
Graphene-modified g-C3N4/ α-Fe2O3 systems for light-induced 
hydrogen generation

Wassila Touati a,1,*, Miroslava Filip Edelmannová g,1 , Mohamed Karmaoui a,e,  
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A B S T R A C T

Photocatalysis represents an advanced and efficient technology for harnessing light energy. The non-toxicity, 
affordability, and versatility of this technique render it particularly attractive for hydrogen production via 
water splitting. Nevertheless, the primary challenge lies in identifying materials capable of efficiently catalyzing 
the water splitting reaction upon exposure to light. This study presents the influence of the quantity of hematite 
and graphene on g-C3N4 in the context of hydrogen generation from methanol-water decomposition under UVC 
irradiation. Pure g-C3N4 exhibits the highest hydrogen generation efficiency. However, adding hematite de
creases photocatalytic efficiency, likely due to the formation of a type II heterojunction between α-Fe2O3 and g- 
C3N4, which reduces the overall reduction capacity of the system. While incorporating graphene into the g-C3N4/ 
α-Fe2O3 system enhances photocatalytic efficiency by improving electron mobility and prolonging the lifetime of 
photo-generated excitons, the highest yield was achieved with BUF10/GNP0.5. This research offers valuable 
insights into charge transfer and separation processes for photo-generated excitons within the g-C3N4/α-Fe2O3 
and g-C3N4/α-Fe2O3/graphene systems in the context of light-induced hydrogen production.

1. Introduction

Hydrogen (H2) has become a major focus of global attention due to 
its potential for reducing greenhouse gas emissions and boosting the 
economy. Its high energy density has made it possible to develop 
decentralised renewable energy sources and green mobility solutions, 
which could pave the way for the future of energy transition. Photo
catalytic water splitting using a semiconductor photocatalyst is a 
promising method for producing hydrogen, as it enables solar-to- 
chemical energy conversion and offers a cost-effective alternative to 

traditional production processes such as electrolysis and oil reforming 
[1–4]. To date, various photocatalysts have been developed for water 
splitting reaction, such as TiO2, CdS, MoS2, BiVO4 and WO3 [5–10]. 
However, these photocatalysts are hindered by their limited light 
response range, and rapid recombination of photogenerated electron 
and hole pairs [11–14]. To overcome these issues, the development of 
efficient photocatalysts for enhancing the water splitting reaction is of 
the highest priority. Graphitic carbon nitride (g-C3N4), is a 
two-dimensional (2D), polymeric material, in which carbon and nitro
gen atoms are arranged in a hexagonal structure, in a fashion similar to 
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graphite, and connected by covalent bonds to form a continuous 
network, has attracted considerable interest [15–21]. The 2D g-C3N4 
sheets are linked each-other by covalent bonds, and stacked with the aid 
of van der Waals interactions between the layers, resulting in good 
thermal and chemical stability [19]. Importantly, g-C3N4 is visible light 
responsive, being its band gap of ~2.7 eV (459 nm), and permits 
water/proton reduction with a significant driving force, due to its 
negative conduction band (CB) potential [22,23]. As a result, this 
polymeric photocatalyst become extremely attractive in pollutant 
degradation, water splitting and CO2 reduction reactions [24–28]. 
However, the fast recombination of photogenerated electron and hole 
pairs result in low efficiency in photocatalytic performance, which re
stricts its practical use [29,30]. Therefore, constructing heterostructures 
by coupling g-C3N4 with another semiconductor having a suitable band 
structure is considered as a promising strategy for increasing the lifetime 
of photogenerated charge carriers, improving the charge carrier sepa
ration efficiency, and even enhancing light utilisation, therefore 
enhancing the photocatalytic performance [31–35]. Hematite 
(α-Fe2O3), an earth-abundant and environmentally benign iron oxides, is 
widely employed as a photocatalyst for pollutant removal due to its 
significant photo-oxidation power [36]. It has attracted significant in
terest for combination with g-C3N4 due to its narrow bandgap of 
approximately 2.1 eV (590 nm) and favourable band edge positions 
[37]. Besides, graphene has gained considerable interest because of its 
thermal, optical and electrical properties [38], as well as its numerous 
applications in the field of photocatalysis. A recent study revealed that a 
synergistic effect between Fe(III) species and graphene results in 
stronger light absorption, and lower charge recombination [39]. How
ever, difficulties in precise structural control between multiple compo
nents, and the nanostructural control of each component limit the 
activity of the photocatalysis, which plays a key role in the photo
catalytic efficiency in a multicomponent system [40]. Literature reports 
that the g-C3N4/α-Fe2O3/graphene system increased the photocatalytic 
performance of g-C3N4 in various applications [41–43]. Nevertheless, 
limited reports exist on the synthesis and application of the 
g-C3N4/α-Fe2O3/graphene system in hydrogen production from water 
splitting, employing a straightforward preparation method.

