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Synthesis and characterization of a g-C3sN4/UiO-
66/Ag,CrO4 ternary nanocomposite for the photo-
catalytic degradation of methyl orange under
visible-light irradiation

Gudisa Hailu Chala, (2 ** Habtamu Tegegne Metikie,® Ephriem Tadesse Mengesha
and Abi M Tadesse (& ¢

In this study, novel g-CsN4/UiO-66/Ag,CrO,4 ternary nanocomposites with different mass ratios of Ag,CrO,4
were synthesized effectively via the precipitation method for the treatment of polluted water. Solvothermal
and co-precipitation techniques were used to synthesize the UiO-66 and Ag,CrO4 nanoparticles,
respectively. The precipitation process was also used to produce binary nanocomposites (g-C3N4/UiO-66
and UiO-66/Ag,CrO,4). UV-visible spectrophotometry, photoluminescence (PL) study, Fourier transform
infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM) evidenced ample and efficient
interactions between the components within the composites. The photocatalytic activities of each
nanocomposite were evaluated using aqueous solutions of model methyl orange (MO) and a real sewage
sample solution collected from Hawasa Textile Industry. The photocatalytic efficiencies of the ternary
nanocomposites (g-C3N4/UiO-66/Ag,CrOy4, 10%, 20%, and 30% of Ag,CrO,4) were found to be higher than
those of single and binary nanocomposites due to synergistic effects in the composite, which favored
efficient interfacial charge transfer and improved separation of photoinduced electron—hole pairs. In
particular, the ternary nanocomposite containing 20% of Ag,CrO, exhibited the highest photocatalytic
activity. The effect of various experimental parameters, such as pH, initial dye concentration, photocatalyst
load and scavengers' effects, on MO degradation was investigated using this g-C3N4/UiO-66/Ag,CrO4
ternary nanocomposite. Results showed that at optimum pH (2), catalyst load (0.2 g L™ and initial dye
concentration (10 ppm), the percent degradation of MO under visible-light irradiation (indoor system) was
found to be 97.0% in 120 min, and in the outdoor system, it was found to be 99.6% in 40 min. The selected
photocatalyst was also applied for the degradation of a real sewage sample solution, and a percent
degradation of 76.2% was observed. Importantly, the catalytic efficiency did not decrease significantly even
after three reaction cycles, showing it had good stability and recyclability. Hydroxide radicals (*OH) and holes
(h™) were identified as the most active species in the photocatalytic process. Therefore, the g-C3N,4/UiO-66/
Ag,CrO, ternary nanocomposite may be a viable option for industrial photocatalytic applications, particularly
in the removal of organic dyes from wastewater.

academics in recent years because of their numerous attractive
applications in drug delivery, gas storage, catalysis, and selec-

Recently, there has been a lot of interest in metal-organic
frameworks (MOFs) for photocatalysis applications." Metal-
organic frameworks (MOFs) are an interesting type of porous
crystalline materials made of metal ions and polyfunctional
organic ligands. They have attracted a lot of interest from
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tive adsorption and separation. MOFs are promising photo-
catalysts because they behave like semiconductors when
exposed to light.” In one of the ground-breaking studies, MOF-5
was investigated for the photocatalytic degradation of phenol in
an aqueous solution.®* However, due to the wide bandgap of
these MOFs, the degradation process could only proceed when
exposed to UV radiation. Among the different kinds of MOFs,
UiO-66, a MOF based on zirconium, in several types of MOFs,
UiO-66, an MOF based on zirconium, has been gaining
increasing interest from researchers.* Stability can be preserved
even after addressing missing linker defects and altering the
active functional groups.” However, MOFs utilized as catalysts

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in photocatalysis are not as effective as inorganic semi-
conductors due to their low efficiency for solar energy conver-
sion and photo-generated charge separation.® To solve this
serious problem, additional semiconductor functional mate-
rials with photocatalytic activities can be installed on MOF
substrates to increase stability and catalytic activity. UiO-66 is
usually mixed with other semiconductors with narrow bandg-
aps to modify the energy levels of the valence band, conduction
band, or both in the composites.

Therefore, by reducing electron-hole pair recombinations,
charging injection from other semiconductors into UiO-66 can
produce longer and more effective charge separation than the
parent materials.” For example, g-C;N, is an effective adsorbent
and catalyst when combined with UiO-66 because it improves
its accessible surface area and forms a heterojunction contact
between the two components. The ultra-high porosity and
exceptionally high internal surface area structure of MOFs are
preserved in UiO-66/g-C3;N,, potentially resolving the low-
specific-surface-area problem of g-C;N,. Furthermore, the
heterojunction between two semiconductors can reduce elec-
tron and hole recombination by facilitating electron transport
and separation.

Furthermore, UiO-66/g-C3;N, can utilize visible light because
of the low bandgap of g-C;N,.* The photocatalytic activity of g-
C;3N,/UiO-66 binary composites has been documented thus far
in comparison to that of UiO-66.* Additionally, there are reports
on ternary nanocomposites, such as rGO/UiO-66/Ag,CO3,’ rGO/
Ui0-66/Ag;P0,,° CuO/Ui0-66/Ag,CO;,"* and CdS/UiO-66/
Ag;P0O,,"* for photocatalysis applications. Ternary composite
systems, such as g-C;N,/UiO-66/Ag,CrO,, have good features
that may lead to improved selectivity, stability, sensitivity, and
photocatalytic efficiency. To the best of our knowledge, this
ternary compound, g-C;N,/UiO-66/Ag,CrO,, has not yet been
reported. Therefore, the goal of the current work is to create
a ternary nanocomposite of the previously stated composite for
use in photocatalysis.

