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Zehra Durmus a,*, Roberto Köferstein b, Titus Lindenberg a, Florian Lehmann c, 
Dariush Hinderberger c, A. Wouter Maijenburg a,** 

a Centre for Innovation Competence (ZIK) SiLi-nano®, Institute of Chemistry, Martin Luther University Halle-Wittenberg, 06120, Halle (Saale), Germany 
b Inorganic Chemistry, Institute of Chemistry, Martin Luther University Halle-Wittenberg, 06120, Halle (Saale), Germany 
c Physical Chemistry, Institute of Chemistry, Martin Luther University Halle-Wittenberg, 06120, Halle (Saale), Germany   

A R T I C L E  I N F O   

Handling Editor: Dr P. Vincenzini  

Keywords: 
Photocatalytic 
Graphitic carbon nitride (g-C3N4) 
Metal-organic framework (MOF) 
Methylene blue 
Dye degradation 
Ce-BTC 
Ce(1,3,5-BTC)(H2O)6 

A B S T R A C T   

In this study, unique hybrid structures were constructed between a Ce-based metal-organic framework (Ce-MOF) 
and graphitic carbon nitride (g-C3N4) materials. In addition, the g-C3N4 materials used for these heterostructures 
were prepared by 昀椀ve different methods, namely the conventional pyrolysis method, chemical exfoliation by a 
strong acid, activation by an alkaline hydrothermal treatment, melamine-cyanuric acid supramolecular assembly 
with a mechanochemical method, and by the solvothermally pre-treated method. The structural and morpho-
logical properties of the resulting g-C3N4 sheets and their composites were characterized using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectrometry (FTIR), thermogravimetric 
analysis-derivative thermogravimetry (TGA-DTG), diffuse re昀氀ectance UV–vis spectroscopy (UV–vis DRS) and N2 
sorption-desorption isotherms (BET). Finally, the photocatalytic performance of the composites was determined 
by following the photocatalytic degradation of methylene blue (MB) in an aqueous solution under UV–visible 
light irradiation. It was found that the photocatalytic ef昀椀ciency of the Ce-MOF/g-C3N4‒TS composite was 
signi昀椀cantly higher than that of their counterparts (Ce-MOF or g-C3N4‒TS) for the photocatalytic degradation of 
MB. When employing the composite, UV light-induced degradation of MB yielded an ef昀椀ciency of 96.5% after 
120 min for a dye solution containing 10 mg/L MB. This corresponds to a 5-fold or 2-fold improvement of the 
rate constant (k) when compared to the Ce-MOF or g-C3N4, respectively.   

1. Introduction 

The phenomena of global warming and greenhouse gas emissions as 
a result of the consumption of fossil-based energy sources and an 
increasing energy demand are among the most urgent problems 
emerging with modern technology. Sustainable, renewable and green 
solutions for the global energy supply will de昀椀nitely reduce the envi-
ronmental, ecological, social and economic side-effects of the current 
energy crisis. Solar energy is one of the alternative and emerging energy 
sources, which promises many advantages, such as renewable energy 
conversion and environmental pollution rehabilitation [1,2]. Many 
materials are being used for ef昀椀ciently converting solar energy to elec-
tricity (in the form of photovoltaic devices or solar cells), but these 
systems are integrated by too many components, which makes them 
very costly. In addition, the intermittent nature of solar light hitting the 

earth requires new ways of storing solar energy for later use. To 
circumvent these disadvantages, photocatalysts can be considered as the 
heart of the next-generation systems for directly converting solar light 
into value-added solar fuels using a much simpler and cost-ef昀椀cient 
system when compared to photovoltaic devices. 

In particular, porous crystalline metal-organic frameworks (MOFs) 
synthesized from the coordination of metal nodes and organic bridging 
ligands are being investigated with increasing interest by researchers for 
their photocatalytic ef昀椀ciency. Metal-organic frameworks (MOFs), 
which are commonly used as functional materials in many applications, 
such as gas separation [3], medicine [4], catalysis [5], sensors [6] and 
heat exchange [7], have also been employed in photocatalytic processes 
in recent years [8–10]. It has been suggested that MOFs exhibit a high 
potential in photocatalytic technologies due to their superior structural 
advantages, such as crystallinity [11], high porosity [12], structural 
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tunability [13] and diversi昀椀ed compound structure [14] when 
compared to conventional semiconductors. The application perfor-
mance of different variations of MOFs depends on the selection and 
properties of the metal ion and the linker molecules used for the MOF 
synthesis. For instance, lanthanide ions are widely used in MOF struc-
tures, mainly due to their luminescence properties [15]. Furthermore, 
the maximum coordination numbers and 昀氀exible structural geometries 
of lanthanide ions, and the lanthanide contraction effect, create signif-
icant differences in the structural diversity of lanthanide (Ln)-based 
MOF structures [16,17]. In addition, Ln-based MOFs possess excep-
tionally high anisotropic magnetic moments due to the large number of 
different spins that are possible and a strong spin-orbit coupling [18]. All 
of these features make Ln-based MOFs very different from transition 
metal-based MOFs. Also the usage of aromatic carboxylate coordination 
compounds signi昀椀cantly contributes to the enhanced optical, magnetic 
and catalytic properties of this MOF family, due to their strong coordi-
nation capabilities and extended conjugation systems with multidentate 
structures. 

Cerium (Ce), a member of the lanthanide family, possesses two main 
oxidation states. Diamagnetic Ce(IV) is a strong oxidant and is widely 
used in different catalyst structures [19,20]. It interacts well with many 
organic compounds [21,22], leading to Ce(III) compounds. Para-
magnetic Ce(III) leads to compounds with unique magnetic [23,24] and 
luminescent features [25,26], which can be used for the synthesis of 
materials displaying magnetic ordering [27] or scintillation properties 
[28]. 