In this study, the surface of bulk g-C3N4 was modified with graphene 
and α-Fe2O3 by a facile synthesis followed by ultrasonication. The as- 
prepared materials were investigated in the photocatalytic hydrogen 
production from the methanol–water mixture. Thus, the effect of the 
amount of graphene and α-Fe2O3 on the yield of photocatalytic 
hydrogen generation is discussed. This study contributes to under
standing the charge transfer and separation processes within the con
structed heterojunctions, offering a rational design strategy for g-C3N4/ 
α-Fe2O3 and g-C3N4/α-Fe2O3/graphene photocatalysts applied in H2 
production and environmental remediation under UVC irradiation. 
Those results might be of use in data-driven catalysis research.

2. Materials and methods

2.1. Materials

Urea (CH4N2O, 99 %), hexanol (CH3(CH2)5OH) and iron nitrate (Fe 
(NO3)3⋅9H2O) were obtained by Sigma-Aldrich, graphene nanoplatelets 
(GNPs), dispersed in ethanol, were supplied by Graphenest. All reactants 
were used as received, without further purification

2.2. Sample preparation

Bulk g-C3N4 powder was prepared via the thermal polymerisation of 
urea [44]. In a typical process, 10 g of urea was placed in a covered 
crucible and heated in air at 550 ◦C for 4 h at a ramp rate of 10 ◦C min-1. 
The resulting yellow product was collected and ground into a powder.

Hematite (α-Fe2O3) was synthesised using a low temperature non- 
aqueous sol-gel route. 1 mmol of Fe(NO3)3⋅9H2O (0.808 g) was 

dissolved in 15 mL of anhydrous hexanol. After 30 min of stirring (so
lution clear and dissolved), the mixture was transferred into an auto
clave and heated at 180 ◦C for 36 h. The resulting precipitates were 
washed with ethanol several times, and dried in air at 60 ◦C [45].

To obtain 0.5 g of the binary g-C3N4-α-Fe2O3 heterojunction with (5 
wt% and 10 wt%) of α-Fe2O3, a suitable amount of bulk g-C3N4 and 
α-Fe2O3 were mixed, and 15 mL of ethanol were added to the mixture. 
After sonication for 1 h, the mixture was dried in air at 60 ◦C. The same 
procedure was followed to obtain the ternary g-C3N4-α-Fe2O3-GNPs 
heterojunction with (5 wt% and 10 wt%) of α-Fe2O3 and (0.5 wt% and 1 
wt%) of GNPs. The schematic representation of sample preparation is 
shown in Figure S1.

The prepared materials are referred as indicated in Table 1.

2.3. Sample characterisation

X-ray powder diffraction (XRPD) was performed to identify the 
mineralogy of the samples. Patterns were carried out at room temper
ature on a diffractometer (PANalytical X’Pert Pro, NL), equipped with a 
fast RTMS detector (PIXcel 1D, PANalytical), with Cu Ka radiation (45 
kV and 40 mA, 20–80 ◦2θ range, with a virtual step scan of 0.02 ◦2θ, and 
virtual time per step of 200 s). Morphology was revealed by high- 
resolution transmission electron microscopy (HRTEM) imaging using 
an FEI Titan 60–300 kV transmission electron microscope (TEM) 
equipped with a spherical aberration corrector (CETCOR Cs-objective 
CEOS Company) and working at 80 kV. All the specimens were 
dispersed in isopropanol using an ultrasonic bath and dropped into a 
copper grid coated with a holey carbon film. Optical spectra of the 
prepared samples were recorded on a Shimadzu UV-3100 spectrometer 
(JP), equipped with an integrating sphere, and a white reference ma
terial made of Spectralon. Diffuse reflectance spectra (DRS) were ob
tained in the UV–Vis spectral range (250–750 nm), using 0.2 nm 
resolution. The measured reflectance spectra were converted into 
pseudo-absorption spectra according to the Kubelka-Munk trans
formation [46]. The optical band gap (Eg) of the materials was calcu
lated by means of the differential approach [47], and from the converted 
DR spectra, using the Tauc procedure following direct and indirect 
transitions [48], as described in a previous report [49].