2. Materials and methods

2.1. Materials

All of the chemicals and solvents used were analytical grade and
were purchased from commercial providers. Every chemical
used was of analytical grade. No additional purification was
done before using the chemical reagents. g-C;N, was synthe-
sized using urea (CH4N,O, BDH, 98%). Zirconium oxychloride
octahydrate (ZrOCl,-8H,0, >99.5%) salt, 1,4-benzendicarboxy-
lic acid (H,BDC, 98%), and DMF (99% British, BDH) were
utilized to create UiO-66. Ag,CrO, was prepared using deionized
water, K,CrO, (BDH, 98%), and AgNO; (99% British, BDH). The
materials were prepared and applied using hydrochloric acid
(BDH, England, 37%), ethanol (absolute grade, 99%), sodium
sulphate (Merck, 99%), sodium bicarbonate (India, 99.5%),
sodium hydroxide (BDH, England, 98%), and sodium nitrate.
For the photocatalytic test of the as-synthesized nano-
composites, model methyl orange (MO: C;,H;4;N3NaO;S,
Thermo Fisher Scientific, ACS reagent, 85% dye content) and
polluted water containing methyl orange were used.
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2.2. Synthesis procedures

2.2.1. Synthesis of Zr-UiO-66-DMF (HT). Zr-UiO-66 was
prepared using a 1:1 molar ratio of Zr to BDC. 3.91 g (12.78
mmol) of zirconium oxychloride octahydrate (ZrOCl, - 8H,0) salt
was dissolved and agitated for 30 minutes in 50 mL of DMF. The
mixture was centrifuged for half an hour; afterward, 2.01 g
(12.11 mmol) of benzene dicarboxylic acid was dissolved in
50 mL of DMF. The metal salt solution was then progressively
combined with the linker solution for an entire day. For the
entire day, the reaction was kept in the oven at 120 °C.
Following a 30-minute centrifugation at 2500 rpm, the precip-
itate was washed three times using DMF and four times using
methanol. The solids were then weighed after being allowed to
dry at room temperature in the open."® Zr-MOF precipitated at
high temperatures was identified as UiO-66-DMF (HT). It was
expected to have the chemical formula ZrsO,(OH);-[CeH,
(002)2]12

2.2.2. Synthesis of the g-C;N,/UiO-66 binary nano-
composite. According to a report,® the binary compound, g-
C;3N,4/UiO-66, was made in a single step. The g-C;N,: UiO-66
molar ratio of 0.5:1 served as the foundation for the creation
of the g-C;N,/UiO-66 composite. In order to prepare 0.500 g of g-
C;3N,4/UiO-66 binary nanocomposite, 0.330 g of the as-
synthesised UiO-66 was sonicated for 30 minutes in 25 mL of
distilled water (solution 1). Another flask was used to ultra-
sonically disperse 0.170 g of g-C3N, in 25 mL of distilled water
for 30 minutes (solution 2). After that, solution® was gradually
added to solution® and vigorously agitated for 12 hours. In the
end, the product was collected by filtration, thoroughly cleansed
four times with distilled water, and dried in an oven at 80
degrees Celsius for twelve hours.

2.2.3. Synthesis of Ag,Cr0,/UiO-66 binary nanocomposite.
Ag,Cr0,/UiO-66 nanocomposite was made using the technique
described in ref. 14. The Ag,CrO,/UiO-66 nanocomposite was
made using the Ag: Zr molar ratio of 0.5:1. Usually, 9.766 mg
(0.50344 mmol) of K,CrO, was dissolved in 5.034 mL of
deionized water to generate 0.500 g of an Ag,CrO,/UiO-66
composite with an Ag:Zr molar ratio of (0.5:1). After that,
0.33 g (0.126 mmol) of the synthesized UiO-66 was added to the
K,CrO, solution, and it was agitated for an hour. Separately,
10 mL of deionized water was used to dissolve 0.170 g (1.001
mmol) of AgNO;. The AgNO; solutions were added dropwise to
the UiO-66 mixture. The reaction mixtures were vigorously
agitated for 12 hours at room temperature after a total of
15.034 mL of water was added. Ultimately, the product was
collected by filtration, carefully cleaned four times with deion-
ized water, and dried for 12 hours at 80 degrees Celsius in an
oven.

2.2.4. Synthesis of g-C;N,/UiO-66/Ag,CrO, ternary nano-
composites. The ternary heterocomposites g-C;N,/UiO-66/
Ag,CrO, with different weight ratios were synthesized by liquid-
assisted solid state reactions by varying the amount of Ag,CrO,.
The g-C3N,/UiO-66/Ag,CrO,-x ternary nanocomposites of
different weight ratios (10 wt%, 20 wt%, and 30 wt%) of Ag,CrO,
to g-C3N,/UiO-66 were synthesized by liquid-assisted solid-state
reactions as follows. The weight-ratio mass of Ag,CrO, to g-
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C;3N,/UiO-66 was varied by changing the amount of Ag,CrO,
added during the synthesis and keeping the g-C;N,/UiO-66
amount constant. First, a certain amount of the as-
synthesized g-C;N,/UiO-66 (0.85 g) nanocomposite was
dispersed in 50 mL of distilled water and sonicated for 30 min.
Then, AgNO; at different weight ratios of 10 wt% (87 mg or
0.514 mmol), 20 wt% (174 mg or 1.024 mmol), and 30 wt%
(261.13 mg or 1.537 mmol) were added into the above solution
and stirred for 2 h. After stirring, a solution of K,CrO, at
different weight ratios was slowly poured [10% (49.70 mg or
0.256 mmol in 5 mL of deionized water), 20% (99.94 mg or
0.512 mmol in 8 mL of deionized water), and 30% (149.00 mg or
0.768 mmol in 12 mL of deionized water)] into the above solu-
tion and stirred for 12 hours. Finally, the product was collected
by filtration, carefully cleaned four times with deionized water,
and dried for 12 hours at 80 degrees Celsius in an oven.

