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ABSTRACT 

Polymeric carbon nitride (CN) has emerged as a promising semiconductor in photoanodes for 

photoelectrochemical cells (PEC) owing to its suitable electronic structure, tunable band gap, 

high stability, and low price. However, the poor electron diffusion within the CN layer and hole 

extraction to the solution still limit its applicability in PECs. Here, we report the fabrication of a 

CN photoanode with excellent electron diffusion length and remarkable hole extraction 

properties by careful design of its electronic interfaces. We combine complementary synthetic 

approaches to grow tightly packed CN layers forming a type-II heterojunction, which results in a 

CN photoanode with excellent charge-separation, high electronic conductivity, and remarkable 

hole extraction efficiency. The optimized CN photoanode displays excellent PEC performance, 
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reaching up to 270 µA cm−2 in a 0.1 M KOH solution at 1.23 V vs. RHE, extremely low onset 

potential (~0.0012 V), and long-term stability up to 18 h. 

Keywords: Carbon nitride, photoelectrochemical cells, water splitting, photoanode 

Water-splitting photoelectrochemical cell (PEC) technology can potentially convert sunlight and 

water to clean and cheap hydrogen fuel.[1] Practical PEC-mediated hydrogen production requires 

robust and efficient semiconductors (SC), with good light-harvesting properties, high charge-

separation efficiency, suitable energy band positions, and stability in harsh conditions alongside 

low price.[2] Recently, polymeric carbon nitrides (CN) have emerged as new and promising SCs 

for PEC,[3] owing to their tunable band gap, suitable energy bands, high stability, and low cost.[4,5] 

However, despite their advantages and proven performance, to date, progress on CNs’ utilization 

as PEC photoanodes has been limited by the poor charge-separation and fast recombination 

under illumination. In the last years, we and others proposed several methods to increase charge-

separation and electron (e–) mobility within the CN layer and hole (h+) extraction to the 

solution.[6-8] The enhancement of charge-separation under illumination can be obtained by the 

formation of a new electronic configuration, for example from heterojunctions or defects,[9–12] or 

by facilitating the transfer of e––h+ pairs to another medium (to another SC layer, a catalyst, or 

the solution).[13-15] A significant improvement in the e– diffusion toward the conductive substrate 

can be achieved by the introduction of an e– acceptor layer (e.g. TiO2, reduced graphene 

oxide),[16,17] and/or by doping the CN with C-C bonds.[18,19] The latter alters the electronic 

conductivity within the CN, thanks to the increase in the number of delocalized electrons within 

its framework. Longer e– diffusion length allows in turns a better light harvesting thanks to the 

use of a thicker absorber layer. For water-splitting, h+ extraction and the production of oxygen 
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are considered more challenging, owing to the sluggish kinetics and the 4 e––h+ pairs involved in 

the process. In the presence of hole scavengers as triethanolamine or redox electrolytes (e.g. 

polysulfide),[20,21] h+ extraction efficiencies can be dramatically increased, owing to the fast e––h+ 

transfer. Recently, it was demonstrated that charge transfer and h+ extraction properties in CN-

PEC are correlated to the order within the CN.[22,23] In the case of a better stacking order of the 

graphitic layers, a hole extraction efficiency of ~47% was obtained.[24] However, in all the above-

mentioned scenarios, only one problem was tackled either e– diffusion or h+ extraction due to 

synthetic limitations. Therefore, a new CN electrode design, which enables achieving both better 

e– diffusion and enhanced h+ extraction efficiency is needed for a substantial improvement in 

performance. 

 We report the design of a CN photoanode with excellent e– diffusion length and 

remarkable h+ extraction properties. To do so, we developed a new synthetic method that results 

in the growth of ordered CN layers on top of reduced graphene oxide (rGO). Moreover, to 

further improve the charge-separation, we built a type-II heterojunction by growing a second CN 

layer by thermal vapor condensation (TVC).[19] Detailed structural and photoelectrochemical 

analysis revealed the presence of highly ordered CN layers, which are directly connected to rGO, 

gives up to 50% h+ extraction efficiencies over a wide potential range, along with good e– 

conductivity. The resulting modified CN film displays remarkable PEC performance that is 

beyond the state-of-the-art for CN materials, reaching up to 270 µA cm−2 in a 0.1 M KOH 

solution at 1.23 V vs. RHE, and extremely low onset potential, as well as long-term stability, up 

to 18 h. 
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Figure 1. a) Electrode preparation scheme: a supramolecular complex comprising melamine and 

bismuthiol is formed, ground, and blended into a paste with ethylene glycol and GO, which is 

doctor-bladed onto an FTO substrate to get melamine-bismuthiol-graphene oxide0.75 (MSG0.75) 

films. b) DFT simulation of the interaction energy between melamine-bismuthiol supramolecular 

assemblies. c) DFT simulation of the interaction between ethylene glycol (EG) with melamine-

bismuthiol supramolecular assembly. d) SEM image of MSG0.75 films on FTO before calcination. 

e) Schematic representation of CN electrodes formation via thermal polymerization and 

condensation in the presence of melamine powder in the tube (enabling the TVC), which is 

covered with an aluminum foil. 
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 Supramolecular films were prepared from supramolecular assemblies deposited using the 

doctor-blade technique.[25,26] An illustration of the growth of homogeneous supramolecular films 

on fluorine-doped tin oxide (FTO) electrodes from a sulfur-containing monomer, bismuthiol (S), 

and melamine (M) is shown in Figures 1a and S1a (MS).[27] Scanning electron microscopy 

(SEM) of the hydrogen-bonded framework (MS(DMSO)) indicates ordered aggregate of stick-

like structures with an approximate length of several µm (Figure S1b). Fourier-transform 

infrared spectroscopy (FTIR) and powder X-ray diffraction (XRD) confirm the formation of a 

supramolecular complex between the monomers (see discussion at Figure S2). Density 

functional theory (DFT) simulations revealed the most probable supramolecular structure (Figure 

1b and S3c–e), owing to its higher Eint (-89.88 compared to -70.68 kJ mol–1). The calculated Eint 

between melamine and ethylene glycol (EG, -48.62 kJ mol–1) is lower than between bismuthiol 

and EG (-44.41 kJ mol–1), indicating that the EG would preferentially bind to melamine (Figure 

1c and Figures S4–S5). To prepare homogeneous supramolecular films (MS), these assemblies 

were blended with EG, forming a very smooth paste, which was subsequently doctor-bladed over 

the electrodes (Figure S6). The thickness of the films was manipulated by varying the number of 

scotch-tape layers (L). 