Besides these advantages and superior properties, MOFs also have 
some restrictions that limit their use in photocatalytic applications, such 
as low conductivity and stability, and large electron-hole pair recom-
bination [29]. Therefore, various strategies should be applied to 
improve the photocatalytic application potential of these materials, such 
as the formation of a heterojunction with a narrow band gap semi-
conductor, the insertion of an amino group in the organic linker and/or 
the introduction of a MOF backbone [30]. As a promising semiconductor 
for the formation of a heterojunction, two-dimensional (2D) materials 
have received considerable attention for the development of more ef昀椀-
cient photocatalysts with a high charge-carrier mobility coupled with a 
high current stability, thermal stability and conductivity [31]. 2D ma-
terials could be classi昀椀ed as a group of materials having layered struc-
tures including many organic, inorganic and hybrid materials, such as 
graphene, graphite, graphitic carbon nitride (g-C3N4), speci昀椀c transition 
metal oxides, transition-metal-dichalcogenides (TMDs, such as MoS2, 
TiS2, TaS2, WS2, MoSe2 and WSe2) and other semiconductors [32–34]. 
What makes 2D photocatalysts different from other materials is their 
superior physical and chemical properties provided by their layered 
structure with a high speci昀椀c surface area, which results from in-plane 
chemical bonds and van der Waals forces between the layers [32,35]. 

Particularly, g–C3N4–based photocatalysts have gained a consider-
able scienti昀椀c and technical attention since Wang and coworkers 昀椀rst 
discovered the photocatalytic H2 and O2 evolution over g-C3N4 in 2009 
[36]. g-C3N4 is composed of C and N atoms and can be easily produced 
with low-cost synthesis strategies. Its superior structural and physical 
properties, such as unique electric, optical, structural and physi-
ochemical properties, make g–C3N4–based materials a new class of 
multifunctional nanoplatforms that can be used in different applica-
tions, for instance in different electronic, catalytic and energy applica-
tions. g-C3N4 is a metal-free photocatalyst with a band gap of 2.67 eV; 
herein, the conduction band minimum (CB) and the valence band 
maximum (VB) are located at approximately −1.42 V and 1.25 V vs. 
Ag/AgCl (pH 6.6), respectively [37]. In addition, g-C3N4 also possesses 
advantages of biocompatibility and non-toxicity. 

g-C3N4 also has a few structural disadvantages that could limit its 
utilization in photocatalytic processes, such as fast recombination of 
electron–hole pairs, poor visible light absorption, its relatively small 
speci昀椀c surface area when compared to other 2D materials, low intrinsic 
quantum ef昀椀ciency and its inferior conductivity due to the presence of 

structural defects [38,39]. To overcome these inherent disadvantages, 
several functionalization routes for the modi昀椀cation of g-C3N4 have 
been suggested, including the regulation of the structural and electronic 
con昀椀guration of g-C3N4 and surface functionalization [40,41]. 
Furthermore, it is a well-known fact that heterogeneous photocatalytic 
reactions occur on the surface of photocatalyts, so therefore, various 
exfoliation and surface functionalization approaches have also been 
considered as effective strategies for enhancing the surface area of 
g-C3N4 [42–45]. 

Considering all these advantages and disadvantages related to the 
photocatalytic activities and the application potentials of both g-C3N4 
and MOF-based materials, many researchers attempted to build heter-
ojunctions or prepare composites by combining these materials in order 
to overcome the drawbacks and superimpose the advantages of these 
materials [46]. For instance, the MOF/g-C3N4 heterojunction can pro-
vide an enhanced surface area and separation of electron-hole pairs 
[38]. This heterojunction also enlarges the window of visible solar light 
absorption by providing a massive π-conjugated interaction between the 
aromatic ring of the MOF structure and the triazine rings of g-C3N4 [47]. 
This interaction is advantageous for an adequate electrostatic interac-
tion at the surface, which supports the easy transfer of photo-generated 
charges through the heterojunction [48] in order to facilitate the so-
phisticated oxidation-reduction (redox) processes in which highly active 
radical species, such as hydroxyl (⋅OH) and superoxide anion (O2- ) rad-
icals, are formed. These radicals can then be used for the removal of 
organic pollutants, such as dyes, pharmaceuticals and pesticides, from 
various mediums using different methods [49,50]. The potential of the 
semiconductor-accommodated photocatalytic process is superior in 
water remediation due to advantages like chemical and photostability, 
synergistic oxidation power and superhydrophilicity [51–55]. The 
strong oxidant produced during these photocatalytic reactions can 
directly oxidize a compound in the medium or react with electron do-
nors, such as water or hydroxide ions, to form hydroxyl radicals that 
react with the respective contaminants; often this reaction results in the 
desirable complete degradation of most known contaminants. 

In this study, 昀椀ve different g-C3N4 structures were prepared by 
different synthesis methods, namely conventional synthesis, chemical 
exfoliation by a strong acid [56], activation by an alkaline hydrothermal 
treatment [57], melamine-cyanuric acid supramolecular assembly with 
a mechanochemical method [58,59] and melamine-cyanuric acid 
hydrogen-bonded supramolecular assembly by the solvothermally 
pre-treated method [60]. Various analytical techniques were applied to 
determine the structural and morphological distinctions between the 
physical and chemical characteristics among these g-C3N4 structures. 
Furthermore, Ce-MOF was in-situ synthesized by a hydrothermal reac-
tion with and without g-C3N4, and the resulting composite structures 
were also fully characterized. Subsequently, the Ce-MOF/g-C3N4 het-
erostructure with the highest surface area and the lowest band gap was 
used as a photocatalyst for UV-light induced degradation of methylene 
blue (MB) in an aqueous solution to evaluate the photocatalytic per-
formance of the composite structure. It should be noted here that we 
tested our photocatalysts under UV-light, because it has been reported 
that the band gap energy of MOFs is relatively high and therefore only a 
small portion of the solar spectrum can be absorbed by these materials, 
leading to their inability to provide a high catalytic ef昀椀ciency under 
visible light [61]. On the other hand, it is also known that the photo-
catalytic ef昀椀ciency of g-C3N4 is relatively low under visible light irra-
diation due to the high recombination rate of photogenerated electrons 
and holes. Structural and electronic interactions between MOF-type 
materials and g-C3N4 might reduce the band gap of their composites, 
but as the photocatalytic activity of such composite catalysts depends on 
many structural and experimental parameters, studies with visible light 
generally yield low catalytic ef昀椀ciencies. Therefore, UV irradiation was 
preferred in this study to more precisely detect the catalytic activity of 
the composite structure compared to its counterparts. 
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2. Experimental details 

2.1. Synthesis 

2.1.1. Preparation of graphitic carbon nitride (g-C3N4) 
g-C3N4 was prepared by the conventional pyrolysis of melamine. For 

this, melamine was heated to 550 ◦C in a muf昀氀e furnace (Carbolite P 
310) with a heating rate of 2 ◦C min−1 and kept at this temperature for 4 
h. Afterwards, the resulting yellow bulk g-C3N4 was grounded into a 
powder. 

