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otocatalytic properties of three
dimensional laminated structure anatase TiO2/
nano-Fe0 with exposed (001) facets

Yeshuo Dong *a and Fanjun Mengb

Three dimensional laminated structure anatase TiO2/nano-Fe
0 with exposed (001) facets used as

photocatalysts were synthesized by a two-step solvothermal route and a liquid phase reduction

deposition method. The resulting samples were characterized by X-ray diffraction, X-ray photoelectron

spectroscopy, ultraviolet-visible diffuse reflectance spectroscopy, scanning electron microscopy,

transmission electron microscopy and selected-area electron diffraction. Characterization and

experimental results indicated that the three dimensional laminated structure of anatase TiO2 was

assembled by two dimensional TiO2-sheets with a thickness of approximately 30 nm. The three

dimensional laminated structure anatase TiO2/nano-Fe
0 photocatalysts with improved visible-light

responsive capability, high charge-hole mobility, and low electron–hole recombination exhibited higher

photocatalytic performance in the photocatalytic degradation of methylene blue. The composite of

nano-Fe0 and TiO2 could effectively promote the generation of hydroxyl radicals (cOH) with a synergistic

effect and Photo-Fenton theory. This study provided new insights into the fabrication and practical

application of high-performance photocatalysts in degrading organic pollutants.
1. Introduction

The increasingly serious problems of energy shortages and
environmental pollution have become a critical obstacle to
the sustainable development of society.1,2 The photocatalysis
technology based on inorganic semiconductor catalysis
materials provides us with an ideal new way of energy utili-
zation and environmental pollution control.3–5 Many inor-
ganic semiconductor materials have been widely studied and
applied in the eld of environmental protection, dye-
sensitized solar cells, photoelectric conversion and water
decomposition hydrogen production due to their unique
structural characteristics and excellent physical and chemical
properties.6–8 As we all know, in many inorganic semi-
conductor materials, TiO2 has been deeply studied for a long
time due to its simple processing, stable chemical properties
and being harmless to the environment and humans.9,10

Because of these excellent characteristics, it is usually used in
the treatment of organic wastewater (such as dyes). Compared
with the anodic oxidation,11 electrocoagulation,12 adsorp-
tion,13,14 and biodegradation methods,15 it has the advantages
of strong oxidation, low energy consumption and simple
operation. However, nano-TiO2 grains have the defects of low
l Engineering, Qingdao University of
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f Chemistry 2020
visible light utilization, easy recombination of photo-
generated electrons and holes, and easy agglomeration and
deactivation at nano scale.16,17 The studies show that for a long
time, the research on the design and preparation of TiO2

semiconductor materials is the key to improve the compre-
hensive performance of photocatalysis.18,19 It is the core
scientic problem in the eld of TiO2 semiconductor photo-
catalysis that the materials have high efficiency of excitation
light response, excellent electron hole yield and separation
characteristics.20–22 Therefore, scholars have carried out
a series of research on the reconstruction of self structure and
auxiliary modication based on the design and preparation of
TiO2 morphology and structure.16,17,23,24

In recent years, it has been shown that with the develop-
ment of crystal surface engineering, it is popular to adjust the
performance of photocatalytic materials by adjusting the
exposure degree of crystal surface in the study of TiO2 struc-
ture reconstruction.25,26 In 2008, the uniform anatase TiO2

single crystals were synthesized with a large percentage (47%)
of reactive (001) facets using hydrouoric acid as
a morphology controlling agent.27 This material shows
a higher photocatalytic activity than that of conventional TiO2

with (101) facets. Subsequently, the research of anatase TiO2

single crystal with (001) facets has attracted great attention,
and on this basis, TiO2 nanosheets with higher (001) facets
exposure ratio have been synthesized.28–30 When the propor-
tion of anatase TiO2 with exposed (001) facets increased, the
photocatalytic activity of TiO2 improved signicantly.
RSC Adv., 2020, 10, 11823–11830 | 11823
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Scheme 1 Synthesis route of 3D laminated structure anatase TiO2/
nano-Fe0 photocatalysts (3D-TiO2/nano-Fe