2.4. Functional properties: Hydrogen generation tests

The photocatalytic experiments were conducted in a stirred batch 
photoreactor made of stainless steel (with a volume of 348 mL). The 
reaction mixture consisted of 50 % methanol in distilled water, along 
with 0.1 g of photocatalyst. Prior to the reaction, the mixture was purged 
with helium to remove air. An 8 W Hg lamp with a peak intensity at 254 
nm wavelength (Ultra-Violet Products Inc.) was positioned on a quartz 
glass window on the top of the photoreactor as the radiation source. 
After sealing the photoreactor (with the UVC lamp on), a gas sample was 
taken via a septum using a syringe at the start of the reaction (at time 
0 h). The gas samples were analysed using a Shimadzu Tracera GC- 

Table 1 
Designation of the prepared samples.

Designation Description

BU Bulk g-C3N4 made with urea
BUF5 Modified bulk g-C3N4 made with urea and 5 wt.% α-Fe2O3

BUF10 Modified bulk g-C3N4 made with urea and 10 wt.% α-Fe2O3

BUF5/GNP0.5 Modified bulk g-C3N4 made with urea and 5 wt.% α-Fe2O3/ 0.5 wt. 
% GNPs

BUF5/GNP1 Modified bulk g-C3N4 made with urea and 5 wt.% α-Fe2O3/ 1 wt.% 
GNPs

BUF10/ 
GNP0.5

Modified bulk g-C3N4 made with urea and 10 wt.% α-Fe2O3/ 0.5 
wt.% GNPs

BUF10/GNP1 Modified bulk g-C3N4 made with urea and 10 wt.% α-Fe2O3/ 1 wt. 
% GNPs
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2010Plus gas chromatograph equipped with a barrier discharge ioni
zation detector (GC/BID). The reaction mixture underwent irradiation, 
and gas samples were collected after 1, 2, 3, and 4 h for further analysis. 
The provided results represent the average of three tests, ensuring a high 
degree of reproducibility across all measurements. This underscores the 
reliability of the observed activity in the samples.

3. Results and discussion

3.1. XRPD and morphological analysis

The XRPD patterns of the as-prepared samples are displayed in 
Fig. 1a-b. Those of pure g-C3N4, pure α-Fe2O3 and g-C3N4- α-Fe2O3 
heterojunction (BU, α-Fe2O3, BUF5, BUF10, respectively) are shown in 
Fig. 1a. The two distinct characteristic peaks of pure hexagonal g-C3N4 
are well featured according to JCPDS N◦87–1526. The weak peak at 
around 2Θ = 13◦, that corresponds to the reflection (100) is related to 
the repeated tri-s-thiazine units, the stronger peak at around 2Θ = 27.5◦

which corresponds to the basal reflection (002) is attributed to the 
interlayer graphitic like structure [50,51]. Hematite confirms to crys
tallise in the standard hexagonal phase as reported in JCPDS N◦33–0664 
[52]. The presence of strong and sharp diffraction peaks indicates that 
the sample is highly crystalline. Reflections of both bulk g-C3N4 and 
α-Fe2O3 can be found in the modified binary compound (BUF5 and 
BUF10, respectively), which is an indication of its successful synthesis.

