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Abstract: In this paper, a facile hydrothermal approach was used to integrate graphitic carbon
nitride dots (CNDs) with hetaerolite (ZnMn,O,) at different weight percentages. The morphology,
microstructure, texture, electronic, phase composition, and electrochemical properties were identified
by field emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), high-resolution TEM (HRTEM), energy dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), Fourier transform-infrared (FT-IR), ultraviolet-visible
diffuse reflectance (UV-vis DR), photoluminescence (PL), electrochemical impedance spectroscopy
(EIS), Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and photocurrent density.
The results of XRD, FT-IR, EDX, and XPS analyses confirmed the synthesis of CNDs/ZnMn;O4
(20%) nanocomposite. As per PL, EIS, and photocurrent outcomes, the binary CNDs/ZnMn,Oy4
nanocomposite revealed superior features for interfacial transferring of charge carriers. The developed
p—n heterojunction at the interface of CNDs and ZnMn,Oy4 nanoparticles partaken a significant role
in the impressive charge segregation and migration. The binary nanocomposites were employed for
the photodegradation of several dye pollutants, including rhodamine B (RhB), fuchsin, malachite
green (MG), and methylene blue (MB) at visible wavelengths. Amongst the fabricated photocatalysts,
the CNDs/ZnMn,0O4 (20%) nanocomposite gave rise to about 98% RhB degradation efficiency within
45 min with the rate constant of 747 x 10~* min—!, which was 66.5-, 3.44-, and 2.72-fold superior to the
activities of CN, CNDs, and ZnMn, Oy photocatalysts, respectively. The impressive photodegradation
performance of this nanocomposite was not only associated with the capacity for impressive visible-
light absorption and boosted separation and transport of charge carriers, but also with its large
surface area.

Keywords: graphitic carbon nitride dots; ZnMnyOy; p-n heterojunction photocatalyst; organic pollutants

1. Introduction

Over the past few decades, the shortage of energy and water pollution issues raised by
organic compounds have become global concerns of the scientific community [1]. Among
the primary water pollutants are organic dyes, which have been a considerable part of
water pollution due to their high consumption rate in various industries and resistance
to biodegradation. To tackle the detrimental effects of these organic molecules on human
health and the environment [2], especially on marine life, numerous advanced materials [3]
and strategies have been developed and implemented over time. In particular, the focus has
been paid to bio-compatible materials and practical strategies, in addition to being effective
and efficient from energy and cost perspectives [2,3]. Advanced oxidation processes (AOPs)
are on top of the wastewater treatment techniques that can fulfill the effective degradation
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of various organic pollutants [4]. The visible-light-driven heterogeneous photocatalysis is
of particular interest among AOPs, since it uses solar energy to drive oxidation reactions for
the degradation of organic molecules and eco-clean energy generation [5]. In this regard,
the utilized photocatalyst undertakes the central role because its optical, structural, and
surface properties chiefly determine the efficiency of a photocatalytic system [6].

On account of the appropriate energy band edges and band gap, tunable electronic
structure, high stability, and biocompatibility, graphitic carbon nitride (CN) quickly became
the subject of research for various photocatalytic reactions, including CO, reduction, syn-
thesis of organic compounds, hydrogen production, removal of pollutants, and nitrogen
fixation [7-9]. Nonetheless, the solar-light utilization ability of pristine CN is poor and
generates an inefficient amount of charge carriers. Moreover, the rapid recombination of
electron/hole pairs, insufficient surface-active centers, and low conductivity confine its
practical applications [10]. Hence, numerous attempts have been made to improve the
activity of CN through some structural/morphological modifications or heterojunction/s
development by integration with other semiconductor/s [11]. Recently, dots and quan-
tum dots of CN have received much interest due to their high disperse ability, quantum
confinement effect, and improved heterojunction construction, in addition to the intrinsic
properties of the bulk CN [12,13]. For example, Ma et al. realized that anchoring CN
quantum dots on 2D g-C3N4 improved photocatalytic activity [13]. Moreover, the latest
research activities on the improvement of carbon nitride photocatalytic activity have been
reviewed [14,15].

