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N-K,Ti400/Ui0-66 composites synthesized by a facile solvothermal method possess a hierarchical core-shell structure witl

UiO-66 forming the shell around the N-K,TisO9 core. Photocatalytic activity of N-K,Ti409, UiO-66 and the composites
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were investigated by the degradation of thodamine B (RhB) under visible light irradiation. The synergistic effect induced by
compounding was quantitatively evaluated by the proposed synergistic factor. The results show that N-K,TisO¢/UiO-66

composites exhibit higher photocatalytic activity as compared with the pure materials, and this is due to the high adsorptic.

capacity of UiO-66 and the compounding induced higher separation efficiency of photogenerated electron-hole pairs.

particular, when the molar ratio of N-K,Ti4O9 to ZrCls is 3:7, the composite exhibits the highest photocatalytic activity, and

the synergistic factor is 4.90.

Introduction

The use of solar energy and semiconductor catalysts for
photocatalytic degradation of organic pollutants in water and
for photocatalytic production of hydrogen through water
splitting has been intensively investigated as an emerging
renewable technology [1-4].

K,TisO9 has been studied as a photocatalyst under UV
irradiation, however, its band-gap is ca. 3.2-3.4 eV [5].
Therefore, it is of great interest to reduce the band-gap of
K>Ti4O9 in order to widen the practical applications of K>TisO9
related materials via taking advantage of visible light in solar
energy. Doping of N element into K,TisOo (entitled “N-
K>Ti409”) is a common method of reducing the band-gap [6, 7].

In recent years, numerous researches have been focused on
metal-organic frameworks (MOFs) materials, which are made
up of metal clusters linked to each other by organic ligands [8-
12]. Because of their high specific surface area and uniform but
tunable pore size, the MOFs are considered as potential
candidates for adsorption [13], storage [14-16], and health care
applications [17]. Cavka et al. was first to synthesize a
zirconium(I'V)-based MOF (UiO-66) with exceptional stability
[18].A recently discovered UiO-66 cornerstone is based on a
Zrs04(OH)4 octahedron, forming lattices by 12-fold connection
through a 1,4-benzene-dicarboxylate (bdc) linker [19-21].
the UiO-66 framework
exceedingly open to isoreticular functionalization without

Hence, is quite robust, and is
losing its high hydrothermal and chemical stability. The work
of the group at Valencia has shown that UiO-66 exhibits
photocatalytic activity for hydrogen generation in methanol or

water/methanol upon irradiation at wavelengths longer than 300
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nm [22], and represents a good candidate for the developmen:
of more efficient MOF-based water-splitting materials.

In this paper, owing to the high specific surface area of UiO-
66 and superior electron mobility of N-K:>TisO¢, numero:
efforts have been made to combine UiO-66 with N-KoTi4O9 tc
enhance the photocatalytic activity. We find that the N-
K2Ti409/Ui0O-66 composites exhibit much higher photocatalytic
activity than both of pure N-K:;Ti4O9 and pure UiO-66.
However, there is limited knowledge available about the
synergistic action of the N-KuTisOo/UiO-66 composites. The
purpose of this study is to investigate the synergistic effect o:
N-K>TisO00/UiO-66  composites on
B (RhB), the
quantitatively evaluated by the proposed synergistic factor.

photodegradation  of

Rhodamine and synergistic effect w

Experimental

2.1. Synthesis of N-K,Ti409/UiO-66 Composites

All the reagents used in our experiments were supplied by
Sinopharm Chemical Reagent Co., Ltd. except P25, which is
from Degussa Co., Ltd. The reagents were used as receivec
without further purification. K;Ti4O09 was synthesized according
to the method described by Allen and coworkers [23], with N-
KoTi4O9 prepared as described previously [24].

