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ABSTRACT

As one of the highly effective methods to prepare catalysts for photocatalytic reduction of CO, into value-
added chemicals, using metalloporphyrin as light-harvesting mixed ligand to modify metal-organic
framework (MOF) is very valuable since it can greatly improve the prophyrin dispersibility and conse-
quently inhibit its potential agglomeration. Herein, we employed a one-pot synthetic strategy to chem-
ically immobilize Cu(ll) tetra(4-carboxylphenyl)porphyrin (CuTCPP) into UiO-66 MOF structure through
coordination mode. Meanwhile, in-situ growth of TiO, nanoparticles onto the MOF is actualized with the
generation of CuTCPP c UiO-66/TiO, (CTU/TiO,) composites. Under Xe lamp irradiation (4 > 300 nm), the
catalytic result presents that an optimal value of 31.32 pmol g~ h~! CO evolution amount, about 7 times
higher than that of pure TiO, was obtained through the photocatalysis. It is supposed owning to a con-
sistent augment of light absorption derived from chemically implanted porphyrin derivative, which is
simultaneously functioning with an efficacious separation of photo-induced carries given by the newly
engendered composites between MOF and TiO,, an effective catalytic activity and approving recyclability

of CTU/TiO, can be achieved in the photocatalytic reduction of CO, into CO.
© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Photocatalytic reduction of CO, into value-added chemicals is
one of the most attractive techniques to resolve both environment
issue and energy shortage [1]. Photo-synthesis in nature occurs
mainly in highly ordered porphyrin pigments (chlorophylls). Inter-
estingly, highly ordered porphyrin-based metal-organic frame-
works (MOFs) can also perform similar behavior in promoting
antenna-like light-harvesting characteristics [2,3]. In effect, MOFs
have already drawn considerable attention in photocatalysis
because of their distinctively chemical and structural diversity,
extraordinary porosity, tailorable structures and CO, capture prop-
erties [4,5]. Ui0O-66, a typical MOF with the chemical formula of Zrg
SBUs (ZrgO4(OH),4), possesses satisfactory stability and is regarded
as a potential photocatalyst. It is, however, generally incapable of
accepting electrons from the BDC linker under light irradiation,
because the redox potential energy level of the Zrg SBUs in
Ui0-66 lies above the LUMO of the BDC ligands and consequently
lowers the electron accepting levels [6,7]. In order to engender new
energy levels in the band structure, mixed ligand MOFs have been
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studied, and subsequently playing an essential role in the realiza-
tion of MOFs’ potential within a wide range of applications [8].

Cu(II) tetra(4-carboxylphenyl)porphyrin (CuTCPP), embracing a
greatly conjugated macrocycle, can play the role of light-harvest-
ing. It is exploited as a mixed ligand to simultaneously bind to met-
als together with another ligand so as to produce MOFs in
possession of an integrally broadened light absorption. Moreover,
the crystal structure and morphology of UiO-66 can be perfectly
maintained after the mixed ligands, CuTCPP and BDC, jointly coor-
dinating with Zrg SBUs to build a new MOF, CuTCPP c UiO-66
(CTU) [9-11]. It is worth noting that chemically implanting CuTCPP
into UiO-66 is of great value in photocatalytic applications, since it
is able to prevent CuTCPP from aggregation and self-quenching of
the excited states as well as formation of catalytically inactive
dimers, and therefore provide a consistent enhancement in light
absorption for the actualization of an ameliorated photocatalytic
ability than that of mere UiO-66 [12]. Actually, functionalized
MOFs have already been explored as multifarious precursors in
photo-assistant utilizations, such as hydrogen generation, degrada-
tion of organic pollutants, and CO, reduction [11,13-15].