 Additionally, different amounts of graphene oxide (GO) were mixed with the prepared 

supramolecular assembly and deposited on FTO in the same manner in order to obtain MSGx 

electrodes (where x corresponds to the volume of GO suspension added to the sample, x = 0.25, 

0.5, 0.75, and 1.0 mL) (Figures 1a and S7). Cross-section SEM images of FTO with MS (L = 3) 

shows the formation of a thick (ca. 67 µm) layer of the supramolecular assembly (Figure S8b). A 

similar procedure with incorporated GO, i.e., an MSG0.75 layer, resulted in a thinner layer (ca. 43 

µm, Figure S8d). Top-view SEM shows that GO sheets form bridges between the MS 
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supramolecular aggregates (Figure 1d). On the other hand, the rod-like morphology of MS 

powder was fully preserved upon deposition over FTO, as shown in Figure S8. Reference 

melamine films were prepared in the same manner with only melamine ground in EG. A cross-

section SEM image of the melamine film shows the formation of a very thick (~180 µm) layer of 

melamine on the FTO (Figure S9). FTIR and XRD of the melamine and MS films display similar 

features to the powder counterpart (Figure S10). The chemical states of MS and MSG0.75 films 

were investigated by X-ray photoelectron spectroscopy (XPS, Figures S11–S12). 

 Carbon nitride films were obtained by calcination of the prepared supramolecular films at 

550 °C under N2 (Figure 1e). To improve the deposition and the CN attachment to the FTO, 

melamine vapor was formed during the thermal condensation: melamine powder at the bottom of 

the reaction vessel tube (Figure 1e) sublimes upon heating and is deposited as a second CN layer 

from the gas-phase onto the layer derived from the supramolecular assemblies as shown in 

Figure 2 (the second CN layer, which corresponds to the sublimed melamine (via the TVC 

process) is marked with red double-headed arrows). This method allows the formation of a very 

compact and consistent CN layer over FTO electrodes. The CN films that were prepared without 

melamine powder inside the tube were less uniform and showed lower PEC performance, as 

shown later (Figure S13). Surface and cross-section morphologies of CN-MS/M and CN-

MSG0.75/M electrodes, which were doctor-bladed (L = 3), are shown in Figure 2b–c. The SEM 

images show a good coverage of both layers over the FTO substrate, with a similar morphology 

consisting of aligned microstructures. For CN-MS/M, the thickness of the first layer 

(Semiconductor I) is estimated at ~65 µm, whereas the thickness of the second layer 

(Semiconductor II) is 39 µm. For CN-MSG0.75/M, the thicknesses are 45 and 42 µm, respectively. 

Energy-dispersive X-ray spectroscopy (EDS) mapping further demonstrates the existence of C, 
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N, and S in the CN films (Figure S14). In the case of the reference CN-M electrodes, the 

obtained film shows less uniform coverage around the FTO (Figure S15). Elemental analysis 

(Table S1) confirms the presence of C, N, H, and S in the supramolecular films as well as in the 

derived CN electrodes. The C/N ratio is higher in CN-MSG0.75/M than in CN-MS/M, reflecting 

the incorporation of rGO in the CN film (as the GO in the supramolecular paste is thermally 

reduced to rGO during the thermal condensation).[28] Hereafter the CN-MSG0.75/M electrode is 

denoted as CN-MSG/M for clarity. 

 

Figure 2. a) Schematic presentation of forming type-II heterojunction by growing two different 

SC CN layers. SEM images of CN electrodes, which were prepared in the presence of melamine 

powder in the reaction vessel: b) Top-view and cross-section of CN-MS/M. c) Top-view and 

cross-section of CN-MSG0.75/M. 
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Figure 3. a) Optical (direct) band gap estimation of the CN films using the Tauc plot method. b) 

PL spectra of CN electrodes. c) XRD patterns of the CN electrodes. d) TEM images of CN-

MSG/M with the corresponding selected-area electron diffraction (SAED) pattern. 

 

 The absorption spectra of the CN films (Figure S16) showed a slight red-shift of the 

absorption edge for the CN-MSG/M electrode, from 2.63 eV for CN-MS/M to 2.57 eV for CN-

MSG/M (Figure 3a). It is attributable to the presence of rGO, which gives a wide optical 

scattering all over the visible region. The photoluminescence (PL) spectra show a prominent 

quenching of the fluorescence intensity of CN-MS/M and CN-MSG/M in comparison to CN-M; 

this may stem from alternative non-radiative recombination paths within the films, which are 
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induced by surface states or by the heterojunction formation (Figure 3b).[29] Mott−Schottky 

measurements were utilized to evaluate the flat-band potential of the CN electrodes; the 

materials showed a positive slope indicative of an n-type behavior. Additionally, the conduction 

band edge of the modified CN electrodes is shifted towards a more positive potential than the 

one of CN-M (Figure S17). To further understand the interfacial charge-separation and transfer 

processes, the CB and VB edge positions were acquired from Mott-Schottky plots and UV-vis 

absorption (Figure S18). CN-MS (Semiconductor I) and CN-M (Semiconductor II) form a type-

II heterojunction (Figure S18b). These results indicate that upon illumination, excited e– migrate 

from the CB of Semiconductor II to that of Semiconductor I followed by collection at the FTO, 

while photogenerated h+ travel in the opposite direction. Such interface allows charge-separation 

of photogenerated e– and h+, which reduces recombination.[30,31] We note that due to the similarity 

of the two layers it is very difficult to fully characterized their interface. FTIR spectra (Figure 

S19) and XRD patterns (Figure 3c) indicate the formation of a layered CN. CN-MS/M and CN-

MSG/M show higher intensity at 27.5°, corresponding to the (002) crystal plane, which stands 

for a higher order in the corresponding films, while the (100) plane can be observed ca. 13°. 