Spinel zinc manganese oxide (ZnMnyQOy, Eg = 1.70 eV) is a p-type semiconductor
active in the visible region. Among spinels, ZnMn,Oy has attracted much attention due to
its outstanding technological importance as catalyst, solid electrolyte, etc., [16]. Reduction
in CO; and destruction of pollutants are photocatalytic applications of this spinel [16].

Among water pollutants, rhodamine B (RhB), with carcinogenic and neurotoxic prop-
erties, has a high potential to cause diseases in humans [17]. Fushin can affect the central
nervous system and cause drowsiness and dizziness in humans [18]. Malachite Green (MG)
is a carcinogenic and mutagenic agent in living organisms [19]. Moreover, methylene blue
(MB) has a severe impact on human health and the environment, because it is carcinogenic
and non-biodegradable in nature. Among the dangers of MB, its effect on the respiratory
system, blindness, digestive and mental disorders, shock, gastritis, jaundice, tissue necrosis,
and an increase in heart rate has been highlighted [20].

The appealing properties of CN dots (CNDs) and complementary characteristics of
ZnMn,O4 brought the idea of designing a binary heterostructure based on these semicon-
ductors. For this purpose, a hydrothermal method was used to deposit various weight
percentages of ZnMn,O4 nanoparticles over CNDs. The photocatalytic activities were
also determined for the degradation of several organic dye contaminants, including RhB,
fuchsin, MG, and MB molecules. Finally, the nanocomposite with the best optical and
photocatalytic activity was introduced, and the corresponding degradation mechanism
was suggested.

2. Results and Discussions

The fabricated CN, CNDs, ZnMn,0y4, and CNDs/ZnMn,0O, (20%) materials were
characterized by XRD to expose the corresponding crystalline phases (Figure 1la). In
the pattern of CN, two sharp peaks appeared at 26 values of 13.1° and 27.4° (JCPDS
No. 01-087-1526), corresponding to stacking between the surfaces of the CN layers [21]. The
pattern of CNDs shows only one peak at 27.4°, indicating that CNDs has the same intrinsic
crystal structure as CN. The peak at 13.1° disappeared and the intensity of the peak at 27.4°
diminished compared to CN. This decrease is due to the small size of CNDs particles [22].
On the other hand, the peaks appeared at 26 = 18.62°,29.47°, 31.42°, 33.22°, 36.47°, 39.27°,
44.77°, 52.22°, 54.42°, 56.87°, 58.98°, 60.92°, and 65.25°, respectively, correspond to the
reflections from (101), (112), (200), (103), (211), (004), (220), (105), (312), (303), (321), (224),
and (400) planes of ZnMn,O4 (JCPDS file No. 01-077-0470) [23]. The XRD pattern of
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CNDs/ZnMny0O4 (20%) nanocomposite included all the diffraction peaks relevant to CNDs
and the tetragonal phase of ZnMn;Qy, indicating the accuracy of the synthesis procedure.
According to the correct position of the XRD peaks, it is concluded that the synthesis of
the nanocomposite has been correctly performed. The surface functional groups of the
CNDs/ZnMny0Oy (20%) sample were recorded by FT-IR spectroscopy and elucidated with
respect to CN and CNDs spectra (Figure 1b). The CN and CNDs samples gave rise to
similar FT-IR spectra. In both of them, the wide-ranging peaks at 29003450 cm ! assign
to the O-H and N-H stretching modes [24]. The peaks that appeared at wavenumbers of
1200-1650 cm ! are relevant to the C-N and C=N groups [22,25]. Moreover, the bands
related to the atmospheric CO, and C-O stretching modes emerged at 2385 cm~! and
1060 cm ™!, respectively [26]. The peak related to the stretching vibration of heptazine units
was also identified at 800 cm™~! [26]. In the case of CNDs/ZnMn,Oy (20%) nanocomposite,
not only the peaks attributing to CNDs appeared in the spectrum, but also the peaks
assigning to the M—O bonds of the corresponding metal oxides (M = Zn and Mn) showed
up at 640 cm~! and 545 cm !, respectively [27,28]. Hence, all the functional groups are
visible in the figure, which confirmed the synthesis of the binary photocatalyst.
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Figure 1. (a) XRD, (b) FT-IR, (c) Optical absorbance, (d) Tauc plots, and (e,f) Mott-Schottky plots of
the specified samples.
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The electronic properties of CN, CNDs, ZnMn;0O4, and CNDs/ZnMn,O, composites
were studied through their UV—vis DR spectra (Figure 1c). As per the data, although the
CN and CNDs photocatalysts showed absorptions at visible wavelengths, the visible-light
absorption capability of CNDs/ZnMn,O,4 nanocomposites is highly promoted following
the incorporation of the small band gap ZnMn;0O,4 with medium band gap CNDs. The Eg
values were afterward obtained using Tauc’s plots [29], which were 2.70, 2.83, 1.70, 2.54,
2.10, and 2.02 eV for CN, CNDs, ZnMn,0O4, CNDs/ZnMn,Oy4 (10%), CNDs/ZnMn,Oy4
(20%), and CNDs/ZnMn;Oy4 (30%) photocatalysts, respectively (Figure 1d). Moreover, the
flat-band potentials and the type of semiconductors were determined via applying the
Mott-Schottky (M-S) analysis [30] as illustrated in Figure le,f. As noticed, the CNDs and
ZnMn; Q4 exhibited n-type and p-type characteristics with a positive and negative slopes,
respectively. The calculated Ecp and Eyp values for CNDs were —1.48 eV and +1.35 eV,
and for ZnMn;0O4 were —0.90 eV and +0.80 eV, respectively.

