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ABSTRACT

In the work, the layered TiO, NS/UiO-66/GO composites were successfully prepared through an
in-situ method. Two-dimensional TiO, NS combined with UiO-66/GO to form a layered structure.
The prepared samples were characterized by X-ray diffraction, thermogravimetric analysis,
Brunauer-Emmett-Teller test, scanning electron microscopy, energy dispersive X-ray spectroscopy,
X-ray photoelectron spectroscopy, UV-Vis DRS and PL spectra. TiO, N5/40%UiO-66/GO exhibited
the most efficient adsorption (20 and 1.3 times those of TiO, NS and UiO-66/GO, respectively)
through absorbing Congo red (CR). It also displayed the strongest photocatalytic activity (29 and
2 times those of TiO, NS and UiO-66/GO, respectively) for degrading CR dye under visible-light
irradiation (A > 420 nm). The removal rate of CR was nearly 100%. Besides, TiO, NS/40%UiO-66/GO
showed excellent stability even after four cycling runs of adsorbing and photodegrading CR. The
results showed that TiO, NS/UiO-66/GO composites were highly efficient adsorption and catalytic
bifunctional materials. TiO, NS/UiO-66/GO composites provide an important basis for combining
metal organic frameworks/GO with photocatalytic semiconductors to improve absorption and
photocatalytic performance to better treat organic wastewaters.
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1. Introduction

With the development of industry, dyes are widely used
and also produce lots of dye wastewaters that seriously
harm the environment and the human body. For example,
Congo Red (CR) dye is hard to biodegrade and is merely
metabolized to benzidine. Moreover, its exposure to organ-
isms can cause allergic reactions. Therefore, it is important
to remove dyes from wastewaters [1]. The combination of
adsorption and photocatalysis could be a feasible method
to effectively remove dyes. Thus, it is necessary to develop
efficient adsorption and photocatalytic materials.

As a common semiconductor photocatalyst, titanium
dioxide (TiO,) is widely used because of its stable structure,
strong oxidizing power and low toxicity [2-9]. Specifically,

* Corresponding author.

two-dimensional TiO, nanosheets (TiO, NS) with highly
active (001) plane exhibit great surface reaction dynamics
and strong photocatalytic activity [2,10-12]. However, pure
TiO, NS tend to aggregate with low surface area and rapid
electron-holes recombination, reducing adsorption and pho-
tocatalytic activity [2,6]. So far, some solutions have been
proposed to improve photocatalytic properties such as load-
ing precious metals [13-16] and infiltrating carbon [17-19].
It is rarely reported that the adsorption and photocatalytic per-
formance of TiO,-based catalysts are significantly improved.
Metal organic frameworks (MOFs) are three-dimensional
porous materials with high surface area and good ordered
pore size, and are widely used in adsorption and cataly-
sis [20-23]. Some special MOF types (e.g., Fe-MOF [24-28],
Ti(IV)-MOF [29-31], Zr-MOF [32-35], Zn-MOF [36]) could
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have good catalytic performance under light illumination,
but inefficient electrons generation and separation reduce
photocatalytic activity of MOFs [37]. The combination of
TiO, and MOFs could be a feasible method to effectively
improve adsorption and photocatalytic performance [38—41].
However, general methods only promote the formation of
single dispersed photosensitive TiO, on the surface of MOFs
without forming good functional interfaces. Anatase TiO,
follows the average surface energy order that (001) plane
(0.9 ] m?) > (100) plane (0.53 ] m™) > (101) plane (0.44 ] m™)
[8,42]. In addition, the surface energy also affects the activ-
ity of (001) plane, critical to immobilize MOFs on TiO, NS
to form more good interfaces [43]. Therefore, combining
TiO, NS which contain numerous bare (001) planes with
MOFs could promote photoelectrons transfer and enhance
adsorption performance [44,45]. Besides, in order to fur-
ther enhance adsorption properties, graphite oxide (GO)
with a great many functional groups with oxygen is highly
regarded due to its ease of coordination with the MOF metal
ion and functionalization. GO can well combine with MOFs,
effectively improving adsorption capacity [46,47]. Therefore,
designing and constructing a layered structure by combin-
ing TiO, NS with MOFs/GO could be a perfect solution for
improving photocatalytic and adsorption performance. UiO-
66 is a MOF based on metal Zr and terephthalic acid as a
ligand, exhibiting high surface area and good chemical and
thermal stability, and UiO-66/GO shows stronger adsorption
properties than UiO-66 [47].

