling tests on Au/CNeS sample. 

 

Presence of gold nanoparticles 

The presence of gold nanoparticles in the semi-conductor is key in achieving these performances and to 

evaluate the impact of the SC doping on the photocatalytic activity. This can be attributed to the ability 

of Au NPs to act as electron traps, since the work function of gold (5.1-5.5 eV) is higher than the work 

function of C3N4 (4.3-4.7 eV) [61,62]. This is known to enhance photogenerated charge carrier 

separation, hence making their lifetime compatible with chemical reactions. In addition, Au NPs are 

known to act as co-catalysts in the production of hydrogen from water, enhancing in particular the final 

step, which consists in recombination of the reduced protons (Eq. (2)) [59]. 

 

H2O + 2h+  ½ O2 + 2H+ (Eq. 1) 

2H+ + 2e-  H2   (Eq. 2) 

 

Localization of the dopant and impact on C3N4 structure and morphology 

Even if the extent of doping and its impact on the semiconductor morphology and Au NPs size 

distribution is not the same depending on the nature of the non-metal dopant, one can observe that it 

results, in any case, in a more or less pronounced improvement of photocatalytic H2 production under 

simulated solar light irradiation by modulating mainly the surface morphology, as well as electronic and 

optical properties, compared to bare g-C3N4. It has already been reported in literature that usually non-

metal doping element introduction breaks the symmetry of g-C3N4 and thus results in faster separation 

of electron-hole pairs [63]. 

Furthermore, in addition to limitation of photoinduced electrons and holes recombination and 

prolonging the carrier lifetime, non-metal incorporation allows to harvest visible light absorption 

[64,65]. Over the past recent years, a lot of literature focusing on non-metal doping of g-C3N4 has been 

published [66,67]. Although there are many reports on nonmetal element doping, the detailed effect on 

band-gap and electronic structure are rarely reported. However, the real effects strongly depend on the 

nature of the dopant elements (C, S, P, B), on their content, on the doping element-containing precursor 



used and more generally on the method of doping. From our results, no changes have been evidenced 

neither concerning the structural features of g-C3N4 in-plane assembly in terms of periodic arrangement 

of C and N atoms and of ordered assembly of aromatic s-triazine-based rings (XRD, TGA), nor by the 

presence of characteristic functional groups (FTIR). One must also highlight the absence of structural 

and surface modification after photocatalytic tests, according to FT-IR (Fig. S4), and to XRD spectra 

(Fig. S5). 

The very low amount of doping elements considered in this study however does not allow us to fully 

exclude substitution of the atoms constituting the s-triazine-based units to form new in-plane bonds with 

the doping elements. Nevertheless, our study does show that doping can slightly impact the stacking of 

those structural units. Doping indeed leads to an increase of the size of tri-s-triazine units (XRD), 

probably due to incorporation of the doping elements into interplanar hollow spaces/cavities, resulting 

in a possible slight deformation, keeping in mind the respective size of S (180 p.m.), B (180 p.m.), P 

(195 p.m.), C (177 p.m.) and N (155 p.m.) ones. One can also mention that doping results in slightly 

increased interplanar stacking distance, probably due to the weakest Wan der Waals inter-layer 

interactions. Furthermore, XRD peak intensities decrease, suggesting that doping hinders g-C3N4 growth 

and thus leads to slightly smaller crystal thickness. More precisely, S- and B-doping exhibit the lowest 

number of stacked layers, and consequently the lowest crystallinity. 

Our results clearly show that doping impacts the porosity of the material by decreasing the total surface 

area and pore volume (N2 physisorption). P-doping yields the most important loss of accessible surface, 

and B-doping yields the lowest pore volume. Some literature also reports a lowering of surface area after 

doping, although a lot of studies mention an increase. Decrease in surface area can be explained by the 

introduction of non-metal elements into urea-condensation reaction, thus changing the texture and the 

surface morphology, such as collapse of mesopores [68]. Looking at the pore size distributions, one can 

clearly conclude that doping decreases essentially the pore volume associated with the inter-planar 

cavities. These results thus further support the presence of dopants in the inter-planar hollow space like 

some authors pointed out for B, F and P doping [68], which may explain why variations in the surface 

area and/or pore volume follow the order of the doping element size. Nevertheless, they do not exclude 

the possible incorporation of doping element inside intra-planar cavities of s-triazine aromatic rings. 