The morphological features of the CNDs/ZnMn;,O; (20%) nanocomposite were stud-
ied through FESEM, TEM, and HRTEM images. The FESEM and TEM images of the sample
present aggregated particles composed of nearly spherical particles (Figure 2a,b). In the
HRTEM image of CNDs/ZnMn,0y4 (20%) nanocomposite presented in Figure 2c, the lattice
fringes of CNDs and ZnMn,O,4 were identified with inter-planar distances of 0.340 and
0.490 nm, respectively [22,31]. This figure confirms the combination of CNDs and ZnMn,Oy4
components to construct a binary p-n heterojunction photocatalyst. The elements of the
binary nanocomposite were detected by EDX analyses (Figure 2d). The C, N, O, Mn, and Zn
elements were the only elements identified in the CNDs/ZnMn,O4 (20%) nanocomposite.
The EDX mapping images of the nanocomposite were also collected, which displayed
elements with almost homogeneous dispersion in the nanocomposite structure (Figure 2e).

Intensity (counts)

0 2 4 6 8
Energy (keV)

Figure 2. (a) SEM, (b) TEM, and (c¢) HRTEM images. (d) EDX spectrum and (e) EDX mapping of
CNDs/ZnMn; 04 (20%) nanocomposite.
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Figure 3 shows the oxidation states of the elements in the CNDs/ZnMn,O4 (20%)
nanocomposite as per XPS analysis. The survey spectrum consisted of the peaks related to
C1s, N 1s, Zn 2p, Mn 2p, and O 1s. The narrow scan of carbon was completed in the
283-292 eV region and produced two dominant peaks, which were deconvoluted into three
peak components at binding energies (B.E) of 284.7, 285.5, and 288.5 eV, which were, respec-
tively, associated with the sp? graphitic carbon (C-C), sp? aromatic C attached to -NH,,
and the carbon corresponded to heptazine/triazine C-N-C coordination (Figure 3b) [24].
The N 1s spectrum generated in the corresponding narrow scan was deconvoluted into four
peak components positioned at 398.5, 399.1, and 400.5 eV (Figure 3c), which correspond
to the nitrogen as sp?-hybridized (C=N-C), tertiary form (N-(C)3) and hydrogen-bonded
(C-N-H), respectively [24]. The Zn 2p high-resolution spectrum produced two peaks at
B.E. of 1043.6 eV and 1020.5 eV, respectively, matched with Zn 2p;,, and Zn 2p3,, and
indicated the existence of Zn element in +2 oxidation state (Figure 3d) [32]. On the other
hand, the Mn 2p narrow scan generated two strong peaks, one associated with Mn 2p3»
centered at binding energy of 641.8 eV and the other one ascribed to Mn 2p1 /; at 653.4 eV
(Figure 3e) [32]. The O 1s spectrum deconvolution resulted in three peaks at 530.2, 531.8,
and 533 eV, respectively, related to ZnMn; Oy lattice oxygen, surface hydroxyl content, and
residual adsorbed H;O, respectively (Figure 3f) [31,33].
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Figure 3. XPS spectra of CNDs/ZnMnyOy4 (20%) photocatalyst: (a) Survey, (b) C1s, (c) N1s, (d) Zn 2p,
(e) Mn 2p, and (f) Ols spectra.
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The photocatalytic degradation efficiency of the samples was examined for photo-
