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rge transfer behavior within ZSM-
5 and carbon nitride composites for enhanced
photocatalytic degradation of methylene blue
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Ade Irma Rozafia,a Yuly Kusumawati,a Wiwik Dahanid and Ani Iryanie

ZSM-5/graphitic carbon nitride (g-C3N4) composites were successfully prepared using a simple

solvothermal method. By varying the amount of ZSM-5 and g-C3N4 in the composites, the charge carrier

(electrons and holes) transfer within the materials, which contributes to the enhanced photocatalytic

performance, was unraveled. The X-ray diffraction (XRD), Fourier-transform infrared (FTIR), and scanning

electron microscopy (SEM) analysis revealed that more ZSM-5 component leads to a stronger interaction

with g-C3N4. The photocatalytic performance test toward methylene blue (MB) degradation shows that

more ZSM-5 in the composites is beneficial in enhancing photocatalytic activity. Meanwhile, the

impedance electron spectroscopy (EIS) and photoluminescence (PL) analysis revealed that ZSM-5

facilitates the charge carrier transfer of photogenerated electrons and holes from g-C3N4 to the catalyst

surface due to its lower charge transfer resistance. During the charge carrier migration, the interface

between g-C3N4 and ZSM-5 particles may induce higher resistance for the charge carrier transfer,

however after passing through the interface from g-C3N4 to ZSM-5 particles, the charge carrier can be

efficiently transferred to the surface, hence suppressing the charge carrier recombination.
Introduction

Dye waste is considered as an environmental pollutant and has
negative impacts on the environment and human health.1,2

Therefore, the removal of dye molecules from the water body
becomes crucial. Several water-treatment processes have been
employed for dye removals, such as ltration, adsorption, and
chemical deposition.3–5 However, those processes cannot totally
remove the dye molecules since they only encapsulate the dye
molecules into certain materials, for example, in the adsorbents or
the membranes. Hence, further treatments are still needed. In this
regard, photocatalysis reaction has attracted considerable atten-
tion6,7 since the photocatalytic process is able to degrade the dye
molecules into CO2, water, or other less harmful ions or molecules
as the nal products.8 Thus, further treatments are not needed,
which is benecial in terms of practicality and the economy.
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Several semiconductors have been employed as photo-
catalyst materials for the photodegradation of organic pollut-
ants. For example, WO3 was reported to be an efficient
photocatalyst due to its tunable bandgap, unique band posi-
tions, and excellent electronic properties that promoted its
stability and photoactivity.9 Generating heterojunction in WO3,
such as in Bi2WO6/Fe2O3/WO3 S-scheme ternary system, will
further enhance the performance toward bisphenol-A degra-
dation due to the efficient charge carriers separation and its
ability to maintain redox reaction.10 Another material such as
Cu2�xSe microsheet was reported to be an efficient photo-
catalyst for rhodamine B degradation, showing a complete
discoloration within 30 minutes due to the highly accessible
active sites and wider light absorption ranges as a result of the
narrower bandgap.11 In terms of rhodamine B degradation,
recently MoS2/tourmaline composite was also reported to have
enhanced performance due to the increased dispersion of MoS2
nanosheet on the tourmaline support, which exposed more
active sites. Moreover, the strong electric eld in the tourmaline
surface suppressed the recombination of charge carriers.12

The aforementioned photocatalysts are based on metal cata-
lysts. Nowadays, nonmetal photocatalysts were also obtained
considerable attention due to their synthesis practicality and
abundant source. Among nonmetal photocatalysts, graphitic
carbon nitride (g-C3N4) has been considered as one of the prom-
ising materials for photocatalytic process13 because it has a narrow
bandgap (�2.7 eV), good chemical and thermal stability,
RSC Adv., 2022, 12, 5665–5676 | 5665
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nontoxicity, and relatively easy large-scale production with readily
raw materials.14–16 Recently, g-C3N4 is also considered as an
emerging material for biomedical applications, such as for bio-
sensing, diagnosis, therapy, and antibacterial materials due to its
good biocompatibility and unique uorescence properties.17

However, pristine g-C3N4 still suffers from the rapid charge carriers
(electrons and hole pairs) recombination. Hence, some modica-
tions can be applied to suppress this limitation, such as by
preparing porous g-C3N4 and g-C3N4-based composites. Porous g-
C3N4 was reported to enhance photocatalytic activity due to the
increased surface area and narrowed bandgap, which shortened
the charge carriers transfer and improves the light absorption.18–20

Moreover, the preparation of g-C3N4-based composites can effi-
ciently suppress the charge carriers recombination.21,22 Among
supported materials, ZSM-5 is considered as an appropriate
support for g-C3N4 due to its chemical, mechanical, and thermal
stability, superior adsorption ability, large surface area, and unique
pore structure. Furthermore, ZSM-5 has also been reported as
suitable photocatalyst support due to its ability to delocalize the
bandgap energy of the excited electrons and to decrease the
recombination rate.23–25