2.3. Characterization of materials

The as-synthesized samples were characterized by X-ray
diffraction (Analytical X-ray source) with Cu Ko radiation
(wavelength of 0.15406 nm) at a step scan rate of 0.02 (step time:
1 s; 26 range: 5.0°-90°). Further, UV/Vis spectrophotometry
(SANYO SP65, UK), PL fluorescence spectrometry (RF-
5301PCSPECTROFLUOROPHOTOMETER), FTIR spectroscopy
(Spectrumé65, PerkinElmer) and SEM (JCM-6000plus BENCH
TOP SEM, SHIMADZU Corporation, Japan) were conducted.

2.4. Determination of the point of zero charge

By adding 100 mL of 0.01 M NaNO;j; to each flask and adjusting
to different pH ranges from 2 to 12 using 0.1 M solutions of HCI
and NaOH, the pHp,c of GUA2 (g-C3N,/UiO-66/Ag,Cr0O,-20%)
was calculated. The initial pH was then measured after adding
0.2 g of the photocatalyst to each flask, moving it to a mechan-
ical shaker, and shaking it for 60 minutes. The aforementioned
solution was then equilibrated for an additional 60 minutes
after 1 g of NaNO; was added. The point of zero charge, where
the graph intersected the X-axis, was then found by measuring
the final pH and plotting pH final-initial (Y-axis) vs. pH final (X-
axis)."

2.5. Photocatalytic degradation studies

The Hawasa Textile Industry provided the wastewater sample,
which was treated with the chosen and comparatively more
effective photocatalyst. The photocatalytic activities of the as-
synthesized photocatalysts were investigated for the degrada-
tion of MO in both dark and visible light. A reactor tube was
filled with 0.2 g L™ " of the as-synthesized photocatalyst powder
and 10 ppm of a 100 mL aqueous solution of MO at pH 2 in
order to prepare for the methyl orange degradation. The
adsorption-desorption equilibrium was reached in the catalyst
and MO dye suspension after one hour in a dark setting.'® After
that, a magnetic stirrer was used to continuously mix the
suspensions while they were exposed to visible light. When
stirring, air or oxygen was added to the mixture as needed.
Then, absorbance was measured in a 20-min time interval to
monitor the MO aqueous solution decolorization. To this effect,
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10 mL of suspension was withdrawn at a 20-min time interval
and centrifuged at 3000 rpm for 10 min. Finally, the percentage
degradation was calculated for each case using the following

formula:
A, — A A
Aigixlm:<l—gﬁxlm,

where A, is the dye's absorbance at time “¢”, and 4, is the dye's
absorbance at the beginning stage. The Langmuir-Hinshel-
wood model was used to express the rate at which the photo-
catalysts degraded methyl orange. The reaction rate can be
written as indicated in ref. 17 when the original dye concen-
tration is lower:

% degradation =

Rate = In(C/C,) = —Kt,

where ¢ (min) is the reaction time, C, is the absorbance of MO
dye in solution at the beginning, C, is the absorbance at
a specific time, and K (min~ ") is the apparent pseudo-first-order
reaction rate constant. The adsorption of dye on the catalyst
surface will be assessed by dark adsorption experiments, and C,/
C, vs. irradiation duration was shown for comparison.

3. Results and discussion

3.1. Powder X-ray diffraction (PXRD) analysis

Fig. 1 shows the characteristic peaks on the XRD patterns of the
as-synthesized nanocomposites: UiO-66 (U), g-C3N,/UiO-66
(GU), UiO-66/Ag,CrO, (UA), and ternary g-CsN,/UiO-66/
Ag,CrO, (GUA2). Accordingly, the diffraction peaks observed at
scattering angles (26) of 7.30°, 25.55°, and 43.79° corresponding
to (002), (202), and (332) in the lattice plane, respectively, rep-
resented the hexagonal structure of the UiO-66 particle, which is
in line with the previous report.*® The peak observed at a scat-
tering angle (26) of less than 10° was characteristic of porous
materials that possess abundant pores or cavities. The diffrac-
tion peak observed at scattering angles (26) of 10.01° and 27.89°
corresponded to the (012) and (035) crystal lattice planes of the
g-C3N,/Ui0-66 composite. In particular, the intense peak
observed at a scattering angle of 27.89 represented the presence
of g-C;N, material in the binary system. When UiO-66 and g-
C;3N, were suitably coupled, the maximum mass ratio of g-C3N,
reduced the intensity of the peak seen at scattering angles (26)
of 10.01°, 25.55°, and 43.79° of UiO-66, indicating the creation
of composites. Similarly, the integration of g-C;N, with UiO-66
reduced the porosity of Zr-MOF, which in turn reduced the
strength of the peak seen at a scattering angle of less than 10°.
Moreover, the diffraction peak observed at scattering angles (26)
0f10.01°,18.7°,27.81°, 31.26°, and 32.32°, corresponding to the
(110), (102), (222), (225), and (226) crystal planes, respectively,
represented the structure of the UiO-66/Ag,CrO, ternary nano-
composite. When UiO-66 was coupled with Ag,CrO,, the
diffraction peak observed at a scattering angle (26) of 10.01° was
reduced due to the formation of a composite with Ag,CrO;. In
the case of the ternary system (g-C5N,/UiO-66/Ag,CrO,), the
peak observed at scattering angles (26) of 26°, 31.18°, and 33°,
corresponding to the (222), (225), and (226) crystal planes,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of U, GU, UA and GUA2.

respectively, represented the formation of the ternary
composite. In this instance, a new peak formed, and the
detected peak at a scattering angle (26) of 10.01° on UiO-66 was
reduced, indicating the correct incorporation of g-C;N, and
Ag,CrO, with the host, Zr-MOF. The presence of Ag,CrO,
material in the ternary system was indicated by the relatively
high peaks seen at scattering angles of 31.18° and 33°. The
Debye-Scherer formula'® was used to determine the average
crystallite size of each of the as-synthesized material [U, GU, UA,
and GUA2].