Protonated carbon nitride (g-C3N4–P) was synthesized according to a 
previous report [62]. For this, a proper amount of melamine was 
dispersed into a diluted H2SO4 solution and stirred. Then, the suspension 
was placed into a Te昀氀on-lined stainless-steel autoclave, which was 
heated to 180 ◦C and kept at this temperature for 12 h. Then, the 
acid-treated melamine precursor was cooled to room temperature and 
washed repeatedly with distilled water and ethanol. After drying at 
80 ◦C for 12 h, the pale yellow g–C3N4–P powder was obtained by the 
same thermal procedure as de昀椀ned above. 

Ammonium-based carbon nitride (g-C3N4–N) was prepared by the 
mixing of melamine with ammonium chloride (1:5 w/w), after which 
the same thermal procedure as de昀椀ne above was applied. The resulting 
sample was a yellow powder. 

Mechanically treated carbon nitride (g-C3N4-TM) was prepared by 
manually grinding melamine and cyanuric acid (with a molar ratio of 
1:1) in a mortar for 30 min. Then, this mixture was exposed to the same 
thermal procedure as mentioned above, but this time in an Ar atmo-
sphere. A pale-yellow product was obtained and denoted as g–C3N4–TM. 

Solvothermally treated carbon nitride (g-C3N4-TS) was prepared by 
separately dissolving equal molar amounts of cyanuric acid and mel-
amine into dimethyl sulfoxide (DMSO), which were vigorously stirred 
overnight at room temperature. Then, the solution containing cyanuric 
acid was added dropwise into the solution containing melamine and 
stirred afterwards for 8 h at room temperature. Then, the obtained white 
suspension was transferred to a Te昀氀on-lined stainless-steel autoclave 
and heated to 180 ◦C and kept at this temperature overnight. The white 
precursor was centrifuged, washed repeatedly with distilled water and 
ethanol, and then dried at 120 ◦C for 8 h. Afterwards, this mixture was 
exposed to the same thermal procedure under Ar atmosphere as 
mentioned above and a pale-yellow product was obtained. 

2.1.2. Preparation of Ce-MOF 
Ce-BTC was prepared at low temperature in an aqueous solution as 

reported in the literature [39,40]. In short, an aqueous solution con-
taining 10 mmol/L Ce(NO3)3⋅6H2O and a water-ethanol mixture (v/v =
1:1) containing 10 mmol/L 1,3,5-benzenetricarboxylic acid (H3BTC) 
were mixed and separated into two solutions. Both of these solutions 
were heated for 1 h in a water bath at 60 ◦C; one of these solutions 
without stirring (in order to obtain a straw sheaf-like architecture) and 
the other solution with stirring (in order to obtain a rod-like architec-
ture). In both cases, the 昀椀nal products formed white precipitates, which 
were washed repeatedly with ultrapure water and ethanol, and then 
dried in a vacuum oven at 60 ◦C for 12 h. 

2.1.3. Preparation of Ce-MOF/g-C3N4 composites 
The Ce-MOF/g-C3N4 composites were prepared by the in-situ depo-

sition of Ce-MOF nanoparticles onto the different g-C3N4 samples using 
the same procedure for the preparation of Ce-MOF with stirring, but in 
the presence of the pre-prepared g-C3N4 materials. The composite 
samples were denoted as Ce–CN, Ce–CN–P, Ce–CN–N, Ce–CN-TS and 
Ce–CN-TM as given Table 1. 

2.2. Characterization studies 

The chemical composition of all powders was determined by an X- 
ray diffractometer (XRD, Bruker D8 Advance, Cu-Kα, λ = 0.15406 nm, 

40 kV, 40 mA) in the 2θ range of 5◦

–70◦ with a constant shutter speed, a 
time step of 0.5 s and a step size of ca. 0.01◦. The software DiffracPlus 
EVA.Bruker was used for data evaluation and background correction. 

Chemical characterization of the functional groups in the samples 
was obtained with a Fourier transform infrared (FTIR) spectrometer 
(Tensor 27, Bruker Co.) equipped with a diamond-ATR unit in the 
wavenumber range of 4000–250 cm−1. 

The morphology of the samples was investigated by a scanning 
electron microscope (SEM, Carl Zeiss Merlin). 

The speci昀椀c surface area was determined using nitrogen 昀椀ve-point 
Brunauer-Emmett-Teller (BET) method (Nova 1000, Quantachrome 
Corporation). 

The UV–vis diffuse re昀氀ection spectrum (DRS) of the samples was 
recorded by a UV–Vis diffuse re昀氀ectance spectrometer (Agilent, Cary 
60) in the wavelength range of 200–800 nm BaSO4 was used as the 
substrate and the obtained re昀氀ectance spectra were converted to 
absorbance spectra by the Kubelka–Munk method. 

Thermal properties of the samples were obtained by thermal gravi-
metric analysis -derivative thermogravimetry (TGA-DTG) measure-
ments in 昀氀owing air with a heating rate of 10 K/min using a Netzsch 
Jupiter STA 449F5. 

Elemental analysis was also performed to determine the chemical 
composition of the samples using of the elements CHNS–O Analyzer (EA 
3000). 

The continuous-wave electron paramagnetic resonance (CW EPR) 
analysis was achieved using a Bruker A300-10/12 spectrometer at room 
temperature. All EPR spectra were measured using a Miniscope MS 5000 
(Magnettech GmbH, Berlin, and Freiberg Instruments, Freiberg, Ger-
many), an MS 5000 temperature controller (Magnettech GmbH, Berlin, 
Germany) and Freiberg Instruments software. The samples were directly 
exposed to light inside the EPR spectrometer using a 昀椀ber-coupled multi- 
wavelength LED light source (Prizmatix Ltd., Cholon, Israel). The EPR 
spectra were integrated to obtain the microwave absorption spectra. The 
baseline around the signal was 昀椀tted with a 4th-order polynomial t. 
Then, the double integral (DI) was calculated from the baseline- 
corrected microwave absorption spectra. Each DI had an allocated 
value for irradiation time. Since one measurement took 10 min and the 
sample showed a small structural change during irradiation, this time 
value is the average of starting point and end point of the measurement. 

