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Abstract: Contaminated water due to industrial organic dyes presents a significant challenge to
sustainability. As a material of green energy, photocatalysts offer an effective and environmentally
friendly way to deal with organic dyes for water treatment. A series of simple and highly efficient
iron photocatalysts with carbene ligands were developed, which, under the illumination of sunlight,
can rapidly degrade multiple organic dyes in water at room temperature, including rhodamine B
(RhB), indigo carmine (IC), methyl blue (MB), and congo red (CR). The field-only surface integral
method was carried out to determine the absorption spectrum of photocatalyst particles. Under
the optimized experimental conditions which were selected by the orthogonal experiments for four
dyes, 0.5a@Fe2O3 and 2c@Fe2O3 demonstrated good stability and photocatalytic activity. These two
composite materials not only have the ability to remove 98.0% of the degradation in 10 s, but also
maintain high reactivity after a few cycles of repeated use.

Keywords: wastewater; organic dyes; carbene; iron photocatalyst; adsorption; simulation
calculations

1. Introduction

Though our planet has abundant freshwater resources, they are far from inexhaustible
and are not evenly distributed. The global water quality deterioration is a severe challenge
to our sustainability. The growth of the world population, the acceleration of urbanization
and the expansion of industry and agriculture not only consume a lot of freshwater but
also pollute the limited freshwater resources, which worsens the living environment of
human beings. In developing countries, only around 5% of industrial and domestic
wastewater is treated [1], while most of the rest, which contains toxic and dangerous
by-products of industrial production, is directly discharged without treatment. This leads
to the serious pollution of soil, rivers, and groundwater. Indeed, the discharge of untreated
dye wastewater is a major factor for natural water pollution [2]. The main hazards of dye
wastewater are as follows: the chromaticity of dyes in wastewater can absorb light, reduce
the transparency of water, consume a large amount of oxygen in water [3], and promote the
growth of aquatic organisms and microorganisms. Additionally, most dyes are aromatic
azo compounds [4]. When the biological toxicity is relatively high, some of them can even
cause mutagenesis, carcinogenesis, and teratogenesis [5]. Moreover, since heavy metals in
dye wastewater are not biodegradable, they can continue to be taken in through the food
chain to accumulate in human bodies, which leads to diseases such as diarrhea, cholera,
dysentery, typhoid, and polio [6]. The high content of organic matter in water, such as urea,
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is often derived from various processes of printing and dyeing, which increase the content
of total phosphorus and nitrogen in wastewater and leads to water eutrophication [7–9]. If
the dye wastewater is discharged directly without treatment, it will pose a great threat to
the increasingly limited source of drinking water. Therefore, the treatment of wastewater is
critical to reducing environmental pollution to protect human health and to save freshwater
resources, which is important for our sustainable development [10,11].

At present, a significant amount of research work has been conducted on the treatment
of wastewater. The main methods used include physical methods, chemical methods,
biological methods, and the combination of these methods. Physical methods normally use
activated carbon [12–14] and resin adsorbents [15–18], and the decolorization mechanism
mainly includes adsorption and ion exchange [19]. This method is effective and easy to
operate, and is one of the most mature methods to treat dye wastewater. However, a
disadvantage of physical methods is that each adsorbent is normally limited to adsorbing
a particular type of dye. The commonly used biological methods include the activated
sludge method, the biofilm method, and the anaerobic biological method [20–22]. A
disadvantage of these methods is that adsorbents are limited to adsorbing the specified
dyes. Chemical methods to treat dye wastewater use chemical reactions to separate and
recycle pollutants in wastewater or change their properties to make the water harmless. The
main methods of dye wastewater treatment [23–25], coagulation [26–28], oxidation [29–32],
photochemical [33–37], and electrochemical [38–40] are commonly used in the treatment
of azo dye wastewater. Among them, the photochemical method is the most attractive
method as it utilizes clean solar energy [41].

A promising photocatalyst [42], the iron-based photocatalyst, has been widely used in
the degradation of organic dyes due to its wide light absorption range, low cost, adjustable
bandgap, high stability, and recyclability [43]. Iron-based photocatalysts can be categorized
into three types, including iron oxide-compounding [44–46], iron ion-doping [47,48] and
iron oxide-modifying [43,49,50]. Xiaohui Feng et al. reported a novel kind of Fe3O4-ZnO
hybrid nanoparticle, which exhibits an outstanding phenol degradation of 82.3% in com-
parison with ZnO (52%) [51]. Ultra-small ZnS:Fe quantum dots were synthesized for the
photodegradation of malachite green (MG) with a degradation rate of up to 98% [52]. Ramin
Hassandoost modified Fe3O4 nanoparticles with Ce3+/Ce4+ and doped the nanoparticles
onto graphene oxide sheets for the decontamination of oxytetracycline [53].