The N-K,Ti409/UiO-66 composites were synthesized as
UiO-66 with differing in N-K>Ti409¢/ZrCly ratio [20]. A typicar
method for preparing the composite is as follows: ZrCL
(0.192g), 1,4-benzenedicarboxylic acid (0.113g) and benzoic
acid (1.767g) were dissolved in 83 mL DMF. Then N-KoTis",
(0.151g) was added into the solution with ultrasonic vibration
for 30 min, and the mixture was transferred to a stainless steel
teflon-lined autoclave of 100 mL capacity and then maintain a
at 393K for 24h. After this time, the autoclave was natural. -
cooled to room temperature. Finally the composites we:
filtered out, washed with CHCls, and dried at room temperatu e
under reduced pressure. The as-prepared composite was entitle
N-KoTis09/ZrCls(3:7) where the molar ratio of N-K,TisO9 0o
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ZrCly is 3:7. For other composites, when the molar ratio of N-
K>Ti4O9 to ZrCls is x:y, the composite was named as N-
KzTi409/ZrC14(x:y).
2.2. Characterization

X-ray diffraction (XRD) patterns of the samples were
determined in the range of 20=4°-50° by step scanning on a
Rigaku D/max-2500V X-ray diffractometer using Cu-Koa
(4=0.154nm) radiation.The morphological analysis of the
samples was studied using a JEM-2100F field emission
transmission electron microscopy (FETEM) equipped with an
energy-dispersive X-ray spectrometer (EDS). UV-vis spectra
were recorded on a DUV-3700 spectrometer. The valence band
X-ray photoelectron spectroscopy (XPS) was conducted using
an ESCALAB250
emission spectra were measured on a PL measurement system

spectrometer. Photoluminescence (PL)
(FluorologTau-3) with the excitation wavelength of 320nm. N,
adsorption-desorption (BET) were performed on a Tristar II
3020M surface area and porosity analyzer. Thermogravimetric
analysis (TGA) of samples was carried out on a Perkin-Elmer
Diamond TG thermal analyzer at a rate of 30 K/min. The
transient photocurrent responses were measured on an
electrochemical system (CHI-660D).
2.3. Photocatalytic Experiments

The photocatalytic degradation of RhB was measured at
pressure and 298K
photochemical reaction equipment. The light source was a
PHILIPS 12W Energy-saving lamp (A< 380 nm was filtered out
by a cut off filter).20mg of photocatalyst was added into 100

ambient in a set of home-made

mL RhB (5mg/L) aqueous solution. Before irradiation, the
suspension was continuously stirred for 24 h in the dark in
order to reach the adsorption-desorption equilibrium between
RhB and the photocatalyst. The supernatant liquid was obtained
through filtration by 0.22um filter, and examined using a
Shimadzu UV-240 spectrophotometer. For comparison, the
photocatalytic activities of UiO-66 and N-K.TisO9 were also
tested under the identical condition.

Results and discussion

3.1. Photocatalysts Characterization

The FETEM images were collected for pure UiO-66 and N-
K>Ti409, as shown in Figure la and Figure 1b, respectively.
Pure UiO-66 are shown as discoid nanoparticles with the size
in the range of 20-50nm, and obviously aggregate. In contrast,
pure N-KoTi4O9 in Figure 1b present the nanofibers with the
diameter between 100 nm and 350 nm, and the length at a few
micrometers. For N-K;Ti4Oo/ZrCl4(3:7), the FETEM image
(Figure 1c) shows that the N-K>Ti4O9 nanofiber was covered
with the UiO-66 nanoparticles. The EDS spectra of N-
KoTi409/ZrCl4(3:7) in Figure 1d indicate that K, Ti, Zr, and O
elements are the main chemical components present in the
composite. The approximate K/Ti atom ratio of 1:2 agrees well
with the theoretical value for N-K;Ti4O9. The Zr/O atom ratio
in Ui0-66 and K/O atom ratio in N-K,;Ti4O9 are 6:32 and 2:9
respectively. The aggregate value of the O element based on Zr
and K element contents is 65.68%, and is basically in
agreement with the EDS result. It can be seen from Figure le to

2| J. Name., 2012, 00, 1-3

Figure 1h that UiO-66 and N-K;Ti;O¢ were not uniformly
distributed in the composite. K and Ti distributions by EC°
mapping (Figure le and 1f) show that N-K,TisO9 is a core rod
in the composite. However, most of Zr ions were distributec
around the core rod (Figure 1g). These confirm that t' ¢
composite possesses a hierarchical core-shell structure with
UiO-66 forming the shell around the N-K,Ti4O9 core.