Fig. 1b displays XRPD patterns of bulk g-C3N4 modified with both 
hematite and graphene (i.e., specimens: BUF5/GNP0.5, BUF5/GNP1, 
BUF10/GNP0.5, BUF10/GNP1, respectively). All peaks in the diffraction 
patterns are successfully indexed for the ternary compound, except for 
the one corresponding to graphene This discrepancy may be attributed 
to the small quantity of graphene utilised in the composite, and similar 
outcomes are documented in the literature [39]. Fig. 2a-d show TEM and 
high magnification TEM (HRTEM) images of BU and BUF10/GNP1. In 
Fig. 2a g-C3N4 (BU) exhibits a sheet-like morphology, the grey contrast is 
related to different sheet thicknesses. Fig. 2c presents TEM images of 
modified g-C3N4 with hematite (10 Wt%) and graphene 1 % named 
(BUF10-GNP1). It is evident that α-Fe2O3 NPs were uniformly distrib
uted on the surface of g-C3N4, confirming the successful synthesis of our 
compound. However, the presence of graphene is not clearly visible in 
the images. The challenge arises from the fact that both g-C3N4 and 
graphene are nanosheets, making their distinction challenging [53]. 
Fig. 2b,d correspond to high magnification TEM micrographs taken in 
the same area. Although fast Fourier transform (FFT) patterns (insets in 

Fig. 2b,d) indicate local structural order in pure and modified g-C3N4 
specimens, their overall appearance is mostly amorphous, as shown by 
the contrast in Fig. 2b,d. The EDX and electron energy loss spectra 
(EELS) data analyses are depicted in Figure S2 and S3. In Figure S2a, it is 
discerned that bulk g-C3N4 exhibits, in addition to carbon and nitrogen, 
trace amounts of silicon, attributed to likely impurities in the raw ma
terial. The EEL spectrum, Figure S2b, manifests pronounced C K-edge 
and N K-edge peaks, indicative of the presence of sp2-hybridised carbon 
and nitrogen atoms [54]. This observation is further confirmed by the 
visible 1 s→π* transition for both elements [55]. The calculated C/N 
ratio from EELS, found to be 0.69, closely aligns with the reported value 
for bulk g-C3N4 in the literature (0.71) [56]. Similar analytical consid
erations apply to sample BUF10/GNP1, as illustrated in Figure S3, with 
the additional presence of iron and oxygen assigned to the Fe2O3 
nanocrystals in the system. It must be noted that it was not possible to 
acquire EELS spectra on the Fe2O3 nanocrystals because of their exces
sive thickness.

3.2. Optical properties

UV–vis diffuse reflectance spectroscopy (Fig. 3a-d) was employed to 
examine the optical absorption properties of the prepared specimens, a 
critical factor influencing photocatalytic activity. As illustrated in 
Fig. 3a,b, pure g-C3N4 and hematite exhibit absorption edges at around 
459 nm, and 589 nm, respectively. In the hematite spectrum (Fig. 3b), 
absorptions near 430 nm, corresponding to the 6A1→4E ligand field 
transitions of Fe3+, and the feature at around 550–600 nm, assigned to 
the 6A1+

6A1→4T1(4G)+4T1(4G) excitation of an Fe− Fe pair, are notice
able [57].

A decrease in reflectance can be noticed in the modified binary and 
ternary specimens, with α-Fe2O3 and α-Fe2O3/graphene (Fig. 3c-d). This 
is due to the change in colour from yellowish (pure g-C3N4) to a darker 
hue, resulting from the addition of graphene and hematite to the system 
[58]. In addition, the spectra exhibit the two distinct absorbance stages, 
corresponding to the optical absorbance of g-C3N4 and hematite [59].