Here, we developed an in-situ method to combine TiO,
NS with UiO-66/GO to prepare layered TiO, NS/UiO-66/
GO composites to improve adsorption and photocatalytic
performance for effectively treating dye wastewaters. The
adsorption and photocatalytic properties of TiO, NS/UiO-
66/GO composites were studied by adsorbing and visible
light degrading CR dye. Compared with TiO, NS or UiO-66/
GO, TiO, NS/UiO-66/GO composites displayed improved
absorption and photocatalytic activity. Moreover, the sta-
bility and reusability of TiO, NS/UiO-66/GO were investi-
gated, and the mechanisms of adsorption and photocatalytic
degradation of CR with TiO, NS/UiO-66/GO were discussed.

2. Experimental
2.1. Materials

The reagents applied in the research were analytical
agentias and applied with no need to re-purification.
Tetrabutyl titanate (98%), hydrofluoric acid (HF, 40%),
zirconium chloride (IV) (ZrCl, 98%), ethanol (C,H,OH,
99.7%, ANHY) were purchased from China Pharmaceutical
Group Chemical Reagent Co. Ltd. Terephthalic acid (H,BDC,
99%) was purchased from Aladdin (Shanghai, China).
N,N-dimethyl formamide (DME, 99.5%, ANHY) and meth-
anol (CH,OH, 99.7%, ANHY) were purchased from Jiangsu
strong functional chemical Limited by Share Ltd. (Changshu,
Jiangsu, China). GO was purchased from Nanjing JCNANO
Technology Co. Ltd. (Nanjing, Jiangsu, China).

2.1.1. Preparation of TiO, NS and UiO-66/GO

TiO, NS could be synthesized by conventional solvo-
thermal methods [45]. First, 30 mL of tetrabutyl titanate

was added to a teflon cup. Next, 3 mL of HF (40%) was
slowly added dropwise into the mixture under stirring.
The mixed solution was stirred for 10 min and then trans-
ferred to a stainless steel autoclave and placed in an oven at
180°C for 24 h. After the end of the reaction, the autoclave
was naturally cooled to room temperature, and a white solid
was collected by centrifugation and washed three times with
deionized water and ethanol. After the above solid powder
was dried overnight at 65°C, vacuum treatment was carried
out at 120°C. Finally, it was calcined in static air at 300°C for
4 h to remove residual organic matter.

UiO-66/GO was synthesized by dispersing 10 mg GO
by using ultrasound in 50 mL DMF for 8 h. ZrCl, (0.386 g)
was added to a homogeneously dispersed GO solution
and stirred at room temperature overnight. Then, H,BDC
(0.276 g) was poured into the above mixture and subjected
to a solvothermal reaction at 120°C for 24 h. The resulting
complex was centrifuged and washed several times with
fresh DMF and methanol. Finally, the product was dried in a
vacuum oven at 150°C [46].

2.1.2. Preparation of TiO, NS/UiO-66/GO composites

On the premise of pre-synthesis of TiO, NS, an in-situ
method was used to synthesize TiO, NS5/UiO-66/GO com-
posites (Fig. 1) in order to achieve an enlargement of the
contact surface between two components, shown to be ben-
eficial to electrons separation in previous studies [45,48].
During the synthesis, a certain amount of TiO, NS (0.5 g) was
first treated by sonication in 50 mL DMF for 30 min. Then,
different amounts of UiO-66/GO were added. In addition,
100 mL DMF was added. The solution was treated by son-
ication for 30 min. It was then transferred to an oil bath
and warmed to 150°C for 24 h under stirring. The result-
ing solid was collected by centrifugation after cooling and
washed three times with fresh ethanol. Finally, the product
was dried in a vacuum oven at 120°C. Here, the obtained
composites are named TiO, NS/x%UiO-66/GO (x = 19, 31,
40, 49). In composites, m(TiO, NS): m(UiO-66/GO) = 1:x%.