(a) (b)

100nm

©

Elem  Atomic%
KK 9.12
TiK 19.00
rK 4.62
0K 67.26

Ti

Intensity/a.u.

Energy/keV

Zr 0

Figure 1.FETEM images of (a) UiO-66, (b) N-K>Ti4Oo, (c) N-

KoTi409/ZrCl4(3:7); (d) the EDS of N-K>Ti409/ZrCl4(3:7); (e)
K, (f) Ti, (g) Zr, and (h) O distribution by EDS mapping.

The XRD patterns of UiO-66, N-K,Ti4O9 and N-
KoTi4O0¢/ZrCl4(3:7) are shown in Figure 2a, which are in
accordance with the one reported in the literature [18]. Ty
comparing the XRD patterns of N-K;Ti409/ZrCls(3:7) wiw
those of the precursors UiO-66 and N-K,Ti;Oo, it can be se’ 1
that the composite displays the characteristic peaks of bc *
UiO-66 and N-K,Ti4O9, and the intensity and location of peal:

This journal is © The Royal Society of Chemistry 20xx
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also changes a little. That is to say, the composite is not a
simple physical mixture, and there exists certain interface
interactions between UiO-66 and N-KxTi4Oo.

To determine the UiO-66 content in the composites, the
thermogravimetric analyses (TGA) for UiO-66 and composites
were studied. As shown in Figure 2b, all curves show three
steps: the first step is assigned to the loss of physically
adsorbed water molecules during heating to 100°C; the second
in range of 100-450°C is related to the removal of the residual
hydroxyl groups on the surface of UiO-66; the third above
450°C is ascribed to the decomposition of the linkers [25].
However, UiO-66 and the composites have differed on the
residual mass. As there is no change of N-K;Ti4O9 in the
process of TGA, the UiO-66 and N-K,Ti4O9 contents with mass
percent in the composites were determined by the following
equations:

IR, T3,0,12C1, () S INKGTELO, /20, () = TPNKLTELO, X TNkT,0, T o6 < TUioss (D

TGO e 2)

Where MK ,Ti,0,/21Cl, (x:y) , My, Ti,0, , Myi0.66 , TNK,Ti,0,/Z:Cl, (x:y) , NK,Ti,0,

N K ,Ti,0,/26Cl, (xy) = TINK,TI,O,

and 'Uioss are the mass and residual mass fraction (%) of N-
KoTisOo/ZrCla(x:y), N-K,TisO9 and UiO-66 (Table 1). As
shown, the N-K,TisO9 content increases with the residual
mass fraction increasing in the composites.

Table 1.The N-K,Ti4O9 and UiO-66 contents in the composites

the residual the UiO-66 .
the N-K,Ti4O9

Sample mass fraction content(C)
content(1-C)/%
(r)/% /%
N-K2TisO9 100 0 100
UiO-66 32.6 100 0
N-K2TisO9/ZrCl4(1:9) 62.9 55.1 449
N-K,Ti409/ZrCl4(2:8) 73.5 39.4 60.6
N-K:Ti409/ZrCl4(3:7) 80.1 29.6 70.4
N-K:Ti409/ZrCl4(4:6) 81.8 27.0 73.0
N-K:>Ti409/ZrCla(5:5) 85.7 21.2 78.8
(a) ——Ui0-66
—— N-K,Ti,0,/ZrC1,(3:7)
_N'KzTiAOQ

3
< I
"g ! M‘W\ h
10 20 % w0 50
2 Theta/degree
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Figure 2. (a) The XRD patterns of UiO-66, N-K>Ti4O9 and N-
K, Ti409/ZrCls(3:7); (b) the TGA for UiO-66 and composites;
(c) the N, adsorption-desorption isotherms of N-K,Ti4O9, UiO-
66 and N-K,Ti40¢/ZrCl14(3:7); (d) the BJH pore diameter
distribution curve of UiO-66.

