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ABSTRACT: Magnetic Fe3O4/α-FeOOH heterojunction nanocomposites (denoted
as Fe-NCs) have been synthesized by a fast one-pot hydrothermal method. The
obtained Fe-NCs contain rich micropores with a high surface area of 135.15 m2/g.
The different phases in the composites can efficiently enhance the visible-light
absorption, improving the separation and transfer of photogenerated electron−hole
pairs during the photocatalytic reaction. Thus, they show excellent degradation and
mineralization of tetracycline (TC) over a wide pH range (5−9) in the visible photo-
Fenton reaction. Especially, the catalyst exhibits the highest adsorption capacity
toward TC at a neutral pH, which facilitates the surface reactions of TC with active
species. Experiments evidence that the high production of photogenerated holes and
superoxide radicals (O2

•−) in Fe-NCs are favorable to the high catalytic efficiency.
Combined with liquid chromatography−mass spectrometry, the possible pathway
toward TC degradation was proposed.

1. INTRODUCTION

Pharmaceutical antibiotics are considered as one of the most
harmful pollutants in wastewater, which may cause serious
impact on human living ecosystems.1,2 Even small concen-
trations of antibiotics can lead to contamination of food and
freshwater resources. Among different antibiotics, tetracycline
(TC) has the second most production and usage as it has high
antimicrobial activity against various pathogens.3 Therefore,
efficient removal of TC from wastewater, groundwater, and
drinking water is of urgent importance for people’s health.
Until now, various methods have been designed, such as
ozonation, physical adsorption, and microbial degradation, to
efficiently eliminate this recalcitrant contaminant.4−6 However,
it is still difficult to completely degrade TC through traditional
water treatment technologies.
Advanced oxidation processes, especially the Fenton

oxidation technology, has been widely studied for wastewater
treatment since it was first reported in 1894.7 The reactive
radicals including the hydroxyl radical (•OH) and superoxide
radical (O2

•−) generated during the Fenton reaction could
effectively decompose recalcitrant contaminants.8 However, it
still has many disadvantages, such as high operating cost,
limited optimum pH range, and large volume of iron sludge
produced.9 To solve these problems, its derivative Fenton-like
oxidation technology with the assistance of photo, ultrasonic,
magnetic field, or other extra energy has been developed with
enhanced degradation efficiency.10−13 In particular, the photo-
Fenton reaction is famous as some semiconductor catalysts can
generate electron−hole pairs under light irradiation to enhance

the production of reactive radicals and the catalytic
efficiency.14 The most important issue often focuses on
improving the removal efficiency through efficient heteroge-
neous photo-Fenton catalysts. Moreover, in order to efficiently
utilize solar energy in practical applications, a visible-light-
assisted heterogeneous photo-Fenton catalyst is highly
desired.15

Until now, many semiconductor materials have been
reported to show high catalysis in the visible photo-Fenton
system.16−18 Especially, iron-based materials have been widely
studied due to their excellent catalytic ability in the Fenton
reaction.19 Goethite (α-FeOOH) is an abundant and easily
available mineral in nature, which has been widely studied for
water treatment. However, pure α-FeOOH still has many
limitations for photocatalysis, such as low photocatalytic
activity and low electron−hole pair transfer rate.20 Hence,
appropriate modification approaches to solve this problem are
necessary for practical applications. Combining α-FeOOH
with other components to form binary nanocomposites has
been proved to be a very effective way. Recently, many α-
FeOOH-based nanocomposites, such as carbon quantum
dots/α-FeOOH, g-C3N4/α-FeOOH, and γ-Fe2O3/α-FeOOH,
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have been designed.21−23 They usually showed better visible-
light absorption intensity or accelerated electron transfer,
facilitating the recycling of the catalyst. However, there still
exists a huge challenge to explore the appropriate nano-
composite structures for α-FeOOH-based photocatalysts in
light of different application scenarios.
In this work, magnetic Fe3O4/α-FeOOH heterojunction

nanocomposite catalysts (Fe-NCs) composed of α-FeOOH
nanorods decorated with Fe3O4 nanoparticles (NPs) have
been successfully synthesized via a facile one-pot hydrothermal
method. The hybrid nanocomposites show significantly
enhanced visible-light absorption of the catalyst and accel-
erated charge separation and transfer owing to the interaction
between α-FeOOH and Fe3O4, which in turn promotes the
high production of superoxide radicals (O2

•−). They exhibit
excellent visible photo-Fenton performance for the degradation
of TC over a wide pH range of 5−9. Further, the probable
catalytic mechanism for H2O2 activation and the pathway for
TC degradation in the visible photo-Fenton reaction were
proposed.