 As previously reported, the addition of a sulfur-containing monomer can modify the 

texture of the CN network during the polymerization process, which results in a better crystal 

packing.[32–34] The structure of the CN nanosheets was analyzed by transmission electron 

microscopy (TEM). CN-MS/M and CN-MSG/M display thinner and more crystalline nanosheets 

in comparison with CN-M (Figures 3d and S20). Furthermore, the selected-area electron 

diffraction (SAED) pattern of CN-MS/M and CN-MSG/M, with (002) and (100) diffraction 

rings, illustrate the crystalline structure of the prepared CN films, while a much less intense 

diffraction ring was observed for CN-M. The rings corresponding to d-spacings of 3.24 and 6.80 
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Å are attributed to the (002) and (100) reflections of CN, supporting the XRD pattern. EDS 

analysis of CN-MSG/M confirmed the existence of C, N, and S in the film (Figure S21). The 

XPS spectra for C1s, N1s, and S2p of the CN electrodes confirm the formation of CN polymers 

and suggest the presence of residual sulfur doping (Figures S22–S24). 

 

Figure 4. a) Photocurrent density of CN electrodes at 1.23 V vs. RHE in 0.1 M KOH. b) 

Photocurrent density CN electrodes at 1.23 V vs. RHE in 0.1 M KOH aqueous solution 

containing 10% (v/v) triethanolamine (TEOA). c) LSV curves of CN-MSG/M electrodes in 0.1 

M KOH (blue) and 0.1 M KOH aqueous solution containing 10% (v/v) TEOA (purple) as a hole 

scavenger upon on/off light illumination. d) Possible charge transfer mechanism illustrated on a 
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suggested energy band diagram of the reported CN heterojunctions (type-II heterojunction 

between two CN-based SCs). 

 

 As discussed earlier, the CN-M films were prepared using the doctor-blade process with a 

number of scotch tape layer, L = 1, 2, 3, and 4. The effect of the thickness over the PEC 

performance was studied and the highest photocurrent density (84 μA cm−2 at 1.23 V vs. RHE) 

was obtained for 3 scotch tape layers (Figure S25). Consequently, we decided to utilize thereafter 

L = 3 for preparation of the first CN layer. Upon addition of melamine powder into the tube 

during calcination, the photocurrent density of CN-M/M turns poor and unstable due to the 

increase in thickness of the final film on the photoanode, which results in higher recombination 

rate and charge transfer resistance (Figure S26). Nevertheless, the photocurrent density of sulfur-

modified CN-MS/M reached up to 160 µA cm–2 (at 1.23 V vs. RHE), a two-fold increase 

compared to CN-M (Figure 4a). This difference can be attributed to an improved charge-

separation and electric conductivity of CN-MS/M in comparison to CN-M. In order to 

investigate the charge transfer and migration, the photocurrent densities were analyzed under 

front- and back-side illumination (Figure S27). Back-side illumination results in a higher 

photocurrent density, disclosing that upon front irradiation, some of the e––h+ pairs recombine 

before reaching the FTO due to the film’s thickness. The initial spike current in CN-M and CN-

MS/M photoanodes (Figure 4a) may be attributed to fast photoexcited charge recombination.[35] 

 The addition of GO to MS during the blending process, before the film preparation, 

dramatically alters the PEC performance after calcination; the photocurrent density 

measurements of CN-MS/M electrodes after the addition of different amounts of GO (CN-

MSGx/M) consistently show a strong performance enhancement (Figures 4a and S28). The CN-
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MSG0.75/M electrode (denoted as CN-MSG/M) exhibits the highest photocurrent, reaching up to 

270 µA cm–2 at 1.23 V vs. RHE (Figure 4a), which is among the highest reported for a CN-

photoanode (Table S2). A further increase of GO content (i.e., CN-MSG1/M) slightly decreases 

the photocurrent density despite maintaining the stability upon repeated cycles, which is 

probably due to a diminished light harvesting by the electrode. In the case of CN-MSG0.75/M (or 

CN-MSG/M), rGO is promoting the charge-separation and increases the electric conductivity, 

which ultimately results in higher photocurrents. The significantly lower photocurrent spike in 

CN-MSG/M is attributed to lower recombination rate, illustrating higher e– conductivity and e– 

diffusion in the films caused by rGO. To scrutinize the diffusion length of photoexcited charges 

within CN-MS/M and CN-MSG/M electrodes, we measured the photocurrent density as a 

function of thickness (Figure S29) and upon back- and front-side illumination (Figure S30). The 

photocurrent densities linearly increased up to an electrode thickness of ~40 μm. CN films (CN-

MS and CN-MSG) that were prepared without melamine powder inside the tube showed lower 

performance (Figure S31). 

 The modified CN electrodes display a significant photoelectrochemical activity in terms 

of onset potential and photocurrent density (Figure S32). The onset potential of both CN-MS/M 

(0.06 V vs. RHE) and CN-MSG/M (0.0012 V vs. RHE) are shifted to low values compared to a 

CN-M electrode (0.17 V vs. RHE). This shift indicates an enhanced charge-separation, which is 

credited to the enhanced conductivity resulting from the addition of rGO, and a better packing of 

the CN layer, which facilitates hole extraction. The photocurrent density of the CN electrodes 

was also characterized in the presence of triethanolamine (TEOA) as a hole scavenger (10% 

(v/v) TEOA in 0.1 M KOH). Under these conditions, maximal h+ extraction is assumed. The CN-

MS/M and CN-MSG/M electrodes exhibit a two-fold photocurrent density enhancement 
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compared to the experiment without TEOA, owing to improved h+ extraction, reaching 350 µA 

cm–2 and 510 µA cm–2 at 1.23 V vs. RHE, respectively (Figure 4b). Figure 4c shows the j−V 

curves of CN-MSG/M under a periodic illumination with and without hole scavenger. The 

photocurrent density of the CN electrode increases linearly with increasing potentials in both 0.1 

M KOH and 10% (v/v) TEOA in 0.1 M KOH. Furthermore, the charge transfer efficiency (ht, 

%) (or hole extraction efficiency) from 0.2 V to 1.23 V vs. RHE results in values up to 46% and 

53% for CN-MS/M and CN-MSG/M, respectively, while that of the CN-M electrode is 28% 