The Eg of the samples were estimated from DR spectra using the Tauc 
plot, considering both indirect and direct interband transitions [60–62], 
and the differential reflectance method [63]; they are listed in Table 2. 
The reported Eg of pure g-C3N4 and pure α-Fe2O3 are ~2.7 eV (459 nm) 
and ~2.1 eV (589 nm) respectively [64,65], which are in accordance 
with the calculated indirect interband transition for g-C3N4, and direct 
interband transition for α-Fe2O3. Therefore, in this study, an indirect 
transition seems to be more appropriate for pure g-C3N4, whilst a direct 

Fig. 1. a) XRPD patterns of bulk g-C3N4, hematite (α-Fe2O3), modified bulk g-C3N4 with hematite (5 and 10 wt%), named: BU, α-Fe2O3, BUF5, BUF10, respectively. 
b) XRPD patterns of modified bulk g-C3N4 with hematite and graphene 5 wt% of hematite with (0.5 and 1 wt%) of graphene and 10 wt% of hematite with (0.5 and 1 
wt%) of graphene, named BUF5/GNP0.5, BUF5/GNP1, BUF10/GNP0.5, BUF10/GNP1, respectively.
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transition suits well for pure α-Fe2O3. However, it has to be stressed that 
one of the limitations of the absorption function method is that it 
consider the analysed specimen to be composed of one single Eg, which 
is different from the modified g-C3N4 (binary and ternary compound 
with α-Fe2O3 and α-Fe2O3/graphene), hence, in this particular case, it is 
preferable to use the differential reflectance method to estimate the Eg 
[66].

4. Photocatalytic induced H2-production

The results of photocatalytic hydrogen production are illustrated in 
Fig. 4a-b, demonstrating the dependence of H2 yields from the decom
position of a methanol-water mixture during 4 h of irradiation time. A 
notable influence of hematite content on the photocatalytic activity of g- 
C3N4 is observed. The highest amount of H2 is generated with unmod
ified g-C3N4. The photocatalysts follow this order: BU > BUF10/GNP0.5 
> BUF10/GNP1 > BUF5/GNP0.5 > BUF5/GNP1 > BUF10 > BUF5. In 

comparison to the g-C3N4/α-Fe2O3 binary compounds, ternary α-Fe2O3/ 
graphene-modified compounds exhibit enhanced photocatalytic per
formance. The impact of hematite and graphene amounts on g-C3N4 
photocatalytic hydrogen generation is depicted in Fig. 5 (a-b) for all of 
the investigated photocatalysts. Moreover, the materials exhibit high 
photocatalytic performance in comparison to other 2D g-C3N4-based 
heterostructure photocatalysts reported in the literature, as shown in 
Table S1. However, it is important to note that a direct like-with-like 
comparison may pose challenges due, for instance, to variations in the 
total irradiated area of the reactor, radiant flux reaching the reactor, and 
the total volume of the reactor among different studies. To address this, 
the data are not only reported in terms of H2 generation rate, but also as 
apparent quantum efficiency.

To elucidate the reaction mechanisms of the photocatalysts, the 
positions of the conduction and valence bands play a crucial role. These 
values enable the construction of a schematic diagram depicting the 
photo-generated electron-hole separation process. At this aim, at the 

Fig. 2. Low-magnification TEM and HRTEM images of (a-b) bulk g-C3N4 (c -d). Modified g-C3N4 with hematite and graphene (10 wt% of hematite with 1 wt% of 
graphene), BUF10/GNP1.
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point of zero charge, the CB edge (ECB) and the VB edge (EVB) of a 
semiconductor can be calculated using these equations [67,68]: 

ECB = c − Ee − 0.5Eg (1) 

EVB = ECB + Eg (2) 

Where ECB and EVB are the conduction band and valence band edge 
potential respectively. χ is the absolute electronegativity of a given 
semiconductor; Ee is the energy of the free electrons (4.5 eV) [69]; Eg is 

the band gap energy of the semiconductor. The value for the working 
function (WF) of graphene is (− 4.5 eV) [70]. The χ values for g-C3N4 and 
α-Fe2O3 are 4.73 and 5.87 eV, respectively [71,72]. ENHE (NHE = normal 
hydrogen electrode) is related to EAVS (AVS = absolute vacuum scale) as 
follows [73]: 

EAVS = ENHE − Ee (3) 

The positions of the semiconductor’s electronic band edge concern
ing the oxidation/reduction potential levels of water are crucial for 

Fig. 3. UV–VIS diffuse reflectance spectra of a) bulk g-C3N4 b) α-Fe2O3 c) modified bulk g-C3N4 with hematite (5 and 10 wt%) d) modified bulk g-C3N4 with hematite 
and graphene 5 wt% of hematite with (0.5 and 1 wt%) of graphene and 10 wt% of hematite with (0.5 and 1 wt%) of graphene, and Tauc plots of a) bulk g-C3N4 and 
b) α-Fe2O3.