In the field of metal-organic catalysis, carbenes, with good δ-electron-donating and
π-electron-withdrawing abilities, are mainly used as ligands to form strong bonds with
transitional metals [54–57]. Carbenes, especially N-heterocyclic carbenes (NHCs), are easy
to prepare and can easily adjust the steric hindrance and electronic effects, depending
on the modification of the substituents on the nitrogen atom [58–61]. The metal–carbene
complexes can provide high activity and good stability in catalytic reactions [62–65]. The
addition of carbene can transfer photogenerated electron–hole pairs in a directional direc-
tion, thereby improving the utilization of electrons [66]. In this paper, we revealed that a
composite photocatalyst, carbene-doped Fe-based metal Xa@Fe2O3, can be well excited
to generate electron–hole pairs with a prolonged lifetime of photogenerated electrons. By
switching different ligands, the morphology of photocatalyst particles can be controlled
to further regulate the light absorption performance. Thus, Xa@Fe2O3 materials can po-
tentially be used as photocatalysts to treat wastewater with organic dye pollutants. In
the next section, the preparation of carbene ligands and the synthesis of Xa@Fe2O3 are
demonstrated. The characterization, photophysical properties, and photocatalytic mechan-
ics and performance of Xa@Fe2O3 are described and discussed in Section 3. Then, some
concluding remarks are given in Section 4.
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2. Materials and Methods
2.1. Preparation of Photocatalysts
2.1.1. Preparation of Ligands

Three ligands, a, b, and c, were prepared by the authors according to the literature [67].
The synthetic process and ligand structures are shown in Figure 1.

Figure 1. Synthesis of three ligands.

2.1.2. Preparation of Composite Catalyst

A series of photocatalysts were fabricated using a direct solvothermal method. Differ-
ent equivalents of ligand-a were added to a 10 mL mixed solution that contains DMF and
EtOH (V:V = 1:1). After stirring for 10 min, FeCl3 (2 mmol) was added to the mixed solution
and stirred for 10 more minutes. The solution was transferred to a Teflon-lined stainless
steel autoclave and put into a drying oven at 200 ◦C. After heating for 15 h and then cooling
to room temperature, the resulting mixture was filtered and the solid was washed with
DMF (7 mL) and EtOH (7 mL) three times, respectively. Finally, the solid was dried at
80 ◦C in a vacuum drying oven for 12 h. The prepared sample was named Xa@Fe2O3,
where X represents the molar ratio of the ligand to the iron salt. As a result, 0.5a@Fe2O3,
1a@Fe2O3, and 2a@Fe2O3 were obtained. Xb@Fe2O3 and Xc@Fe2O3 were synthesized in
the same way but by using different ligands. Fe2O3 with no ligand was also synthesized in
the same manner for comparison. In the 13C NMR spectra of Ligand-c, presumably due
to the coupling with lithium atoms, the signal for the carbene atoms directly bonding to
boron atoms could not be observed.

2.1.3. Characterization

All synthesis reactions were carried out under the atmospheric pressure of dry argon
using standard Schlenk or dry box technology. The structure of N-carbene organic ligand
was confirmed by NMR spectroscopy (Bruker Co., Ltd., Karlsruhe, Germany, Avance
500 MHz). Melting points were measured with BUCHI Labortechnik AG (BUCHI Co., Ltd.,
Zurich, Switzerland). XRD (Bruker Co., Ltd., Karlsruhe, Germany, Bruker D8 Advance)
patterns were recorded with the Smart lab 9 kw advance powder X-ray Cu Ka radiation
diffractometer (40 kV, 40 mA, λ = 1.54056 Å). The XPS (Thermo Co., Ltd., Waltham, MA,
USA) measurements were performed in the Thermo Scientific K-Alpha spectrometer (12 KV,
6 mA). The SEM (Zeiss Co., Ltd., oberkochen, Germany) was carried out on the Zeiss Sigma
300 (1.0 kV, 1.6 nm). The specific surface area BET test (Micromeritics instrument Ltd.,
Atlanta, GA, USA) was used to detect the specific surface area of the catalyst. Electron
spin resonance (ESR) analyses were conducted using the Bruker EMXPLUS spectrometer
(Bruker Co., Ltd., Karlsruhe, Germany) at room temperature using DMPO (5,5-dimethyl-1-
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pyrroline Noxide) as a radical scavenger of superoxide radical O2− and hydroxyl radical
OH. Electrochemical impedance spectroscopy (EIS) tests were carried out in a 2.5 mmol L−1

K3[Fe(CN)6] aqueous electrolyte by CHI 760E (NBeT Co., Ltd., Beijing, China), which was
equipped with a 10 mv sinusoidal AC voltage and a 300 W xenon lamp source (>420 nm,
CEAuLight Co., Ltd., Beijing, China).