(Figure S33). Interestingly, the CN-MSG/M electrode exhibits steady charge transfer efficiency 

over the whole potential range, demonstrating the lower activation energy for charge-separation 

and water oxidation. This difference can be attributed to (i) the better layer packing, as well as 

(ii) the improvement in the conductivity and e– diffusion by the presence of rGO. Furthermore, 

(iii) the formation of a type-II heterojunction as a result of the two different layers conforming 

the CN electrodes (MS/MSG and M) further facilitates the charge-separation within the layer 

(Figure S34).[36] Together, these three factors promote the separation of charge carriers, their 

transfer, and a more efficient water oxidation at the surface (Figure 4d). Electrochemically active 

surface area (ECSA) measurements reveal an increase in the electrochemically active species in 

the CN-MS/M electrode compared to the CN-M electrode. The addition of rGO leads to another 

enhancement, owing to the improved e– conductivity (Figure S35). N2 sorption analysis confirms 

a specific surface area enhancement: namely, 8.18 and 12.82 m2 g–1 for CN-MS/M and CN-

MSG/M, respectively (Figure S36). 

 Incident photon-to-current efficiency (IPCE) measurements at 1.23 V vs. RHE (Figure 

5a) unveil values up to 17.1% at 380 nm and 9.8% at 420 nm for CN-MSG/M, with a 

photoresponse onset at 480 nm, which is consistent with the UV-vis absorption. Electrochemical 
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impedance spectroscopy (EIS) measurements revealed a decrease in charge transfer resistance 

(Rct) (Figures 5b and S37). This result implies a better h+ extraction from the CN-MS/M and CN-

MSG/M electrodes than from the CN-M electrode.[37] 

 

Figure 5. a) Incident photon-to-current conversion efficiency (IPCE) of CN electrodes at 

different wavelengths in 0.1 M KOH at 1.23 V vs. RHE. b) Charge transfer resistance (Rct) of the 

CN electrodes at different applied potentials. c) Photocurrents of CN electrodes at 1.23 V vs. 

RHE in 0.1 M KOH aqueous solution during 18 h of continuous 1-sun illumination. d) Evolution 

of H2 and O2 measured by GC. 
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 The photocurrent density is relatively stable after the initial decay; namely, after 2 h, a 

density decay of 40% is observed in the photocurrent of CN-MSG/M (Figure 5c). Nevertheless, 

after 18 h, only an additional 30% decay is observed, resulting in a photocurrent density of 150 

µA cm–2 (a total decay of 44% after 18 h). Hence, the overall results prove the improvement in 

the stability of the sulfur- and rGO-modified CN films, presumably thanks to improved light 

absorption, enhanced electronic conductivity, and photo-oxidation ability. Post-characterization 

measurements after the long-term stability test indicate no significant structural changes (Figures 

S38–S40). 

 Another advantage of the new CN electrode is its stability over a wide pH range. To 

verify this, photocurrent densities were measured (Figure S41) in a strong acid (0.5 M H2SO4, pH 

0.27) and in a neutral solution (0.5 M Na2SO4, pH 6.27). Despite the sluggish oxidation reaction 

at low pH, the photocurrent density shown by CN-MSG/M reached ca. 220 μA cm−2 (at 1.23 V 

vs. RHE) in the strongly acidic medium, while in the neutral solution, a photocurrent of ~200 μA 

cm−2 was obtained, alongside good stability. Moreover, LSV curves upon on/off illumination 

cycles of CN-MSG/M in 0.5 M Na2SO4 solution also showed a stable photocurrent with a very 

low onset potential (Figure S42a), as further confirmed by a continuous 18 h 

chronoamperometry, where only a 22% decay was observed (Figure S42b). We have performed 

simultaneous measurements of photocurrent and hydrogen (H2) and oxygen (O2) gas evolution 

measurements in 0.1 M KOH at 1.23 V vs. RHE (Figure 5d). The calculated Faradaic efficiency 

(Figure S43)[9,38] of CN-MSG/M photoanode for H2 gas was ∼60%, whereas for O2, it was 

28.7%, which dropped to 14.2% after longer irradiation times. Herein, Faradaic efficiency losses 

for O2 evolution ultimately give non-stoichiometric proportion of H2 and O2 (Figure 5d), 

probably owing to partial photo-corrosion during water oxidation.[39] Additionally, the H2 and O2 
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were produced also in a phosphate buffer solution (0.1 M; pH 7 at 1.23 V vs. RHE) (Figure S44). 

The PEC H2 generation in the presence of 10% (v/v) TEOA in 0.1 M KOH was analyzed by gas 

chromatography (GC) (Figure S45a). CN-MSG/M exhibited a constant H2 generation rate (1.01 

mmol g–1 h–1 after 3 h). The high rate of H2 production demonstrated that the photoexcited 

electrons can easily be transferred from the photoanode to reduce water to H2 (Figure S45b). The 

overall Faradaic efficiency for CN-MS/M and CN-MSG/M reached values of 57.9% and 72% 

(after 3 h), respectively. 

 In this work, we have reported the design of a carbon nitride electrode with excellent 

charge-separation, high electronic conductivity, and remarkable hole extraction efficiency. To 

this end, we utilized several complementary approaches that result in the growth of tightly-

packed CN layers on top of rGO. The ordered CN layers configuration promotes the hole 

extraction efficiency up to 50% over a wide potential range, while the rGO enables larger 

electrons diffusion length. Moreover, further management of the electronic structure was 

achieved by forming a type-II heterojunction by growing a second CN layer via thermal vapor 

condensation. As a result, the new CN electrodes display excellent PEC performance, reaching 

up to 270 µA cm−2 in a 0.1 M KOH solution at 1.23 V vs. RHE, extremely low onset potential 

(~0.0012 V), as well as long-term stability, up to 18 h. 
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Materials

All chemicals were purchased from commercial sources and used without further 

purification. Melamine (99%) was purchased from Sigma-Aldrich. Bismuthiol (1,3,4-

thiadiazole-2,5-dithiol, (97%)) was purchased from Alfa Aesar. Dimethyl sulfoxide 

(DMSO, 99.90%) was purchased from Fisher Scientific. Ethylene glycol (EMSURE® 

Reag. Ph. Eur, Reag. USP) was purchased from Merck. Triethanolamine (99%) was 

purchased from Glentham Life Sciences. Nitric acid (HNO3, 67–69 wt %, for trace 

metal analysis) was purchased from Fisher Chemical. Fluorine-doped tin oxide (FTO) 

coated glass (12–14 Ω sq–1) was purchased from Xop Glass Company, Spain. De-

ionized water (DI) was obtained from a Millipore Direct-Q® 3 water purification system 

(18.2 MΩ cm resistivity). Graphene oxide (GO, 0.4 wt %, >95%) aqueous suspension 

was purchased from University Wafer Inc. USA (C89/GOSD18004/D).