KA

- B cos @’ (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry

where D is the crystallite size in nanometers, and K is the form
factor constant, which is assumed to be 0.9. § is the full width at
half maximum (FWHM) in radians, A is the X-ray wavelength
(0.15406 nm) for Cu target Kol radiation, and 6 is the Bragg's
angle. The most intense peak in the PXRD pattern was used to
calculate the average crystallite size (D) of the as-synthesized
nanocomposite. The crystallite size of the photocatalysts is
one of the important factors in the photocatalytic degradation
process.'® As can be seen, the photocatalytic degradation of MO
by the ternary composite increased with the decrease in the
particle size. This was due to the formation of a high number of
active sites on the photocatalyst surfaces, which in turn
increased the number of hydroxyl and superoxide radicals.*

RSC Adv, 2026, 16, 24704-24718 | 24707
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Table 1 Average crystallte sizes of the as-synthesized
nanocomposites
20 B Dy

Photocatalysts (degree) (radians) (nm)
U (Ui0-66) 7.30 0.9259 1.500
AU (Ag,Cr0,/UiO-66) 31.26 0.02026 7.102
GU (g-C;3N,/Ui0-66) 27.89 0.06078 2.349
GUA2 (g-C3N,/UiO-66/Ag,CrO,) 31.18 0.1418 1.013

The likelihood of an electron-hole pair recombining was
reduced with the decrease in the particle size. This was due to
the possibility of increasing the distance needed for charge
carriers to migrate to the surface. In the presence of various
supports, this type of charge movement can also be assisted.
They can postpone electron-hole pair recombination even
more. The average crystallite sizes (Ds) of the as-synthesize
materials are described in Table 1.

Table 2 Bandgap energy of the as-synthesized nanomaterials®

View Article Online
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3.2. UV-vis diffuse absorption spectra

Plotting absorbance against wavelength yielded the UV-Vis
diffuse absorption edges of the as-synthesized photocatalysts.
The value of the diffuse absorption edge (nm) was obtained by
intercepting the tangent line on the descending portion of the
absorption peak at the wavelength axis. The bandgap energy of
each of the as-synthesized material was determined by the
following formula:

1240
absorption edge(nm)

Bandgap energy(eV) = (2)

The bandgap energy (Eg) of each of the as-synthesized pho-
tocatalyst was also obtained from the equation shown below.

ahv = A(hy — Eg)". (3)

The absorption coefficient, Planck constant, light frequency,
bandgap energy, and absorption constant are represented by «,

Nanomaterials Estimated bandgap energy (eV) Absorption edge (nm) Reported bandgap energy (eV) References
G 2.57 480 nm 2.57 21
U 3.80 326 nm 3.84 21
A 1.90 652 nm 1.80 22
GU 3.07 404 nm 3.74 21
UA 2.48 500 nm This work
GUA1 2.23 556 nm This work
GUA2 2.14 580 nm This work
GUA3 2.21 561 nm This work

@ where G = g-C;N,, A = Ag,CrO,, U = Ui0-66, GU = g-C;N,/Ui0-66, AU = Ag,Cr0,/Ui0-66 and GUA = g-C;N,/UiO-66/Ag,CrO, (GUA1 = 10% of

Ag,CrO,4, GUA2 = 20% Ag,CrO, and GUA3 = 30% AgZCrO4).

o
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Fig. 2 (a) Plot of (ahw)® versus photon energy (hv) for the as-synthesized materials: G, U, A, GU, UA, GUAL, GUA2, and GUA3. First graph: (a) U
(UiO-66), (b) G (g-C3N4), and (c) A (Ag>CrO,). Second graph: (a) GUAL (g-C3N,4/UiO-66/Ag,CrO,4 10%), (b) GUA3 (g-C3N4/UiO-66/Ag,CrO4 30%),
(c) GUA2 (g-C3N,/UiO-66/Ag,CrO4 20%), (d) UA (UiO-66/Ag,CrO4), and (e) GU (g-C3N./UiO-66).
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UiO-66

g-C3N4/ UiO-66

Fig. 3 SEM images of the as-synthesized photocatalysts.

h, v, Ey, and A, respectively. The value of n was decided by the
property of the semiconductor; for an indirect bandgap semi-
conductor, such as Ag,CrO,, the value of 7 is 4, and for a direct
bandgap semiconductor, such as g-C;Ny, the value of n is 1.>°
Based on the Tauc plot (eqn (3)), the bandgaps for all the as-
synthesized materials, such as G (g-C3;N,), U (UiO-66), A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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x 1000 16/01/2022

g—C3N4/Ui0-66 Ag,CrO4

(Ag,CrO,), GU (g-C3N,/UiO-66), UA (UiO-66/Ag,CrO,) and
ternary GUA1, GUA2 and GUA3 (g-C3N,/UiO-66/Ag,CrO,), were
determined, and their photocatalytic performances towards the
degradation of MO dye were decided, because bandgap energy
tells the photocatalytic mechanism of the material during dye
degradation. Table 2 describes the bandgap energy of each of

RSC Adv, 2026, 16, 24704-24718 | 24709
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the as-synthesized material, which was determined by Tauc's
equation. The absorption edge of Zr-MOF (UiO-66) was at
326 nm, which was outside the visible region. Hence, its pho-
tocatalytic activity towards the degradation of MO was lower
than that of the other as-synthesized photocatalysts, as shown
in Table 2, which is in line with the previous report.®* However,
proper coupling with g-C;N, and Ag,CrO, made it shift towards
the visible regions, with an absorption edge of 580 nm (GUA2),
as shown in Table 2 and (Fig. 2).