From XPS results, interesting complementary information and assumptions can be deduced. The 

decrease in C/N surface atomic ratios resulting from S-, C- and B-doping suggests a lower quality of 

polymerization confirming lower quality of crystallization, except for P-doping (C/N value closer to the 

theoretical one), as confirmed by XRD analyses. Moreover, doping (with the exception of B- and P-

doping) results in the relative increase in bridging-N (N-(C3) groups) compared to graphitic-N 

(belonging to s-triazine units). This relative increase in bridging-N atoms compared to graphitic ones 

may be associated with the increase in interplanar hollow space and cavities revealed by porosity 

measurements. It suggests that the doping element is introduced in the large cavity of the intraplanar 

structures and mainly in stronger interaction with the bridging coordinated-N atoms. Unlike what has 

been observed in other XPS studies, there is no evidence for the replacement/incorporation of doping 

atoms, nor for the formation of new bonds into the planar framework of g-C3N4 [15,16,43,65], but again, 

this may be due to the very low amount of dopant incorporated. 

 

Optical and electronic properties 

It is well admitted in literature that non-metal doping is a good strategy to adjust electronic properties, 

considering that the doping element may be an atom in the replacement lattice, or existing in a planar 

cavity of g-C3N4, and that hybridization may happen between the doped orbital and molecular orbital of 

g-C3N4. Nevertheless, as far as we know, visible light harvesting was never observed to that extent. 

Band gap structure is one of the main factors for efficient photoexcitation. Generally, non-metal doping 

impacts the intrinsic electronic and band structure of g-C3N4 with obvious identification of absorption 

tailing peak in the range 450-600 nm. In our case, incorporation of doping elements inside the inter-

planar hollow cavities may help for better electron delocalization and thus increased charge carrier 

spatial separation. Thus introducing doping atoms could tune the electron excitation, transfer and 

localization in g-C3N4 thus improving charge transfer and separation. 

 

Structure/activity correlation 



 
 

Fig. 9 Scheme of (Top) doped-g-C3N4 layer, (Bottom) Interplanar hollow spheres/cavities resulting from 

stacking of successive layers. 

 

From all the aforementioned results, one may deduce that under our doping conditions, the doping 

elements are present at very low concentration, compared to other studies related to non-metal g-C3N4 

doping, and appear to be mainly inserted into the large cavities of the interplanar hollow space in 

interaction with bridging-N atoms (Fig. 9), this interaction being stronger for C- and S-doping. In the 

case of P- and B-doping it is observed that these elements are oxidized in surface. This observation was 

not evidenced (due to too low concentrations) on C- and S-doped g-C3N4. Amongst the different doping 

elements studied here, they all resulted in improvement of artificial solar-light driven H2 production 

from water in presence of low amount of sacrificial agent, but the benefit is more or less pronounced. 

P-doping leads, after gold deposition, to almost no improved photocatalytic activity. One can recall that 

P-doped C3N4 exhibits the highest crystallinity, largest heptazine repeating motif size and lowest surface 



area. Furthermore, as P element shows the largest unit size amongst all the doping elements studied, it 

may yield to some deformation and tiltangularity of the s-triazine unit assemblies, and thus limit optimal 

-electron delocalization in g-C3N4 matrix system. One can also mention that P-doping also leads to an 

important surface area decrease and that Au/P-C3N4 contains the highest mean size of Au NPs, 

furthermore not homogeneously deposited onto the support. Furthermore, P doping is known to not 

significantly alter the work function of C3N4 [68]. 

C-doped C3N4 is one of the most performant material, leading to ca. two times more H2 production 

compared to the bare reference sample. It has already been reported that citric acid-added urea synthesis 

for obtaining C-doped g-C3N4 results in the formation of few loaded N-doped graphitic carbon units in 

g-C3N4 matrix, but too small to be detected with certainty using ICP, XRD, Raman or XPS analyses 

[16]. In addition, in our case considering also that the C-doped sample exhibits the lowest N/C volumic 

ratio, one may also assume the presence of very small N-doped graphitic carbon inside the g-C3N4 

matrix, issued from citric acid playing the role of C-source and reacting with urea by copolymerization 

during the process of g-C3N4 synthesis. Carboxylic groups of citric acid may react with amine groups of 

urea and the resulting copolymerized species incorporated in g-C3N4 matrix. However, in our case, due 

to the low concentration of citric acid added without changing the planar triazine molecular structure, it 

is hard to distinguish different marked features between C-doped and bare g-C3N4 based on our 

characterizations. One of the most relevant consequence of C-doping is the remarkable visible light 

harvesting ability, extending the absorption to the whole visible light region, probably as a result of 

enhanced electron delocalization onto some N-doped graphitic carbon units. This extended light 

absorption in the visible range may allow, in the Au/C-C3N4 photocatalyst, for field-enhancement 

effects, as Au NPs also absorb in the visible range and are therefore able to act as antennas [69]. This 

effect results in an increased number of photogenerated charge carriers within the semiconductor, which 

may contribute to the enhanced photocatalytic activity observed over Au/C-C3N4. Hydrogen production 

may be further enhanced by the small size of Au NPs. The higher metallic dispersion indeed exposes a 

higher number of catalytically active sites for proton recombination and also a higher frequency of the 

most active, lowcoordinated surface atoms [70]. The smaller size of Au NPs obtained at the same loading 

than the other photocatalysts also implies a higher number of Au NPs on the semi-conductor and a larger 

interfacial perimeter between Au NPs and C-g-C3N4, which may also favor the proton recombination 

step by increasing the occurrence of H migration to Au NPs via reverse spillover over the C-g-C3N4 

surface [71,72]. 