Characterization

Scanning electron microscopy (SEM) images of the supramolecular complex and CN 

were obtained using a JEOL JSM-7400F high-resolution SEM, equipped with a FEG 
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source, operated at 4.0 kV for imaging and at 12 kV for energy-dispersive spectroscopy 

(EDS) elemental mapping, and using a Thermo Scientific Noran SIX detection system. 

SEM samples were sputtered with Platinum (Pt) before analysis. UV-vis absorption 

spectra were measured on a Cary 100 spectrophotometer. Transmission electron 

microscopy (TEM) images were obtained from a Tecnai T12 G2 TWIN microscope at 

an accelerating voltage of 120 kV. EDS analysis was performed using a JEOL JEM-

2100F TEM operating at 200 kV equipped with a JED-2300T energy dispersive X-ray 

spectrometer. Scanning TEM (STEM) images were taken using a GATAN 806 

HAADF STEM detector. The probe size during the analysis was set to 1 nm. JEOL 

Analytical Station software (v. 3.8.0.21) was used for the EDS data analysis. 

Fluorescence measurements were carried out on FluroMax®4 spectrofluorometer from 

Horiba Scientific. Fourier-transform infrared spectroscopy (FTIR) was performed on a 

Thermo Scientific Nicolet iS5 FTIR spectrometer (equipped with a Si ATR). X-ray 

photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific 

ESCALAB 250 using monochromated Kα X-rays (1486.6 eV). X-ray diffraction 

patterns (XRD) were obtained using a PANalytical's Empyrean diffractometer 

equipped with a position sensitive detector X’Celerator. Data was collected with a 

scanning time of ~7 min for 2θ ranging from 5° to 60° using Cu Kα radiation (λ = 

1.54178 Å, 40 kV, 30 mA). Elemental analysis data for carbon, nitrogen, and hydrogen 

(CNH) was collected using a Thermo Scientific Flash Smart elemental analyzer OEA 

2000. Samples for inductively-coupled plasma optical emission spectrometry (ICP-

OES) were prepared by dissolution in concentrated nitric acid in a PTFE-lined 

autoclave at 180 °C for 8 h. Then, the prepared samples were analyzed using a Spectro 

ARCOS ICP-OES, FHX22 multi-view plasma instrument (radial configuration). 

Nitrogen-sorption measurements and Brunauer-Emmet-Teller (BET) specific surface 

area calculations were performed on a Quantachrome NOVAtouch NT LX3 system. The 

thickness of CN films was measured by 3D laser confocal scanning microscope (LEXT 

OLS5000).

Experimental section

Synthesis of a supramolecular assembly of Melamine-Bismuthiol (MS)[1]
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Equimolar amounts of a sulfur-containing monomer, bismuthiol (S), and melamine (M) 

were mixed in dimethylsulfoxide (DMSO) to form a hydrogen-bonded supramolecular 

framework (MS, Figures 1 and S1a).

In a typical synthesis, melamine (1.00 g, 7.93 mmol) was dissolved in 40 mL DMSO 

and an equimolar amount of bismuthiol (1,3,4-thiadiazole-2,5-dithiol) (1.19 g, 7.93 

mmol) was dissolved in 10 mL DMSO. The melamine solution was kept at 60 °C and 

then mixed with bismuthiol under constant stirring for 10 min. The Melamine-

bismuthiol (MS (DMSO)) supramolecular complex was obtained by precipitation 

through the addition of 150 mL of H2O into the above solution. The mixture was 

filtered, washed with water, and then dried at 90 °C to get MS (DMSO) powder.

Melamine, MS, and MSGx film preparation

Melamine films (M) were prepared by grinding melamine powder (2.0 g) in 1.2 mL 

ethylene glycol until obtaining a viscous paste. For the preparation of MS films, 

supramolecular powders (1.0 g) were ground into fine slurries in ethylene glycol (3 

mL). The obtained paste was doctor-bladed (with different numbers of scotch tape 

layers (L) in order to control the thickness) onto FTO to achieve a homogeneous 

coating, and subsequently dried at 90 °C on a hot plate, and finally transferred into a 

closed 16 mm-diameter glass test tube. (Note that all the FTO substrates were cleaned 

by a successive sonication in an aqueous soap solution (1 % w/v Alconox), then acetone 

and ethanol, and then dried before usage).

For the preparation of the Melamine-Bismuthiol-Graphene oxide (MSGx) 

supramolecular paste, 1.0 g of the MS powder was blended thoroughly in 3 mL ethylene 

glycol with different amounts of 0.8 wt % graphene oxide (0.8 wt % GO suspension 

was prepared by concentrating commercial GO of 0.4 wt %) aqueous suspension (x = 

0.25, 0.5, 0.75, and 1.0 mL) and the obtained paste was casted on FTO by the doctor-

blade technique. The films were dried on a hot plate and transferred into a glass test 

tube.

Synthesis of a CN electrode

During the calcination process, two electrodes were kept in a 16 mm-diameter glass test 

tube. Additionally, 1.0 g of melamine powder was placed at the bottom of the test tube. 

The test tube was purged very carefully with nitrogen gas for 5 min and then covered 

with aluminium foil. Then, the samples were heated up to 550 °C at a ramp rate of 5 °C 
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min–1 and kept at 550 °C for 4 h under a flow of N2 to get CN-MS/M and CN-MSG/M 

electrodes. Reference CN-M electrodes were prepared at the same heating conditions 

but without the addition of melamine powder inside the tubes.