The N adsorption-desorption isotherms of UiO-66, N-
K>Ti4O9 and N-K,Ti40¢/ZrCl4(3:7) are displayed in Figure Z..
and the values of BET surface area of UiO-66,N-K,Ti4O9 ana
N-K,Ti409/ZrCl4(3:7) are 873.91 m?%g, 4.97 m?*g and
503.85m?/g, respectively. The average pore size of IN-
KoTi40o/ZrCls(3:7) is 3.186nm with its pore volume at
0.227cc/g. The N; isotherm of UiO-66 is categorized as type 77,
as a result of a significant hysteresis loop observed in t e
relative pressure (P/Pj) range of 0.5-1.0. This property implies
the presence of mesopores (2-50 nm in size) [26], which can e
further verified by the Barret-Joyner-Halenda (BJH) pore size
distribution curve of UiO-66 (Figure 2d). In contrast, there is o

J. Name., 2013, 00, 1-3 | 3
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mesopores structure in N-KoTisO9 sample. When UiO-66 was
loaded on the surface of N-K,Ti4sO9, the BET surface area
increased, and the N» isotherm of N-K,Ti40¢/ZrCl4(3:7) can be
categorized as type IV similar to that of UiO-66, which means
the mesopores structure of N-K,Ti4Oo/ZrCls(3:7) should be
brought by UiO-66.

The photoelectric properties of the composites have also
been studied, and the UV-vis absorption spectra of the different
samples are illustrated in Figure 3a. N-K»Ti4O9 clearly shows a
characteristic absorption of K>Ti409[27] in the UV region and a
new absorption shoulder at 400-500 nm (3.10eV-2.48¢V) that
can be attributed to the N surface plasmon resonance with the
K>Ti409 interband transition. The steep shape of UiO-66 shown
in the UV region is due to the band-gap transition, and the
prolonged absorption tail until 500 nm in the spectrum should
result from the crystal defects formed during the cooling
process [28]. Near the absorption band edge, the optical
absorption has the following behavior:
ahv = A(hv - Eg)"’z ..................................................... 3)

Where a, v, E,, A are absorption coefficient, light frequency,
band-gap, a constant respectively, and n depends on whether

(a) 16 ——NKTip,
— Ui0-66
— Ny Ti,Oy/ZeCl4(1:9)
14 —— NK[TI0/2C1,(28)
——NKT0/zC,(T) | . o)
1.2 ——NKT0/zC(48) | B
——NKT0/ZCl(55) | X
° s
g 1.0 3
s K
2 084 s
]
3 0.6
< 77
0.4 °
0.2
O'o T T T T T
300 400 500 600 700 800
Wavelength/nm
g
2
2
=
=
)
(©) NKTi0,
N-K,Ti,0,/ZrC1(3:7)
M physical mixture
rm, N Ui0-66
‘g’ M
=
2
g
oy
=
@
-
B
s
3
S
=3
=
h‘ E‘
Wovim w »
! . L L L L
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(d)

Ui0-66
physical mixture
N-K,Ti,0,/ZrC1(3:7)