oxidation of RhB under visible light. Figure 4a depicts the changes in the RhB concen-
tration (C;/Cp) within diverse photocatalytic systems per irradiation period. Prior to
the experiments, the adsorption capacity of the samples was investigated through the
stirring of the dye solution with the photocatalyst under dark conditions for 60 min.
As per results, a negligible amount (8%) of RhB was removed through only light illu-
mination, i.e., the absence of photocatalyst, indicating the inefficacy of visible light in
breaking the chemical bonds of RhB molecules. The system including the pristine CN
resulted in low RhB removal efficiency of about 20%, which can be strongly associated
with the poor harvesting of light in visible region and rapid recombination of charges.
However, the CNDs photocatalyst showed much higher activity with removal of 73%
at the same time. By contrast, almost complete removal of RhB has been achieved over
the CNDs/ZnMn,O4 (20%) nanocomposite within 45 min. The order of photoactivity
was as CNDs/ZnMn,04 (20%) > CNDs/ZnMn;0O4 (30%) > CNDs/ZnMn,O4 (10%) >
CNDs/ZnMn,0Oy (40%) > CNDs/ZnMn,Oy (5%) > ZnMn,O4 > CNDs > CN. The plots
of In (Cy/C) vs. time for degradation of RhB over the studied samples revealed that
the photocatalytic reactions obeyed the pseudo-first-order kinetic model (see Figure 4b).
The rate constants for RhB removal using different photocatalysts were calculated to
be 11.2 x 10~% min~! (CN), 217 x 10~* min~! (CNDs), 275 x 10~% min~! (ZnMn,Oy),
284 x 10~* min~! (CNDs/ZnMnyOy4 (5%)), 329 x 10~* min~! (CNDs/ZnMn,O; (40%)),
333 x 104 min~! (CNDs/ZnMn, Oy (10%)), 429 x 10~* min~! (CNDs/ZnMn,04 (30%)),
and 747 x 10~* min~! (CNDs/ZnMn, Oy (20%)) (Figure 4c). As per results, the nanocom-
posites showed higher photodegradation rates than pristine CN, wherein the activity of
CNDs/ZnMn, 0Oy (20%) nanocomposite was, respectively, 66.5, 3.44, and 2.72-fold superior
to the activities of CN, CNDs, and ZnMn;0O, photocatalysts, respectively. The boosted
photocatalytic activities of the binary samples implied that the combination of CNDs
with ZnMn,O4 was the right action, which should be taken place with optimum weight
percentages.

The reactive species produced in a photocatalytic system are the central elements
involved in the photodegradation of organic molecules. To estimate the type of the reactive
species, a group of experiments using scavengers, including AOX, BQ, and 2-PrOH was
performed to, respectively, probe h*, *O,~, and *OH species. Figure 4d depicts the RhB
photo-oxidation rate constants using the CNDs/ZnMn,Oy (20%) nanocomposite, without
or with the scavengers. The rate constant of 747 x 10~ min—!, which was obtained
in the absence of the scavengers, was significantly dropped to 154 x 1074, 53.4 x 1074,
and 1.03 x 10~% min~! upon 2-PrOH, AOX, and BQ supplementation into the system,
respectively. As can be inferred from the result, all three probed species contributed to the
RhB photodegradation process and their role are as *O,~ > h* > *OH.