In particular, MOF/semiconductor composites have increasingly
attracted interest since they present great advantage of synergistic
effect and consequently ameliorate photocatalytic performance
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with accelerated transfer of electrons [16]. TiO5, a typical photocat-
alyst featuring high thermal and chemical stabilities, is commonly
used to generate electrons and holes by sunlight irradiation in pho-
tocatalytic application. Unfortunately, this metallic oxide severely
suffers a low CO, photoconversion efficiencies due to the undesired
electron-hole recombination [17,18]. An effective approach to
addressing such dilemma is to construct composites through inte-
gration of MOF structures and TiO, [14,19]. Resorting to this
method, not only an improved CO, adsorption capacity given by
the MOF component and the photo-excitation properties of the
TiO, nanoparticles will be realized, but a significant abatement in
the disadvantageous recombination of photo-induced carriers dur-
ing photocatalysis can be also achieved due to the newly formed
structures [20]. Herein, we combined TiO, nanoparticles and the
mixed ligands, CuTCPP and BDC based MOF structure (CTU) via an
in-situ hydrothermal procedure to integrate MOFs and inorganic
semiconductors for the purpose of building CTU/TiO, nanocompos-
ites. When playing the role of photocatalysts for CO, conversion dri-
ven by simulated solar light (/> 300 nm), the optimal CTU/TiO,
heterostructure presents considerably improved performance. The
reduction rate of CO, into CO was up to 31.32 umol g~' h™!, about
7 times that of the bare TiO,. Besides the consistent augment of light
absorption and tunable band gaps proffered by the incorporation,
the separation of the photo-generated charge carriers can be also
promoted through the formation of semiconductor-MOF compos-
ites during the photocatalytic reduction of CO, into CO. Further-
more, the possible mechanism supposed for its impressive
photocatalytic performance is also presented.

2. Experimental
2.1. Materials

Pyrrole (Adamas Reagent Co., Ltd, 99.0%), 4-formylbenzoic acid
(Adamas Reagent Co., Ltd, 99.0%) and propionic acid (Adamas
Reagent Co., Ltd, 99.0%) were purchased from Damas-beta. Benzoic
acid (C;HgO,, 99.9%), copper(ll)chloride dihydrate (CuCl,-2H,0),
zirconium (IV) chloride (ZrCly, 98%), terephthalic acid (CgHgO4,
BDC, 98%) and titanium (IV) butoxide (C;H3504Ti, 98%) were all
purchased from Sinopharm Chemical Reagent Co. Ltd. Absolute
dimethyl formamide (C3H;NO, DMF, 99.9%), ethanol and acetone
were all purchased from Sinopharm Chemical Reagent Co. Ltd,
which was used as both reaction and washing solvent. All reagents
are analytical grade without further purification except pyrrole,
which was purified by distillation under reduced pressure before
each used.

2.2. Preparation of TiO,

TiO, was synthesized using the same procedure according to
the reported method [21]. 5mL of titanium (IV) butoxide was
added into 10 mL ethanol solution stirring for 1 h in ice bath. After-
wards, 6 mL mixed solution containing water and ethanol with the
volume ratio of 1:4 was added to the reaction system and contin-
uously stirred for another 1h. Then, the reaction mixture was
transferred to 50 mL teflon-lined steel autoclave and heated at
180 °C for 12 h, and afterwards cooled down naturally. The product
was collected by centrifugation and consecutively washed with
10 mL of deionized water and ethanol for more than five times.
The product was dried at 80 °C to give white solid powder.

2.3. Preparation of CuTCPP c UiO-66 (CTU)

TCPP and CuTCPP were synthesized according to our previous
work [22]. Generally, CTU was synthesized according to the litera-

ture using a solvothermal method [12]. 30 mg ZrCly, 30 mg BDC,
10 mg CuTCPP and 0.5 g benzoic acid were added to 2 mL DMF.
After vigorously stirring for 30 min, the mixture was put into
50 mL teflon-lined steel autoclave and heat at 130°C for 12 h.
The mixture was cooled down to room temperature and subse-
quently centrifuged to give a red solid. The solid was washed with
DMF and acetone for at least three times, and then dried in an oven
at 80 °C for 12 h. The synthesis of UiO-66 was similar to the proce-
dure shown above, except for the absence of CuTCPP. For
TCPP c Ui0-66 (TU), the synthetic process was analogous to the
preparation of CTU, except for the substitution of TCPP for CuTCPP.