N-K,Ti,0,

Intensity
sz

350 400 450 500 550
‘Wavelength/nm
Figure 3. (a) The UV-vis absorption spectra ofUiO-66 , N-
K>Ti409 and N-K>Ti4O09/ZrCl4(3:7);(b) the Valence band XPS
spectra of UiO-66 and N-K,Ti4Oo; (c) Photocurrent transient
responses and (d) PL spectra of UiO-66, N-K>Ti4O9, physical
mixture and N-K>TisO0o/ZrCl4(3:7)
the transition is direct (n = 1) or indirect (n = 4) [29]. For UiU-
66 and N-K>Ti4O9, the value of n is 1. The band-gaps of Ui
66 and N-K,Ti4O9 estimated from the intercept of the tangents
to the plots are 3.49 and 3.18 eV, respectively (inset in Figt..
3a). As shown in Fig.3 (a), the composite photocatalysts show
the similar absorbance edge to pure UiO-66, but extend the
absorbance to the visible region due to the presence of N-
K>Ti4O9, and theis absorption
increasing of N-K,Ti4O9 content.

The valence bands of UiO-66 and N-K.TisO9 were alsc
measured by valence band XPS, as shown in Figure 3b [30]
The valence band of N-K>Ti4Oy is at about 2.57eV, because the
band-gap of N-K>Ti4O9 is 3.18eV from the UV-vis absorptior
spectra, the conduction band minimum will occur at about -
0.61eV. Likewise, the valence band and conduction band o1
Ui0-66 are at about 2.49¢V and -1.00eV, respectively.

The mobility of charge carriers can be understood by t
transient photocurrent measurements [31, 32]. As shown in
Figure 3c, via several on-off cycles of irradiation, the transient
photocurrent responses of pure UiO-66, N-K,TisO9 and N-
K2Ti409/ZrCls(3:7) were recorded. N-K.TisO9 displays the

intensity increases Wiu

highest photocurrent intensity, which means the highest
migration rate and the lowest recombination rate of charge
carriers. By comparison, UiO-66 exhibits the lowest

photocurrent intensity. It is worth noting that the photocurren’
intensity of N-K>Ti40¢/ZrCl4(3:7) is little lower than that of N-
K>Ti409, but much higher than that of physical mixture that
consists of 29.6% UiO-66 and 70.4% N-K,Ti4O¢ (the same
component as N-K,Ti409/ZrCl4(3:7) ( Table 1)).This result
shows that the compounding of UiO-66 and N-K,TisO9 can
inhibit the recombination of photogenerated electron-hole pairs
through promoting the charge carrier transfer at the interface
between UiO-66 and N-KoTi4Oo.

Due to the direct result of the recombination of the free
carriers, the photoluminescence (PL) emission spectra can be
regarded as an effective approach to understand the separati a
efficiency of photogenerated electron-hole pairs [33, 34]. Ty -
photoluminescence (PL) emission spectra for samples und- -
excitation at 320 nm were examined in the wavelength range f
340-590 nm as shown in Figure 3d. Interestingly, by comparip~
Figure 3¢ with Figure 3d, one can see that the order of the | L

This journal is © The Royal Society of Chemistry 20xx
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spectra intensities of Ui0-66, N-K>Ti409, N-K>Ti409/ZrCl4(3:7)
and physical mixture is contrary to that of their photocurrents.
3.2. Adsorption Activity of N-K,TisO9, UiO-66 and the

Composites.

(@), [
—=— N-K,Ti,0,/ZrC1,(3:7)
15 ® NK,Ti,0,
Ui0-66
% 10
E. - - - -
& f/
5
/ /./,,,o oo .
of & ¢
o s w15 w2
t/h
(b)
15 -
— @ L]

—8—NK,Ti,0,/ZrC1(1:9)
o N-K,Ti,0,/ZrC1,(2:8)
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th
Figure 4. (a) Adsorption capacity of RhB onto N-K;Ti409, UiO-

66 and N-K»Ti409/ZrCl4(3:7); (b) Adsorption capacity of RhB
onto the composites with different molar ratios of N-K2Ti4Oo to
ZrCly; (c) The g. of RhB onto N-K»Ti4O9, UiO-66 and the

This journal is © The Royal Society of Chemistry 20xx
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composites; (d) Adsorption capacity of RhB, MB and salicylic
acid onto N-K>Ti4O9/ZrCl4(3:7)