3.3. SEM analysis of photocatalysts

The SEM micrograph of the as-synthesized materials is depicted
in Fig. 3. It could be seen from Fig. 3 that the SEM micrographs
of all the single, binary and ternary systems showed no distinct
morphologies. The pure Ag,CrO, showed irregular and stacked
particle-like morphology, which was obviously agglomerated. In
the binary system, Ag,CrO,/UiO-66, it could be clearly observed
that some irregular Ag,CrO, nanoparticles were deposited on
the surface of UiO-66, demonstrating that the Ag,CrO, nano-
particles securely adhered to the support and progressively grew
on the surface of MOFs during the solution phase reaction.
Notably, in contrast to pure Ag,CrOy, the in situ growth created
close contact between Ag,CrO, and MOFs (UiO-66), which
improved photogenerated charge carrier transfer and separa-
tion. In the case of binary g-C3N,/UiO-66 and ternary g-CsN,/
UiO-66/Ag,CrO, systems, no discernible morphology was
observed, indicating the complete mixing up of the components
upon composite formation.
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3.4. FTIR study of the as-synthesized materials

The O-H stretching vibration may be responsible for UiO-66's
distinctive peak at 3420 cm™". In agreement with the earlier
report,* the distinctive peaks at 1662 cm ', 1584 cm™*, and
1398 cm ™ * were attributed to the stretching vibrations of C=0
in the carboxylic acid found in H,BDC. This band indicated the
existence of a coordinate bonding of the metal with the organic
fraction of terephthalic acid. This is in agreement with the
previous report. The peaks at 748 cm™ ' and 663 cm ™" were due
to the Zr-(u3)-O bond, which is in line with the previous
reports.*® The small bands at 1504 cm™' and 1245 cm™ " rep-
resented the typical frame vibration of a benzene ring. The O-H
stretching vibrations for the binary (GU) and ternary GUA2
nanocomposites were 3415 cm " and 3393 cm ™, respectively.
Moreover, in the case of g-C3N,/UiO-66 and g-C3N,/UiO-66/
Ag,CrO, ternary nanocomposites, there was a shift in the
stretching vibration of the carbonyl C=0 group. In contrast to
UiO-66, the stretching vibration of C=0 for the binary and
ternary systems changed into a relatively low wave number. The
interaction of UiO-66 with Ag,CrO, and g-C3N, materials to
generate composites may be the cause of these shifts in the
distinctive peaks of UiO-66 to the low wave numbers. Shifting
the peaks to a low wave number benefits the photo-generated
electron transfer; this enhances the photo-catalytic activities
of composites. For binary (g-C;N,/UiO-66) and ternary (g-C3N,/
UiO-66/Ag,Cr0O,) composites, the absorption bands centered at
3212 em™ ' and 3208 cm ™', respectively, were attributed to the
stretching vibrations of N-H bonds. Additionally, the typical
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Fig. 4 FTIR spectra of the as-synthesized materials (U, GU, UA and GUA2).
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skeletal stretch ring vibrations of the s-triazine or tri-s-triazine
groups were attributed to a set of significant absorption bands
in the range of 1240-1640 cm ™', According to earlier findings,
the steep peaks at 812 cm™' are associated with the normal
breathing style of triazine units.** The FTIR spectra of binary
(Ui0-66/A2,Cr0O,) and ternary (g-C3N,/UiO-66/Ag,CrO,) nano-
composites showed a strong absorption band at 900 cm™ ' and
890 cm ™", respectively, which were assigned to the stretching
vibration mode of the Cr-O bond, which is in line with the
previous report (Fig. 4).>

3.5. Photoluminescence (PL) study of the as-synthesized
photocatalysts

It could be observed that the PL intensities of the binary and
ternary nanocomposites were much lower as compared to those
of single UiO-66. The intensity levels were as follows: U > G > A >
AU > GU > GUA1 > GUA3 > GUA2. This is, of course, in good
agreement with the results observed in the photocatalytic
degradation curves presented in Fig. 5. Excitonic PL intensity
decreased in the binary and ternary composite systems due to
the effective separation of photo-induced electrons and holes.
This is due to the fact that linked materials have a strong ability
to collect photo-induced electrons when the excitonic PL
intensity is low. Consequently, improved charge separation
between photo-generated electrons and holes results in
increased photocatalytic activity. In contrast, the PL intensity of
the g-C3N,/UiO-66/Ag,CrO, photocatalyst dramatically dropped,
indicating a substantially low rate of photo-generated electron—
hole (e"-h") pair recombination. Therefore, the enhancement
of photocatalytic activity has a good agreement with the
decrease in PL intensity.

3.6. Photocatalytic studies of the as-synthesized
nanocomposites

The MO photodegradation curves via the as-synthesized g-C3;N,/
UiO-66/Ag,CrO, hybrids were evaluated under visible-light
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Fig. 5 Comparison of the photoluminescence (PL) spectra of the as-
synthesized materials: (d) UA (UiO-66/Ag,,CrO44), (f) GUAL (g-C33N 44/
Uio—66/A922CFO44 10%), (h) GUA2 (g-C33N44/UIO—66/A922CrO44
20%), (b) G (g-C33N44), (g) GUA3 (g-C33N44/UiO-66/Ag,,CrO44 30%),
(e) GU (g—C33N44/UiO—66), (C) A (A922Cr044), and (a) U (UIO—66)
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pH = 2, 10 ppm dye concentration and 0.20 g per L catalyst load)
under visible-light irradiation.

irradiation at a maximum absorption (Aa,) of 508 nm. The
binary composites, such as the g-C;N,/UiO-66 and Ag,CrO,/
UiO-66 systems, showed higher degradation efficiency on MO
dye under visible-light irradiation than the single photocatalyst,
UiO-66, because of the retardation of the back reaction between
g-C3N, and Ag,CrO, with UiO-66, which produced a great
number of charge carriers that increased the degradation effi-
ciency (Fig. 6).