2.4. Preparation of CuTCPP c UiO-66/TiO, (CTU/TiO>)

A list of CTU/TiO, composites were prepared by in-situ
solvothermal process that is similar to the synthesis of CTU
(Fig. S3 online) [23]. Typically, TiO, particles were dispersed in
2 mL DMF solution and kept stirring. Meanwhile, 30 mg ZrCly,
30 mg BDC, 10 mg CuTCPP and 0.5 g benzoic acid were successively
added to the solution and stirred for 30 min at room temperature.
The obtained solution was loaded into 50 mL teflon-lined steel
autoclave and heated at 130 °C for 12 h. The final product was col-
lected by centrifugation, washing and ensuing drying in an oven at
80 °C for 12 h. The obtained CTU/TiO, samples combined with 0.2,
0.4, 0.6 and 0.8 g TiO, were respectively labelled as CTU/0.2TiO,,
CTU/0.4TiO,, CTU/0.6TiO, and CTU/0.8TiO,.

2.5. Characterizations

The morphology and structure of all composites were observed
by JSM-6701E scanning electron microscope (SEM) and JEM2010
EX microscope transmission electron microscopy (TEM). X-ray
diffraction (XRD) data were recorded on a Rigaku D/Max-2400/
PC with scattering angle ranging from 2° to 60°. Fourier transform
infrared (FT-IR) spectroscopy was conducted on a Nicolet NEXUS
670 spectrometer. Diffuse reflectance spectra (DRS) were mea-
sured by PuXin TU-1901 UV-vis spectrophotometer equipped with
an integrating sphere attachment. The photoluminescence (PL)
spectrum detection of samples were conducted on Fluoro Sens
9003 Fluorescence Spectrophotometer. XPS analysis was recorded
on PHI5702 photoelectron spectrometer. BET isotherms were
obtained with Autosorb-iQ2-MP Sorptometer, the samples were
degassed at 120 °C. Measurements of photoelectrochemical (PEC)
performance were evaluated on CHI 660D electrochemical work-
station. The samples were dissolved in ethanol and adhered to con-
ductive FTO glasses with film solution.

2.6. Photocatalytic reaction procedures

Photocatalytic CO, reduction was conducted in 50 mL closed
gas stainless—steel reactor settling in a circulation cold water bath
system equipped with 300 W Xe lamp (4 > 300 nm, Beijing Au light
Co., Ltd. CEL-HXF300/CEL-HXUV300). During each run, 2 mL dis-
tilled H,O was first filled into a stainless-steel reactor. A quartz
glass bottle (40 mm x 25 mm) loaded with 0.1 g catalyst was after-
wards encased in the reactor. The reaction setup was purged by
pure CO, gas (0.1 MPa) and then vacuum-treated more than twice
to ensure all the impurities and trapped air were completely
removed. During the photocatalytic reduction proceeding, circulat-
ing water cooling was used to maintain the reactor at room tem-
perature. The final product was extracted by syringes for further
analysis through GC-2080 gas chromatography of flame ionization
detector (FID).
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2.7. Photoelectrochemical performance

Photoelectrochemical performance measurements were carried
out on CHI 660D electrochemical workstation (CHI Shanghai) with
typical three electrodes cell under the 300 W Xenon lamp as light
source illumination. 0.5 mol L' Na,SO, was employed as elec-
trolyte. The samples TiO, and CTU/0.6TiO, were adhered to con-
ductive glasses in a film solution and then dried under infrared
light. Three electrodes were working electrode of photoanodes,
Ag/AgCl as reference electrode and Pt slice as assistance electrode.
All of the measurements were irradiated from the back side of
working electrode with about 1 cm? areas [24].