The photocatalytic activities of CN, CNDs, and CNDs/ZnMn,O4 (20%) samples were
further examined for degradation of some other dye pollutants, including MG, fuchsin and
MB and the outcomes were presented as compared with the RhB results (Figure 4e). As per
the results, the highest removal efficiencies of all the studied dyes were achieved over the
CNDs/ZnMn;O4 (20%) system. The photoactivity of the binary sample for degradation of
RhB, MG, fuchsin, and MB was 66.5, 15.8, 13.2, and 31.2-fold greater than CN, and 3.44, 1.5,
18.1, and 11.5 times premier than CNDs, respectively. Accordingly, the CNDs/ZnMnyOy4
(20%) sample showed an outstanding photocatalytic activity for the treatment of various
recalcitrant dye wastewater. The binary photocatalyst underwent four consecutive runs
under the same operational conditions for RhB removal in order to assess its stability and
potential reusability (Figure 4f). As noticed, the CNDs/ZnMn,O4 (20%) nanocomposite
demonstrated excellent efficiency for RhB photodegradation under visible light in all the
conducted experiments, and the loss of performance was insignificant at the end of the
cycle, confirming its significant stability.
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Figure 4. (a) RhB photodegradation, (b) First-order-kinetic plots for the degradation rates of RhB,
(c) degradation rate constants of RhB, (d) Effect of trapping agents on the degradation of RhB,
(e) Degradation constants of MB, MG, and fuchsin, and (f) the results of recycling experiments of
CNDs/ZnMn;Oy (20%) system for degradation of RhB.

The ability for adequate segregation and transfer of the photoinduced charge carriers
is among the crucial factors connected with immense photocatalytic activities [34]. On this
basis, electrochemical impedance spectroscopy, photoluminescence, and photocurrent spec-
troscopy analyses were conducted to figure out the characteristics of the CNDs/ZnMn;O4
(20%) nanocomposite with respect to the ZnMn;O4, CNDs, and CN materials. Figure 5a
shows the EIS responses of the samples, wherein the least impedance was detected for the
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CNDs/ZnMnyO4 (20%) sample compared to those of ZnMn,O4, CNDs, and CN photo-
catalysts. This indicated the notable reduction in the resistance towards charge transfer
in the CNDs/ZnMn;04 (20%) nanocomposite. The PL results were also in line with
the EIS response of the binary nanocomposite, wherein the weakest PL belonged to the
CNDs/ZnMn;0O4 (20%) nanocomposite (Figure 5b). Since the photoluminescence intensity
shows the amount of photo energy released from returning the photo-excited material to
the ground state, the higher released energy means more recombination of photoinduced
charges. As per the results, the CNDs/ZnMn;0O4 (20%) sample had a minimal recombi-
nation rate or the best performance for transferring the charge carriers compared to the
pristine photocatalysts. The best optical performance of the binary sample was further
confirmed via photocurrent analyses, as presented in Figure 5c. The stronger photocurrent
intensity of the CNDs/ZnMn; 0O, (20%) photocatalyst in comparison to the CN, CNDs, and
ZnMn;0O,4 samples indicated its exceptional performance in extending the lifespan of the
photoinduced charges. Therefore, the EIS, PL, and photocurrent results confirmed the high
potential of the CNDs/ZnMn,0y (20%) nanocomposite for photocatalytic applications.
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Figure 5. (a) EIS, (b) PL, and (c) Photocurrent of CN, CNDs, ZnMn,O,4, and CNDs/ZnMn;04
(20%) photocatalysts. (d) Nj sorption data and (e) pore-size distributions for CNDs, ZnMnyOy,
and CNQDs/ZnMn; Oy (20%) photocatalysts.
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The surface properties of a photocatalyst are also influential factors as photocatalytic
reactions take place on the surface [35]. Moreover, the charge transfer is also affected
by surface characteristics. Therefore, the active sites and pore features of the studied
photocatalysts were identified via N adsorption-desorption isotherms (Figure 5d,e). From
the BET isotherms, the Ny sorption behavior of CNDs, ZnMn;O,4, and CNDs/ZnMnyOy4
(20%) photocatalysts followed type II with Hj3 hysteresis loops. As per the outcomes
(Table 1), the integration of CNDs (12.03 m? g’l) and ZnMn, Oy (33.8 m?2 g’l) contributed
to an expanded active surface of the binary sample (44.6 m? g~!). The enlarged surface
area could play a remarkable role in its promoted photocatalytic activity.