2. RESULTS AND DISCUSSION
2.1. Characterization of Catalysts. Well-defined nano-

rods (∼200 in length) decorated with many small cubic NPs
(∼10 nm in size) were synthesized via a fast one-pot
hydrothermal process (Figures 1a, S1, and S2). The X-ray

diffraction (XRD) pattern (Figure 1c) reveals two phases of α-
FeOOH (JCPDS no. 29-0731) and Fe3O4 (JCPDS no. 75-
1372). The high-resolution transmission electron microscopy
(HRTEM) images show two lattice fringes of 0.269 nm in
nanorods and 0.302 nm in NPs, which are in agreement with
the lattice planes (130) of goethite and (220) of magnetite
(Figure 1b), respectively. No individual α-FeOOH nanorods
or Fe3O4 NPs were observed even after the ultrasonic
treatment, indicating the stable attachment of Fe3O4 NPs
onto the α-FeOOH nanorods.
Interestingly, the ratios of two phases could be adjusted by

the addition of a different amount of N2H4 (Figure S3). The
more N2H4 was introduced into the reaction system, the higher

the percentage of the Fe3O4 phase could be obtained in the
resultant nanocomposites, which was further confirmed by
scanning electron microscopy (SEM) and TEM images
(Figures S1 and S2). Fe-NCs-1 show a Ms value of 38.6 emu
g−1 at 15 kOe (Figure 1d) with an obvious hysteresis loop,
which further confirmed the existence of magnetite. The
magnetic properties indicate that they can be easily separated
from the treated wastewater in the presence of an external
magnetic field (inset of Figure 1d). For contrast experiments,
pure α-FeOOH nanorods and Fe3O4 NPs were synthesized
(Figures 1c, S4).
The UV−vis diffuse reflectance spectra (DRS) of pure α-

FeOOH nanorods only display an obvious absorption between
230 and 500 nm (Figure 2a), which may limit the potential
application in photocatalysis owing to the low utilization
efficiency of the visible light. By contrast, the as-prepared Fe-
NCs-1 samples show enhanced adsorption in the UV and
visible-light range, higher than both pure Fe3O4 and α-
FeOOH. Thus, the visible-light utilization efficiency of α-
FeOOH is significantly enhanced by modifying Fe3O4 NPs,
which may lead to better photocatalytic ability under visible-
light irradiation.
Nitrogen adsorption−desorption isotherms of Fe-NCs were

obtained to determine the specific surface areas and pore size
distribution (Figures 2b, S5). Fe-NCs-1 exhibit the highest
specific area reached, 135.15 m2/g, and the N2 adsorption−
desorption isotherms are typical type-IV isotherms with visible
hysteresis loops, indicating the existence of mesopores. The
average pore size analyzed by the Barrett−Joyner−Halenda
method shows that both micropores and mesopores are in the
presence of nanocomposites (inset in Figure 2b). The zeta
potential variation of Fe-NC-1 suspensions under different pH
values is depicted in Figure S6, and the point of zero charge is
3.8.
The charge transfer and conductivity of as-prepared

nanocomposites were measured by electrochemical impedance
spectra (Figure 2c) as they were closely linked with
heterogeneous photocatalytic activity.24 The smaller diameter
of the semicircle means that semiconductor materials possess
better conductivity and more effective charge carrier migration
with less resistance and a lower recombination rate of
electron−hole pairs.25 As expected, Fe-NCs-1 displayed the
smallest semicircle diameter, indicating that the combination
of Fe3O4 with α-FeOOH has effectively improved the
conductivity, accelerating the charge transfer and reducing
the recombination rate of photogenerated electron−hole pairs.
The photocurrent response spectra of Fe3O4, α-FeOOH, and
Fe-NCs-1 were also measured (Figure 2d). The photoresponse
ability of Fe-NCs-1 is higher than that of both Fe3O4 and α-
FeOOH. This indicates that the separation and transfer
efficiency of photogenerated electron−hole pairs increases
greatly. Evidently, the combination of Fe3O4 and α-FeOOH
has effectively accelerated the electron transfer and reduced the
recombination of electron−hole pairs.