Some researchers have utilized ZSM-5 as support material for
g-C3N4. For example, Prakash et al. reported the use of ZSM-5/g-
C3N4 as a photocatalyst for rhodamine-B and crystal violet
degradation.25 Preparing ZSM-5/g-C3N4 consists of ZSM-5 and g-
C3N4 with amass ratio of 4 : 1; it was observed that the ZSM-5 was
decorated on the surface of g-C3N4 particles with strong inter-
action. Also, the charge recombination can be suppressed as
indicated by the lower intensity in the photoluminescence (PL)
spectra of ZSM-5/g-C3N4 compared to bare g-C3N4. The enhanced
photocatalytic performance was attributed to the efficient sepa-
ration of charge carriers and the formation of heterojunction
between ZSM-5 and g-C3N4.25 Similar results were also reported
by Pham et al. in ZSM-5 decorated O-doped g-C3N4.26 Despite the
enhanced performance of ZSM-5 and g-C3N4 composites, the
mechanism of charge carriers transfer within the composite's
components and how the charge carrier recombination can be
suppressed are still not well understood.

In this present study, we investigate the charge carrier transfer
behavior within ZSM-5/g-C3N4 composites, which determines their
photocatalytic performances. In this regard, three ZSM-5/g-C3N4

composites with signicant differences of ZSM-5 and g-C3N4

composition were prepared to obtain noticeable differences of
each composite. The photocatalytic test was performed toward
methylene blue (MB) degradation as a reaction model. The study
revealed that the photogenerated electrons and holes generated by
g-C3N4 migrate to the catalyst surface facilitated by ZSM-5 particles
due to their higher conductivity. The facilitated charge carriers
transfer by ZSM-5 particles suppressed the charge carriers
recombination, hence enhancing the catalytic performance of the
ZSM-5/g-C3N4 composites compared to bare g-C3N4.

Experimental
Materials

The materials used in this work are melamine (C3N3(NH2)3,
Sigma-Aldrich), citric acid monohydrate (C6H8O7$H2O, Merck,
5666 | RSC Adv., 2022, 12, 5665–5676
ACS grade), methylene blue (C16H18ClN3S, Merck), sodium
hydroxide (NaOH, Merck), acetic acid (CH3COOH, Merck),
ethylene glycol ((CH2OH)2, Merck), ZSM-5 (Pingxiang Naike
Chemical), dimethyl sulfoxide (DMSO, (CH3)2SO, Sigma-
Aldrich), methanol (CH3OH, SAP chemicals), isopropyl alcohol
(IPA, (CH3)2CHOH, SAP chemicals) and L-ascorbic acid (C6H8O6,
SAP chemicals) and deionized water.
Procedure

Synthesis of g-C3N4. g-C3N4 used in this works was porous g-
C3N4. The synthesis of porous g-C3N4 was performed as reported
by Kong et al., using citric acid as a pore-forming agent.19 In
a typical procedure, 2.52 g (0.02 mol) melamine was poured into
40 mL deionized water, then was heated at 80 �C for 30 min
under vigorous stirring. Meanwhile, 0.2 mmol citric acid was
dissolved in 10 mL deionized water and was dropped into
a melamine solution. The mixture was then continuously stir-
red for 2 h at 80 �C. The resulted suspension was then trans-
ferred into a 250 mL Teon autoclave and was heated in an oven
at 180 �C for 12 h. Aer heating, the powders were ltered and
washed with deionized water. The precipitate was then dried at
80 �C for 2 h. The dried powder was calcined at 550 �C for 2 h.

Preparation of ZSM-5/g-C3N4 composites. Preparation of
ZSM-5/g-C3N4 composites was carried out by solvothermal
method using the same procedure as reported by Prakash et al.25

Before preparation, the commercial ZSM-5 was rstly modied
using the desilication and dealumination processes. The desi-
lication process was performed using NaOH. In brief, a certain
amount of ZSM-5 was mixed with 0.25 M NaOH with the ratio
between the mass of ZSM-5 to the volume of NaOH was 1 : 30.
The mixture was then put into reux equipment and was heated
at 65 �C for 30 min. Aer reux, the mixture was directly cooled
down in an ice bath. The ZSM-5 powders were ltered and
washed with water until reaching neutral pH. The powder was
then dried in an oven at 105 �C for 3 h. The dried samples were
then treated for the dealumination process with 0.01 M acetic
acid with the same procedure as the desilication process.
However, for the dealumination process, the ratio between the
mass of ZSM-5 and the volume of acetic acid was set at 1 : 20.
Aer the dealumination process, the resulting ZSM-5 powders
were calcined at 550 �C for 6 h.2 ZSM-5/g-C3N4 composites were
prepared as follows. 0.5 g of g-C3N4 was mixed with various
amounts of ZSM-5 (0.0 g, 0.25 g, 0.5 g, and 1.0 g) in 25 mL of
ethylene glycol. The mixture was then ultrasonicated for 2 h.
The well-dispersed mixture was then transferred into Teon
autoclave and was heated at 120 �C for 8 h. Aer cooling, the
resulting powders were ltered and were dried at 105 �C for 3 h.
The resulting samples were then assigned as bare g-C3N4, GZ-1,
GZ-2, GZ-3, respectively.