Table 1. Textural properties of the CNDs, ZnMn;0O,4, and CNDs/ZnMn,0; (20%) photocatalysts.

Sample Su(rfe;ce ﬁrea Mean Pore Diameter  Total Po;‘e Y(l)lume
m*g~1) (nm) (cm’ g~ 1)
CNDs 12.03 27.73 0.08
ZnMn, Oy 33.8 9.09 0.08
CNDs/ZnMn;,0Oy4 (20%) 44.6 27.5 0.31

Based on the outcomes, a mechanism was suggested to illustrate the route through
which the pollutant molecules undergo a visible-light photodegradation reaction over the
binary CNDs/ZnMn, 04 nanocomposites. As a result of the constructed p—n heterojunction
between n-type CNDs and p-type ZnMn;, Oy, the electrons more from the Fermi level of
CNDs to that of ZnMnyO, until the Fermi levels reach an equilibrium state, resulting
in, respectively, positive and negative charges on CNDs and ZnMn;,Oj in the junction
regions [36,37]. Upon the excitation of CNDs and ZnMn,0O4 semiconductors by visible
light, the electrons on the VBs of both components move to the corresponding CBs, while the
holes remain on the VBs (Figure 6). After that, due to the influence of the inner electric field,
the electrons on the CBznvno04 rapidly transfer to the CBengps, where they can be trapped
by oxygen molecules to produce *O,~ and *OH species. Additionally, the contaminants can
get oxidized directly by the holes remaining at the VB of ZnMnyOy. The rapid migration of
the photo generated charges can be facilitated via the formed p—n heterojunction, leading
to extending the lifetime of the charge carriers and diminishing recombination of them,
which is highly beneficial for impressive photocatalytic performance [38,39].

/ a Conventional X

Potential vs NHE (eV)

20—

3.0 H.0
CNDs ZnMn,0, CNDs ZnMn,0,
(n-type) (p-type)

Figure 6. Photocatalytic mechanism for improved activity of CNDs/ZnMn;0O4 nanocomposites:

(a) Conventional and (b) p-n Heterojunction.
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3. Experimental Part
3.1. Materials Section

The chemicals utilized in this research are melamine (CsHgNg, 99%, Central Drug
House), ethanol (96%, Merck), Zn(NOj3),-6H,0 (96%, Loba Chemie), Mn(CH3COO),-4H,O
(99%, Merck), NaOH (98%, Merck), H,O» (35%, Neutron).

3.2. Photocatalyst Synthesis

The CN was synthesized via the previously reported method [40]. For the synthesis
of the CNDs sample, the mixture of CN with 20 mL of ethanol was stirred for half an
hour. Then the solution of 25 mL of water and 25 mL of ethanol was added dropwise to
the previous mixture. After stirring for half an hour, it was heated at 180 °C for 4 h in an
autoclave.

The CNDs/ZnMn,0O4 systems were fabricated using a hydrothermal procedure
(Scheme 1). For the synthesis of CNDs/ZnMn;,04 (20%) nanocomposite, as the optimal
photocatalyst with the best performance, 0.4 g of CNDs was mixed with 100 mL of H,O un-
der sonication for 10 min. Meanwhile, an aqueous solution of zinc nitrate (Zn(NOj3),.6H,0,
Loba Chemie, 0.124 g in 10 mL H,O) was mixed with the above-obtained suspension, while
stirring for 60 min at 25 °C. On the other hand, an aqueous solution of manganese (II)
acetate (Mn (CH3COO),.4H,0, Merck, 0.205 g in 10 mL H,O) was added to the resultant
suspension and stirred for 60 min. At the next step, 20 mL NaOH (Merck, 0.4 M) and 1 mL
H,O; (Neutron, 14.9 M) solutions were combined with the suspension under stirring for
more 15 min. In the end, the suspension was heated in a stainless-steel autoclave for 18 h at
160 °C. After cooling and washing, the resultant composite was dried in an oven.
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Scheme 1. Schematic illustration for the synthesis of CNDs/ZnMn,O4 photocatalysts.
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3.3. Characterization Techniques