Photoelectrochemical measurements

All electrochemical measurements were performed using a three-electrode system on 

an Autolab potentiostat (Metrohm, PGSTAT 101). A Pt-foil electrode (1 cm2) and an 

Ag/AgCl (saturated KCl) electrode were used as the counter and reference electrodes, 

respectively. The electrolyte was either a 0.1 M KOH aqueous solution (pH ~13.1) or 

a 0.1 M KOH solution containing 10% (v/v) triethanolamine. All the potentials were 

converted to reversible hydrogen electrode (RHE) values using equation S1.

Equation S1. VRHE = VAg/AgCl + 0.059·pH + 0.197

Photocurrents were measured at 1.23 V vs. RHE under the illumination of a solar 

simulator (Newport 300 W Xe arc lamp, equipped with an AM 1.5G and water filters) 

at a power density of 100 mW cm–2, which was calibrated using a power meter (Model 

919-P, Newport). The Nyquist plots and IPCE of the samples were measured using an 

Autolab potentiostat (Metrohm, PGSTAT 101). Incident photon-to-current conversion 

efficiency (IPCE) values were obtained using the equation S2:

                             Equation S2. IPCE(%) =
𝐽 (A cm ―2) ∙  1240

𝜆 (nm) ⋅  𝐼 (W cm ―2) ∙ 100%

Where λ is the wavelength of the incident monochromic light, I is the incident 

illuminating power, J is the measured photocurrent density. The monochromic incident 

lights with wavelengths of 380 nm, 400 nm, 420 nm, 440 nm, 460 nm, 480 nm, and 500 

nm were generated by coupling the solar simulator with the corresponding band pass 

filters (the band pass filters were purchased from Thorlabs; FB380-10, FB400-10, 

FB420-10, FB440-10, FB460-10, FB480-10, FB500-10). Nyquist plots of the samples 

were measured in the frequency range from 100 kHz to 10 mHz at different applied 

voltages. Mott–Schottky plots of CN were measured in 1.0 M Na2SO4 at a frequency 

of 2.0 kHz. Charge transfer efficiency (t, %) was calculated by dividing the 

photocurrent obtained in the absence of the hole scavenger by the photocurrent obtained 

in its presence. Long-term stability for all CN films was determined by monitoring the 

photocurrent density vs. time under constant illumination (at 1.23 V vs. RHE). 

Hydrogen and oxygen evolution measurements
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The amount of photogenerated H2 and O2 in the reactor headspace was analyzed using 

a gas chromatography (Agilent 7820A GC system) equipped with a thermal 

conductivity detector (TCD). Samples of gases were intermittently withdrawn every 15 

min with an A-2 Luer lock gas syringe series purchased from VICI® precision sampling 

(Pressure-lok® precision analytical syringe). PEC cell compartments were thoroughly 

sealed with rubber septa and parafilm to prevent any gas leakage. Prior to any 

measurement, the electrolyte was purged with Ar for 30 min. The electrode was 

continuously held at 1.23 V (vs. RHE) under 1-sun illumination.

Density functional theory (DFT) calculations

All calculations were performed using the Gaussian 09 package. The equilibrium 

structures were optimized by B3LYP method in conjunction with the 6 311++G (d) 

basis set. To confirm each optimized stationary point, frequency analyses were done 

with the same basis set. DMSO was utilized in polarized continuum models (PCM) to 

investigate the role of solvent effects.

Figure S1. a) Schematic illustration of the formation of MS (melamine-bismuthiol) 

supramolecular assemblies. b) SEM image of the as-synthesized supramolecular MS 

(DMSO) assembly.
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Figure S2. a) FTIR spectra and b) XRD patterns of the reactant monomers (melamine 

(black) and bismuthiol (red)) and their supramolecular complex (MS, prepared in 

DMSO (pink)).

The formation of a hydrogen-bonded supramolecular MS complex was 

confirmed by FTIR and powder XRD (Figure S2a and S2b, respectively). FTIR showed 

the disappearance of the stretching vibrations corresponding to the amine groups (νN–

H) of melamine (at 3469 and 3414 cm–1) and stretching vibrations of the thiol groups 

of bismuthiol (νS–H) (at 2400–2600 cm–1). Additionally, the vibrations corresponding 

to the C–N heterocycles of the triazine ring and the bismuthiol moiety disappear and 

new peaks emerge at 1200–1600 cm-1 (Figure S2a). The formation of hydrogen bonds 

within the MS complex shifted the stretching vibration of triazine ring from 805 to 782 

cm−1. The XRD patterns display the formation of a new crystal structure, as observed 

in the appearance of an intense peak at low 2 values (6.3°) corresponding to a repeating 

in-plane unit (Figure S2b), which confirms the formation of a new arrangement.
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Figure S3. DFT simulation of the interaction energy between the melamine- bismuthiol 

supramolecular assembly (The interaction energy, ∆E, is labeled below each 

configuration).

Figure S4. DFT simulation of the interaction between ethylene glycol (EG) with 

melamine-bismuthiol supramolecular assembly (The interaction energy, ∆E, is labeled 

below each configuration).

Density functional theory (DFT) was used to calculate the interaction energy 

(Eint) between the monomers, solvent and ethylene glycol (EG), in order to understand 

the molecular binding configuration. The calculated Eint between melamine and EG (-

48.62 kJ/mol) is lower than between bismuthiol and EG (-44.41 kJ/mol), indicating that 

the EG would preferentially bind to melamine through two parallel hydrogen bonds 

(Figure 1c and Figure S4). Therefore, based on these calculations, we propose a 

molecular structure of supramolecular assemblies after the incorporation of EG (Figure 

S5).

Figure S5. Possible supramolecular assembly structure after incorporating EG (based 

on DFT calculations).
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Figure S6. Digital images describing the synthetic procedure for the preparation of CN-

MS/M electrodes (on FTO-coated glass substrates).

Figure S7. Digital images describing the synthetic procedure for the preparation of CN-

MSG/M electrodes (on FTO-coated glass substrates).

Figure S8. SEM images. a) top-view and b) cross-section of MS films (melamine-

bismuthiol). c) top-view and d) cross-section of MSG0.75 (melamine-bismuthiol-

graphene oxide (GO)) films on FTO before calcination.
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Figure S9. SEM images of a melamine film. a) top-view and b) cross-section (thickness 

is ca. 180 μm).