2.2. Characterization

X-ray diffraction (XRD) was performed through adopt-
ing Cu Ka radiation (A = 1.54056 A) on a D/MAX2500 dif-
fractometer worked at 40 kV and 100 mA. Thermogravimetric
analysis (TGA) under nitrogen was performed with a Labsys
Evo (Shanghai, China)/seteram equipment. The Brunauer-
Emmett-Teller (BET) test was performed through a TriStar
3020 instrument. Microscopic images of materials were char-
acterized through a SUPRA55 scanning electron microscope
(SEM, ZEISS, Germany). The constitution of the material was
explored adopting energy dispersive X-ray spectroscopy
(EDS). An Escalab 250Xi analyzer was employed to mea-
sure X-ray photoelectron spectroscopy (XPS) and VBXPS
to analyze the composition, valence state and valence band
position of the material. A Shimadzu UV-2550 (Shanghai,
China) was employed to record UV-Vis diffuse reflection
spectra (DRS), which used barium sulphate (BaSO,) to be the
reflectance standard. An inductively coupled plasma opti-
cal emission spectrometer (ICP-OES, ICAP7400) was used
to detect metallic ions in the solution after photocatalytic
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Layered TiO, NS/Ui0-66/GO

Fig. 1. Preparation methods of TiO, NS/UiO-66/GO composites.

reactions. Photoluminescence spectra (PL) were got on an
Edinburgh FL/FS900 spectrophotometer. An electron spin
resonance (ESR) spectrometer (Bruker A300, Beijing, China)
was employed to detect radical species that played a decisive
role in the degradation process.

2.3. Absorption and photocatalytic activity test

The absorption capacity and photocatalytic activity of
TiO, NS/UiO-66/GO composites were measured through
absorbing and photocatalytic degrading CR. 10 mg of the cata-
lyst, 0.1 mL of 30% H,O, and 50 mL of CR (50 mg L) aqueous
solution were mixed in a 50 mL colorimetric tube. At room
temperature, the mixed solution was stirred without light for
1 h to reach an adsorption equilibrium and then subjected to
a catalytic reaction by visible-light irradiation (A > 420 nm).
3 mL CR solution was taken every 20 min and the catalyst in
3 mL CR solution was instantly separated by centrifugation.
The concentration change of CR was monitored using an
ultraviolet-visible spectrophotometer (UV-3600, Shimadzu,
Shanghai, China) and the measurement wavelength was
496 nm.

3. Results and discussion

In TiO, NS/UiO-66/GO composites, TiO, NS/40%UiO-66/
GO exhibited the most efficient adsorption and the strongest
photocatalytic activity. The following discussion focused on
TiO, NS/40%UiO-66/GO.

3.1. Physical and morphologic characterization

The construction of two components of TiO, NS/UiO-66/
GO composites was demonstrated through performing XRD.

Ui0-66/GO
@ vio-66

After successive reaction

XRD patterns of the samples are shown in Fig. 2. The sam-
ples had great crystallinity. Among them, the XRD pattern
of pure TiO, NS described the tetragonal structure with ana-
tase TiO, features [42]. The crystallographic characteristics
of the prepared UiO-66/GO were the same as those reported
in the published literature [46,47]. TiO, NS and UiO-66/GO
resulted in XRD patterns with distinctive peaks such as 7.3°,
8.4°, 25.2° and 37.8° after introducing UiO-66/GO into TiO,
NS. With the increase in the amount of UiO-66/GO during
synthesis, the diffraction peak intensity of composites rose in
20 = 7.3°, 8.4°, which illustrated the increase of the UiO-66/
GO amount on TiO, NS.