Dye degradation experiments were performed to compare the pho-
tocatalytic performances of Ce-MOF, g-C3N4 and a Ce-MOF/g-C3N4 
composite in the UV-light driven degradation of methylene blue (MB). 
For this, 25 mg of the respective catalyst was dispersed in 100 mL of an 
aqueous solution containing 10 mg/L MB. This catalyst-suspended dye 
solution was 昀椀rst stirred at 250 rpm for 30 min in the dark to allow the 
physical adsorption of dye molecules onto the catalyst surface. Then, the 
solution was stirred under UV light for 120 min. At speci昀椀c intervals 
(after 10, 20, 30, 45, 60, 75, 90 and 120 min), 2 mL of the sample was 
taken from the mixture and quickly centrifuged at 10,000 rpm for 1 min. 
Finally, the concentration of the remaining dye in the solution was 
determined by scanning the supernatant in the wavelength range of 

Table 1 
Nomenclature of g-C3N4 and Ce-MOF/g-C3N4 composites synthesized by 
different methods.  

Samples Composites Precursor Pre-treatment Post- 
treatment 

g-C3N4 Ce–CN melamine – – 

g–C3N4–P Ce–CN–P melamine – H2SO4 
g–C3N4–N Ce–CN–N melamine NH4Cl – 

g–C3N4–TM Ce–CN–TM melamine +
CYA 

grinding – 

g–C3N4–TS Ce–CN–TS melamine +
CYA 

mixing in 
DMSO 

– 

g-C3N4: graphitic carbon nitride, Ce: Ce-MOF, CYA: cyanuric acid. 
NH4Cl: ammonium chloride, DMSO: dimethyl sulfoxide, H2SO4: sulfuric acid. 
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200–800 nm with the UV–vis spectrophotometer and by following the 
characteristic peak of MB at 665 nm at various intervals. 

The regeneration of the hybrid Ce-MOF/g-C3N4 catalyst was inves-
tigated by a typical reusability test [63]. For this, 25 mg of 
Ce-MOF/g-C3N4 was isolated from the reaction medium by 昀椀ltration. 
The isolated Ce-MOF/g-C3N4 was then washed with water and ethanol 
several times to remove adsorbed dye residues from the surface of the 
catalyst. Then, the catalyst was dried and used again for the photo-
degradation of MB as described above. 

3. Results and discussion 

3.1. Structural characterization 

The FTIR spectra of the obtained Ce-MOF and its precursors are 
presented in Fig. 1a. The spectra of benzenetricarboxylic acid and Ce- 

Fig. 1. FTIR spectra of a) Ce-MOF and its precursors, b) g-C3N4 samples syn-
thesized with different methods and c) Ce–CN composites. Fig. 2. XRD patterns of a) Ce-MOF, b) g-C3N4 samples synthesized with 

different methods and c) the corresponding Ce–CN composites. 
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MOF both show the characteristic bands at 1608 cm−1, which belongs to 
νasy-asymmetric vibration, and at 1430 and 1365 cm−1, which both 
belong to νsy-symmetric vibrations of COO− groups. In addition, small 
peaks can be observed in Fig. 1a and c between 450 and 700 cm−1 (at 
622, 534 and 455 cm−1) corresponding to Ce–O stretching vibrations of 
the Ce-MOF sample. Furthermore, it is known that the region between 
800 and 1300 cm−1 is the 昀椀ngerprint region of terephthalic acid, cor-
responding to out-of-plane vibrations. The broader peak observed at 
3400–3300 cm−1 is attributed to the stretching vibrations of OH‾, which 
indicates physically bonded water molecules on the surface of the Ce- 
MOF crystals and all other samples [64]. 

The FT-IR spectra of all g-C3N4 samples synthesized with different 
methods show several characteristic peaks related to the chemical 
bonding between carbon and nitrogen, as can be clearly seen in Fig. 1b 
[65]. The strong absorption band in the range of 1650–1200 cm−1 is 
assigned to the typical skeletal stretching vibrations of s-triazine or 
tri-s-triazine. The peak at 1622 cm−1 corresponds to the C–N stretching 
vibration mode, while the peaks observed at 1238, 1320 and 1409 cm−1 

are associated with the C–N heterocycle stretching of g-C3N4 [66]. The 
sharp peak observed in the spectra of all g-C3N4 samples at 808 cm−1 is a 
characteristic out-of-plane bending vibration mode of the triazine units 
[67,68]. The broad adsorption band at 3000–3300 cm−1 and two weak 
stretching bands at 2927 and 2769 cm−1 are assigned to adsorbed water 
molecules, C–H stretching and N–H stretching, respectively [69]. 

The FTIR spectra of the composites are similar to their g-C3N4 
counterparts. This result indicates that the C–N bond lengths of the g- 
C3N4 samples were not changed upon introduction of the MOF. It was 
also observed that the characteristic peaks of the g-C3N4 structure were 
enhanced in the composites, which implies a certain interaction between 
g-C3N4 and the MOF [70]. 

Fig. 2 shows the X-ray diffraction patterns of the pure Ce-MOF, the g- 
C3N4 samples synthesized by different methods and the Ce-MOF/g-C3N4 
composites. The characteristic peaks of the Ce-based MOF structure are 
in the 2θ range of 5–50◦ in Fig. 2a, which corresponds to the reported 
XRD data of the Ce(1,3,5-BTC)(H2O)6 MOF. The sharp peaks indicate the 
crystalline nature of the synthesized pure Ce-MOF and the Ce-MOF/g- 
C3N4 composites [71,72]. 