0).
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However, TiO2 nanosheets usually have the defects of easy
agglomeration, easy lose electron and poor dispersion.25

Therefore, researchers have used different titanium sources
and improved synthesis methods to realize the self-assembly
of TiO2 single crystal sheets with (001) facets exposed, and
some TiO2 catalysts with multi-level structure such as spher-
ical and ower structure formed by the self-assembly of TiO2

single crystal sheets with (001) facets have been successively
synthesized.31–33 The self-assembly structure of the single
crystal sheets can effectively improve the transmission effi-
ciency of photogenerated electrons and promote the separa-
tion of photogenerated electrons and holes, thus greatly
improving the photocatalytic activity and photoelectric
effect.34,35 Therefore, the research on the design and prepa-
ration of TiO2 materials with (001) facets exposed sheets
structure has great signicance and broad application
prospects.21,36,37

In the study of TiO2 assisted modication, the addition of
transition and/or noble metals is one of the promising methods
to improve the photocatalytic activity and photoelectric effect of
TiO2.38–41 Due to the formation of doping energy and the rapid
transfer of the photogenerated electrons from the semi-
conductors to the dopants, the doped metal such as Fe, Pt, Mo,
Cr, Ag and Au can reduce the recombination rate of electrons
and holes.42 As a new environmental remediation engineering
material, nano-zerovalent iron (nano-Fe0) has been widely used
in the eld of environmental remediation. Nano-Fe0 has the
excellent properties of large specic surface area, high chemical
reaction activity and excellent surface characteristics, which
make it suitable for the treatment of many pollutants that are
difficult to biodegrade.43–45 Up to now, nano-Fe0 has been
proved to be able to effectively remove a variety of pollutants,
including nitroaromatic compounds, organic halogenated
compounds, inorganic nitrates, polycyclic aromatic hydrocar-
bons, organic dyes, a variety of heavy metals and antibiotic
drugs.46,47 However, the high activity of nano-Fe0 makes its
stability in the air very poor, and it is easy to be oxidized or even
self-ignited aer contacting with oxygen.48,49 Because of its nano
size, it is easy to agglomerate in the water, which limits the
application of nano-Fe0 materials in the actual water treatment
process.50,51 Many results show that the combination of nano-
Fe0 and TiO2 can effectively improve the stability of nano-Fe0

and the dispersion in the water.52 At the same time, this
combination can effectively promote the separation of photo-
generated electron holes, enhance the photoelectric effect, and
expand the visible light response range. Moreover, in the
process of photocatalysis, this combination can not only
compensate the consumption of nano-Fe0 (dynamic circulation
reaction mechanism),53 but also form the Photo-Fenton effect;
Fe3+; Fe2+; TiO2 and H2O2 coexisting in the system will promote
the production of hydroxyl radicals under the action of ultra-
violet light, so as to improve the photocatalytic activity and
pollutant removal rate.52,54,55

In this work, we aim to synthesize a highly active composite
TiO2 photocatalyst with (001) facets exposed and visible light
response by combining nano-Fe0. Therefore, under the action of
hydrouoric acid, isobutanol and isopropanol, three
11824 | RSC Adv., 2020, 10, 11823–11830
dimensional laminated structure anatase TiO2/nano-Fe
0 with

exposed (001) facets (3D-TiO2/nano-Fe
0) were synthesized by

a two-step solvothermal route and a liquid phase reduction
deposition method. The structure and morphology of samples
were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscope (TEM), X-
ray photoelectron spectroscopy (XPS) and UV-vis diffuse reec-
tance spectra (UV-vis DRS), respectively. Besides, methylene
blue was used as the degradation substrate. The synergistic
effect and photocatalytic properties of 3D-TiO2/nano-Fe