Table 2 
Apparent optical Eg, estimated using the Tauc plot procedure for direct and indirect transitions, and the differential reflectance method (dR/dλ).

Sample Apparent optical Eg

Tauc Plot dR/dλ

Indirect Direct

eV nm eV nm eV nm

BU 2.74 453 3.00 413 2.89 429
α-Fe2O3 1.61 770 2.02 614 2.10 589
​ ​ ​ ​ ​ g-C3N4 α-Fe2O3 g-C3N4 α-Fe2O3

BUF5 2.70 459 3.06 405 3.00 2.14 413 579
BUF10 2.53 490 3.02 410 3.04 2.17 407 571
BUF5/GNP0.5 2.79 444 3.08 402 3.04 2.21 407 561
BUF5/GNP1 2.77 447 3.07 403 3.00 2.20 413 563
BUF10/GNP0.5 2.79 444 3.06 405 3.05 2.14 406 579
BUF10/GNP1 2.80 442 3.07 403 3.08 2.14 402 579
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determining the feasibility of photocatalytic H2 generation. Therefore, 
the CB bottom must be more negative than the reduction band bottom 
(H+/H2), while the VB top must be more positive than the oxidation 
band bottom (H2O/O2) (Fig. 6) [74].

In our case, the highest hydrogen yields in modified specimens were 
observed in BUF10/GNP0.5 and BUF10/GNP1 (after 4 h of irradiation: 
1009 µmol/gcat, and 1006 µmol/gcat, respectively). Nevertheless, this 
yield remains lower than that of pure g-C3N4. We have previously 
demonstrated that the formation of a Schottky barrier at the interface of 
the binary g-C3N4/graphene system does occur. However, it has been 
observed that the electrons confined within the graphene trap lack the 
requisite potential to effectively reduce H+ to hydrogen, resulting in a 
reduction of hydrogen production [49]. In light of the outcomes ob
tained from the photocatalytic hydrogen generation experiments 
involving the binary g-C3N4/α-Fe2O3 compounds, and considering the 
relative positions of their conduction bands and the hydrogen redox 
potential, we propose a mechanism based on a type-II heterojunction, as 
illustrated in Fig. 7 [49]. This proposed mechanism offers insights into 
the enhanced efficiency of hydrogen production in the g-C3N4/α-Fe2O3 
system compared to the g-C3N4/graphene system, where the Schottky 
barrier impedes the electron transfer needed for effective reduction of 
H+. According to this, excited holes in the VB of α-Fe2O3 transfer to the 
VB of g-C3N4, while electrons in the CB of g-C3N4 transfer to the CB of 
α-Fe2O3. The photogenerated electrons in the CB of g-C3N4 are trapped 

in the conduction band of α-Fe2O3, likely leading to a decrease in 
reduction capacity. Holes in the VB of α-Fe2O3 migrate to the VB of 
g-C3N4, where the oxidation capacity is reduced. Consequently, the 
g-C3N4/ α-Fe2O3 system is limited by inefficient interfacial charge 
transfer processes under UV irradiation. Indeed, exciton trapping, 
recombination, and interfacial transfer hinder the photocatalytic activ
ity [75]. While our current dataset limits us to speculation, a recently 
published review paper highlights the low solar-to-hydrogen efficiency 
of hematite, attributing it to rapid exciton recombination and limited 
hole mobility [76].

On the other hand, when graphene is included in the system (i.e. the 
graphene/g-C3N4/hematite configuration), proves itself advantageous 
for hydrogen production. Graphene, positioned more favourably for 
hydrogen generation compared to α-Fe2O3, facilitates enhanced electron 
transfer from g-C3N4 to α-Fe2O3, as illustrated in Fig. 6. In this study, the 
introduction of graphene markedly enhances the photocatalytic activity 
of the g-C3N4/α-Fe2O3 binary system. However, despite this improve
ment, the overall activity of both the binary and ternary systems remains 
lower than that of g-C3N4 alone, which exhibits higher activity in pho
tocatalytic H2 generation. While negative results are often considered as 
less impactful than positive outcomes in the utilitarian point-of-view of 
scientific research, such challenges are pervasive in catalysis and ma
terials science. Addressing this issue has become a significant hurdle in 
data-driven research. Consequently, with the increasing prevalence of 

Fig. 4. H2 production over 4 h of irradiation from the decomposition of a methanol-water mixture, depicted as a function of time for the studied materials.