2.2. Degradation of Organic Pollutants. The catalytic
activities of Fe-NCs were evaluated by TC degradation under
various conditions. Fe-NCs-1 were selected as the model
catalyst as they showed the highest catalytic efficiency in visible
photo-Fenton degradation (Figure S7). Under the single
influencing factor of visible light or H2O2, about 35 and 65% of
TC was removed after 90 min (Figure 3a), respectively. When
visible light and H2O2 were applied together, the degradation
rate increased markedly to 96%, indicating that they had

Figure 1. Characterization of prepared Fe-NCs-1. (a) TEM image;
(b) corresponding HRTEM images; (c) XRD patterns of different
samples; and (d) M−S curve (insets are the corresponding magnetic
properties in the presence of an external magnetic field).
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synergistic catalytic effects on the TC degradation. To prove
the synergistic action between α-FeOOH and Fe3O4, the
degradation rates of pure α-FeOOH and Fe3O4 were also
investigated. The corresponding degradation efficiencies are
only 55 and 78% under the combined condition of visible light
and H2O2. This manifests that α-FeOOH and Fe3O4 in Fe-
NCs-1 produce not a simple catalytic effect superposition but a
synergistic effect.
TC degradation by Fe-NCs-1 is followed by pseudo-first-

order kinetics (Figure 3b), and the reaction constants for
Fe3O4, α-FeOOH, and Fe3O4@α-FeOOH are calculated to be
1.07, 0.74, and 2.03 h−1, respectively. Further, the degradation
curves indicate that the Fenton process (blue curve in Figure

3b) contributes more to TC degradation than the photo-
catalytic process does (red curve in Figure 3b) as their
corresponding constants are 0.80 and 0.46 h−1, respectively.
The optimal catalytic condition in the visible photo-Fenton

systems was explored. The degradation efficiency increases
with the amount of catalyst dosage (0.1−0.75 g L−1) (Figure
4a). At a concentration of the catalyst of 75 mg, the
degradation efficiency can even reach 100% after 90 min.
Evidently, the sufficient amount of the catalyst can provide
enough active sites for activated species generation, which
further enhances the catalytic efficiency. Hence, 75 mg Fe-
NCs-1 is the optimum amount for the photo-Fenton
degradation of TC.

Figure 2. Physical and chemical properties of Fe-NCs-1. (a) UV−vis DRS spectra; (b) N2 adsorption−desorption isotherms curves. The inset is
the corresponding pore diameter distribution; (c) EIS Nyquist plots; and (d) photocurrent spectra.

Figure 3. (a) Photocatalytic degradation of TC in different systems and (b) corresponding first-order plots (catalyst loading = 0.5 g·L−1; [H2O2] =
10 mM; [TC] = 10 mg·L−1; pH = 5; and T = 25 °C).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00204
ACS Omega 2021, 6, 9095−9103

9097

https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00204?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00204?rel=cite-as&ref=PDF&jav=VoR


With the increasing H2O2 concentrations, the degradation
efficiency also increased gradually, and TC could be
completely degraded at a concentration of 15 mM (Figure
4b). Further increased H2O2 dosage to 20 mM showed no
obvious enhancement. As H2O2 with high dosage may result in
unnecessary scavenging of free radicals (•OH, O2

•−), the
optimal concentration of H2O2 is about 10 mM to achieve the
best utilization of active radicals.
The initial pH values (pH0) can influence the adsorption

between the catalyst and contaminant in chemical oxidation
processes, which may further affect the degradation effi-
ciency.26 Experiments revealed that Fe-NCs-1 exhibited high
catalysis captivity toward TC between pH = 5 and 9 (Figure
4c), and the degradation efficiencies were all above 95%.
Especially, under the neutral condition, the degradation
efficiency of TC could reach 100%. By contrast, the lowest
degradation efficiency (63%) was obtained at pH = 3 within 90
min. This is contrary to some reports that α-FeOOH as the
Fenton catalyst has high catalytic activity only at low pH
ranges and shows a significant decrease in neutral or even
alkaline conditions.27 The underlying reason may relate closely
with the low adsorption capacity and low iron leaching at a low
pH value.
In the solution, TC has three ion forms: the protonated form