It is well known that g-C3N4 is constructed based on tri-s-triazine 
building blocks. In accordance, the XRD patterns of all g-C3N4 samples 
synthesized by the different methods (Fig. 2b) and also the Ce–CN 
samples (Fig. 2c) feature two pronounced diffraction peaks at 27.34◦

and 13.05◦ attributed to the typical interplanar stacking of the conju-
gated aromatic tri-s-triazine building blocks, as documented in the Joint 
Committee on Powder Diffraction Standards (JCPDS) database 
(87–1526) [73]. The peak at 27.34◦ with a high intensity represents the 
characteristic (002) inter-planar graphitic stacking. It was found that the 
intensity of the (002) peak was signi昀椀cantly decreased in g-C3N4 sam-
ples synthesized with different methods when compared to the bulk 
g-C3N4, which suggests an exfoliated morphology and destroyed inter-
layer structure of the g-C3N4 sheets after successful treatment or due to 
the applied synthesis methods [57–60,62,74]. Another peak observed at 
13.05◦, indexed as (100), is related to an inter-planar separation of 
repeating motif, like the hole-to-hole distance of the continuous 

tri-s-triazine pores that represent the periodic arrangement of the 
condensed tri-s-triazine units in the sheets, which is consistent with 
g-C3N4 reported in the literature [75]. 

When taking a closer look at Fig. 2b, it can be seen that the (002) 
peaks of g–C3N4–TS, g–C3N4–TM and g–C3N4–P shifted to 27.14◦, 27.21◦

and 27.33◦, respectively, compared to g-C3N4 and g–C3N4–N (27.37◦). 
Especially, the (002) plane of the g–C3N4–TS sample showed a larger 
shift (27.14◦), which reveals an increase in the interlayer distance and 
enlarged in-plane nitride pores in the g–C3N4–TS structure [76]. 
Compared with the g-C3N4 sample, it was observed that the (002) 
diffraction peak of the g–C3N4–P sample decreased, which could be 
attributed to the fact that the strong acidi昀椀cation treatment partially 
destroys the graphitic structure and produce some fragments in the 
g–C3N4–P sample. In addition, it was also found that the introduction of 
NH4Cl into the g-C3N4 structure resulted in a decreased intensity of the 
characteristic (100) peak at 13.0◦. This was due to the inhibition of NH3 
formation by the decomposition of NH4Cl during the polycondensation 
reaction of heptazine as reported before [57]. The presence of cyanuric 
acid in the g–C3N4–TS and g–C3N4–TM samples might have resulted in a 
disturbance of the graphitic structure through partial substitution of N 
by C in the matrix [37], which thus altered the in-plane structural 
repeating network [66,77]. This phenomenon can be attributed to the 
packing disturbance and single layer undulation caused by the intro-
duction of the nitrogen dopant [78]. Furthermore, both the (001) and 
(002) peaks slightly shifted towards lower angles with a signi昀椀cant 
broadening and a slight decrease in the intensity for g–C3N4–TM and 
g–C3N4–TS prepared with both melamine and cyanuric acid at a molar 
ratio of 1:1. This slight shift of these peaks indicate an increase in the 
in-plane nitride pores and the interlayer distance within the conjugated 
aromatic system [79]. 

While the intensity of the (001) peak was low in the g-C3N4 samples 
synthesized by different methods, its intensity became higher in the Ce- 
MOF/g-C3N4 composites as it overlapped with one of the characteristic 
peaks of the Ce-MOF at the same position (Fig. 2c). 

Table 2 shows the results of the elemental analysis of the g-C3N4 
samples synthesized by different methods. The C/N atomic ratio of the g- 
C3N4 samples varied in the range of 0.64–0.66, which is lower than the 
theoretical value of 0.75, with g–C3N4–TS exhibiting the highest C/N 
atomic ratio. However, these values are consistent with the literature as 
Akaike et al. reported a C/N atomic ratio of 0.67 corresponding to the 
composition of melon [80]. Furthermore, Miller et al. also obtained a 
C/N ratio of 0.67 using an annealing process at 600 ◦C [81]. It is worth to 
note that the highest amount of oxygen was found for g–C3N4–N, which 
is probably due to oxygenated carbon (C––O) as a result of an incomplete 
polymerization during the formation of g-C3N4 [82]. This sample also 
contained the highest amount of hydrogen. The lowest amount of oxy-
gen was obtained for the g–C3N4–TS sample, which indicates a higher 
degree of polymerization in the graphitic nitride structure. Furthermore, 
the small differences in atomic composition among the g-C3N4 samples 
could be originated from a small amount of residual groups on the 
surface, which contain H and O and therefore may be ascribed to 
NH2/NH groups and adsorbed CO2, O2 and H2O [83]. 

Table 2 also presents the BET surface areas of all g-C3N4 samples. The 

Table 2 
Elemental analysis and the obtained BET surface area of the g-C3N4 samples synthesized with different methods.  

Sample Elemental composition C/N atomic ratio SBET (m2/g) 
C (wt%) H (wt%) N (wt%) O (wt%) 

g–C3N4 34.09 1.78 61.67 2.46 0.644 21 
g–C3N4–N 33.44 2.11 59.95 4.50 0.650 41 
g–C3N4–P 34.12 1.91 60.69 3.28 0.650 25 
g–C3N4–TM 34.60 0.92 61.66 2.82 0.640 9 
g–C3N4–TS 34.98 1.79 62.14 1.07 0.660 83  

Z. Durmus et al.                                                                                                                                                                                                                                 



Ceramics International 49 (2023) 24428–24441

24433

BET surface areas of g–C3N4–N and g–C3N4–TS were calculated to be 41 
and 83 m2/g, respectively, which are much higher than those of g-C3N4 
(21 m2/g), g–C3N4–P (25 m2/g) and g–C3N4–TM (9 m2/g). It is clear that 

the bulk g-C3N4 displays a low speci昀椀c surface area, which is consistent 
with the previously reported result [84], and could be attributed that the 
mechanical mixing of the precursors (melamine and cyanuric acid) 

Fig. 3. UV–Vis DRS (a,b) and Tauc (c,d) plots of the a, c) g-C3N4 and b, d) Ce-MOF and Ce–CN samples.  

Fig. 4. Ce-MOF structures: a, b) straw sheaf like and c, d) rod-like architectures obtained without and with vigorous stirring, respectively.  
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inhibiting the polymerization of graphitic nitride in g–C3N4–TM. It is 
expected that the sample with the highest surface area (g–C3N4–TS) is 
favorable for catalyzing the photoreaction by facilitating an enhanced 
mass transfer and increasing the number of active sites [85,86]. 