N-K,TisO9 displays low adsorption capacity of RhB in
contrast with UiO-66 (Figure 4a). This is due to the big BET
of UiO-€5
Furthermore, the adsorption of organic dyes onto metal-organic

surface area and the mesopores structure
frameworks, for instance, UiO-66, has a great advantage as
compared with that onto inorganic metal oxides such as N-
K->Ti4O9, because there exists various interactions like pi-p?
stacking, hydrogen bonding, etc., between aromatic rings ot
RhB and UiO-66. As shown in Figure 4c, the adsorption
activity of composites is between those of N-K»Ti4O9 and UiO-
66, with the UiO-66 -content
Meanwhile, the adsorption activities of composites to different

and increases increasing
organic pollutants are very similar (Figure 4d). Thus, loading
UiO-66 on the N-K»Ti4O9 surface facilitates the transfer of RhB
the
heterogeneous reactions.
3.3. Photocatalytic Activity of UiO-66, N-K,Ti4O9 and the
Composites

The photocatalytic activities of UiO-66, N-K.>Ti4O9 and the
composites were evaluated using the degradation of RhB under

from solution to composites  surface, benefiti.._

visible light irradiation. Owing to small BET surface area of N-
K>Ti4O9 and poor separation efficiency of photogeneratc-
electron-hole pairs of UiO-66, both UiO-66 and N-K>TisOc
show low photocatalytic activity before compounding, as
shown in Figure 5a. Meanwhile, the photocatalytic activity of
P25 (with the same weight as other samples and the BET
surface area of 50m?/g) was also studied as a criterion, and was
little higher than that of N-K>Ti4O9 but lower than that of UiO-
66. In contrast, the N-K,Ti4O9/ZrCl4(3:7) composite exhibits
much better visible light photocatalytic activity than P25. This
may be due to the result of the synergistic effect of t' .
compounding of UiO-66 and N-K,TisO9. In particular, the
the of
photogenerated electron-hole pairs as evidenced by the PL

compounding enhanced separation  efficiency
spectra. Meanwhile, the big BET surface area of UiO-66 can
favor the transfer of RhB from solution to the photocatalys
surface, benefiting heterogeneous reactions.

The photocatalytic activities of N-K»Ti409/ZrCly composites
with different ratios of N-K»Ti4O9 to ZrCls were also studied in
detail. It can be seen that the N-K2Ti4O9/ZrCl, ratio of 3:7 is the
optimum value to achieve high photodegradation activity
(Figure 5b). The pseudo-first-order kinetics can simulate weli
the photocatalytic reaction process, and the reaction constanti
fitted (K) is 0.295 h! for N-K;TisO0/ZrCl4(3:7), whereas for N-
K>Ti4O9 under the same photocatalytic conditions, it is oniy
0.0351 h™'. Although there are numerous literature to study the
synergistic effect of composite photocatalytic systems, there i
still rare literature to present a quantitative criterion to evaluate
the synergistic effect. We think that synergistic effect comes
from the positive interactions between the pure materie”:
composing the composite, and there exists no synergistic effc *t
for physical mixture, because there are no obvious interactions
among the components in the physical mixture. On the otl r
hand, photocatalytic reaction constant K can describe well the
photocatalytic In order to evaluce

reaction Kkinetics.
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Please do not adjust margins




Please da not adiust margins

ARTICLE

quantitatively the synergistic effect, equation 5 was
proposed[35], in which numerator is photocatalytic reaction
constant of the composite, and denominator stands for the

average photocatalytic reaction constant of the physical mixture

having the same component ratio as the composite of numerator.

o Kuman, e 5)
Kk o, *1=C)+ Ky 46 X C
where are the photocatalytic
Kyxmiop e > Kniomio, 2 Kio.66 p Y

reaction constants of N-K,TisOo/ZrCls(x.:y), N-K,TisO9 and
UiO-66, respectively and C is the content of UiO-66 (Table 1).
As shown in equation 5, if SF is bigger than 1, it means there
exists enhanced effect derived from the interface interactions of
components in the composite as compared with the physical
mixture. The synergistic factors of composites are all greater
than 1. In particular, for N-K,Ti4O¢/ZrCls(3:7), the synergistic
factor is 4.90, the biggest value for all the composites. The K,
t12 (half-life) values and synergistic factors of N-K,Ti4O9, UiO-
66 and the composites are summarized in Table 2.