0 pho-
tocatalysts onmethylene blue were investigated by adjusting the
pH value, the concentration of dissolved oxygen and the band of
excitation light.
2. Experimental methods
2.1 Synthesis of 3D laminated structure anatase TiO2 with
exposed (001) facets

The 3D laminated structure anatase TiO2 with exposed (001)
facets (3D-TiO2) were synthesized in a two-step solvothermal
route (Scheme 1). In this work, hydrouoric acid (HF), iso-
butanol and isopropanol were used as the morphology
controlling agent.56 We synthesized these 3D-TiO2 by control-
ling the interaction characteristics of hydrouoric acid (HF),
isobutanol and isopropanol on the crystal facets.

Firstly, titanium tetrauoride (TiF4; Sigma-Aldrich) was dis-
solved in hydrochloric acid solution under vigorous stirring to
give a concentration of 0.04 mol L�1 with the pH value changed
to 2.60 mL of the above TiF4 solution (0.04 mol L�1) and 10 mL
of isobutanol were added into a 100 mL Teon-lined stainless
steel autoclave. The autoclave was kept at 180 �C for 6 h in an
electric oven. Aer reaction, the white solid TiO2 particles were
harvested by centrifugation, cleaning and drying.

Secondly, the obtained white solid TiO2 particles were used
as seeds. 10 mL of isobutanol, 20 mL of isopropanol and 0.1 mL
of hydrouoric acid (HF, 40 wt%) were added into a 50 mL
Teon-lined stainless steel auto-clave. The autoclave was kept at
200 �C for 15 h in an electric oven. Aer centrifugation, washing
and drying, the 3D-TiO2 were harvested. The surface uorine
was removed at 500 �C for 90 min. Then, the samples were
cooled to room temperature for further activity experiments and
characterization.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of nano-Fe0; nano-TiO2; 3D-TiO2 and 3D-TiO2/
nano-Fe0.

Fig. 2 UV-vis DRS of the 3D-TiO2 and 3D-TiO2/nano-Fe
0

photocatalyst.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

1:
55

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.2 Synthesis of 3D laminated structure anatase TiO2/nano-
Fe0 photocatalysts

The 3D laminated structure anatase TiO2/nano-Fe
0 photo-

catalysts (3D-TiO2/nano-Fe
0) were synthesized by a liquid phase

reduction deposition method (Scheme 1). In a typical process,
the prepared 3D laminated structure anatase TiO2 samples (0.8
g), C2H5OH (50 mL) and FeSO4$7H2O solution (0.6 mol L�1; 100
mL) were mixed, stirred and ultrasonic dispersion 30min under
nitrogen protection. And then the mixture was centrifuged and
dried to get the solid particles M. Then, M (1.0 g) and C2H5OH
(60 mL) were mixed and stirred constantly for 30 min to get the
component X. Alkaline KBH4 solution (pH¼ 9; 0.4 mol L�1) was
dropped in X under stirring, and the reaction mixture was
treated by ultrasonic intermittently until the black solid
suspension was obtained. Aer precipitation, lter, cleaning,
rotary steam drying. Finally, the 3D-TiO2/nano-Fe

0 photo-
catalysts were obtained and stored in the anaerobic
environment.

2.3 Characterization of materials

The morphology and structure of the as-synthesized 3D-TiO2/
nano-Fe0 photocatalysts were investigated by X-ray spectroscopy
(XRD, Bruker D8 Advance), scanning electron microscopy (SEM,
JEOL-JSM6400F), UV-vis diffuse reectance spectra (UV-vis DRS,
Lambda 35) and transmission electron microscopy (TEM, JEM-
2100) equipped with a selected-area electron diffraction (SAED).
X-ray photoelectron spectroscopy (XPS) measurements were
conducted by a Kratos AXIS Ultra DLD XPS system.