Figure S10. a) FTIR spectra and b) XRD patterns of melamine, MS, and MSG0.75 films 

(on FTO-coated glass).

FTIR and XRD measurements confirm that the incorporation of GO neither 

affects the chemical nature of MS nor its crystal structure (Figure S10a–b).

Figure S11. High-resolution XPS spectra of MS film. a) C1s, b) N1s, and c) S2p.
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Figure S12. High-resolution XPS spectra of MSG0.75 film. a) C1s, b) N1s, and c) S2p.

The C1s spectrum confirms the presence of C–S bonds at 286.2 eV, which 

proves the inclusion of bismuthiol molecules (Figures S11–S12). We note that in the 

MSG0.75 electrode this contribution represents a higher area due to the synergistic 

contribution of the C–O bonds of GO. The peak at 288.5 eV corresponds to the C–N=C 

chemical species and the peak at 284.8 eV is attributed to C=C. In the N1s spectrum, 

the deconvoluted peaks at 399.1, 400.2, and 401.5 eV can be assigned to the C–N=C, 

N–N (nitrogen–nitrogen bonds of the bismuthiol moiety), and C–N–H, respectively. 

The high-resolution S2p spectra were deconvoluted into two peaks at 164.2 (C−S−C),[2] 

and 168.2 eV (–SH groups), which confirms the presence of bismuthiol moieties in the 

starting supramolecular films (Figures S11c–S12c).

Figure S13. Digital images of a) CN-MS and b) CN-MSG0.75 electrodes prepared 

without addition of melamine in the glass tube.
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Figure S14. EDS spectrum for CN-MSG0.75/M (or CN-MSG/M) film.

Figure S15. SEM images of CN-M electrodes. a) top-view and b) cross-section.

Table S1. Elemental analysis of films and CN electrodes (powder scratched from FTO 

for analysis)

Sample
Carbon

/at. %

Nitrogen

/at. %

Hydrogen 

/at. % C/N

Sulfur 

/at. %

M 19.97 40.13 39.91 0.50 —
CN-M 32.77 49.33 17.90 0.66 —

MS 21.58 35.21 35.13 0.61 8.07
CN-MS/M 29.46 45.8 23.52 0.64 0.22

MSG 26.52 34.23 28.54 0.77 10.70
CN-MSG0.75/M 34.27 48.16 17.46 0.71 0.19

Energy (keV)

Co
un

ts
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Figure S16. UV-vis spectra of CN electrodes.

Figure S17. (a) Mott-Schottky plots. (b) Proposed energy diagram of the CN-M, CN-

MS/M, and CN-MSG/M electrodes.

Figure S18. a) Mott-Schottky plots for CN-M, CN-MS, and CN-MS/M. (b) Proposed 

energy levels diagram for the heterojunction formation between CN-M and CN-MS.
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Figure S19. FTIR spectra of the different CN electrodes.

The broad peak at 3150 cm−1 belongs to free amine groups at the surface, the 

stretching bands of the CN heterocycles can be observed between 1200−1600 cm−1, and 

the characteristic breathing mode of triazine rings appears at 800 cm−1 (Figure S19).

Figure S20. TEM images with the corresponding SAED patterns. a) CN-M, b) CN-

MS/M. In order to prepare optimal samples for TEM imaging, some powder was 

scratched from the CN electrodes.
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Figure S21. EDS spectrum of CN-MSG/M (measured on a copper TEM grid).

Figure S22. High-resolution XPS spectra. a) C1s and b) N1s of CN-M electrode.
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Figure S23. High-resolution XPS spectra. a) C1s, b) N1s, and c) S2p of CN-MS/M 

electrode.

Figure S24. High-resolution XPS spectra. a) C1s and b) N1s of CN-MSG/M electrode.

In the C1s spectrum, the strong peak at 288.3 eV is attributed to C–N=C 

moieties and the binding energy at 284.9 eV corresponds to C–C bonds. The N1s 

spectrum indicated three peaks centered at 398.8, 400.2, and 401.4 eV, which are 
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ascribed to C–N=C bonds, tertiary nitrogen N−(C)3 groups, and C–N–H bonds, 

respectively (Figure S22-24). In addition, the XPS spectrum for S2p revealed a weak 

chemical contribution at 164 eV, which may be attributed to trace amounts of sulfur 

covalently bonded to C, replacing N atoms in the heptazine unit (Figure S23c).

Figure S25. Photocurrent densities of CN-M electrodes of variable thickness in 0.1 M 

KOH (at 1.23 V vs. RHE) prepared by using 1–4 scotch tape layers during the 

preparation.

Figure S26. Photocurrent density of CN-M/M in 0.1 M KOH (at 1.23 V vs. RHE).
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Figure S27. Photocurrent densities upon illumination from front- and back-side. a) CN-

M and b) CN-MS/M electrodes at 1.23 V vs. RHE in 0.1 M KOH.

Figure S28. a) Photocurrent densities of CN-MSGx/M (x = 0.25–1 mL). b) 

Photocurrent–GO content relationship for CN-MSG/M electrodes. 

Figure S29. a) Relationship between the thickness and the scotch tape layer used for 

depositing first layers of CN (Semiconductor I). b) Photocurrent densities of CN-MS/M 

electrodes and CN-MSG/M of variable thickness in 0.1 M KOH (at 1.23 V vs. RHE) 

prepared by using 1–4 scotch tape layers.
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The large diffusion length indicates that e– can travel up to 40 μm without 

recombining with photogenerated h+
, which allows the use of a thick CN layer on the 

photoanodes. Further increase in the film’s thickness (~50 μm) leads to lower 

photocurrent owing to the reduced light penetration and increased e––h+ recombination 

before their collection (Figure S29). 

Figure S30. Photocurrent densities when illuminating from the front- and the back-side 

of CN-MSG0.75/M (or CN-MSG/M) electrodes at 1.23 V vs. RHE electrode in 0.1 M 

KOH.