Material characterizations. Crystalline phase of the prepared
samples was characterized by X-ray diffraction (XRD). The XRD
analysis was performed using XRD PANalytical under Cu Ka
irradiation (l¼ 1.5406), with accelerating voltage and current of
40 kV and 30 mA. The analysis was carried out at a diffraction
angle of 2q (20–80�) with a scan-interval of 0.017�. The Fourier-
transformed infra-red (FTIR) analysis was performed using
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of bare g-C3N4, ZSM-5, GZ-1, GZ-2, and GZ-3
catalysts.
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Shimadzu IRAFFINITY-s using conventional KBr pellets. The
surface morphology was observed using a scanning electron
microscope (SEM) ZEISS EVO 10 with an accelerating voltage of
20 kV with a secondary electron (SE1) detector. The elemental
composition and distribution were analyzed using energy
dispersive X-ray (EDX APEX). The surface area was measured
using Brunauer–Emmett–Teller (BET) N2 sorption Quantach-
rome NovaWin. The optical properties were characterized by UV
diffuse reectance spectroscopy (DRS) using Shimadzu UV2600-
I, in which BaSO4 was used as the reference. The photo-
luminescence (PL) spectroscopy was performed using spectro-
uorospectrophotometer Shimadzu RF-5301 with an excitation
wavelength of 350 nm. The photoelectrochemical measure-
ments and electrochemical impedance spectroscopy (EIS) were
performed using the CHI 600E instrument. The samples were
dropped cast on the surface of uorinated-tin oxide (FTO) prior
to measurement. The measurements were conducted in 0.5 M
Na2SO4 under full-spectrum illumination. The EIS measure-
ment was performed at �0.2 V vs. Ag/AgCl at a frequency of 0.1
to 105 Hz.
Photocatalytic test

Photocatalytic activity of samples was evaluated using MB
degradation under UV-LED illumination (365 nm, 12 � 2 watt).
Typically, 50 mg of the photocatalyst was added to 50 mL of
a 20 ppm MB solution. Prior to the MB degradation test, the
solution was allowed to stand for 1 hour under stirring in the
dark to reach MB adsorption/desorption equilibrium. Aer 1
hour in the dark, the UV lamp was turned on. 2 mL of aliquot
solution was taken periodically every 60 min up to 180 min. The
concentration was determined using a UV-Vis spectrophotom-
eter at a wavelength of 655 nm. The degradation rate constant
was calculated based on the pseudo-rst-order Langmuir–Hin-
shelwood equation as shown in eqn (1).

ln
Ct

C0

¼ kt (1)

where Ct is the concentration at time t min (ppm), C0 is the
initial concentration (ppm), t is the reaction time (minutes),
and k is the reaction rate constant.15

The detection of reactive species was performed by trapping
experiment using different scavengers, namely DMSO, meth-
anol, IPA, and L-ascorbic acid as scavengers for electrons (e�),
holes (h+), hydroxyl radicals (cOH), superoxide radicals (cO2

�),
respectively. The experiments were similar to the photo-
degradation experiments with addition of the corresponding
scavenger.15
Results and discussion
Material characterizations

The crystalline phase and the purity of the samples were char-
acterized using XRD.27,28 As shown in Fig. 1, bare g-C3N4 exhibits
pronounce peaks at 2q of 13.2� and 27.5�. The peak 13.2� refers
to the (100) crystal lattice of g-C3N4, which can be attributed to
the in-plane repetitive unit of tri-s-triazine. The strongest peak
© 2022 The Author(s). Published by the Royal Society of Chemistry
at 27.5� corresponds to the (002) crystal plane, attributed to the
interplanar stacking peak of the conjugated aromatic rings.29

Based on these XRD patterns, the g-C3N4 has been successfully
formed with high purity and crystallinity. The XRD patterns of
the ZSM-5 display the pronounce peaks at 2q of 23.3�, 26.4�,
27.5�, and 30.1�, which correspond to the (533), (642), (733), and
(555) reection planes of ZSM-5, respectively. The XRD patterns
of the GZ composites show mixed-phases between g-C3N4 and
ZSM-5. As expected, the intensity of the g-C3N4 characteristic
peak at 27.3� decreases from GZ-1 to GZ-3 along with the less
portion of g-C3N4 in the composites.25

The FTIR analysis was then performed to further investigate
the chemical composition of the GZ composite. As shown in
FTIR spectra (Fig. 2), the GZ composites exhibit a mixed char-
acteristic feature of g-C3N4 and ZSM-5 FTIR spectra. A broad
peak around 3200 cm�1 can be assigned to the N–H bond
stretching from amino groups (–NH2 or ]NH groups).30 The
peaks at 1234, 1319, 1404, 1543, and 1627 cm�1 can be attrib-
uted to the vibration modes of the C–N stretching and C]N
stretching in the aromatic ring.31 The peak at 810 cm�1 corre-
sponds to the out-of-plane skeletal bending modes of the tri-s-
triazine ring.16,32 In the FTIR spectra of ZSM-5, the peak at
450 cm�1 refers to the buckling vibration of T–O–T, where T can
be Si or Al atoms. The peak at 546 cm�1 can be observed,
attributing to the formation of the pentasil ring by the tetra-
hedral SiO4 and AlO4 units.33 The symmetric stretching of the
Si–O–Si group can be indicated by the peak at 789 cm�1. The
peak at 1049 cm�1 and 1218 cm�1 can be attributed to the
symmetric stretching of the Si–O–T group from the intra-
tetrahedral mode of the zeolite framework.34 Moreover, the
slight shiing in some peaks, especially at wavenumber of
1234 cm�1, 1404 cm�1, and 1543 cm�1, can also be observed in
the GZ-3 samples, which indicates the strong chemical inter-
action between ZSM-5 and g-C3N4 particles in GZ-3.25,26 This
result is in good agreement with the XRD results.