Table 2. Photocatalytic degradation kinetic values for RhB

Sample Kx102/h1 po/m  Synergistic
Factor

N-K>Ti4O9 3.51 19.8 /
Ui0-66 12.0 5.77 /
N-K>Ti4O09/ZrCl4(1:9) 9.86 7.03 1.20
N-KoTis00/ZrCls(2:8) 14.5 4.75 2.12
N-KsTisO0/ZrCls(3:7)  29.5 2.35 4.90
N-K:TisO0/ZrCls(4:6)  25.7 2.70 4.43
N-K>Ti409/ZrCl4(5:5) 22.4 3.09 4.22
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Figure 5. (a)Kinetics of RhB photodegradation on blank, P25,
Ui0-66, N-K,Ti4O9 and N-K,Tis09/ZrCls(3:7); (b) Kinetics of
RhB photodegradation on the composites with different molar
ratios of N-K,Ti4O9 to ZrCly; (c) Kinetics of different pollutants
photodegradation on N-K>Ti4O¢/ZrCl4(3:7); (d) Kinetics of
RhB photodegradation on N-K,Ti40¢/ZrCl4(3:7) with or
without irradiaton

In order to confirm that RhB was not photodegraded by itsc
a control experiment was carried out, and the result shows that
there is no noticeable change in RhB concentration after 2.5h
stirring under visible light irradiation without photocatalyst
(Figure 5c). Another control experiment also shows that RhB
was not photodegraded on photocatalyst after 2.5h without
visible light irradiation (Figure 5d). These phenomena of the
photobleaching can only happen under the existence of both
irradiation and photocatalyst, and isn’t the result of the
autocatalysis.

However, RhB can have charge-transfer excitation-like
transition from the HOMO to the LUMO by absorbing visible
light. We choose two organic pollutants, methylene blue (MB
and salicylic acid that can and can’t be excited by visible light.
respectively, to determine the effect of photosensitization on
photocatalytic  process. Figure 5d shows that the
photodegradation activities of MB and salicylic acid are both
close to that of RhB, which means that photosensitization is not
the main factor in photocatalysis.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (a) Kinetics and rate constant of RhB

photodegradation on the recycled N-K>TisOo/ZrCls(3:7); (b)
XRD patterns of N-K,Tis09/ZrCls(3:7) before and after
photocatalysis

The regeneration of the photocatalyst is one of the important
steps for practical applications. The stability of N-
KoTisOo/ZrCls(3:7) was  investigated, and after each
photodegradation, it was separated from solution by centrifuge,
and can be reused without considerable amount of mass loss.
As shown in Figure 6a, after six cycles, the K value stabilized at
about 0.278 h!, which is 94.24% of the first cycle.The good
structural stability of N-K.Ti4O9/ZrCl4(3:7) was further verified
by XRD, as shown in Figure 6b.
3.4. Photodegradation Mechanism of RhB

We had investigated the effects of both adsorption capacity
and the separation efficiency of photogenerated electron-hole
pairs on the photocatalytic activities of N-K,;Ti4O9/UiO-66
composites.

The N-K,Ti,O, content/%
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Figure 7. The dependence of photocatalytic rate constant,
adsorption capacity and photocurrent intensity on the UiO-66
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content of N-K,Ti40y, UiO-66 and the N-K,Ti409/UiO-66

composites.