Figure S31. Photocurrent densities of CN-MS and CN-MSG photoanodes, which were 

prepared without melamine powder inside the tube.
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Figure S32. Linear sweep voltammetry (LSV) curves of CN (photo) anodes. a) CN-M, 

b) CN-MS/M, and c) CN-MSG/M in 0.1 M KOH (at 1.23 V vs. RHE) in the dark (solid 

lines) and under illumination (dashed lines).

Figure S33. Charge transfer efficiency of CN electrodes, calculated by dividing the 

photocurrent obtained in 0.1 M KOH by the photocurrent obtained in 10% (v/v) TEOA 

containing 0.1 M KOH.
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Figure S34. Possible mechanistic scheme for photoelectrochemical (PEC) water 
splitting.

Figure S35. Cathodic and anodic charging currents of CN-M, CN-MS/M, and CN-

MSG/M electrodes at 0.15 V vs. Ag/AgCl as a function of scan rate.

Figure S36. N2 adsorption-desorption isotherms for CN electrodes (the actual 

experiments were performed by analyzing the relevant CN powder scratched from 
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FTO). The numbers (5.12, 8.18, and 12.82 m2 g–1) represent the specific surface area 

(of CN-M, CN-MS/M, and CN-MSG/M, respectively), which was calculated using the 

BET model.

Figure S37. Nyquist plots at different potentials (vs. Ag/AgCl) in 0.1 M KOH aqueous 

solution of a) CN-M, b) CN-MS/M, and c) CN-MSG/M. (d) the equivalent circuit that 

was used for fitting: the Rct values were obtained by fitting the semicircles of the 

Nyquist plots using this equivalent circuit.

Specifically, the Rct of CN-MSG/M at 1.23 V vs. RHE is 4 times smaller than that of 

CN-M, which is attributed to the good charge-separation, owing to the conductivity of 

rGO, and better h+ extraction properties, thanks to the close packing of the CN layers 

(Figure S37 and 5b).



22S

Figure S38. CN-M high-resolution XPS spectra after a stability test. a) C1s and b) N1s.

Figure S39. CN-MS/M high-resolution XPS spectra after a stability test. a) C1s and b) 

N1s.

Figure S40. CN-MSG/M high-resolution XPS spectra after a stability test. a) C1s and 

b) N1s.
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Figure S41. Photocurrent density of a) CN-M, b) CN-MS/M, and c) CN-MSG/M 

electrodes in different electrolytes, alkaline (0.1 M KOH, pH 13.1), neutral (0.5 M 

Na2SO4, pH 6.27), and acidic (0.5 M H2SO4, pH 0.27), represented by black, red, and 

blue, respectively).

Figure S42. a) LSV curves of CN-MSG/M in 0.5 M Na2SO4 upon on/off illumination 

cycles. b) Photocurrent density of CN-MSG/M in 0.5 M Na2SO4 during 18 h.
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Figure S43. a) Photocurrent densities of CN-MSG/M electrodes (at 1.23 V vs. RHE) 

in 0.1 M KOH under 1-sun illumination for H2 and O2 evolution measurements. b) 

Evolution of H2 and O2 gases measured by gas chromatography (dashed lines 

correspond to the amount of H2 (e−/2) and O2 (e−/4) calculated from the photocurrent 

measurements). The Faradaic efficiency was obtained by comparing the amount 

of produced H2 and O2 with that of calculated H2 and O2.

Figure S44. a) Photocurrent densities of CN-MSG/M electrodes (at 1.23 V vs. RHE) 

recorded in a phosphate buffer (0.1 M; pH 7) solution under 1-sun illumination for H2 

and O2 evolution measurements. b) Evolution of H2 and O2 gases measured by gas 

chromatography (The calculated Faradaic efficiency of CN-MSG/M photoanode for H2 

and O2 evolution was 50% and 19.4%, respectively).
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Figure S45. a) Gas chromatograph corresponding to the head space of the 

photoelectrochemical cell after different times of photocurrent density measurement 

with CN-MSG/M. The measurements were performed at 1.23 V vs. RHE, with 0.1 M 

KOH containing 10% (v/v) TEOA as an electrolyte. b) Specific H2 production rates of 

CN electrodes as a function of time.

Table S2. PEC performance summary of CN-based photoanodes

CN photoanodes

Photocurrent 
at 1.23 V vs. 

RHE
(μA cm–2)

Onset 
potential
vs. RHE

Electrolyte Light intensity Ref

270 0.0012 0.1 M KOH

CN-MSG/M
510 N/A

10% (v/v) 
TEOA in 0.1 

M KOH

100 mW cm–2, 
1.5 AM

This 
work

160 0.06 0.1 M KOH

CN-MS/M
350 N/A

10% (v/v) 
TEOA in 0.1 

M KOH

100 mW cm–2, 
1.5 AM

This 
work

124.5 0.3 0.1 M KOHIn situ grown 
porous

CN/rGO film 272 N/A
10% (v/v) 

TEOA in 0.1 
M KOH

100 mW cm–2, 
1.5 AM

[3]

116 0.25 0.1 M KOH 100 mW cm–2, 
1.5 AM

Crystalline CN film
245 N/A

10% (v/v) 
TEOA in 0.1 

M KOH

100 mW cm–2, 
1.5 AM

[4]

P doped CN 120 N/A 1.0 M NaOH 100 mW cm–2, 
1.5 AM

[5]

CMD5 g-CN 100 N/A

0.1 M 
Na2SO4
+ 0.1 M 

Na2SO3 + 
0.01

100 mW cm–2, 
1.5 AM

[6]
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M Na2S

B-doped CN 102.3 ~0.4 0.1 M 
Na2SO4

100 mW cm–2, 
AM 1.5 [7]

S-doped CN 60 N/A 0.1 M KOH 50 W white 
light [8]

72 0.75 0.1 M KOH

CN–rGO film
660 N/A

10% (v/v) 
TEOA in 0.1 

M KOH

100 mW cm–2, 
1.5 AM

[9]

Crystal face g-CN 228.2 N/A 0.2 M 
Na2SO4

100 mW cm–2, 
1.5 AM

[10]

CN and P- and B-
doped CN 

heterojunction
150 N/A 0.1 M 

Na2SO4

100 mW cm–2, 
1.5 AM

[11]

g-CN 63 N/A 0.1 M 
Na2SO4

100 mW cm–2, 
1.5 AM

[12]
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