The surface morphology of the composites was then
observed using SEM.35 As shown in Fig. 3, the bare g-C3N4

displays a wrinkled-interplanar structure with sheet-like
morphology. The rough surface of the sheet particles
RSC Adv., 2022, 12, 5665–5676 | 5667
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Fig. 2 FTIR spectra of bare g-C3N4, ZSM-5, GZ-1, GZ-2, and GZ-3
catalysts.
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indicates the formation of pores due to the utilization of acetic
acid as a pore-forming agent during g-C3N4 synthesis.19 Mean-
while, the ZSM-5 shows a cubic-like or prism-like structure with
some rough surface due to the desilication and dealumination
process. The SEM images of the composite materials exhibit
mixed particles between the g-C3N4 and ZSM-5 particles. In
particular, the GZ-1 sample shows the dominance of g-C3N4

particles decorated with ZSM-5 particles on the surface.
Unfortunately, it seems that the contact area between the ZSM-5
and of g-C3N4 is still limited. The GZ-2 shows more ZSM-5
particles together with g-C3N4 particles. As expected, the GZ-3
samples were dominated by the ZSM-5 particles. In this case,
the g-C3N4 particles were surrounded by many ZSM-5 particles,
creating more contact area and strong interaction between g-
C3N4 and ZSM-5 particles. The more contact area between g-
C3N4 and ZSM-5 particles are favorable in terms of the
Fig. 3 SEM images of (a) bare g-C3N4, (b) ZSM-5, (c) GZ-1, (d) GZ-2, an

5668 | RSC Adv., 2022, 12, 5665–5676
photogenerated charge carrier transport from g-C3N4 to the
surface of the catalyst to further contact with the reactant.25

The elemental composition of GZ composites was also
conrmed using EDX analysis (Fig. 4 and Table 1).36 As pre-
sented in Fig. 4a and Table 1, all GZ samples composed of major
elements such as carbon (C) and nitrogen (N) as representative
elements for g-C3N4 as well as silicon (Si), aluminium (Al), and
oxygen (O) as representative elements for ZSM-5. The amount of
C and N elements decrease from GZ-1 to GZ-3 as the proportion
of g-C3N4 decreases (Table 1), which is in a good agreement with
the SEM analysis. The elemental mapping of GZ-3 (Fig. 4b–g)
show overlapping elemental distribution between elements
from g-C3N4 and ZSM-5, which suggest a uniform distribution
between the two components.

The surface area measurement was carried out using the N2

adsorption/desorption method on bare g-C3N4 and ZSM-5. As
shown in Fig. 5, bare g-C3N4 and ZSM-5 show typical type IV
isotherms with hysteresis loops according to the Brunauer–
Deming–Teller classication. The specic surface area for g-
C3N4 and ZSM-5 are 13.97 m2 g�1 and 281.97 m2 g�1, respec-
tively. As typical type IV isotherms, both samples possess mes-
opores structure, with pore radii being distributed around
�15.7 nm and �3.6 nm for g-C3N4 and ZSM-5, respectively.
Based on the surface area measurement, the ZSM-5 may
increase the specic surface area of the GZ composites, where
the more ZSM-5 content in the GZ composites, the higher the
surface area.25,26 In this regard, the higher specic surface area
and the larger mesopores in g-C3N4 makes the GZ composites
promising candidates for MB photodegradation with higher
efficiency due to the facilitated mass transport and enhanced
multilight scattering.37,38
Optical properties

The optical properties of the GZ composites were rstly char-
acterized by UV-vis diffuse reectance spectroscopy (DRS). As
d (e) GZ-3 catalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EDX spectrum and (b) SEMmicrograph with elemental mapping of (c) carbon (C), (d) nitrogen (N), (e) silicon (Si), (f) aluminium (Al), and
(g) oxygen (O) of the GZ-3 composite. The scale bars represent 2 mm.