3. Results and discussion

The morphologies and microstructures of TiO,, CTU and
CTU/0.6TiO, were characterized by SEM and TEM. Pristine TiO,
nanoparticles exhibit uniform particle morphology but with seri-
ous aggregation (Figs. 1a and S7a online). The lattice fringes with
spacing of 0.35 nm can be indexed to anatase (1 0 1) crystal plane
(Figs. 1f and S8 online). Pure CTU displays sharp edges and smooth
surfaces in consistence with octahedral microcrystal morphology
(Figs. 1b, S4a-b and S7b online). The SEM and TEM observations
of CTU/0.6TiO; indicate that the MOF is of great importance in uni-
formly formatting TiO, particles on its external octahedral crystal
surface (Fig. 1c-e). Although a slight portion of TiO, nanoparticles
is observed self-agglomerating, major part of them are evenly scat-
tered on the CTU, suggesting agglomeration of TiO, nanoparticles
can be effectively prevented. Elemental mappings of CTU/0.6TiO,
(Fig. S8 online) strongly confirm that the nanocomposite is com-
posed of Zr, Cu, Ti, O, N and C elements. According to the diffraction
patterns shown in Fig. S9 (online), it can be found that pristine
Ui0-66 matches well with previous reports, demonstrating the
crystalline structure of UiO-66 is perfectly preserved after the
introduction of CuTCPP into the MOF [12]. The XRD of TiO, fairly
conforms to the HR-TEM for plane of anatase (Fig. S10 online). Also,
a low-intensity diffraction peak at angle value 7.17 and 8.35 corre-
sponding to CTU can be seen in the spectra of CTU/TiO, (Fig. S11
online). When the mass ratio of CTU in the composites diminishes,

this peak intensity weakens accordingly, further justifying a suc-
cessful combination of CTU and TiO,.

Due to the comparison between Fourier transform infrared (FT-
IR) spectra of UiO-66, TCPP c UiO-66 (TU) and CuTCPP c UiO-66
(Figs. 2a and S12 online), the stretching vibrations of Cu-N and
0CO of the carboxylic acid that belong to either BDC or porphyrin
suggest the presence of CuTCPP compound in the prepared struc-
ture [25]. The broad peak located at 3,430 cm ™' can be assigned
to O-H vibration, which typifies the existence of bound and free
water in all samples. As compared to bare UiO-66, the spectra of
CTU composites are quite similar, revealing that the backbone of
UiO-66 is not affected by the incorporation of either TCPP or
CuTCPP. Signals at 1,660 and 1,596 cm™! can be attributed to
asymmetric vibrations of carboxyl groups; the peaks at 1,506 and
1,410 cm™! can be identified as symmetric ones [26]. The value
of Av (Av =v,(CO0-v,(CO0)) are 154 and 186 cm~!, which are
characteristics of the bridge coordination mode of CTU [27]. When
the metal Cu?* ions are beset in the ring of TCPP molecules, the
newly formed nitrogen ring displays a deformation of the vibra-
tion, thus generating Cu-N stretching vibration characteristic at
the peak of near 1,000 cm~'. A weak band is detected at 1,660
and 1,596 cm™! in both CTU and CTU/0.6TiO, (Fig. 2b and S13
online). It can be assigned to the stretching vibrations of OCO in
the carboxylic acid of either BDC or porphyrin.

Analysis of the XPS data can provide information about the
composition and chemical state (Fig. S14 online). The CTU/0.6TiO,
atom percent of C, Cu, N, O, Ti and Zr on the surface of CTU/0.6TiO,
are 48.47%, 0.47%, 1.51%, 34.87%, 11.11% and 3.58%, respectively.
The C 1s spectrum shown in Fig. 3a can be obviously observed by
location of two peaks at 284.7 and 288.5 eV, which are attributed
to the carboxylate carbon, carbonyl carbon and C=C bond, respec-
tively. As indicated in Fig. 3b, the curves of Zr 3d region can be
detected as two peaks for Zr 3dsj, and Zr 3dsj, at around 182.7
and 185.2 eV, respectively, certifying the existence of Zr**. As
shown in Fig. S15a and b (online), two peaks that appeared at
458.8 and 464.5 eV corresponding to the Ti 2p3, and Ti 2pq.
region are in good agreement with the published data. As com-
pared with featured signal Ti 2ps; and Ti 2py; in TiO,, the banding
energy is reduced by 0.1 eV after incorporation (CTU/0.6TiO,), sug-