2.1.4. Photocatalytic Measurements

Rhodamine B (RhB), methyl blue (MB), indigo carmine (IC), and congo red (CR) were
used as degradation models to assess the photocatalytic activities of three photocatalysts.
As in a typical experimental process, a certain amount of catalyst particles was added into
a 5 mL organic dye solution. Then, 1 mL of the reaction solution was extracted at a specific
time, after which the catalyst particles were removed by a needle filter (0.22 µm, 13 mm,
Titan), and the degradation of the organic dye was measured with a UV–Vis spectrometer
(Shanghai Jinghua Technology Instrument Co., Ltd., Shanghai, China). For the recycling
experiments, the photocatalyst particles were centrifuged and dried for the next experiment.
A Newport solar simulator (500 W, 94023A, Newport Co., Ltd., Irvine, CA, USA) was used
as the light source to simulate sunlight.

3. Results and Discussion
3.1. Structure and Characterization

The morphologies of the as-prepared samples were characterized by SEM. Figure 2a–d
correspond to the catalysts, pure Fe2O3, 0.5a@Fe2O3, 2b@Fe2O3, and 2c@Fe2O3, respectively.
The addition of ligands would have a corresponding impact on the morphology and
structure of the catalysts and on the final degradation. 2a@Fe2O3 is in the form of small
particles. Due to its small particle size, it has a large surface area and a good degradation
effect. 2b@Fe2O3 presents a large mass, and it has no degradation activity, which may be
related to the specific surface area. 2c@Fe2O3 is thin-layered and has a good degradation
effect.

Figure 2. SEM of (a) pure Fe2O3, (b) 0.5a@Fe2O3, (c) 2b@Fe2O3 and (d) 2c@Fe2O3.

Taking 0.1a@Fe2O3 as an example, the specific surface area of the catalyst was mea-
sured, and the nitrogen adsorption and desorption equilibrium isotherm curve was ob-
tained (Figure 3a). It was concluded that the catalyst surface area was 49.7419 m2/g, and
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the Langmuir surface area was 236.0050 m2/g. The internal structure of the catalyst was
basically non-porous. The phase structures of as-synthetized Fe2O3, 0.5a@Fe2O3, and
2c@Fe2O3 were characterized by XRD analyses. A series of corresponding Fe2O3 (JCPDS
card umber 33-0664) (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6), (2 1 4), and (3 0 0) plane
diffraction peaks can be observed at 24.1◦, 33.1◦, 35.6◦, 40.9◦, 49.5◦, 54.1◦, 62.4◦, and 64.0◦,
respectively, as shown in Figure 3. The XRD pattern of 2c@Fe2O3 showed several new
peaks appearing at 21.4◦, 30.5◦, and 34.1◦, which may be related to the ligand. In the
hydrothermal process, a small part of Si in the ligand is oxidized by the little amount of
dissolved oxygen in the solvent.

Figure 3. (a) N2 adsorption–desorption isotherms; (b) XRD of pure Fe2O3, 0.5a@Fe2O3 and 2c@Fe2O3.

The XPS analyses were carried out to confirm that the ligands were doped on Fe2O3.
Figure 4a,c show the survey scan of XPS spectra for 0.5a@Fe2O3 and 2c@Fe2O3, respectively.
The five peaks at 55.3, 283.7, 399.9, 530.3, and 711.0 eV correspond to the Li1s, C1s, N1s,
O1s, and Fe2p, respectively, signifying the success of the ligand dope. The VB values of
0.5a@Fe2O3 and 2c@Fe2O3 were 1.32 eV and 0.85 eV, respectively, according to the VB-XPS
spectra, as shown in Figure 4b,d.

3.2. Photophysical Properties

As shown in Figure 5, the plots of (αhv)2 along with photon energy (hv) for 0.5a@Fe2O3
and 2c@Fe2O3 were used to calculate the Eg of these two photocatalysts, which turned out
to be 1.99 eV and 1.80 eV, respectively. According to the formula ECB = EVB − Eg, the ECB
of 0.5a@Fe2O3 and 2c@Fe2O3 were −0.67 eV and −0.95 eV, respectively.