Table 1 Elemental composition of GZ composites

Element

GZ-1 GZ-2 GZ-3

Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)

Carbon (C) 15.28 20.22 8.02 11.91 3.92 6.10
Nitrogen (N) 28.33 32.15 13.66 17.40 9.91 13.21
Silicon (Si) 18.29 10.35 32.58 20.69 36.95 24.56
Aluminium (Al) 1.39 0.82 2.20 1.45 2.73 1.89
Oxygen (O) 36.71 36.46 43.54 48.54 46.48 54.24
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shown in Fig. 6a, the DRS spectra of bare g-C3N4 and GZ
composites exhibit two absorption peaks at 270 nm and
370 nm. The peak at 270 nm corresponds to the p–p* transition
of C]N groups in the conjugated aromatic triazine ring, while
the peak at 370 nm can be attributed to the n–p* transition of
C–N terminal in g-C3N4.39,40 All samples show strong absorption
peaks both in UV and visible regions (400–450 nm). It is worth
noting that the ZSM-5 also shows a slight absorption in the UV
region. Moreover, the absorption edge of GZ composites
exhibits a blue shi compared to the bare g-C3N4. Furthermore,
© 2022 The Author(s). Published by the Royal Society of Chemistry
the bandgap energy of g-C3N4 was then obtained from a plot of
(ahn)1/2 versus hn as presented in the Tauc plots in Fig. 6b. A
careful examination shows that the tailing edge of the g-C3N4 is
2.73 eV. The conduction band potential (ECB) and valence band
potential (EVB) energies were calculated using the Mulliken
electronegativity formula, as presented in eqn (2) and (3)

EVB ¼ X � E0 + 0.5Eg (2)

ECB ¼ EVB � Eg (3)
RSC Adv., 2022, 12, 5665–5676 | 5669
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Fig. 5 N2 adsorption/desorption isotherms of (a) g-C3N4 and (b) ZSM-5. Inset is the corresponding pore size distribution.

Fig. 6 (a) DRS spectra of bare g-C3N4, ZSM-5, GZ-1, GZ-2, and GZ-3 catalysts. (b) Tauc plot of bare g-C3N4.

Fig. 7 Adsorption capacity of bare g-C3N4, ZSM-5, GZ-1, GZ-2, and
GZ-3 catalysts.
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where X is the electronegativity of material (g-C3N4, 4.73 eV) and
E0 is the free electron energy (4.5 eV vs. NHE). Based on eqn (2)
and (3), the ECB and EVB values of GZ-3 are �1.14 V and 1.60 V,
which are similar to previous reports.15,25

Photocatalytic activity test

The photocatalytic activity of the photocatalyst materials was
examined towards MB degradation. The main objective of this
experiment is to nd the MB photodegradation trend over
various portions of ZSM-5 in bare g-C3N4 in GZ samples, hence
it can indicate the determining component for photocatalytic
activity and charge carrier behavior in the catalysts. At the rst
stage, we need to verify the component of the GZ, whether the g-
C3N4 or ZSM-5, which has a dominant role in determining the
performance. To achieve this objective, photodegradation
experiments using the same amount of catalyst, i.e., 50 mg, were
performed (detail in the experimental section).

Prior to the photocatalytic degradation, the adsorption
experiment using 50 mg samples was performed to reveal the
adsorption capacity of the photocatalyst toward MB. In this
regard, the adsorption capacity of the photocatalyst may differ
due to the different proportions of g-C3N4 and ZSM-5. As pre-
sented in Fig. 7, the adsorption capacity of all samples increases
rapidly within 30 min of adsorption time, followed by the
5670 | RSC Adv., 2022, 12, 5665–5676
relatively stable adsorption capacity up to 90 min. These results
suggest that aer 30 min, the adsorption process has reached
equilibrium. The rapid adsorption process within 30 min was
attributed to the presence of mesopores in the samples, which
allows the diffusion of MBmolecules into the pores.41 Moreover,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Photodegradation of MB over 50 mg g-C3N4, GZ-1, GZ-2, and GZ-3 catalysts and (b) corresponding Langmuir–Hinshelwood plots. (c)
Photodegradation of MB over 50 mg of GZ-2 as a representative sample with the control experiments using the bare g-C3N4 and ZSM-5, and (d)
corresponding Langmuir–Hinshelwood plots for the control experiments.

Table 2 The rate constants of various g-C3N4-based catalysts with
their respective g-C3N4 and ZSM-5 composition

Sample
Rate constant
(k, min�1)

Component portion (%)

g-C3N4 ZSM-5

g-C3N4 0.0083 100.0 0.0
GZ-1 0.0092 66.7 33.3
GZ-2 0.0086 50.0 50.0
GZ-3 0.0073 33.3 66.7
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the ZSM-5 seems to be the component, which determines the
adsorption ability due to the porous nature. However, when
high portion of ZSM-5 is combined with g-C3N4, as in GZ-3, the
adsorption capacity was further enhanced, due to the combined
effect between the porosity from ZSM-5 and the larger meso-
pores in g-C3N4. The lesser amount of ZSM-5 lead to the
decrease on the adsorption capacity. Since the adsorption
reached the equilibrium aer 30 min, performing the stirring
process for 1 h in dark before irradiating the reactor with UV
light is sufficient to exclude the contribution of the adsorption
process during the photocatalytic reaction. Hence, aer 1 h of
stirring in dark, the decrease of MB concentration under UV
irradiation is contributed by the photocatalytic process.