2.4 Photocatalytic properties measurement

Methylene blue (thiazine dye), an environment pollutant, was
selected to evaluate the photocatalytic activities of 3D-TiO2/
nano-Fe0 photocatalysts under UV and visible light irradiation.
The experiments were conducted using an airtight reactor.
High-purity nitrogen and oxygen were purged continuously to
maintain anoxic and oxic conditions. A 350W UV-light lamp was
positioned within the central part of the photoreactor and
cooling water was circulated through a pyrex jacket surrounding
the lamp. The reactants were taken from the suspension at
regular time intervals and immediately ltered through a 0.22
mm polytetrauoroethylene lter membrane, and the ltrate
was collected for analysis. An UV-vis absorption spectropho-
tometer (UV-2500, Shimadzu) was used to determine the
absorbance of products.

3. Results and discussion
3.1 Characterization

In this work, the structure of samples have been conrmed by X-
ray diffraction (XRD), and the diffraction pattern are shown in
Fig. 1. Anatase TiO2 was observed in the samples, which indi-
cated that its crystallinity was not affected by the nano-Fe0. The
diffraction patterns of the prepared anatase TiO2 correlated well
with the standard peaks (JCPDS card no. 21-1272), with the
three most obvious diffraction peaks observed at 25.5� (101),
37.9� (004), and 48.2� (200). The (004) diffraction peak can be
This journal is © The Royal Society of Chemistry 2020
identied in the XRD pattern, which indicated the TiO2 nano-
structures along the (001) crystallographic direction.28,57 In the
curve of both the nano-Fe0 and 3D-TiO2/nano-Fe

0, the charac-
teristic peak at the 2q of 44.64� belonged to a-Fe (110) crystal
was observed, suggesting that in the 3D-TiO2/nano-Fe

0

composite the nano-Fe0 keeps its original properties.53 The
crystallite sizes of the 3D-TiO2/nano-Fe

0, 3D-TiO2, nano-Fe
0 and

nano-TiO2 were obtained by both SEM images analysis (Fig. 3
and 4) and Scherrer formula calculation, obtaining average
values of 3.5 mm, 3 mm, 80 nm and 10 nm, respectively.

Considering that band structure plays a key role in deter-
mining the photocatalytic activity of semiconductors, the UV-vis
DRS of the synthesized samples were performed. As shown in
Fig. 2, a signicant increase was found in the visible absorption
of 3D-TiO2/nano-Fe

0 photocatalysts compared with 3D-TiO2.
Concerning to the band gap energy (Eg) values, there was
a visible-shi in the absorption edge for 3D-TiO2/nano-Fe

0

photocatalysts compared to the 3D-TiO2. Moreover, compared
with the optical absorption of 3D-TiO2 cut off at 385 nm, it can
be seen that the absorption peak of the 3D-TiO2/nano-Fe

0

RSC Adv., 2020, 10, 11823–11830 | 11825
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Fig. 4 (a) and (b), SEM images of typical 3D-TiO2/nano-Fe
0 photoca

photocatalysts.

Fig. 3 Microstructure and morphology of samples. (a) and (b), SEM
and TEM images of typical nano-Fe0 particles. (c) and (d), SEM images
of typical 3D-TiO2. (e), TEM images of 3D-TiO2. The corresponding
selected-area electron diffraction (SAED) patterns was shown in (f).

11826 | RSC Adv., 2020, 10, 11823–11830

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

1:
55

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photocatalysts in the visible region was stronger than that of the
3D-TiO2. It indicates that the prepared 3D-TiO2/nano-Fe

0 pho-
tocatalysts showed a photoresponse red shi effect by reducing
the band gap energy of TiO2, which is consistent with the
photocatalytic activity shown in Fig. 8