As shown in Figure 7, the variation of adsorption capacity is
contrary to that of photocurrent intensity. With the UiO-6€
content increasing in the range of 0%-29.6%, the separation
efficiency of photogenerated electron-hole pairs of compositcs
decreases a little, but the adsorption activity of composites
increases a lot. These lead to great enhancement of the
photocatalytic activity [36, 37]. However, when the UiO-6¢€
content continues to increase, the photocatalytic activity
quickly decreases. It is interesting that when the UiO-6¢
content increases to 100%, the photocatalytic rate constant
increases a little.

In general, the composites display poor photocatalytic
activity, when they have low adsorption capacity or low
separation efficiency of photogenerated electron-hole pairs
These indicate that both adsorption capacity [38, 39] and
separation efficiency of photogenerated electron-hole pairs arc
the key factors to determine the photocatalyst activity. Who~
the UiO-66 content in composite is 29.6%, the synergistic
effect of the two key factors achieves the optimal sta
therefore, the composite shows the best photocatalytic activity.

Based on the calculated band-gaps and valence bands of
UiO-66 and N-K>TisO9, the mechanism of synergistic effec
can be drawn in Figure 8. As RhB has charge-transfer
excitation-like transition from the HOMO to the LUMO, its
photogenerated electrons can transfer to the conduction band
(CB) of N-K»Ti4O9 and UiO-66. Meanwhile, the valence bar..
(VB) holes can transfer from the VB of N-K>Ti4O9 to the VB of
UiO-66 after N-K,TisOo was excited by visible light. The
impurity level (IL) is introduced from nitrogen doping to
facilitate absorption of visible light [40]. These are
advantageous for the separation of photogenerated electron-
hole pairs and their transferring through the interface of N-
K;Ti409, UiO-66 and RhB, which can increase the
photocatalytic activity [41].

Then, dissolved O captures the photogenerated electron at
CB of UiO-66 and N-K.TisOs to yield first the superoxic-
radical anion, Oz¢", and then the HOO¢ radical upon protonatiou..
The *OH radical can be produced from the trapped electron
after formation of the HOO- radical by equations (5) and (6)
[42].

HOO e +H 6™ —> H, 0, -+ cvvveemmneeemneeninieiieieieee (5)

H,0, +€ —> sOHHOH -+ vvvmmemnniimiiiie e (6)

The active oxygen species Oz, HOO* and *OH have beer
involved in the degradation of RhB. Meanwhile, the
photogenerated holes in the VB of UiO-66 can directly destroy
the adsorbed RhB or react with H2O to yield *OH radicals.

RhB
solution

Figure 8.Mechanism diagram of the RhB photodegradation

In summary, a possible mechanism of photocatalysis with ' I-
K>Ti409/UiO-66 composites under visible light irradiation 1s
proposed (Figure 8). UiO-66 as a shell around the N-K,Tisf »
core can enhance the adsorption of RhB from solution. Th =
the excited state electrons in LUMO of RhB can readily migrate
to CB of UiO-66 and N-K,Ti4O9, and react with dissolved O2 o
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yield active oxygen species, which will degrade RhB.
Meanwhile, N-K:TisO¢ absorbs visible light to produce
photogenerated electron-hole pairs, and its holes can migrate
casily to the VB of UiO-66, and destroy the adsorbed RhB or
react with H>O to yielded *OH radicals.

Conclusions

In conclusion, the N-K;Ti4Oo/UiO-66 composites were
synthesized by a facile solvothermal method, and possess a
hierarchical core-shell structure with UiO-66 forming the shell
around the N-K>Ti4O9 core, which is beneficial for promoting
the photodegradation of RhB. The synergistic effect of
photocatalysis is due to big adsorption capacity of UiO-66 and
high separation efficiency of photogenerated electron-hole pairs
at interfaces of N-K,TisO9 and UiO-66. In particular, N-
KoTi409/ZrCl4(3:7) exhibits the best photocatalytic activity
among the composites, and the synergistic factor is 4.90.
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