Without light irradiation, the photocatalyst is not able to
degrade the MB as presented by the degradation curve of MB
using bare g-C3N4 in the dark, as a primary photoactive material
(Fig. 8a). Under UV light illumination, all materials are able to
degrade the MB, in which the photodegradation trends of bare
g-C3N4, GZ-1, GZ-2, and GZ-3 samples, are very comparable.
Moreover, the degradation rates are also comparable, as indi-
cated by the rate constant values (Fig. 8b and Table 2). Even
though the degradation rate of all samples shows a similar
trend and values, it does not mean that there is no enhance-
ment in the photocatalytic activity upon the compositing of
ZSM-5 and g-C3N4. In fact, it shows an indirect evidence of the
enhancement and indicates the determining component which
© 2022 The Author(s). Published by the Royal Society of Chemistry
responsible for catalytic activity. Considering the composition
of the catalysts, in 50 mg of GZ composites, the portion of g-
C3N4 and ZSM-5 in each sample is different. As tabulated in
Table 2, in 50 mg of tested catalysts, the amount of g-C3N4 are
50 mg, 33.3 mg, 25.0 mg, and 16.7 mg (or equal to 100%, 66.6%,
50.0%, and 33.3%) for each bare g-C3N4, GZ-1, GZ-2, and GZ-3,
respectively. The remaining components are ZSM-5. Based on
this component composition, we know that even with the lower
amount of g-C3N4 in GZ-1, GZ-2, and GZ-3, the exhibited pho-
tocatalytic performances are still comparable with the pure g-
C3N4. These results indirectly indicate the enhancement of
photocatalytic activity since the photocatalytic activity is
generally decreases along with the signicantly lower photo-
catalyst dose.42 Please note that the degradation experiments
were started aer the adsorption process reached equilibrium
RSC Adv., 2022, 12, 5665–5676 | 5671
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(aer 1 hour of adsorption in the dark), hence the contribution
of the adsorption process can be excluded.

To further verify the contribution of ZSM-5 and the bare g-
C3N4 in the GZ composites, we performed the MB photo-
degradation process using GZ-2 as representative GZ samples.
50 mg of GZ-2 consists of 25 mg of g-C3N4 and 25 mg of ZSM-5.
Thus, performing the MB degradation experiment using 25 mg
of g-C3N4 and 25 mg of ZSM-5 can give information on each
component contribution and how much the contribution is. As
presented in Fig. 8c and d, the 25 mg bare g-C3N4 exhibits
a slower MB degradation rate compared to the GZ-2. Moreover,
the MB degradation over 25 mg of ZSM-5 is negligible. These
results verify that the determining component for the photo-
catalytic activity is the g-C3N4. It is reasonable considering the
nature of g-C3N4, which can generate electrons and holes upon
light irradiation. In the photocatalytic process, the photo-
generated electrons and holes are two species that initiate the
photodegradation process via direct or indirect degradation by
forming radicals from water (cOH and cO2

�). In this regard, the
ZSM-5 can serve as the support for g-C3N4, where the supporting
mechanism will be discussed in the following sections.

Unveiling that the g-C3N4 is the determining component in
GZ composites, we then performed the MB photodegradation
using the same amount of g-C3N4 component for each sample.
In this regard, the mass of total photocatalyst is 50 mg, 75 mg,
Fig. 9 (a) Photodegradation of MB over bare g-C3N4, GZ-1, GZ-2, and G
20 ppm of MB, and (b) corresponding Langmuir–Hinshelwood plots. (c
catalysts with a fixed amount of g-C3N4 as photoactive material with a
Langmuir–Hinshelwood plots.

5672 | RSC Adv., 2022, 12, 5665–5676
100 mg, and 150mg for bare g-C3N4, GZ-1, GZ-2, and GZ-3, since
all samples will have 50 mg of g-C3N4. In this case, the inuence
of the ZSM-5 amount in the GZ-composites can be investigated.
The portion of ZSM-5 increases in the following order: GZ-3 >
GZ-2 > GZ-1. The MB photodegradation plots of all samples are
depicted in Fig. 9a. GZ-2 and GZ-3 show enhancement of theMB
degradation rate compared to GZ-1 and bare g-C3N4. Surpris-
ingly, the GZ-1 shows a comparable MB degradation with bare g-
C3N4. Based on these results, the addition of more ZSM-5 into g-
C3N4 is favorable for enhancing photocatalytic performance.
The low amount of ZSM-5 as the support seems to have a small
effect on the catalytic performance. Among the three GZ
composites, the GZ-3 shows the highest MB degradation rate.
The same trends are also observed and become more obvious
using the higher initial concentration of MB (i.e. 40 ppm) as
presented in Fig. 9c and d. To verify these results, the control
experiments were conducted (Fig. 10a and b). The control
experiment performed over 150 mg GZ-3 in the dark shows
a negligible MB concentration decrease. Since the GZ-3 contains
100 mg of ZSM-5, the control experiment using 100 mg of ZSM-5
under light illumination was also performed and the result
shows signicantly slower MB concentration changes compared
to the GZ-3. All of these results conrm that the MB degradation
is mainly attributed to the activity of GZ-3, due to the synergistic
effect between ZSM-5 and g-C3N4.
Z-3 catalysts with a fixed amount of g-C3N4 as photoactive material in
) Photodegradation of MB over bare g-C3N4, GZ-1, GZ-2, and GZ-3
higher initial concentration of MB (40 ppm), and (d) corresponding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Photodegradation of MB and (b) corresponding Langmuir–Hinshelwood plots over 150 mg of GZ-3 with respective control
experiments. The control experiments were performed in the dark and using 100 mg of ZSM-5 under UV illumination. The MB initial concen-
tration is 20 ppm.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