The optical properties of Ce-MOF, g-C3N4 synthesized by these 
different methods and of the Ce–CN composites were investigated by 

UV–Vis diffuse re昀氀ectance spectroscopy (DRS) as illustrated in Fig. 3a 
and b, respectively. The band gaps of these semiconductor photo-
catalysts were estimated by transformation of the DRS spectra into a 
Tauc plot using the following equation: 
F(R)hv=A

(

hv − Eg

)n/2 

Fig. 5. SEM images of a, b) g-C3N4, c, d) g–C3N4–P, e, f) g–C3N4–N, g, h) g–C3N4–TM and i, j) g–C3N4–TS.  
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where A is a proportionality constant (usually 1), h is the Planck con-
stant, υ is the optical frequency and Eg is the band gap. In this equation, n 
is determined by the type of optical transition within the semiconductor. 
As g-C3N4 is a semiconductor with an indirect transition, n is taken as 4 
[87]. The corresponding Tauc plots of these samples are given in Fig. 3c 
and d. The band gap energies (Eg) of the g-C3N4 samples synthesized by 
different methods and of the Ce–CN samples are calculated to be in the 
range of 2.51–2.65 eV and 2.45–2.75 eV, respectively. Among the pure 
g-C3N4 samples, the lowest band gap belongs to the g–C3N4–TS sample 
(2.51 eV), which is also the sample with the highest BET surface area. 
Among the composites, Ce–CN-TS also yielded the lowest band gap 
(2.45 eV). This low Eg value indicates that Ce–CN-TS promises the 
highest visible light harvesting capability needed to produce more 
photogenerated charge carriers [88]. 

The morphologies and microstructural features of two different Ce- 
MOF samples (prepared with and without stirring), the g-C3N4 sam-
ples synthesized by different methods and the Ce-MOF/g-C3N4 com-
posites were investigated by SEM analysis (Figs. 4–6). When 
synthesizing the Ce-MOF without stirring, the resulting nanostructure 
exhibits a straw-sheaf like morphology formed by the aggregation of 
nanorods (Fig. 4a and b). This structure consists of a bundle of outspread 
nanorods radially arranged from the center [89]. Fig. 4c and b shows 
typical rod-like Ce-MOF structures obtained by the same method, but 
with stirring. The length of these rod-like Ce-MOF nanostructures 
ranged from sub-micrometer to a few micrometers with relatively high 
aspect ratios and smooth surfaces [90,91]. 

In Fig. 5, the different morphologies of the obtained g-C3N4 struc-
tures with different synthesis methods can be seen. As shown in Fig. 5a 
and b, the g-C3N4 sample displays bulky aggregated g-C3N4 sheets with 
numerous wrinkles. These aggregated particles have an average size of 
several micrometers and a wide size distribution. The morphology of 
g–C3N4–P turned to aggregates of nanorods with a diameter of 80–100 
nm and a length of 200–400 nm (Fig. 5c, and d). The size of these 
g–C3N4–P rods is much smaller than that of bulk g-C3N4, which is 
consistent with the increase in BET surface area as shown in Table 2. 
When g-C3N4 was synthesized by introducing NH4Cl (g–C3N4–N), its 
morphology turned into a paper wad-like structure with a uniform hole 
structure with a size of ~40–60 nm as shown in Fig. 5e and f. The for-
mation of these mesopores is likely due to the corrosion effect of NH4Cl 
on the layered g-C3N4 structure during the hydrothermal synthesis [92]. 
Decomposition of NH4Cl during the calcination process produces a large 
amount of NH3 and thus inhibits the polycondensation reaction of 
heptazine units [57]. The porous structures observed in these SEM im-
ages is also consistent with the obtained larger surface area of this 
sample (Table 2). For g–C3N4–TM, the large and thick slabs of nano-
sheets exhibiting rods with a length of 3–5 μm (Fig. 6g and h) reveal that 
the rod structures are composed of multiple two-dimensional graphe-
ne-like nanosheets. But interestingly, this structure showed a low surface 
area value according to the BET analysis. Guo and coworkers [44] 
explained this by mentioning that the melamine and cyanuric acid are 
held together in the same plane by multiple hydrogen bonds, which 
yielded the hexamer (rosette) structure. These hexamers can then be 
laterally arranged in two dimensions to form planar sheets, which are 
stacked in three dimensions to result in the observed channels [93]. 
These two morphologies, hollow sheets and short nanorods, were also 
observed for g–C3N4–TS prepared by using the cyanuric acid-melamine 
complex as a starting material assisted by the molecular self-assembly in 
DMSO. However, in this case a much higher surface area of 83 m2/g was 
obtained (Table 2). 

The distribution of Ce-MOF nanoparticles in the Ce-MOF/g-C3N4 
composites, in which the majority of the morphologically different g- 
C3N4 structures are covered or decorated with the scattered MOF 
nanoparticles can be seen in Fig. 6. Although the synthesis procedure 
with stirring was applied for the synthesis of the Ce-MOF part in all Ce- 
MOF/g-C3N4 composites, it can be observed from the SEM pictures that 

Fig. 6. SEM images of the composite structures: a) Ce–CN, b) Ce–CN–P, c) 
Ce–CN–N, d) Ce–CN–TM and e) Ce–CN–TS. Please note that the circles high-
light Ce-MOF structures. 
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some composites include rod-like structured Ce-MOF, some straw-like 
Ce-MOF and others contain both architectures. The Ce-MOF nano-
particles can be clearly observed as anchors like rods and/or straw sheaf- 
like structures, which are located both on the inside and on the outside 
of the porous g-C3N4 materials. 

Fig. 7 demonstrates the TGA and DTG thermograms of the different 
g-C3N4 samples (a,c) and of the Ce-MOF/g-C3N4 composites (b,d). All g- 
C3N4 samples showed a single-step decomposition around 700 ◦C, with a 
slight additional weight loss in the temperature range of 20–200 ◦C 
corresponding to the removal of physically adsorbed water. It was found 
that the decomposition of all g-C3N4 samples was 昀椀nished in the range of 
700–750 ◦C, which is consistent with Gillan’s report [94,95]. After full 
decomposition, almost all g-C3N4 samples had a residue of approxi-
mately 5 wt%, except for g–C3N4–P. The higher amount of residue ob-
tained for g–C3N4–P might be attributed to the capturing of oxygen from 
the air by the protonated surfaces during the heating and pyrolysis 
process. 