To confirm the efficiency of as-synthesized photocatalysts in preventing the recom-
bination of photogenerated electron–hole pairs, the results of EIS in Figure 6 show that
0.5a@Fe2O3 has the smallest arc size, which means it has the least electron transfer resis-
tance. Analogously, 0.5a@Fe2O3 and 2c@Fe2O3 have a better charge separation efficiency
when compared to 2b@Fe2O3, which is consistent with the results of the degradation
experiments.
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1 
 

 
 Figure 4. XPS of (a) 0.5a@Fe2O3 and (c) 2c@Fe2O3; XPS-VB of (b) 0.5a@Fe2O3 and (d) 2c@Fe2O3. 

2 

 

Figure 5. Plots of (αhv)2 versus photon energy (hv) for the band gap energies of pure Fe2O3,
0.5a@Fe2O3 and 2c@Fe2O3.
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Figure 6. EIS Nyquist plots of 0.5a@Fe2O3, 2b@Fe2O3 and 2c@Fe2O3.

3.3. Photophysical Mechanism

To further confirm the main active species, the ESR experiments for 0.5a@Fe2O3
and 2c@Fe2O3 were carried out in the dark and under irradiation, respectively. The
characteristic signals of DMPO-·OH and DMPO-·O2

− can be clearly observed in Figure 7,
indicating that both ·OH and ·O2

− were present in the photodegradation. The difference
is the main free radicals in the degradation process; the superoxide radical was used for
2c@Fe2O3 and 0.5a@Fe2O3 was dominated by the hydroxyl radical.

Figure 7. ESR spectra of the (a) DMPO-·OH and (b) DMPO-O2
− for 0.5a@Fe2O3 and 2c@Fe2O3 under same irradiation

time.

3.4. Absorption Spectrum

As shown in the SEM images in Figure 2, an obvious difference between 0.5a@Fe2O3
and 2c@Fe2O3 is that 0.5a@Fe2O3 is a 3D spherical particle while 2c@Fe2O3 is a layer
ellipsoidal particle. Such a geometric difference alters the interactions between light and
particles, in particular the light absorption, which in turn can affect the photocatalytic
performance. To study the geometric effects, we calculated the light absorption spectra of
0.5a@Fe2O3 and 2c@Fe2O3 in water by using the field-only surface integral method [68–71].
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As displayed in the insets of Figure 8, the visible light is represented by a plane wave
propagating along the k0 direction, where |k0| = k = 2π/λ is the wavenumber and λ
the wavelength. The water refractive index is nwater = 1.33, and the refractive index of
Fe2O3 was obtained from the literature [72]. The 0.5a@Fe2O3 particle is represented by a
sphere with a diameter of 0.8 µm. The 2c@Fe2O3 particle is represented by an ellipsoid as
x2/a2 + y2/b2 + z2/c2 = 1 with 2a = 6 µm, b/a = 0.11 and c/a = 0.33.

Figure 8. Spectrum of absorption cross sections of (a) a spherical 0.5a@Fe2O3 particle and (b) an
ellipsoid 2c@Fe2O3 particle under the illumination of visible light with the wavelengths varying from
350 to 750 nm in a step of 10 nm.

In Figure 8, the absorption cross section, σabs = 1/2
∫

S Real[E× H∗]· dS, is shown, where
E and H are the electric and magnetic fields in water, respectively, a superscript ∗ indicates
the conjugate of the field values, and S is a surface that encloses the particle. Comparing
the spectrum of σabs for 0.5a@Fe2O3 in Figure 8a to that of 2c@Fe2O3 in Figure 8b, the peak
absorption wavelength of 0.5a@Fe2O3 is at 590 nm (2.10 eV) while that of 2c@Fe2O3 is at
660 nm (1.89 eV). The shift of the peak absorption light wavelength might contribute to the
photocatalytic effectiveness of these two types of particles on different dyes.

3.5. Photocatalytic Degradation Performances

Orthogonal experiments were carried out to find the optimum combination of condi-
tion levels for the degradation experiments. Four variables at three levels were investigated,
including the concentration of dye solution (A), the molar ratio of ligand to ferric salt (B),
the types of ligands (C), and the catalyst dosage (D). The optimization table of photodegra-
dation is shown in Tables 1–3. Four kinds of dyes (RhB, CR, MB, and IC) were chosen to
represent the organic pollutants in wastewater.