6:
05

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Apart from the synergistic effect between the g-C3N4 and
ZSM-5 in GZ-3, the enhanced photocatalytic performance can
also be attributed to the higher specic surface area of GZ-3 due
to its higher ZSM-5 content. The higher specic surface area
and the abundant mesopores in GZ-3 both originated from
ZSM-5 and g-C3N4 enhance the multilight scattering. In this
case, the large mesopores, especially in g-C3N4, induce
a multiple-reection effect on incident light, which facilitates
the light transfer onto inner surface of GZ-3. As a result, the
light absorption is improved.18,37,38 In addition to the enhanced
multilight scattering, the large mesopores also facilitates fast
mass transport.43–47
Mechanism of photocatalytic activity

The trapping experiments were performed to identify the reac-
tive species, which are responsible for the MB photo-
degradation process. For this purpose, different scavengers
such as DMSO, methanol, IPA, and L-ascorbic acid were added
into GZ-3 as scavengers for electrons (e�), holes (h+), hydroxyl
radicals (cOH), cO2

�, respectively. As shown in Fig. 11a,
comparable degradation rates as in reaction without scavenger
can still be observed by the addition of methanol and L-ascorbic
acid, suggesting that the h+ and cO2

� do not play a signicant
role in MB photodegradation. In contrast, the MB photo-
degradation rate signicantly decreases with the addition of IPA
into the reaction system and moderately decreases with the
addition of DMSO. These results indicate that during the pho-
tocatalytic reaction cOH was produced and became the reactive
species together with e� on the MB photodegradation process.
This result is in good agreement with the previous report.25

Based on the aforementioned results, the reaction mecha-
nism can be predicted. When the GZ-3 composite was irradiated
by UV light, the electrons (e�) are excited from valence band
(VB) to conduction band (CB) with immediately generated h+ in
the VB (eqn (4)). The h+ reacts with water to produce cOH (eqn
(5)).25 The cOH and e� species nally involves inMB degradation
as presented in eqn (6) and (7).

GZ-3 + UV irradiation / eCB
� and hVB

+ (4)
© 2022 The Author(s). Published by the Royal Society of Chemistry
hVB
+ + H2O / cOH + H+ (5)

cOH + MB / mineralized products (6)

eCB
� + MB / mineralized products (7)
Charge carriers behavior

The photocatalytic activity depends on the charge carriers
(electrons and holes) transfer and recombination. Therefore, to
investigate the charge carriers behavior, the photo-
electrochemical measurements and steady-state PL analysis
were performed. Fig. 11b exhibits the amperometric I–t curves
of the samples coated on the surface of FTO glass in several on–
off cycles. The exhibited photocurrent reects the ability of the
material to generate charge carriers under light illumina-
tion.48,49 All g-C3N4-based samples exhibit obvious photo-
response under full-spectrum illumination. Interestingly, ZSM-
5 also shows slight photoresponse, which agrees with the UV-
visible DRS spectra showing the absorbance in the UV region
and rationalizes the slight MB degradation as presented in Fig.
10. While the bare g-C3N4, GZ-1, and GZ-2 show a comparable
trend, the GZ-3 displays the highest photocurrent density,
suggesting that the photoresponse ability of GZ-3 is improved
and more charge carriers are generated and transferred.50,51

To further investigate the charge transfer and conductivity of
the composites, the EIS analysis was performed. Fig. 11c shows
the Nyquist plots of the composites samples with their tted
circuit. In general, the smaller semicircle in the high-frequency
region indicates the smaller charge transfer resistance (RCT). In
this regard, the Rs represents the series resistance, mainly from
the solution impedance, while the RCT represents the charge
transfer resistance within the material.28 As shown in Table 3,
the Rs values are relatively comparable among the measured
samples. Therefore, the resistance is dominantly affected by the
RCT. It can be seen from Fig. 11c that all of the GZ composites
generally have lower semicircles compared to the bare g-C3N4,
suggesting the lower charge transfer resistance.52–54 It is worth
RSC Adv., 2022, 12, 5665–5676 | 5673
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Fig. 11 (a) The reactive species trapping experiments for MB photodegradation over GZ-3 catalyst. Experiments were performed at MB initial
concentration of 40 ppm. (b) Photocurrent spectra, (c) EIS Nyquist plots, and (d) PL spectra photocurrent spectra of bare g-C3N4, ZSM-5, GZ-1,
GZ-2, and GZ-3 catalysts.
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noting that the ZSM-5 exhibits the smallest charge transfer
resistance, which indicates the highest conductivity among the
samples. Based on this observation, the presence of ZSM-5 in
the GZ-composites can potentially facilitate the charge carrier
transfer from g-C3N4. Possibly, the more conductive ZSM-5
facilitates the charge transfer from the bulk phase of g-C3N4

to the composite's surface.
The PL spectra were then performed to investigate the

separation and recombination of the photoinduced excitons. In
general, a lower PL peak intensity reects lower electron–hole
pair recombination.55 As shown in Fig. 11d, the PL emission
peaks of bare g-C3N4 was observed at 473 nm and exhibits the
highest emission intensity, suggesting the rapid recombination
of the electron–hole pairs. Upon combination with ZSM-5, the
intensity of the PL emission peaks decreases and exhibits a blue
Table 3 Rs and RCT values of over bare g-C3N4, ZSM-5, GZ-1, GZ-2,
and GZ-3 catalysts