3.7. Effect of experimental parameters on the degradation of
MO under visible-light irradiation

3.7.1. pH of the MO aqueous solution. The pH of the MO
solution was changed from pH 2.0 to pH 12.0 using 0.1 M
solutions of HCI and NaOH in order to examine the impact of
pH on the adsorption capacity and degradation efficiency of
MO. Additionally, Fig. 7 displays the photodegradation effi-
ciency of the MO solution, with a catalyst load of 0.15 ¢ L' and
a starting concentration of 15 ppm as a function of contact time.
According to the experimental findings, the MO solution's
greatest adsorption and photodegradation efficiency was
discovered at pH = 2. The high adsorption capacity for MO may
result from the electrostatic attraction between the positively
charged g-C;N,/UiO-66/Ag,CrO, (GUA2) adsorbent surface and
the negatively charged anionic MO dye when the pH of the
solution is less than the pH of PZC of g-C;N,/UiO-66/Ag,CrO,
(GUA2), which is 6.02. The decreased photodegradation effi-
ciency of MO at a high pH may be due to a high concentration of
OH-ions, which prevents the penetration of visible light. The
production of hydroxyl radicals is increased at high pH values.*®
However, when the pH of the solution is excessively high (pH >
12), the breakdown of organic molecules is suppressed because
hydroxyl ions compete with organic molecules for adsorption
on the catalyst surface.”” On the other hand, because the pho-
tocatalyst's surface is positively charged at a low pH, there is an
increase in the adsorption of anionic organic molecules on its
surface. Furthermore, the efficiency of the dye's breakdown in
the photocatalytic process is determined by the quantity of
photogenerated electrons and holes that reach the particle
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(a) Effect of pH on the photocatalytic activities of the as-synthesized nanocomposite (GUA2) with respect to irradiation time, (b) UV-visible

spectra of MO solution irradiated in 20-min intervals at 15 ppm dye concentration, 0.15 g per L catalyst loading and pH 2.

surface.”® Clearly, the degradation was fastest at pH 2, 4, and 6
in acidic media and slowest at basic pH. The semiconductor
particle surface was positively charged at more acidic pH values,
while at pH > 6.02, the surface was negatively charged. This had
important consequences for the adsorption and desorption
properties of the particle surface of the catalyst, as well as for
the photo-adsorption and photo-desorption features of such
surfaces. Thus, an anionic dye with a negative charge can be
adsorbed on the surface of a highly positively charged as-
synthesized nanocomposite via a strong electrostatic attrac-
tion and electrostatic interaction, which was beneficial for
increasing the adsorption property and thereby improving the
degradation efficiencies of the material prepared at pH 2. The
general trend is similar to that of a previous study done for
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Fig. 8

photocatalytic degradation of methyl orange (MO) with the Ti-
BDC metal-organic framework.*®

3.7.2. Photocatalyst load. Under visible light irradiation,
the impact of photocatalyst load on methyl orange photo
degradation was examined. The catalyst concentration is
regarded as one of the most crucial factors that should be
examined in any decolorization process from an economic
perspective. Finding the ideal photocatalyst load for effective
dye removal is essential to preventing the usage of excess pho-
tocatalyst. Using varied concentrations of the g-C;N,/UiO-66/
Ag,CrO, catalyst, ranging from 0.10 to 0.30 g L™, while main-
taining all other experimental parameters (at 15 ppm dye
concentration and pH 2), the impact of catalyst amount on the
photocatalytic decolorization process of MO was initially
examined. The C,/C, result of methyl orange dye versus
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(a) Effect of catalyst load on the photocatalytic activities of the as-synthesized composite with respect to irradiation time and (b) UV-

visible spectra of the MO dye solution irradiated in 20-min intervals using 0.20 g L™ of GUA2, 15 ppm dye concentration and pH 2.
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irradiation time obtained by varying the photocatalyst amount
is shown in Fig. 8. The observed improvement in MO decolor-
ization efficiency within the range of g-C3;N,/UiO-66/Ag,CrO,
catalyst concentrations from 0.10 to 0.20 g L may be caused by
more accessible adsorption and catalytically active sites on the
2-C3N,/Ui0-66/Ag,CrO, catalyst surface. However, an additional
rise in catalyst concentration may result in an increase in
opacity and a light scattering effect, which would lower its
specific activity due to the aggregation of g-C;N,/UiO-66/
Ag,CrO, (GUA2) particles at high dosages. The experimental
results showed that as the catalyst load increased from 0.10 to
0.20 g L', the degradation of MO by GUA2 also increased from
81.22% to 89.3%. However, the further increase in the catalyst
load from 0.20 to 0.30 g ™" decreased its degradation efficiency
of MO from 89.3% to 73.20%, and this was done without the
optimization of dye concentration. The amount of photocatalyst
increased only up to some point, and further increment in the
amount of the catalyst decreased the degradation efficiency due
to the decreased light penetration caused by the shielding effect
of the overdosed suspended particles of the GUA2 photo-
catalyst. The mass of the catalyst directly correlates with the first
rate of reaction. Nevertheless, the response rate levels out and
becomes independent of mass over a specific mass.* As the
dosage of photo-catalyst increased, the total surface area (active
sites) available for the photocatalytic reaction likewise appeared
to have increased, contributing to the increase in MO efficiency.
However, at the same time, as the suspension's turbidity
increased, visible light penetration reduced due to an increased
scattering effect, which lowered the suspension's photo-
initiated volume. When the concentration of the solid parti-
cles is higher, the tendency of particle-particle interaction
(agglomeration) increases, which reduces the surface area
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available for light absorption and decreases the photocatalytic
degradation rate.** In addition to this, a decrease in photo-
catalytic rate was due to an unfavorable light scattering, and the
reduction of light penetration into the solution was observed
with excess photocatalyst loading.