S-doped g-C3N4 photocatalyst exhibits the best H2 production rate, more than 2.5 times higher compared 

to the undoped material. Unlike what has mostly been reported in literature [15,43,65] under our 

experimental doping conditions via thermal polymerization of urea and 2-thiobarbituric acid at low 

dosage, neither S atoms substituting N atoms in the aromatic ring of g-C3N4, nor formation of S=O or 

C-S bonds have been evidenced, although N/C volumic ratio reveals a slightly C-rich structure. 

Incorporation of S element into the inter-planar cavities, as already assumed previously, considering its 

Lewis acid properties may lower van der Waals interactions between stacked layers, decreases 

crystallinity, and increases the mesoporous/macroporous surface. S-doping exhibits the highest surface 

area amongst all the doped materials, followed by C-doping, which might be correlated with the two 

best photocatalytic performances. It must also be underlined that S-doping allows to keep a relatively 

important total pore volume, knowing that the other doping elements lead to a more important decrease 

compared to bare g-C3N4. We may assume that the very low S content may hinder pores collapse during 

urea condensation reaction. Furthermore, it must be mentioned that S atoms can act as Lewis acid sites, 

helping for better H2O molecules adsorption. It has also been mentioned in literature [28] that S-doped 

graphitic carbon nitride may result in a more negative reduction potential, thus enhancing H2 production. 

In addition, it is also admitted from PL, EIS and transient photocurrent measurements that S doping 

yields to the formation of more photogenerated electrons, to increased charge transfer and thus to lower 

recombination probability. S-doping is also known to yield a significant decrease in the work function 

of the parent g-C3N4, so that the electron trap effect and charge carrier lifetime enhancement upon 

Schottky contact with Au NPs would be significantly enhanced as compared with bare Au/g-C3N4. 

Moreover, low size Au NPs have been observed on S-doped C3N4. This may further enhance electron-

trapping properties, due to the increase in the work function of gold in small Au NPs [73], but also via 

the higher number of Au NPs (similar loading) and thus the higher number of Au/S-g-C3N4 interfaces. 

Finally, the low Au NPs size also enhances the cocatalytic activity of Au for H2 formation from proton 



recombination via the higher metallic dispersion, the higher number of Au/S-g-C3N4 interfaces and the 

frequency of the highly active, low-coordinated surface atoms. 

 

Conclusion 

Generally, photocatalytic activity of g-C3N4 is not satisfactory because of limitations such as relatively 

low visible light absorbance, poor specific surface area, and rapid recombination of photogenerated 

electron-hole pairs. In this paper we optimized a one pot strategy for non-metal doping of g-C3N4 by 

incorporating a very low dosage of doping element precursors into urea before thermal 

polycondensation, which allowed us to overcome those limitations. The resulting doped g-C3N4 

materials retain the original framework of g-C3N4 and high surface area by hindering pore collapse, 

especially in the case of C- and S-doped g-C3N4. Those photocatalysts exhibit enhanced visible light 

harvesting properties and suitable surfaces for the deposition and stabilization of small Au NPs, which 

are known to enhance charge separation of photogenerated electron-hole pairs. As a result, artificial 

solar light-driven H2 production from H2O, in the presence of low amount of TEOA as sacrificial agent, 

was enhanced by up to 100%. 

Despite the very low level of doping and the uncertainty on the dopant location within the structure, 

successful doping of CN materials was achieved. In particular, Au/CN-S, which contains the lowest 

level of doping (0.03 wt%), yields the best activity (608 mol/h/g), which is 2.3 times higher than bare 

Au/CN (270 mol/h/g) and 1.5 times higher than the second-best doping material Au/CN-C (538 

mol/h/g). Au/CN-S is thus found to exhibit the most efficient combination of low stacking degree, high 

surface area, large mesoporosity, small Au NPs size and narrow Au NP size distribution to promote 

visible light harvesting, charge carrier separation and utilization, and ultimately H2 formation. The low 

level of doping makes the investigation of the location of the dopant quite tricky and would require 

advanced characterization techniques. 
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