TGA was used to test the stability of the material and to
reconfirm that UiO-66/GO was added to TiO, NS (Fig. 3).
A significant weight loss was observed initially to occur at
approximately 200°C, due to the removal of solvent mole-
cules and water molecules which were physically adsorbed
by the crystals. Destruction of the structural skeleton of UiO-
66/GO-TiO, NS was between 250°C and 550°C. TiO, NS exhib-
ited extremely high thermal stability due to its slight weight
loss. The composite material and UiO-66/GO were stable at
about 500°C due to the insignificant changes in weight before
this temperature. Above 500°C, the weight loss of the com-
posite material and UiO-66/GO was evident, which attested
that the structure was destroyed and the materials were
degraded, resulting in the formation of ZrO, [47]. The weight
loss of UiO-66/GO was about 65%, while the weight loss of
TiO, NS/40%UiO-66/GO was about 21%, which indicated
that the composite of TiO, NS changed the environment in
which they are located, making the composite have a stron-
ger thermal stability. The weight loss of TiO, N5/40%UiO-66/
GO (16%) was more than that of TiO, NS (5%), demonstrating
the presence of UiO-66/GO in the composite.
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Fig. 2. XRD patterns of TiO, NS, UiO-66/GO and TiO, NS/UiO-
66/GO composites (inset is the enlarged XRD patterns of TiO,
NS/40%UiO-66/GO and TiO, NS/49%UiO-66/GO in the region of
20 =5°-10°).
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Fig. 3. TGA curves of TiO, NS, UiO-66/GO and TiO, NS/40%
UiO-66/GO composites.

BET surface area and pore properties of materials were
obtained through N, adsorption-desorption isothermal
curves (Fig. 4). The isothermal curve of TiO, NS was a type
IIisotherm, which strongly confirmed the mesoporous struc-
ture [11]. The curve of UiO-66/GO was a type I isotherm
which showed perpetual microporosity [47]. The curves of
TiO, NS/UiO-66/GO composites which had the desorption
lag were similar to the combination of type IV and I iso-
thermal curves. The curves exposed that composites existed
micropores and mesopores and had progressively enhanced
nitrogen adsorption capacity [41,44]. Through the introduc-
tion of UiO-66/GO, the increase in surface area of TiO, NS/
UiO-66/GO composites (Table 1) demonstrated the enhanced
adsorption capacity. When the amount of UiO-66/GO added
was increased (0%-49%), TiO, NS/UiO-66/GO compos-
ites increased gradually specific surface area from 37.0 to
305.3 m? g'. It could be estimated that the composite porous
catalyst had a larger specific surface area which could have
stronger adsorption capacity and promote electron transfer
to increase photocatalytic capacity.
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Fig. 4. N, adsorption-desorption isothermal curves of TiO, NS,
Ui0-66/GO and TiO, NS/UiO-66/GO composites.