Fig. 5. a) Rate of hydrogen production, b) Apparent quantum efficiency, in the presence of examined photocatalysts after 4 h of illumination.
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data-driven methodologies, the significance of incorporating negative 
results for robust machine learning is rapidly gaining recognition [77].

Finally, as commonly recognised, the assessment of photocatalyst 
reusability is as a pivotal criterion in evaluating photocatalytic mate
rials. Each test conducted for every photocatalyst utilised the same 
batch, ensuring consistent use of both the photocatalyst and the meth
anol–water solution throughout the experiments. To ensure reproduc
ibility, each experiment was repeated a minimum of three times. 
Therefore, as shown in Figure S4, we can confidently assert that the 
prepared materials demonstrate stability and reusability, at least within 
the short-term perspective.

5. Conclusion

The impact of α-Fe2O3 and graphene content on g-C3N4 in photo
catalytic H2 generation under UVC irradiation has been investigated. 
The highest H2 generation yield was observed with pure g-C3N4, while 
the addition of hematite decreased the photocatalytic activity’s effi
ciency. This decrease can be attributed to the formation of a type-II 
heterojunction between α-Fe2O3 and g-C3N4, where photogenerated 
electrons from g-C3N4 are transferred to the conduction band of α-Fe2O3, 
resulting in a reduction in the system’s overall reduction capacity.

However, the introduction of graphene into the binary system (g- 

Fig. 6. Band edge positions of g-C3N4 and α-Fe2O3.

Fig. 7. Proposed mechanism for spatial charge carrier separation in g-C3N4 /α-Fe2O3/graphene (with UV excitation).
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C3N4/α-Fe2O3) improved H2 production, with the highest yield achieved 
in BUF10/GNP0.5. This finding suggests that graphene positively in
fluences the charge transfer and separation mechanisms in the g-C3N4/ 
α-Fe2O3 and g-C3N4/α-Fe2O3/graphene heterojunctions. While those 
data might be perceived as “negative results”, these insights contribute to 
a better understanding of the processes underlying hydrogen generation 
through water splitting, possibly playing a key-role in data driven 
catalysis approaches.
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Edelmannová: Writing – review & editing, Writing – original draft, 
Validation, Investigation, Formal analysis. Mohamed Karmaoui: Vali
dation, Methodology. Ahmed Bekka: Validation, Methodology. Clar
isse Furgeaud: Writing – review & editing, Visualization, Validation, 
Project administration, Funding acquisition. Chakib Alaoui: Visuali
zation, Formal analysis. Imene kadi Allah: Visualization, Methodology. 
Bruno Figueiredo: Resources. J.A. Labrincha: Writing – review & 
editing, Visualization, Validation, Project administration, Funding 
acquisition. Raul Arenal: Writing – review & editing, Visualization, 
Validation, Investigation, Funding acquisition. Kamila Koci: Writing – 
review & editing, Writing – original draft, Visualization, Methodology, 
Investigation, Funding acquisition. David Maria Tobaldi: Writing – 
review & editing, Writing – original draft, Visualization, Validation, 
Supervision, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

We would like to express our gratitude to the Algerian Ministry of 
Higher Education and Scientific Research for funding Wassila Touati’s 
visit to the University of Aveiro, through the National Exceptional 
Scholarship Program (PNE). R.A. gratefully acknowledges the support 
from the Spanish MICIU (PID2023-151080NB-I00/AEI/10.13039/ 
501100011033 and CEX2023-001286-S MICIU/AEI /10.13039/ 
501100011033) and by the DGA project E13-23R. The TEM studies were 
conducted at the Laboratorio de Microscopias Avanzadas, Universidad 
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