(TCH3
+, pH < 3.3), monoanionic form (TC−, pH > 7.7), and

neutral form (TCH2
0, pH = 3.3−7.7). At pH0 = 3, the zeta

potential of the catalyst surface was positive, which shows
electrostatic repulsion with TCH3

+. Hence, Fe-NCs-1 show the
lowest absorption capacity of about 18% (Figure S8). As most
active radicals are generated on the catalyst surface, low
absorption will stymie the reaction between TC and active

radicals, leading to the low degradation efficiency. Simulta-
neously, to confirm that the primary reactions are heteroge-
neous reactions occurring on the surface of the catalyst rather
than homogeneous reactions occurring in the solution, iron
leaching at different pH0 values was investigated. As shown in
Figure S8, the catalyst shows good stability over a wide pH
range, while it showed the highest ion leaching at pH = 3
(0.028 mg L−1) due to the enhanced Fenton reactions in the
acid solution. However, iron leaching under the acid condition
in this research is stilled much lower than that in other
homogeneous Fenton systems.28 Although some reports
demonstrated that a low pH favored the pollutant degradation,
they often had close relationship with high iron leaching, which
would promote the homogeneous reaction in the solution.
The recycling capacity and stability of catalysts were

evaluated for practical applications. As shown in Figure 4d,
the degradation ability of Fe-NCs-1 decreases gradually after
each cycle, but they still maintain a 90% degradation rate after
three cycles. The efficiency of TC mineralization after each
recycling run was also measured by testing solution total
organic carbon (TOC). About 35% of TOC can be removed
after each photo-Fenton reaction, which means a portion of
TC converted to CO2. The concentrations of released iron
ions were characterized by inductively coupled plasma−optical
emission spectroscopy (ICP−OES) after different numbers of
recycling cycles. The leaching iron concentration shows
significant increase in the second and third cycles but is still
lower than 0.002 mg L−1. Hence, its environmental impact can
be ignored as the environmentally friendly property of iron
ions.

Figure 4. Effects of (a) catalyst dosage, (b) H2O2 dosage, and (c) initial pH on the catalytic degradation process. (d) TC degradation, TOC
removal, and leaching ions in multi-cycle batch experiments.
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2.3. Degradation Mechanism. The surface metals species
of Fe-NCs-1 before and after the catalytic reaction were
characterized by X-ray photoelectron spectroscopy (XPS)
analysis. Fe2+ and Fe3+ peaks are identified at 710.8 and 724.7
eV for Fe2+ and at 712.9 and 727.03 eV for Fe3+, with a satellite
Fe 2p3/2 peak at 719.4 eV (Figure 5a). These results are
consistent with the XRD analysis that α-FeOOH and Fe3O4
coexist in the nanocomposites. The content of Fe2+ and Fe3+ in
catalysts was evaluated by their peak area. The content of Fe2+

(Figure 5b) increases from 63.3% (before catalysis) to 70.2%
(after catalysis). This can be attributed to the reaction of Fe3+

with photogenerated electrons producing Fe2+ in the solution,
which will further react with H2O2 to produce •OH radicals.
To elucidate the transfer process of electron−hole pairs in

the Fe-NCs/photo-Fenton system, it is necessary to determine
the energy band positions of catalysts. Under the irradiation of
visible light, the electrons of α-FeOOH and Fe3O4 are excited

from the valence band (VB) to the conduction band (CB) with
the generation of photogenerated electron−hole pairs. The
specific band gap (Eg) of as-obtained samples was extracted by
plotting (αhν)2 versus hν (Figure S9a), and the Eg of α-
FeOOH, Fe3O4, and Fe-NCs-1 were +1.88, +0.8, and +1.27
eV, respectively. The lower band gap energies of Fe-NCs-1
than that of pure α-FeOOH are mainly attributed to the
interaction between Fe3O4 and α-FeOOH at the micro-scale
length. As a result, the production of charge carriers was
remarkably improved under the same visible light irradiation,
leading to the significant enhancement of photocatalytic
activity.29

Mott−Schottky plots were also tested to explore the flat
potential (Figure S9b). Three samples were typical n-type
semiconductors as they all have a negative slope of the
tangent.30 The ECB positions of α-FeOOH, Fe3O4, and Fe-
NCs-1 were calculated as −0.27, −0.31, and −0.2 eV versus

Figure 5. XPS spectra of Fe-NCs-1. (a) Fe 2p before catalysis and (b) after catalysis.