Table 1. Optimization table of photodegradation.

Entry A/mg·L−1 B C D/mg a

1 5 0.5 a 1
2 10 1 b 4
3 20 2 c 7

a Centrifugation operation was carried out in recycle experiments. After centrifugation, the catalyst was collected
and dried in the original tube; then, it was employed again in the same tube in next run.
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Table 2. The results of the orthogonal experimental.

Factors Degradation Rate in 1 h/%

Entry A B C D RhB CR MB IC

1 1 1 1 1 66.7 14.9 55.6 78.7
2 1 2 2 2 83.8 21.1 67.9 54.1
3 1 3 3 3 100.0 99.0 97.5 67.6
4 2 1 2 3 68.0 54.8 82.9 88.9
5 2 2 3 1 97.8 94.7 98.9 27.5
6 2 3 1 2 89.1 90.9 96.6 93.1
7 3 1 3 2 98.9 99.5 100.0 99.6
8 3 2 1 3 43.9 11.8 84.3 92.0
9 3 3 2 1 47.0 97.8 76.4 43.6

Table 3. Range analysis of orthogonal experimental results.

K/% Dyes A/mg·L−1 B C D/mg

K1

RhB 83.5 77.9 66.6 70.5
CR 45.0 56.4 39.2 69.1
MB 73.7 79.5 78.8 77.0
IC 66.8 89.1 87.9 49.9

K2

RhB 85.0 75.2 66.3 90.6
CR 80.1 42.5 57.9 70.5
MB 92.8 83.7 75.7 88.2
IC 69.8 57.9 62.2 82.3

K3

RhB 63.3 78.7 98.9 70.6
CR 69.7 95.9 97.7 55.2
MB 86.9 90.2 98.8 88.2
IC 78.4 68.0 64.9 82.8

R

RhB 20.2 3.5 32.6 20.1
CR 35.1 53.4 58.5 15.2
MB 19.1 10.7 23.1 11.2
IC 11.6 21.1 25.7 32.9

Based on the numerical calculation results, the optimal combinations of degrada-
tion for four dyes (RhB, CR, MB, and IC) were determined as A2B3C3D2, A2B3C3D2,
A2B3C3D3, and A3B1C1D3, respectively. To confirm the optimal combination, a series of
degradation experiments were performed on these four sets of combinations. As shown in
Figure 9, all of them can be reduced by 98.0% within 10 s, showing the good degradation
ability of the catalyst. Figure 10 presents the cycle experiments of the photocatalyst towards
four dyes, which shows that the stability and reusability of 0.5a@Fe2O3 and 2c@Fe2O3 for
different dyes. After five cycles, the degradation of RhB by 2c@Fe2O3 and IC by 0.5a@Fe2O3
remain efficient, while for MB and CR, the degradation ability of 2c@Fe2O3 decreases grad-
ually. Compared with the same catalyst, some dyes are easier to degrade than others. This
has a significant relationship with the chemical structure of the dye. Taking Rhodamine B
as an example, the molecule of RhB is more polar and easily adsorbed on the surface of
the catalyst. The photogenerated electron–hole pairs can be used directly and effectively,
thereby improving the photocatalytic efficiency. If the dye has a weak polarity and is easy
to disperse in the solution, some electrons will be annihilated [73].
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Figure 9. The degradation curve of four dyes on the respective optimum conditions (A2B3C3D2 for
RhB, A2B3C3D2 for CR, A2B3C3D3 for MB, A3B1C1D3 for IC).

Figure 10. Cycle experiment of four dyes under respective optimum conditions (A2B3C3D2 for RhB,
A2B3C3D2 for CR, A2B3C3D3 for MB, A3B1C1D3 for IC).

4. Conclusions

In summary, we have successfully synthesized a series of iron-based photocatalysts
with carbene ligands which demonstrate good photocatalytic capabilities to degrade RhB,
CR, MB, and IC under the illumination of sunlight. The electronic effect between the
carbene and Fe2O3 hinders the electron–hole pair recombination rate, which has been
confirmed as the photocatalytic mechanics of the synthesized carbene-doped Fe2O3. All
dyes can be degraded quickly in ten seconds under the optimal conditions which were
obtained based on orthogonal experiments. The light absorption spectra of photocatalysts
in water were calculated to study the geometric effects; the results showed good absorptions
in the visible region. Consequently, as an effective and efficient photocatalytic material,
carbene-doped Fe2O3 is expected to open new means of environmental remediation.
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