In the TGA curves of the Ce–CN composites, the 昀椀rst weight loss step 
in Fig. 7b probably originates from adsorbed water as well as absorbed 
water inside the MOF structure, resulting in a larger weight loss when 
compared to the bare g-C3N4 samples. The second weight loss step refers 
to the decomposition of the Ce-MOF structure, since the pure g-C3N4 
samples did not have any signi昀椀cant weight loss in this temperature 
range (300–420 ◦C). In this temperature range, all composite samples 
exhibited a rapid weight loss of 24–36% accompanied by the formation 
of CeO2. In addition, it was found that the complete decomposition of 
the composite structures is already 昀椀nished at approximately 530 ◦C, 
after the third weight loss step in Fig. 7b and d, whereas the pure g-C3N4 
samples are not completely decomposed until temperatures higher than 
700 ◦C are reached. As it is a well-known fact that any metals present in 
an organic/inorganic hybrid material can act as catalysts for enhancing 

the degradation rate of the organic compounds and/or polymers at high 
temperatures, it could be concluded that the Ce from the metal organic 
framework may catalyze the degradation of the g-C3N4 structures. 
Consequently, the degradation of the composites 昀椀nishes approximately 
200–250 ◦C earlier than that of the pure g-C3N4. 

The EPR spectra of Ce-MOF, g–C3N4–TS and Ce–CN-TS during irra-
diation with blue light are shown in Fig. 8a, b and 8c, respectively. The 
radical concentration of all samples, depicted as the double integral (DI) 
in Fig. 8d, increases to a maximum plateau within the 昀椀rst 30 min of 
irradiation. Ce-MOF shows almost no EPR signal, since the unpaired 
electrons in this experiment are generated by breaking bonds in the huge 
conjugated system of g-C3N4, resulting in the formation of biradicals, 
which is not available in the MOF. The Ce–CN-TS composite shows the 
highest radical concentration before and after irradiation, despite partly 
consisting of the EPR-inactive MOF material. During irradiation with 
blue light, the radical concentration increases by 85.9% in Ce–CN-TS 
and 77.9% in g–C3N4–TS. Therefore, we can conclude that the g-C3N4 
structure in the composite material is more accessible for photons than 
the pure g-C3N4. 

3.2. Analysis of the photocatalytic activity of Ce-MOF, g-C3N4 and their 
composite for organic dye degradation 

It is generally accepted that the hierarchical porous structure of a 
photocatalyst could possess a higher light-harvesting capacity and pro-
vide more active sites for the photocatalytic reactions to take place [96]. 
Additionally, photocatalysts with a smaller band gap should be able to 
absorb a larger part of the solar spectrum [97]. In the previous section, it 
was shown that g–C3N4–TS has the highest surface area and the lowest 
band gap energy (2.51 eV) among the different g-C3N4 samples syn-
thesized within this study. Additionally, the Ce–CN-TS composite also 

Fig. 7. TGA and DTG (derivative thermogravimetry) thermograms of a, c) g-C3N4 and b, d) Ce-MOF and Ce–CN samples.  
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showed the lowest band gap energy (2.45 eV) among all composites. 
Based on these structural and light absorption properties of the materials 
examined in this work, Ce-MOF, g–C3N4–TS and Ce–CN-TS were 
selected to be used as photocatalysts in the UV-light-driven dye degra-
dation experiments, so that the photocatalytic performance of such 
materials can be compared. The resulting UV–vis absorption spectra of 
the dispersions containing Ce-MOF, g–C3N4–TS or Ce–CN-TS in an 
aqueous methylene blue (MB) solution are given in Fig. 9, together with 
the chemical structure of MB and a photograph of the resulting sus-
pensions containing Ce–CN-TS after 30 min, 60 min and 120 min of dye 
degradation. It should be noted that a blank experiment without solid 
catalyst was not performed, because Lei and coworkers reported that a 
slight discoloration (~10%) occurred within 120 min in absence of any 
catalyst. Therefore, they implied that MB was quite stable under visible 
light irradiation [98]. 

As can be seen from these UV–vis spectra, all photocatalysts were 
able to decompose MB as observed by the decrease in the intensity of the 
MB absorption peak as a function of irradiation time. To investigate the 
kinetics of the dye degradation, these UV–vis spectra were converted to 
the respective relative change in dye concentration (C/C0) as given in 
Fig. 10a. It was found that the Ce-MOF yielded a moderate decrease in 
dye concentration (~40% after 2 h), whereas g–C3N4–TS performed 
signi昀椀cantly better (~70% after 2 h). However, the Ce–CN-TS composite 
was able to almost completely decompose MB (~96.5% after 2 h). These 
results could be further quanti昀椀ed by applying a kinetic equation. In the 
literature, it is generally accepted that the photocatalytic degradation of 
dye molecules can be expressed with the following 昀椀rst-order or pseudo 
昀椀rst-order kinetic equations [99]: 

Ct =C0e−kt  

ln

(

Ct

C0

)

= − kt  

where C0 and Ct are the initial dye concentration and the concentration 
at time t, respectively, and k is the rate constant (min−1). The pseudo 
昀椀rst-order equation is the simpli昀椀ed version of the Langmuir- 
Hinshelwood kinetic model for low concentrations. The plot of ln(Ct/ 
C0) versus t yields straight lines (Fig. 10b) and the slopes of these lines 
represent the rate constants, which are listed as an inset in Fig. 10b. 
Accordingly, the rate constants were found to be 5⋅10−3, 11.2⋅10−3 and 
24.5⋅10−3 min−1 for the Ce-MOF, g–C3N4–TS and Ce–CN-TS, respec-
tively. This dye degradation study clearly indicates that the composite 
structure has an enhanced photocatalytic ef昀椀ciency when compared to 
Ce-MOF and g-C3N4. Regarding the experimental conditions in this 
work, the rate constant (k) of the composite was improved approxi-
mately 5-fold and 2-fold with respect to the Ce-MOF and g-C3N4, 
respectively. 