Figure 6. EPR spectra for DMPO adducts in Fe-NCs-1/visible photo-Fenton systems. (a) DMPO−•OH; (b) DMPO−O2
•−; and (c) radical

scavenger quenching test for TC degradation in the visible photo-Fenton reaction.
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normal hydrogen electrode (NHE), respectively. In this
circumstance, the electrons on the CB can react with H2O2
to produce •OH but cannot react with adsorbed oxygen to
yield O2

•− radicals.31 As EVB = ECB + Eg, the EVB of α-FeOOH,
Fe3O4, and Fe-NCs-1 were calculated to be about +1.61,
+0.49, and +1.07 eV versus NHE, respectively. Because the EVB
of α-FeOOH is higher than that of H2O2/O2

•− (+0.68 eV vs
NHE), the h+ on the VB can promote the production of O2

•−.
However, the h+ on the VB of α-FeOOH was much more
negative than the standard redox potential of •OH/OH− and
•OH/H2O (+1.99 and +2.27 eV vs NHE, respectively), the
photogenerated holes cannot react with OH− groups and H2O
molecules to yield •OH radicals.
EPR characterization employing spin trap DMPO was

carried out to identify free radicals generated in the TC
degradation process. The quantitative information was
provided by the intensity of DMPO radical adduct signals.
Consistent with the energy band calculation results, both the
signals of •OH and O2

•− have been detected in Fe-NCs-1. As
shown in Figure 6a, the fourfold characteristic peaks of
DMPO−•OH adducts with an intensity ratio of 1:2:2:1 are
distinguishable, which is corresponding to the appearance of
•OH in three different systems.32 The intensities of
DMPO−•OH signals produced in α-FeOOH and Fe-NCs-1
systems are almost the same but much higher than those in
Fe3O4 systems. That means that α-FeOOH and Fe-NCs-1 are
more favorable for the production of •OH in the photo-Fenton
system. Further, the intensities of DMPO−O2

•− signals in the
Fe-NCs-1 visible photo-Fenton system is the highest among
three catalysts (Figure 6b), which implies that the composites
are most beneficial to the generation of O2

•−.
Scavenger quenching tests were also conducted to ascertain

the importance of different radicals for TC degradation (Figure
6c). Tertiary butanol (TBA) was applied to quench •OH as it
has high reactivity toward •OH (kOH• = 3.8 to 7.6 × 108 M−1

s−1). After addition of TBA, the TC removal speed became
slower, and the degradation rate dropped to 89% within 90
min compared with that in the reference. This means that
although the •OH radical shows a sight effect on the TC
degradation, it may have a synergistic effect with other
activated radicals. 1,4-Benzoquinone, a scavenger for O2

•−

radicals, showed an obvious inhibitory effect on TC
degradation. After the addition, the TC degradation efficiency
decreased drastically to 47%, indicating that O2

•− played an
important role in the destruction of TC in the visible photo-
Fenton system.
Photogenerated electrons and holes generated in the

photocatalytic process may also contribute much to the
production of active radicals and pollutant degradation. The
addition of BrO3

−, a scavenger for photogenerated electrons,
shows a slight inhibitory effect for TC degradation. This
indicates that the electrons on the CB cannot promote the
production of active radicals for organic degradation, although
it may accelerate the cycle of Fe3+/Fe2+ for the homogeneous
Fenton reaction. Thus, photogenerated electrons are not the
key factors in the catalytic process.
Besides, ammonium oxalate was added as a scavenger of

photogenerated holes, which reveals significantly inhibitory
effects on the TC degradation (17%). Photogenerated holes
can degrade TC directly and react with H2O2 to produce O2

•−,
according to the calculated energy band positions. Combined
with the results of scavenger quenching tests, both photo-

generated holes and O2
•− contributed much to the TC

degradation.
Other factors are also favorable to TC degradation, for

example, adsorption. As superoxide radicals have a short life-
time of less than 1 μs and holes generate on the catalyst
surface, they tend to attack the TC molecules on the surface of
the catalyst. Therefore, the high adsorption capacity of the
catalyst toward TC is beneficial to hole and O2