Table 1
BET surface area of TiO, NS, UiO-66/GO and TiO, NS/UiO-66/
GO composites

Sample BET surface area (m? g™')
TiO,NS 37.0

TiO, NS/19%UiO-66/GO 72.9

TiO, NS/31%UiO-66/GO 157.5

TiO, NS/40%UiO-66/GO 220.9

TiO, NS5/49%UiO-66/GO 305.3

UiO-66/GO 773.6

By observing the morphological characteristics of the
materials, SEM proved that TiO, and MOF had success-
fully combined (Fig. 5). In Fig. 5a, TiO, NS is nanoscale
whose edge length was approximately 60 nm. This was
obtained through observing the morphology of TiO, NS
stacked. Moreover, obvious differences in morphology from
octahedral bipyramidal anatase were observed [49]. The dif-
ferences were caused by F ions which controlled morpholog-
ical characteristics of samples and promoted the growth of
the (001) planes [50]. In Fig. 5b, UiO-66 had an edge length of
about 10-50 nm while GO had an edge length of more than
100 nm. Besides, UiO-66 was dispersed on the GO surface
without aggregating. This was owing to the coordination
between the metal center in UiO-66 and the oxygen group
in the GO layer, which inhibited the aggregation of UiO-66
particles [51]. Fig. 5c clearly reflects the success of UiO-66/
GO loading in TiO, NS, demonstrating the layered structure
of the composites. In addition, it could be seen that the obvi-
ous interfaces were formed between TiO, NS, UiO-66 and
GO components in TiO, NS/UiO-66/GO composites, and
the number of layers and interfaces of TiO, NS/UiO-66/GO
was increased as the synthesis proceeded continuously. As
shown by the arrows with three different colors, the three
components of TiO,, UiO-66 and GO could be obviously
seen on the composites. What deserves our attention was
that TiO, NS were uniformly distributed in UiO-66/GO. EDS
further confirmed this and the composition of the composite
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Fig. 5. SEM images of: (a) TiO, NS, (b) UiO-66/GO, (c) TiO, NS/40%UiO-66/GO with TiO, NS (red arrow), UiO-66 (purple arrow) and
GO (navy arrow) indicated, and (d) EDS of TiO, NS/40%UiO-66/GO.

(Fig. 5d). The EDS spectrum displayed that the composite
material contained C, O, Ti and Zr, and the four elements
were uniformly distributed throughout the composite
structure. In summary, SEM proved the formation of TiO,
NS/UiO-66/GO layered structures, and showed the close
interaction between the components with heterojunctions
possibly formed.

XPS was used to analyze the element component
and combination of pure TiO, NS, UiO-66/GO and TiO,
NS/40%UiO-66/GO (Fig. 6). Fig. 6a displays that the com-
posite existed Ti, O, F, C and Zr. It was noteworthy that F
1s 684.5 eV proved the existence of F element for the syn-
thesis of TiO, NS [52]. The Ti 2p of the composite was split
into2p,, and 2p, ,, whose binding energy was approximately
458.5 and 464.3 eV (Fig. 6b), consistent with the result of Ti*
in TiO, with a tetragonal structure [53]. Like Ti 2p, the Zr
3d of the composite was also split into 3d,,, and 3d,,,, caused
by spin-orbit coupling. Their binding energy was about
182.6 and 184.8 eV (Fig. 6¢), caused by Zr* in the compos-
ite [54]. After analysis, the C 1s of the composite had four

peaks. The binding energy was about 284.5, 285.4, 288.3 and
292.3 eV (Fig. 6d), respectively. Among them, C 1s 292.3 eV
displayed that the composite existed C-F. 284.5, 285.4 and
288.3 eV displayed that the composite existed C=C, C-O and
C=0, respectively, consistent with what UiO-66/GO contains
[46,47]. In summary, the successful combination of UiO-66/
GO with TiO, NS was further demonstrated.

Prepared materials were used to perform the photore-
sponse through UV-Vis DRS (Fig. 7). TiO, NS had a large
band gap, resulting in no visible-light absorption. The “m-nt”
transition in the material leaded to the UV photoresponse
of UiO-66/GO while UiO-66/GO also had a large band gap,
resulting in no visible-light absorption [44]. Moreover, the
amount of UiO-66/GO added had an important influence
on the light absorption performance of TiO, NS/UiO-66/
GO composites. It was observed that with introducing UiO-
66/GO, the light absorption of composites extended from
UV light to visible light, exhibiting enhanced light absorp-
tion capability. When the amount of UiO-66/GO was 40%,
the degree of shift was the largest and the light absorption
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capability was the strongest (Fig. 7a). Fig. 7b exhibits tan-
gent intercepts of (Ahv)"? vs. photon energy to obtain the
band-gap energy, demonstrating that adding UiO-66/GO
could promote visible-light response to TiO, NS/UiO-66/GO
composites.