Samples Rs (ohm) RCT (ohm)

g-C3N4 43.26 274 250
GZ-1 46.82 73 906
GZ-2 49.05 116 170
GZ-3 43.27 169 560
ZSM-5 52.63 40 985

5674 | RSC Adv., 2022, 12, 5665–5676
shi, which agrees with the UV-vis DRS spectra.56 The decrease
of the intensity is the following order: g-C3N4 > GZ-1 > GZ-2 > GZ-
3. The more ZSM-5 portion in the composites, the lower the
intensity. The results suggest that the presence of ZSM-5 in the
g-C3N4-based composites reduces the recombination of elec-
tron–hole pairs, which agrees with the previous report.25

Considering a more inhibition of electron–hole pair recombi-
nation along with a more portion of ZSM-5 in the composites, it
seems that more ZSM-5 in the GZ composites facilitates the
electrons and hole transfer to the surface. Specically, when the
electrons and holes are generated in g-C3N4, the electrons and
holes can be directly migrated to the ZSM-5, hence promoting
the contact between the charge carriers (electrons and holes)
with the reactant molecules. Note that ZSM-5 also has a porous
structure, which provides more surface area. Because of this,
the recombination can be suppressed by the presence of more
ZSM-5 in the composites.

The results from PL analysis seem to have a different trend
from the EIS results. However, it can be rationalized based on
the charge transfer migration within the g-C3N4 and ZSM-5
particles. Based on EIS analysis, the more ZSM-5 portion in
the composites, the higher charge transfer resistance. In this
regard, the resistance in the composites may be mainly
contributed by the interface resistance between the g-C3N4 and
ZSM-5 particles. That is why the GZ-3 shows the highest charge
transfer resistance since it has more contact area or interface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic illustration of charge carriers transfer in ZSM-5/g-
C3N4 composite.
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between the ZSM-5 and g-C3N4 particles. When the charge
carriers migrate from the bulk g-C3N4, they can be highly
resisted in the interface between g-C3N4 and ZSM-5 particles.
However, once the electrons or holes reach the ZSM-5 particles,
the charges carrier can bemigrated efficiently to the surface and
makes contact with reactants (Fig. 12). Note that the ZSM-5
shows the lowest charge transfer resistance (Fig. 11c). In other
words, in the GZ composites, the g-C3N4 serves as the main
photoactive material, which generates the electrons and holes,
while the ZSM-5 facilitates the transfer of photogenerated
charge carriers to the surface and optimizes the contact with the
reactant by providing a larger surface area. Moreover, because
of the facilitated charge transfer migration in the ZSM-5 parti-
cles, either volume recombination or surface recombination of
electron and hole pairs can be signicantly suppressed.
Therefore, although GZ-3 has the highest charge transfer
resistance than GZ-1 and GZ-2, it shows the lowest charge
carriers recombination due to the signicantly suppressed
charge carrier pairs recombination.
Conclusions

In summary, the g-C3N4 was successfully composited with ZSM-
5 to form ZSM-5/g-C3N4 composites with enhanced photo-
catalytic activity towards MB degradation. All samples exhibit
well dispersion of g-C3N4 and ZSM-5 components with strong
interaction as characterized by SEM, XRD, and FTIR analysis.
The more portion of ZSM-5, as in GZ-3, leads to a stronger
contact between the g-C3N4 and ZSM-5 particles. The UV-visible
DRS analysis shows that bare g-C3N4 and GZ composites
samples are responsive in the UV-visible region. The photo-
catalytic activity toward MB degradation conrms the photo-
activity of bare g-C3N4 and GZ composites. More portion of ZSM-
5 in the composites leads to better photocatalytic activity. The
highest MB photodegradation activity was performed by GZ-3.
The enhanced performance was attributed to the synergistic
effect between g-C3N4 and ZSM-5, enhanced light scattering and
the facilitated mass transfer. Unveiling the charge transfer
behavior, the EIS and PL analysis reveal the enhanced charge
© 2022 The Author(s). Published by the Royal Society of Chemistry
carrier transfer from g-C3N4 to the surface of the catalyst facil-
itated by ZSM-5, which suppresses the charge carriers recom-
bination. Additionally, the higher resistance may raise from the
interface between g-C3N4 and ZSM-5 particles, suggesting that
the strong and highly intact interaction between the g-C3N4 and
ZSM-5 particles is an important factor to be considered in order
to further facilitate the charge transfer in ZSM-5/g-C3N4

composites.
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