•− attack and
subsequent degradation of TC molecules.
According to the aforementioned analysis, a possible

photocatalytic mechanism of TC degradation is elucidated in
Figure 7. Initially, the organic pollutant TC is adsorbed onto

the surface of Fe-NCs via electrostatic interaction and chemical
bonds. Then, under the irradiation of visible light, the electrons
in the VB of α-FeOOH nanorods are excited and move to the
CB with the generation of photogenerated holes in the VB (eq
1). The Fe3O4 NPs in the nanocomposites can effectively
promote the separation of electrons and holes based on the
results of electrochemical tests. The generated holes can
directly destruct the adsorbed TC molecules on the surface of
the catalyst or motivate H2O2 to produce the activated radicals
of O2

•− (eq 3). Meanwhile, the photogenerated electrons can
stimulate the production of •OH via the reaction of (eq 2) and
circulation of Fe3+ and Fe2+ (eqs 4 and 6). The produced Fe2+

can react with H2O2 to generate •OH (eq 5), and α-FeOOH
and Fe3O4 can react with H2O2 directly to produce •OH
through the Fenton process. Finally, radical species (O2

•− and
•OH) and h+ can effectively attack the C−C double bond in
TC molecules to produce degradation intermediates, which
subsequently convert into CO2 and H2O. The main reactions
are summarized as follows

α ν α‐ + → ‐ +− +hFeOOH/Fe O Fe O / FeOOH/(e h )3 4 3 4
(1)

+ →− •H O e 2 OH2 2 (2)

+ → ++ •−H O h O H O2 2 2 2 (3)

+ →+ − +Fe e Fe3 2 (4)

+ → + ++ + • −Fe H O Fe OH OH2
2 2

3
(5)

+ →+ −Fe e circulation3 (6)

2.4. TC Degradation Intermediates and Biotoxicity.
The intermediates formed during the visible photo-Fenton
process were further investigated through the liquid
chromatography−mass spectrometry (LC−MS) analysis (Fig-
ure S10). According to the results of LC−MS, the possible

Figure 7. Possible catalytic mechanisms for visible photo-Fenton
degradation of TC by Fe-NCs-1.
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degradation pathway and molecular structures of intermediates
are presented in Figure 8. The peak with a m/z of 445 is
designated to the TC molecule. After being attacked by active
free radicals, the different intermediates P2, P3, and P4 were
developed from the deamination, demethylation, and hydrox-
ylation process of TC, respectively. The intermediate products
of P5 were developed from a more complex way.33 As O2

•− can
destroy the aromatic ring and amino group of TC, the
intermediates of P6, P7, P8, and P9 are formed through the
ring opening reactions and the cleavage of the carbon bond.34

Finally, the intermediates undergo further oxidation into
smaller molecule products P10−P17 with a short chain and
are ultimately changed into carbon dioxide and water. The
complex intermediate process illuminated why TC has a lower
TOC removal efficiency.

3. CONCLUSIONS

Briefly, Fe3O4/α-FeOOH nanocomposites have been synthe-
sized via a facile hydrothermal method. The composites
showed stronger visible-light harvest than pure Fe3O4 and α-
FeOOH. They exhibited a high specific area with rich
micropores and better electrochemistry performance, favorable
for excellent catalytic degradation of TC in the visible photo-
Fenton process. EPR tests showed that the O2

•− produced
during the catalytic process was enhanced, which was
responsible for the excellent degradation ability, according to

the radical scavenger quenching test. Further, the reasons for
more superoxide radicals produced in the Fe3O4/α-FeOOH
were furnished. This work gives new insights into the
mechanism of heterojunction nanocomposite catalysts applied
in environmental remediation.

4. EXPERIMENTAL SECTION

4.1. Materials. Iron(III) nitrate nonahydrate, hydrazine
hydrate, and ethyl alcohol were purchased from Shanghai
Sinopharm Chemical Reagent Co., Ltd. Hexamethylenetetr-
amine (HMT) and TC was purchased from Sigma Industrial
Corporation. All aqueous solutions were prepared using
ultrapure water (18.2 MΩ cm) from the water purifier (Elga
PURE-LAB Chorus). All materials were used as received
without further purification.