3.2. Adsorption and photocatalytic activities

Adsorbing and photodegrading CR with TiO, NS,
UiO-66/GO and TiO, NS/UiO-66/GO composites (Fig. 8)
were performed by absorbance detection (A = 496 nm). It
could be clearly seen that the adsorption capacity of com-
posites was a function of the amount of UiO-66/GO added
(0%-40%) (Fig. 8a). Moreover, the amount of adsorption of
TiO, NS/40%UiO-66/GO reached the maximum, which was
almost the same as that of UiO-66/GO. When the amount of
UiO-66/GO was more than 40%, the amount of adsorption
decreased, which was lower than that of UiO-66/GO. This
might be caused by increased unused active sites in compos-
ites. In addition, CR degradation was minimal after visible
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light irradiation without catalyst. The most significant CR
degradation occurred with TiO, NS/40%UiO-66/GO. This
enhanced photocatalytic performance might be caused by
interfaces formed by the combination of TiO, NS and UiO-
66/GO. After adsorption and photodegradation, the removal
rate of CR was nearly 100% by TiO, NS/40%UiO-66/GO. For
better understanding, the kinetics of adsorption and photoca-
talysis, the data obtained from the experiment was processed
through the fit of the first-order model (Eq. (1)).

In(c’] =—kt
CO

where k was kinetic rate constant. Fig. 8b displayed that
kinetics of absorbing CR was a function of composites
(0%—-40%). With UiO-66/GO increased (0%—40%), the adsorp-
tion kinetic rate of composites increased, and reached the

highest (0.059 min™) at 40%, approximately 20 and 1.3 times
those of TiO, NS (0.003 min™) and UiO-66/GO (0.046 min™),
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Fig. 8. (a) Absorption and photodegradation of CR with different catalysts under visible light (A > 420 nm), (b) kinetics of absorbing
CR with catalysts, (c) kinetics of degrading CR with catalysts and (d) catalytic rate constant vs. weight ratio of UiO-66/GO. C, is the
concentration of CR after reactions, C; is the concentration of CR before dark reaction, and C’ is the concentration of CR before light
irradiation. Reaction conditions: 10 mg of the catalyst, 50 mL 50 mg L™ CR aqueous solution and 0.1 mL of 30% H,O,.
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respectively. It was owing to high surface area and fully used
active sites, providing suitable reaction conditions and bene-
ficial to capturing organic molecules. Fig. 8c displays kinetics
of photodegrading CR with catalysts. TiO, NS/40%UiO-66/
GO exhibited the highest kinetic rate constant (0.029 min™),
almost 29 and 2 times those of TiO, NS (0.001 min™) and
UiO-66/GO (0.013 min™), respectively (Fig. 8d). It was due
to rapid electrons transfer between interfaces of TiO, NS and
UiO-66/GO, efficiently inhibiting electron-holes recombina-
tion. Notably, the adsorption and photocatalytic properties
of TiO, N5/49%UiO-66/GO were poor, which was attributed
to increased unused active sites and the aggregation of UiO-
66/GO, reducing the transfer of photoelectrons between the
interfaces.

To assess reusability, TiO, N5/40%UiO-66/GO was used
to absorb and degrade CR under visible light for four circles
(Fig. 9a). Before each experiment, at room temperature, the
solution was stirred without light for 1 h to reach an adsorp-
tion equilibrium and then subjected to a catalytic reaction
by visible-light irradiation. Absorbance and decolorization
of CR in four circles confirmed that TiO, NS/UiO-66/GO
composites had high adsorption capacity and slight deacti-
vation. This slight reduction in photocatalytic performance
might be owing to metallic ions leaching of the catalysts. To
investigate metallic ions leaching of the catalysts, ICP-OES
was employed to detect Ti** and Zr* in solution after pho-
tocatalytic reactions (Fig. 9b). As the number of photocata-
lytic reactions increased, the metallic ions leaching amount
of TiO, N5/40%UiO-66/GO gradually increased. After four
cycles, the leaching amounts of Ti*" and Zr*" were only 4.165
and 1.373 mg L, respectively. The leaching amount of TiO,
NS/40%UiO-66/GO was still low, which could not cause sec-
ondary pollution. After cycles, although the catalysts were
gradually deactivated, they still maintained high stability
and reusability.