Fig. 3 presents the SEM and TEM images of the nano-Fe0

(Fig. 3a and b) and 3D-TiO2 (Fig. 3c–e). As shown in Fig. 3a and
b, the morphology of nano-Fe0 is ball chain-shaped with a size
of approximately 50 nm, which generally has agglomeration
phenomenon. SEM images in Fig. 3c and d showed the general
morphology of the 3D-TiO2, which were entirely composed of
3D laminated structures with a size of approximately 3 mm. The
3D laminated structures were assembled by 2D TiO2-sheets with
a thickness of approximately 30 nm. The microstructures of the
3D-TiO2 were investigated by TEM and selected-area electron
diffraction (SAED). TEM image showed the 3D laminated
structures in which 3D-TiO2 can be easily identied in Fig. 3e.
And the corresponding SAED patterns shown in Fig. 3f indi-
cated that the top and bottom facets of the TiO2 nanosheets
were the (001) facets.31 Fig. 4 presents the SEM (a and b) and
TEM (c and d) images of the 3D-TiO2/nano-Fe

0. According to
SEM, we can see clearly that there are many nano-Fe0 particles
on the surface of 3D-TiO2. Moreover, the high-resolution TEM
image recorded in Fig. 4d clearly shows the atomic planes with
the lattice spacing of 0.204 nm and 0.19 nm, which corre-
sponding to the (110) planes of a-Fe and the (200) planes of
TiO2, respectively. This result proved the formation of hetero-
junctions between nano-Fe0 and TiO2. And the formed hetero-
junction structure can not only block the recombination of the
photogenerated electron–hole effectively, but also reduce the
band gap energy of TiO2. Thus, the 3D-TiO2/nano-Fe

0 photo-
catalysts show a high response and high catalytic activity in the
talysts. (c) and (d), TEM and HRTEM images of 3D-TiO2/nano-Fe
0

This journal is © The Royal Society of Chemistry 2020
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visible region, which is consistent with the analysis results of
the UV-vis DRS shown in Fig. 2.

As shown in Fig. 5, XPS was used to determine the surface
chemical compositions and chemical states of the resultant
crystals. It can be seen that 3D-TiO2/nano-Fe

0 contain Ti, O, and
C elements, with sharp photoelectron peaks appearing at
binding energies of 458 eV, 531 eV and 285 eV, respectively.58

The C 1s (285 eV) peak is attributed to the adventitious hydro-
carbon from XPS instrument itself. Fig. 5 (inset) is the XPS of the
nano-Fe0 in the 2p region. The photoelectron peaks appearing
at binding energies of 711 eV, 719.9 eV and 724.5 eV represent
the 2p3/2 peak, the vibrational satellite peak of 2p3/2 and 2p1/2
peak, respectively. The binding energy values of Fe element
show that there are iron oxides on the surface of nano-Fe0.
Besides, there is a small photoelectron peak at 707 eV, which
represent the 2p3/2 peak of nano-Fe0. The analysis shows that
the surface of nano-Fe0 is covered by iron oxides.
3.2 Photocatalytic performance

Methylene blue (thiazine dye) is an aromatic heterocyclic
compound, which has important applications in chemical
indicators, pharmaceutical production, dyes (pigments) prepa-
ration and other elds.14,59 However, dye wastewater is charac-
terized by complex composition, high chroma, large discharge
and poor biodegradability, and mostly contains carcinogenic,
teratogenic and mutagenic substances.2,60 Traditional waste-
water treatment technology is weak in mineralization of
refractory organics, so it can not be completely transformed into
harmless small molecules.61 Due to the limitations of tradi-
tional water treatment technology, aiming at the scientic
problem of degradation and removal of methylene blue, the
related experiments were carried out in this paper. Therefore,
based on the characteristics and mechanism of photocatalytic
oxidation of TiO2, the degradation of methylene blue by TiO2

photocatalysis technology was studied in this work.
Fig. 5 XPS survey spectra of the as-synthesized 3D-TiO2/nano-Fe
0

photocatalysts.