The EDX analyses and FESEM images were obtained by a Tescan Mira3 instrument.
The XRD analyses were carried out on a Philips Xpert X-ray instrument with a Cu K« source.
A Scinco 4100 spectrophotometer was employed to record the UV-vis DR spectra. The FT-IR
spectra were collected on a PerkinElmer Spectrum RX I apparatus. A PerkinElmer LS 55
fluorescence spectrophotometer was employed to record the PL spectra. The concentration
of the dye pollutants was determined by UV-vis spectrophotometer (Cecile 9000). The
TEM and HRTEM images were photographed using a HighTech HT7700 (Tokyo, Japan)
instrument. The XPS analyses were conducted by a Specs-Flex XPS (Berlin, Germany). A
BELSORP mini II (York, PA, USA) instrument was applied to fulfill the N, adsorption-
desorption measurements. A pAutolabIll/FRA2 EIS (Utrecht, The Netherlands) was
employed to accomplish the electrochemical analyses. The results of photocurrent data
were also obtained with pAutolabIll/FRA2.

3.4. Photodegradation Tests

The photodegradation experiments were conducted in a photoreactor including a
glass reactor furnished with a water-circulating device, a magnetic bar, and an air-purging
system. An installed LED lamp (50 W, A = 450-650 nm) on the top of the reactor sup-
plied the visible light. For the experiments, the photocatalyst powder (0.1 g) was sup-
plemented into 250 mL of the aqueous suspensions of the pollutant (RhB: 1.0 x 1075 M,
MB: 1.0 x 107> M, MG: 1.0 x 10~® M, or fuchsin: 1.0 x 10~> M), and vigorously stirred for
60 min in the absence of light to accomplish the adsorption—desorption equilibrium. Next,
the lamp was switched on for a predetermined time and almost 4 mL of the suspension was
sampled at fixed time pauses, and photocatalyst particles were separated using a centrifuge
(at 4000 rpm). The concentrations of RhB, fuchsin, MG, and MB were monitored by a
UV-vis spectrophotometer, respectively, at 553, 540, 610 and 664 nm. To show the stability
of the nanocomposite, we performed the recycling tests for four times consecutively. After
each photocatalysis experiment, the photocatalyst was removed and utilized in the next
test. Furthermore, to identify the reactive species generated during the degradation of
RhB, ammonium oxalate (AOX, h* quencher, 0.035 g), benzoquinone (BQ, *O,~ quencher,
0.027 g), and 2-propanol (2-PrOH, *OH quencher, 20 uL) were added to the system to
capture, respectively, h*, *O,~, and *OH species.

4. Conclusions

In brief, CNDs/ZnMn,O,4 nanocomposites were synthesized via a facile hydrothermal
route. The successful integration of ZnMn;O,4 nanoparticles over the CNDs was confirmed
by various analyses. The photodegradation experiments revealed that the prepared binary
nanocomposites had higher efficiencies for degradations of the selected pollutants under
visible light compared to the efficiencies of ZnMn,Oy4, CNDs, and bulk CN photocatalysts.
Amongst the binary photocatalysts, the nanocomposite with 20 wt.% of ZnMn,O, had
admirable activity in the removal of RhB with degradation constant of 747 x 10~* min~!,
mainly resulting from the enhanced specific surface area, significant absorption of visible
light, and premiere segregation and transfer of the photoinduced charge carriers through
developed p-n heterojunction. Moreover, the activity of the binary sample for degradation
of RhB, MG, fuchsin, and MB was 66.5, 15.8, 13.2, and 31.2-fold greater than CN, and
3.44,1.5,18.1, and 11.5 times premier than CNDs, respectively. As per radical trapping
experiments, the *O, ™, h*, and *OH radicals were recognized as the core reactive species
involved in the photocatalytic processes. The outcomes of this work disclosed that the
combination of ZnMn,O4 and CNDs components through p-n heterojunction not only
provoked better absorption efficiencies at visible-light region but also improved the lifespan
of the photoinduced charges and their movement on the surface of the photocatalyst for
promoted degradation of various organic contaminants.
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