PL spectra of TiO, NS, UiO-66/GO and TiO, NS/40%
UiO-66/GO (excitation wavelength 250 nm) are exhibited
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in Fig. 10. In photocatalytic reactions, the recombination of
electron-holes might reduce photocatalytic performance,
releasing energy to form PL emission. Thus, low PL inten-
sity indicated high photocatalytic property of the material.
The PL intensity of UiO-66/GO was almost 0, showing a
straight line. This indicated that at the excitation wavelength
of 250 nm, UiO-66/GO hardly generated electrons and holes,
so the recombination rate was almost 0. The PL spectrum
of TiO, NS/40%UiO-66/GO was almost the same as that of
TiO, NS. Comparing PL intensity, TiO, NS/40%UiO-66/GO
was lower than TiO, NS. The results indicated that TiO, NS
played the major role in the generation of electrons and
holes, and electrons rapidly transferred from TiO, NS to
UiO-66/GO, effectively promoting electron—holes separation
and improving photocatalytic activity [34].

——TIiO, NS
——Ti0, NS/40%Ul0O-66/GO
——Ui0-66/GO

Intensity (a.u.)

D Y =N

400
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Fig. 10. PL spectra of TiO, NS, UiO-66/GO and TiO, NS/40%
UiO-66/GO.
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Fig. 9. (a) Adsorption and photocatalytic degradation of CR under visible light over four circles with TiO, NS/40%UiO-66/GO and
(b) metallic ions leaching of TiO, NS/40%UiO-66/GO after photocatalytic reactions. Reaction conditions: 10 mg of the catalyst, 50 mL

50 mg L™ CR aqueous solution and 0.1 mL of 30% H,O,.
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3.3. Adsorption and photocatalytic mechanisms

To better interpret the high absorption capacity of com-
posites, the mechanism for adsorbing CR with TiO, NS/40%
UiO-66/GO was proposed (Fig. 11). The composite was
mainly mesoporous and had a regular and orderly pore
structure, which was favorable for capturing organic mole-
cules, thereby enhancing the adsorption capacity. Moreover,
the composite had high specific surface area with many
active sites, which enhanced the adsorption capacity. The
adsorption of CR with the composite was mostly owing
to a great deal of m-m interactions, causing a large amount
of CR molecules to be captured, which resulted in a high
adsorption amount [55,56].

To better interpret the enhanced photocatalytic proper-
ties of composites, VBXPS measurements were performed
to analyze the valence band of TiO, NS5/40%UiO-66/GO
(Fig. 12a). The valence band energy (E ;) of TiO, NS5/40%
UiO-66/GO was obtained to be 2.81 eV. The conduction band
energy (E_,) of anatase TiO, was reported to be -0.28 eV [57].
According to Egs. (2) and (3), E,; and E_, of the materials
were calculated.

Ey =% -E°+05E, @)

Ey=x—-E —05E, ®)

Fig. 11. Mechanism for absorbing CR with TiO, NS/40%UiO-66/GO.

where x was the geometric mean of the absolute electron-
egativity of each atom in the semiconductor, E° was the elec-
tron free energy, which generally was 4.5 eV, and E_ was the
semiconductor band-gap energy. The band-gap energy of
TiO, NS and TiO, NS/40%UiO-66/GO was obtained from
UV-Vis DRS spectrum (Fig. 7b). Eg (TiO, NS) was 2.91 eV.
E, (TiO, NS/40%UiO-66/GO) was 2.93 eV. Based on these, it
was obtained that E_, (TiO, NS) was 2.63 eV and E (TiO,
NS/40%UiO-66/GO) was —-0.12 eV.