4.2. Preparation of Catalysts. The Fe-NCs were
synthesized by a simple one-pot hydrothermal method.
Typically, 0.404 g Fe(NO3)3·9H2O was dissolved in 35 mL
of ultrapure water, and 0.701 g HMT was added to obtain a
crimson solution. Then, a desired amount of N2H4·H2O was
poured into the solution under vigorously magnetic stirring for
30 min. The mixed solution was then added to a Teflon-lined
stainless container. After the hydrothermal process at 80 °C for
1 h, black precipitates were centrifuged at 8000 rpm. All
products were washed with deionized water and absolute
alcohol three times and dried at 60 °C overnight. Fe-NCs

Figure 8. Possible degradation pathway of TC toward the Fe-NCs-1 under the visible photo-Fenton process.
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obtained by adding 0.5, 1, and 3 mL N2H4·H2O were denoted
as Fe-NCs-0.5, Fe-NCs-1, and Fe-NCs-3, respectively. The
synthesis protocol of α-FeOOH nanorods follows the Fe-CNs
without the addition of HMT. The synthesis of Fe3O4 NPs
follows that of Fe-CNs, except that 1 M NaOH was used to
adjust the pH to 4.7 rather than HMT.
4.3. Catalytic Experiments in the Visible Photo-

Fenton System. The TC degradation via the visible photo-
Fenton reaction was carried out in a 200 mL glass vessel, and a
300 W Xe lamp (PLS-SXE300c, λ ≥ 420 nm) was placed
above it. This reaction was maintained at room temperature by
circulating water. In a typical experiment, the suspension
containing 0.5 g L−1 catalyst and 10 mg L−1 TC was
magnetically stirred in dark for 30 min to reach the
adsorption−desorption equilibrium, and then, the concen-
tration of TC was detected to calculate the adsorption
efficiency. The visible photo-Fenton reaction was started by
adding 0.1 mL of H2O2 (10 mM) and turning on the lamp.
The initial pH values were adjusted by H2SO4 and NaOH. The
samples at different reaction times were withdrawn and filtered
through a Millipore filter (0.25 μm) for analysis. The TC
concentrations were determined by a UV−vis spectrometer.
For the reusability experiments, the catalyst was separated by
an external magnet and washed by distilled water three times
and dried at 60 °C overnight.
4.4. Characterization. X-ray powder diffraction patterns

were obtained on a Rigaku SmartLab X-ray diffractometer
equipped with graphite monochromatized Cu Kα radiation (λ
= 1.54178 Å). The morphology of products was observed by
using a Hitachi S-4800 field emission scanning electron
microscope. High-resolution transmission electron microscope
photographs were obtained on a JEOL JEM-2011 microscope
at an accelerating voltage of 200 kV. The Brunauer−Emmett−
Teller (BET) surface area of samples was determined from
BET measurements using a TriStarII 3020 M surface area and
porosity analyzer. The magnetic properties of the sample were
characterized using a vibrating sample magnetometer and a
Quantum Design PPMS-9 physical property measurement
system. Electrochemical impedance spectroscopy (EIS) was
carried out on an electrochemical workstation (CHI66E) with
the as-prepared FTO glass samples, a piece of Pt, and a Hg/
HgCl2 electrode (saturated calomel electrode and saturated
KCl) as the working electrode, counter electrode, and
reference electrode, respectively. Photocurrent measurements
were taken in a typical three-electrode configuration. 0.5 mol/
L Na2SO4 was used as the electrolyte solution. A 300 W Xe arc
lamp (PLS-SXE300) was used as the light source, and the
periodic ON/OFF photocurrent response was measured at a
definite time interval. The N2 adsorption−desorption isotherm
was obtained using an accelerated surface area and porosimetry
system (Autosorb-iQ, Quantachrome). UV−visible DRS were
recorded on a Hitachi UV3600 spectrophotometer. The
surface charge property of the samples in aqueous solution
was measured by a Malvern 3000 Zetasizer. XPS spectra were
recorded using an ESCALAB 250 Xi spectrometer (Thermo
Fisher Scientific) fitted with an Al Kα radiation source. The
ICP−OES was measured by Agilent 730. The TC concen-
trations were measured by a UV−vis spectrometer (Analytik
Jena, SPECORD200 PLUS). The electron spin resonance
(ESR) investigations were conducted with a Bruker A300 ESR
spectrometer. LC−MS analysis was carried out with a liquid
chromatograph coupled to a mass spectrometer (Q Exactive
Plus LCMS, Thermo Scientific).
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