This journal is © The Royal Society of Chemistry 2020
As shown in Fig. 6, the effect of the initial pH value on the
degradation efficiency with different samples are investigated.
It can be seen that the initial pH value of the dye aqueous
solution affects the degradation efficiency obviously for both
3D-TiO2 and 3D-TiO2/nano-Fe

0, and an acidic pH value is
benet for a high degradation efficiency.62 The reason for this is
that the H+ was a very key reaction factor to promote the
generation of hydroxyl radicals (cOH). According to the mech-
anism of the photocatalytic oxidation reaction, the isoelectric
point of TiO2 is pHPZC ¼ 6.8. In the acidic range (pH < pHPZC),
the surface of catalyst is protonated and results in a positive
charge surface, which can promote the photo-generated elec-
tron transfer to the catalyst surface.63 The comparison of dark
reaction experiments showed that the 3D-TiO2/nano-Fe

0 pho-
tocatalyst had higher degradation activity in the dark reaction.
This is because in the absence of light conditions, nano-Fe0 can
play a priority role in the degradation of dyes. Moreover, the
presence of iron ions in an acidic environment can cause oc-
culation, which will also increase the degradation efficiency.64

As shown in Fig. 6a, for the 3D-TiO2/nano-Fe
0 photocatalyst,

the degradation activity is low when it is in alkaline conditions.
When the pH > 7, ferrous hydroxide (Fe(OH)2) was obtained due
to the reaction of zerovalent iron with water produced Fe2+ and
OH�. Fe(OH)2 would further transform to ferric oxides under
alkaline conditions. That will destroy the balance of the reaction
and accelerate nano-Fe0 consumption. Moreover, the ferric
oxides will deposit onto the surface of catalysts to prevent
contact with contamination. Therefore, the removal and
degradation of pollutants is not conducive by the 3D-TiO2/nano-
Fe0 photocatalyst in the alkaline environment.

The effect of dissolved oxygen on the degradation efficiency
of methylene blue was investigated, and the results were shown
in Fig. 7. It can be seen that the degradation efficiency will be
higher in oxic condition for both 3D-TiO2 and 3D-TiO2/nano-
Fe0. According to the principle of heterogeneous photocatalysis
(eqn (1)), the dissolved oxygen can act as a reactant and an
photo-electron capture agent. The dissolved oxygen will
combine with photoelectron and proton to produce H2O2. Then
H2O2 reacts with superoxide anion radical (cO2�) to produce
hydroxyl radical (cOH).

(1)

Fe0 + O2 + 2H+ / Fe2+ + H2O2 / Fe3+ + HO� +cOH (2)

H2O2 ���!hv 2
�
OH (3)

e� + H2O2 / HO� + cOH (4)

For the 3D-TiO2/nano-Fe
0 photocatalyst, the nano-Fe0 will

reacts with dissolved oxygen and H+ to produce H2O2 (eqn (2)).
This degradation step takes place via oxidizing agents such as
H2O2 and other oxidative species in oxic condition which in turn
RSC Adv., 2020, 10, 11823–11830 | 11827
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Fig. 6 Comparion on photocatalytic degradation activity of samples under different pH. (a) 3D-TiO2/nano-Fe
0; (b) 3D-TiO2.

Fig. 7 Comparion on photocatalytic degradation activity of samples
under the different concentration of dissolved oxygen.

Fig. 8 Comparion on photocatalytic degradation activity of samples
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produce hydroxyl radical through Fenton process (eqn (2)).
Moreover, under the condition of photocatalysis, one part of
H2O2 will be photolyzed into hydroxyl radical (eqn (3)), and the
other part will react with photoelectrons to produce hydroxyl
radical (eqn (4)). So, the 3D-TiO2/nano-Fe

0 photocatalyst shows
higher catalytic activity than the 3D-TiO2, which further proves
that the nano-Fe0 will promote the photocatalytic activity by
Photo-Fenton theory. Beside, in view of synergistic effect, the
TiO2 photocatalysts can be photoexcited by UV light to generate
electron–hole pairs. The nano-Fe0 on the surface of 3D-TiO2 can
accelerate the charge transfer and separation, leading to the
enhancement of the oxidation. In addition, the produced Fe2+

in reaction system can react with photogenerated holes to form
Fe3+, and then be converted back to Fe2+ again when reacted
with electrons, resulting in the prevention of hole–electron
recombination and the increase in the total amounts of
hydroxyl radicals.64