To explore radical species that played a decisive role
during the degradation process, ESR measurements were
performed to detect radical species. It is shown in Fig. 12b
that after visible light irradiation of TiO, NS/40%UiO-66/GO
for 60s, the peak intensity of *O; was significantly stronger
than *OH. The result indicated that the concentration of *O,
produced by TiO, NS/40%UiO-66/GO was much greater than
that of *OH. Thus, *O; played a decisive role without adding
H,O, during degrading CR under visible light.

To explore the effect of H,O, on photocatalytic degrada-
tion of CR under visible light, the degradation rate of CR by
TiO, NS/40%UiO-66/GO with adding H,0, was compared
with that without H,O, (Fig. 13). The photodegradation
rate of CR with adding H,0, (84%) was significantly higher
than that without H,O, (42%), proving that H O, effectively
promoted photocatalytic reactions. Thus, *OH produced by
H,O, [27,44,58] played an important role in the degradation
process of CR after adding H,O,.

- interaction
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Fig. 12. (a) VBXPS of TiO, NS/40%UiO-66/GO and (b) ESR signals of *OH and *O; in TiO, NS/40%UiO-66/GO under visible light.

Based on above analysis and calculation, the mecha-
nism for degrading CR with TiO, NS/40%UiO-66/GO under
visible light was proposed (Fig. 14). In TiO, NS/UiO-66/GO
composites, TiO, NS produced photoexcited electrons and
holes under visible-lightirradiation. The charges transferred
between the inorganic semiconductor and the MOF, inhibit-
ing electron—holes recombination [38]. Regarding TiO, NS/
UiO-66/GO, electrons (e°) transferred from valence band to
conduction band on TiO, NS and holes (h*) were generated
in TiO, NS’s valence band. Besides, the interaction between
TiO, NS and UiO-66/GO made electrons transfer from con-
duction band of TiO, NS to that of UiO-66/GO, effectively
inhibiting electron-holes recombination and improving
the photocatalytic performance. Electrons (e”) in TiO, NS’s
conduction band could react with O, to generate *O; [59]
which was decisive in the degradation process of CR with-
out adding H,0,. Holes (h*) in TiO, NS’s valence band
reacted with H,O or OH" directly to produce *OH [59,60].
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Fig. 13. Degradation rate of CR by TiO, NS/40%UiO-66/GO
with adding H,O, and without H,O, under visible light.
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Fig. 14. Mechanism for degrading CR with TiO, N5/40%UiO-66/GO under visible light.
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In addition, the addition of H,O, could promote photocat-
alytic reactions. H,O, accepted electrons and reacted with
TiO, NS under visible-light irradiation to generate lots of
*OH [27,44,58]. Intrinsically, both *O; and *OH played an
important role in directly oxidizing the absorbed organic
molecules [44,60].

4. Conclusion

In the study, layered TiO, NS/UiO-66/GO composites
were well prepared by an in-situ method for effectively treat-
ing dye wastewaters. Two-dimensional TiO, NS combined
with UiO-66/GO to form a layered structure, improving
absorption and photocatalytic performance. The composites
especially TiO, N5/40%UiO-66/GO showed the most efficient
adsorption (20 and 1.3 times those of TiO, NS and UiO-66/
GO, respectively) through absorbing CR. It also exhibited
the strongest photocatalytic activity (29 and 2 times those of
TiO, NS and UiO-66/GO, respectively) for degrading CR dye
under visible light (A = 420 nm). The removal rate of CR was
nearly 100%. The improved adsorption was owing to m—-m
interactions, high surface area of the composite and fully
used active sites. The enhanced photocatalytic property was
attributed to the rapid transfer of photoexcited electrons from
conduction band of TiO, NS to that of UiO-66/GO, inhibiting
electron-holes recombination. The study would provide an
important basis for combining MOFs/GO with photocatalytic
semiconductors to improve absorption and photocatalytic
performance to better treat organic wastewaters.
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