3.7.3. [Initial MO dye concentration. The initial concentra-
tion of the organic pollutant (MO) was another significant
experimental element that influenced photocatalytic degrada-
tion. Using g-C3N,/UiO-66/Ag,CrO,, the effect of the initial
concentration of MO solution on the degrading effect under
visible irradiation was investigated by increasing the concen-
trations from 5 to 20 ppm at a fixed photocatalyst load (0.2 g
L") and pH 2. As the dye concentration increased from 5 to
10 ppm, the initial rate of MO degradation by GUA, increased,
as seen in Fig. 9. When the dye concentration was 5 ppm, 82.1%
of the dye was eliminated after 180 minutes; when the
concentration was raised to 10 ppm of MO, the degradation
increased to 97.00%, as illustrated in Fig. 9. However, as the dye
concentration increased from 10, 15, and 20 ppm, GUA2's dye
degradation efficiency dropped from 97.00%, 70.70%, and
60.9%. As the concentration of dye increased from 5 to 20 ppm,
the corresponding degradation rate constant (K) value of dye
degradation likewise increased from 0.0096 min "' to
0.0195 min ' and declined from 0.0195 min™*, 0.0068 min?,
and 0.0052 min~ ", respectively, with irradiation duration.
Because there were fewer active sites accessible relative to the
amount of MO molecules present at high concentrations, MO
degradation decreased as concentration increased. This
reduced the photodegradation effectiveness by preventing the
light's photons from interacting with the system.**

3.7.4. Effect of scavengers. The results showed that 97.00%
of MO was converted photo-catalytically without the need for
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(a) Effect of initial dye concentration on the photocatalytic activities of the as-synthesized nanocomposites with respect to irradiation

time using 10 ppm dye concentration and at pH 2 and (b) UV-visible spectra of the MO dye solution irradiated in 20-min intervals at pH 2 using

10 ppm dye concentration and 0.20 g per L GUAZ2 catalyst load.
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Fig. 10 Photocatalytic degradation of MO over g-CzN,/UiO-66/
Ag,CrO4 (GUA2) samples under visible-light irradiation at optimized
parameters with the addition of different scavengers, CHzOH,
NaHCOs3, and NaySOy4, and without a scavenger.

a scavenger. However, the photocatalytic degradation of MO
dropped to 93.90% when Na,SO, (*O,) was added, while the
photocatalytic conversion of dye became 61.90% and 79.40%,
respectively, when CH;0H/H,0 (*OH) and NaHCO; (h") were
applied. The addition of Na,SO, slowed the dye's photo-
degradation, whereas the addition of NaHCO; or CH;0OH/H,0
significantly slowed it down. This suggested that the hole (h")
and hydroxide radicals (*OH) were the primary drivers of dye
degradation, with superoxide radicals playing a minor role
(Fig. 10).

3.8. Photocatalytic stability of the as-synthesized
photocatalyst (GUA2)

Fig. 11 illustrates that after 120 minutes of radiation, 97.00% of
the dye was destroyed in the first cycle. According to Fig. 11, the
dye was degraded by 94.60%, 90.20%, and 87.90% in the first,
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Fig. 11 Reusability test for the GUA2 (g-C3N4/UiO-66/Ag,CrO4)
photocatalyst under visible-light irradiation for three consecutive
cycles.
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second, and third cycles, respectively, with rate constants (K) of
0.0162 min~", 0.0129 min~", and 0.0127 min~". The agglom-
eration and settling of the dye around GUA2 particles after each
cycle of photocatalytic degradation may be the cause of the
observed drop in the degradation rate. This is due to the fact
that the photocatalyst's surface becomes unavailable for dye
adsorption and, as a result, photon absorption each time it is
reused, which reduces the catalytic reaction's effectiveness.***
A photocatalyst loss during recycling may also be expected,
which eventually impacts catalytic activity after every cycle. This
decreases the rate at which the as-synthesized photocatalyst
degrades. This can be because some of the catalyst is lost during
the cycling reaction or the catalyst's absorbance capacity
weakens. The result demonstrated that the g-C;N,/UiO-66/
Ag,CrO, ternary nanocomposite showed excellent photo-
catalytic performance and good stability after three repetitive
cycles in 180 min.

3.9. Real sample treatment under visible-light irradiation

The efficiency of the as-synthesized g-C;N,/UiO-66/Ag,CrO,
photocatalyst for the degradation of the real sample under
visible-light irradiation was studied for 180 min. Fig. 12 showed
that the percentage degradation of the model pollutant (MO)
aqueous solution and the real sample was found to be 97.00%
and 76.20%, with a k value of 0.0195 min~* and 0.0079 min?,
respectively. The outcome showed that, in comparison to that
on the optimized model pollutant (MO), the degrading effi-
ciency of GUA2 on the actual sample solution was lower. This
could be because the wastewater contained a greater quantity of
different sorts of dyes. It is well known that the textile industry
uses a variety of anionic and cationic dyes in combination.

In addition, the photodegradation of MO and real sample by
this catalyst was evaluated under a solar light (outdoor) system.
The photocatalytic efficiency obtained under the outdoor
system on MO and real sample degradation was higher (99.6%
and 79.01%, respectively) than that given under visible-light
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Fig. 12 Photocatalytic degradation of MO and real textile wastewater
by the selected photocatalyst (GUA2).
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Fig. 13 Photocatalytic activity of the GUA2 composite with respect to irradiation time and UV-vis spectra of the MO dye solution irradiated in 20-

min intervals in the outdoor system.

irradiation (indoor system). The higher photoactivity outdoors
might be due to the higher intensity of the solar light. According
to the result presented in Fig. 13, in the outdoor system, the
degradation of MO by GUA2 was completed after 40 min, which
indicated that the time taken for the degradation of MO dye was
threefold less than that for the degradation of MO in the visible-
light irradiation (indoor system).