The degradation efficiency of methylene blue with different
catalyst and light source are tested and compared, and the
results are shown in Fig. 8. It is obvious that the catalytic activity
11828 | RSC Adv., 2020, 10, 11823–11830
of 3D-TiO2/nano-Fe
0 photocatalysts was higher than 3D-TiO2

under both UV and visible light. As shown in Fig. 2, the 3D-TiO2/
nano-Fe0 shows a high absorbance in the visible region, thus
the 3D-TiO2/nano-Fe

0 will respond to visible light and produces
photocatalytic activity. This result is mainly due to the forma-
tion of heterojunction structure, which is consistent with the
analysis results of the UV-vis DRS shown in Fig. 2.

As we all know, in the research of photocatalytic degradation
of dyes, the decolorization rate is usually used as the index of
photocatalytic degradation activity.65–67 However, the fading of
dye only means that its chromophore is destroyed, rather than it
is completely mineralized into H2O and CO2. In order to eval-
uate the degradation efficiency of photocatalysis strictly, we
studied the relationship between the decolorization rate and
CODCr removal rate. As shown in Fig. 9a, the decolorization rate
is not equivalent to the CODCr removal rate. When the decol-
orization rate reaches 100%, the CODCr removal rate is 55%,
which demonstrates that when the chromophore of dye is
destroyed under the system of photocatalysis, it will lead to
fading effect. Aer photocatalytic degradation, some
under UV light and under visible light.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a), Comparison of decolorization rate and CODCr in photocatalytic process. (b), CODCr removal rate under the different samples.
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intermediates that are difficult to be photocatalytic degraded
will still exist in the system. Moreover, the removal efficiency of
different samples for CODCr was tested showing that the 3D-
TiO2/nano-Fe

0 photocatalysts has a higher removal efficiency
for the CODCr due to its synergistic effect and Photo-Fenton
theory (Fig. 9b).

Although it has higher accuracy to evaluate the photo-
catalytic efficiency with the CODCr, it is more complex. In this
case, considering the trend consistency of decolorization rate
and CODCr removal rate and the fast determination of decol-
orization rate, the decolorization rate is used as the measure-
ment index, which is scientic and feasible.
4. Conclusions

In summary, the 3D-TiO2/nano-Fe
0 photocatalysts could be

synthesized by a two-step solvothermal route and a liquid phase
reduction deposition method. The characterization results
conrmed that the 3D-TiO2/nano-Fe

0 photocatalysts had three
dimensional laminated structure which assembled by two
dimensional TiO2-sheets with a thickness of approximately
30 nm. Moreover, the composite of nano-Fe0 leaded to the
visible light response characteristics of the catalyst. On the
application side, the resultant 3D-TiO2/nano-Fe

0 photocatalysts
exhibited remarkable photocatalytic performance for the
degradation of methylene blue, which could be largely attrib-
uted to their synergistic effect and Photo-Fenton theory. Most
signicantly, the 3D-TiO2/nano-Fe

0 photocatalysts has a higher
removal efficiency for the CODCr, which provides a newmaterial
and approach for the mineralization of organic pollutants.
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Environ. Chem. Eng., 2018, 6, 5032–5041.
RSC Adv., 2020, 10, 11823–11830 | 11829

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01429j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

1:
55

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
20 A. A. Lopera, E. A. Chavarriaga, H. A. Estupinan,
I. C. Valencia, C. Paucar and C. P. Garcia, J. Phys. D: Appl.
Phys., 2016, 49(20), 205501.

21 T. Z. Xu, H. Zheng, P. Y. Zhang, W. Lin and Y. Sekiguchi, J.
Mater. Chem. A, 2015, 3, 19115–19122.

22 H. Hamad, J. Castelo-Quibén, S. Morales-Torres, F. Carrasco-
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