The Ce–CN-TS composite studied in this work yielded a similar rate 
constant as found in the literature for a different MOF. For instance, Lei 
et al. prepared and characterized the hybrid g-C3N4/MIL88B(Fe) by 
exfoliating bulk g-C3N4 as carbon nitride nanosheets (CNNSs), which 
were coupling with MIL-88B(Fe) [98]. They reported that the hybrid 
containing 6% of CNNSs exhibited the highest photocatalytic activity for 
the degradation of MB based on their photoluminescence spectra, elec-
trochemical measurements and photocatalytic experiments. The rate 
constant (k) of their g-C3N4/MIL88B(Fe) hybrid was reported to be 

Fig. 8. EPR spectra of a) Ce-MOF, b) g–C3N4–TS and c) Ce–CN-TS during irradiation at t = 0 min (black), 5 min (red), 15 min (blue) and 25 min (magenta), and d) 
double integral (DI) during blue light irradiation normalized to the weight of the samples. (For interpretation of the references to color in this 昀椀gure legend, the 
reader is referred to the Web version of this article.) 
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0.0265 min−1. They also concluded that this increased photocatalytic 
performance of the hybrid system could be originated from the matched 
energy level and related heterojunction formation. 

Photodegradation of MB was also carried out by Xiao et al. with a 
similar material under irradiation by visible light to identify the 
contribution of the dual structure in the heterojunction on the separa-
tion of charge carriers [100]. In this case, the degradation ef昀椀ciency 
reached 24.8% and 57.0% within 120 min for g-C3N4 and NH2-MIL-88B 
(Fe), respectively, and reached 100% for the composite. They showed 

that the composite structure yielded a much higher degradation ef昀椀-
ciency than NH2-MIL-88B(Fe) and g-C3N4, indicating a synergistic effect 
of the g-C3N4/NH2-MIL-88B(Fe) heterojunction for improving the pho-
tocatalytic degradation of MB. 

Li et al. studied the photocatalytic degradation of MB with a g-C3N4 
hybrid combined with a Zr-based MOF (UiO-66) under visible light 
irradiation [61]. They reported that the MOF did not exhibit a signi昀椀-
cant degradation ef昀椀ciency under visible light as the band gap energy of 
UiO-66 is 3.6 eV. On the other hand, they also stated that the synergy 

Fig. 9. Time-dependent UV–vis spectra of methylene blue suspensions containing a) Ce-MOF, b) g–C3N4–TS and c) Ce–CN-TS, and d) a photograph of the resulting 
suspensions containing Ce–CN-TS after 30 min, 60 min and 120 min of dye degradation and the molecular formula of MB. 

Fig. 10. Kinetic curves corresponding to the degradation of methylene blue using Ce-MOF, g–C3N4–TS and Ce–CN-TS.  

Z. Durmus et al.                                                                                                                                                                                                                                 



Ceramics International 49 (2023) 24428–24441

24439

between UiO-66 and g-C3N4 reduced the band gap of the hybrid from 
3.61 to 2.72 eV, and therefore the photocatalytic ef昀椀ciency of the hybrid 
was found to be higher. 

The reusability of heterogeneous catalysts is one of the most 
important aspects for their application performance and commerciali-
zation potential. Therefore, the reusability of the Ce–CN-TS composite 
catalyst was studied in this work, and Fig. 11 shows the degradation 
ef昀椀ciency of Ce–CN-TS as a function of the reaction cycle. It was found 
that the degradation ef昀椀ciency decreased to a certain extent, namely 
from 96.5% for the 昀椀rst cycle to 80.5% for the fourth cycle, when the 
photocatalytic degradation of MB was repeated with the same catalyst 
under the same reaction conditions. This result shows that the composite 
catalyst could be used several times without a signi昀椀cant loss in catalytic 
performance as the degradation ef昀椀ciency reaches a plateau around 
80%. 

Coupled with the reusability of the photocatalyst, it should also be 
stable under the applied reaction conditions. Therefore, the structural 
stability of the Ce–CN-TS composite catalyst was analyzed by measuring 
its XRD pattern after the photocatalytic degradation process. Fig. 12 
shows the XRD patterns of Ce–CN-TS measured after 1, 2 and 3 cycles of 
photocatalytic MB degradation. It can be seen that the characteristic 
diffraction peaks belonging to the crystalline structure of Ce-MOF and 
the two characteristic peaks of g-C3N4 are present in all XRD patterns. It 
is also noteworthy that the intensity of the characteristic inter-planar 
graphitic stacking (002) peak at ~27◦ in the composite pattern signi昀椀-
cantly increased with the number of circles. These XRD results are 
consistent with the 昀椀ndings reported in Refs. [101,102] and in the ref-
erences that previously mentioned the structure of Ce(1,3,5-BTC)(H2O)6 
[71,72]. 

4. Conclusions 

In this study, hybrid structures were formed between Ce-MOF and g- 
C3N4 materials prepared by different synthesis methods. Characteriza-
tion results showed that both g-C3N4 and Ce-MOF were successfully 
synthesized, and that they were subsequently successfully hybridized for 
the formation of Ce-MOF/g-C3N4 composites. In light of these charac-
terization results, the composite labeled as Ce–CN-TS was selected as the 
most suitable composite for photocatalytic dye removal of methylene 
blue (MB). Through photocatalytic experiments, compared with the 
bare Ce-MOF and g–C3N4–TS, the Ce–CN-TS composite structure is 
certi昀椀ed to possess the highest catalytic activity for the degradation of 

methylene blue under UV- light. This improvement in the photocatalytic 
performance can be attributed to the synergistic effect, which promotes 
charge migration due to the intimate contact between the Ce-MOF and 
g-C3N4, which can be inferred from the SEM images. The kinetic curve 
was found to be in good agreement with the pseudo-昀椀rst-order kinetic 
model. Moreover, the reusability of the photocatalyst shows that the 
composite exhibits good reusability and stability after being used for 4 
cycles. 

Therefore, this study con昀椀rms the high application potential of 
hybrid g-C3N4/MOF heterojunctions as ef昀椀cient photocatalysts for UV 
light-induced photodegradation, which makes such structures worthy of 
further investigation. 
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