3.10. Photocatalytic mechanism of the g-C3N,/UiO-66/
Ag,CrO, (GUA2) catalyst

An examination of the conduction and valence band edges of
the constituent materials clarified the photocatalytic mecha-
nism of the produced GUA2 catalyst. When photon energy equal
to or greater than the composite's bandgap is absorbed, the
photocatalytic process begins, causing the visible active
components (A and G) to photogenerate electrons and holes.
Silver (Ag,) nanoparticles that were created in situ during the
reaction greatly increased the photocatalytic activity by boosting
the surface resonance effects on the Ag,CrO, and the Zr-BDC
framework. Unlike more conventional transfer processes,
these Ag, nanoparticles enabled an effective electron-hole
transfer mechanism that resembled a straight Z-scheme. This
has an impact on catalytic activity after every cycle.

To explain the observed photocatalytic activity, the positions
of the valence band (VB) and conduction band (CB) edges were
estimated using the following equations:

EVB = X - EO + O.SEg, (4)
ECB = EVB - Eg. (5)

The study explored the photocatalytic mechanism of the g-
C3N,/Ui0-66/Ag,CrO, nanocomposite. Here, E, represents the
bandgap energy, and Eyp and Ecg denote the energies of the
valence and conduction bands, respectively. For semi-
conductors A, G, and U (Zr-BDC), we noted their absolute

© 2026 The Author(s). Published by the Royal Society of Chemistry

electronegativity values as 5.86 eV, 4.73 eV and 6.2 eV, respec-
tively.>**® We set E, at 4.5 eV, which is the energy for free elec-
trons on the hydrogen scale, while the corresponding bandgaps
for A, G, and U were 1.90, 2.57, and 3.80 eV. For semiconductor
A, the conduction band (CB) and valence band (VB) energies
were +0.41 eV and +2.31 eV (vs. NHE). This meant that electrons
in the CB could not reduce dissolved oxygen into superoxide
radicals, as the CB potential was more positive than that of
0,/0; (—0.33 eV vs. NHE). Similarly, for G, the CB and VB values
were —1.05 eV and +1.51 eV (vs. NHE). This indicated that the
holes generated in G's VB could not react with water to create
hydroxyl radicals due to their insufficient potential. For U (Zr-
BDC), the CB and VB energies were —0.20 eV and +3.60 eV,
respectively.

By considering the band positions of each component, we
proposed a synergistic mechanism to explain the photocatalytic
process. Both G and A generated electrons from their VB to CB
when exposed to light, creating charge carriers. However, the
usual charge transfer was hindered by the differences in flat
band potentials among the components. T suggested an S-
scheme mechanism, where silver (Ag,) nanoparticles played
a key role in facilitating the efficient transfer of these photo-
generated charge carriers.

In this S-scheme setup, the photogenerated electrons from
the CB of G and A moved through the Ag, nanoparticles, thanks
to their low Fermi energy level, reaching the lowest unoccupied
molecular orbital (LUMO) of the terephthalate in the Zr-BDC
structure. This electron transfer led to movement towards the
Zr-oxo cluster via a ligand-to-metal charge transfer (LMCT),
which reduced Zr** to Zr*". As a result, the electrons injected
into the Zr-BDC reacted with O, molecules on its surface,
reducing superoxide anions and ultimately breaking down
methyl orange (MO) into water and carbon dioxide. This process
was driven by the high intervalence potential of the Zr**/zr*
redox couple. Meanwhile, the electrons remained in the CB of A,
contributing to the overall photocatalytic action.
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Fig. 14 Schematic of the mechanism of the photodegradation of the organic contaminant (MO) using g-CzN4/UiO-66/Ag,CrO4 as a photo-

catalyst under visible-light irradiation.

The oxidation of MO under visible light required the holes
and hydroxyl radicals produced by A and Zr-BDC. Furthermore,
the duration of electron-hole pair recombination was greatly
extended by the Ag, nanoparticles. Ultimately, the holes and
electrons formed by the VBs and CBs of A and U were trans-
ferred and recombined with the Ag, nanoparticles, assisting in
the production of hydroxyl radicals from the photogenerated
holes. The outcomes of our scavenger investigations were in line
with this suggested mechanism (Fig. 14).

4. Conclusions

In this study, a novel g-C3N,/UiO-66/Ag,CrO, (GUA2) ternary
nanocomposite with high photocatalytic activity and stability
was successfully synthesized via the precipitation method and
studied systematically for the photodegradation of MO under
visible-light irradiation (indoor) and in outdoor systems. The
bandgap energy, crystal structure, morphology, optical proper-
ties, and functional groups of the as-synthesized photocatalysts
were characterized using UV/visible, XRD, SEM, PL, and FTIR
instruments, respectively. After 120 min of visible-light irradi-
ation, about 97.0% of MO was degraded by the GUA2 composite,
which was better than those of the other as-synthesized mate-
rials. The result showed that after 40 min of solar-light irradi-
ation (outdoor system), about 99.6% of methyl orange was
degraded by the GUA2 composite. This indicated that the time
taken for the degradation of MO by the GUA2 composite in an
outdoor system was three times less than that for an indoor

system. Therefore, the g-C3N,/UiO-66/Ag,CrO, ternary

24716 | RSC Adv, 2026, 16, 24704-24718

nanocomposite may be a good option for industrial photo-
catalytic applications, particularly in the cleaning of the envi-
ronment and the purification of wastewater that contains
organic dyes. However, monitoring relied on dye decolorization
only; total organic carbon (TOC) removal and identification of
intermediate/by-products were not performed, so the formation
of potentially toxic intermediates cannot be ruled out. Future
work should include TOC and by-product analyses, tests with
real wastewater samples, long-term stability and leaching
studies, mechanistic investigations, and scale-up assessments
to validate practical applicability and safety.
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