Fig. 1. (Color online) SEM images of (a) TiO,, (b) CTU, and (c)-(d) CTU/0.6TiO,. (e) TEM images of CTU/0.6TiO,. (f) HR-TEM images of TiO,.
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Fig. 3. (Color online) XPS survey spectra of the corresponding samples in high resolution: (a) C 1s (CTU/0.6TiO,); (b) Zr 3d (CTU/0.6TiO,); (c) Ti 2p (CTU/0.6Ti0,); (d) O 1s

(CTUJ0.6TiO); (e) N 1s (CTU/0.6TiO, and TU/0.6TiO,); (f) Cu 2p (CTU/0.6TiO,).

gesting a strong interaction between TiO, and the CTU/0.6TiO,,
which might facilitate charge transfer between the two compo-
nents [28]. The O 1s spectrum (Fig. 3d) gives two peaks at 529.8
and 531.7 eV, implying the existence of O atom in all the compos-
ites. Furthermore, the main peak of O 1s XPS for CTU shifts to a
0.3 eV lower position in comparison to that of pure TiO,
(Fig. S15c online) owning to the existence of oxygen vacancies
[29], which would proffer active sites for the CO, reduction and
suppress the photo-carriers’ recombination [17]. Fig. 3e shows
the binding energies given by N 1s peaks of CTU/0.6TiO, and
TU/0.6TiO,. However, the featured signals of both N and Cu are
weak due to their minor content in the composite. The peak at
about 395.3 eV of nitrogen disappears after the coordination of
Cu ion with the four N atoms. It can be ascribed to the changes
in symmetry of chemical environments [30,31]. Fig. 3f indicates
that Cu 2ps;; and Cu 2pyj; are located at 934.9 and 953.7 eV,

respectively, further testifying to the successful preparation of
CTU [32,33].

The N, adsorption-desorption trials were exerted to analyze
samples’ surface and pore distribution (Figs. 4a, S16 and Table S1
online). The isotherms of the CTU sample exhibit a type I isotherm
at 77 K with no hysteresis, illustrating a typical microporous struc-
ture. The Horvath-Kawazoe (HK) microspore size distribution of
CTU (Fig. 4b) gives three major pores at 1.48, 1.99 and 3.53 nm,
respectively. The surface area and pore volume of CTU are
1,023.1 m? g7 ! and 0.573 cm? g1, respectively. The pure TiO, dis-
plays type IV isotherm with a discrete hysteresis loop (H3 type) in
the high relative pressure range, demonstrating the presence of a
mesoporous structure, which may be derived from the egregious
agglomeration of TiO, nanoparticles. The integration of CTU and
TiO, provides a higher specific surface area than that of only TiO,
(Table S1 online). With gradual decrement in the relative content
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Fig. 4. (Color online) BET adsorption-desorption isotherms (a) and the corresponding pore size distribution (b) of TiO,, CTU/0.6TiO, and CTU. CO, sorption isotherms
measured at 25 °C (c) for TiO,, CTU/0.6TiO, and CTU. Photocurrent-time (I-t) curves (d) of TiO, and CTU/0.6TiO,. PL spectra (e) of the various components at 415 nm

excitation. Time-resolved PL spectra (f) of TiO, and CTU/0.6TiO,.

of CTU, the surface area (Sggr) of the composite accordingly dimin-
ishes. Generally, surface area based on the total weight of the
nanocomposite is significantly lower than that of the pure CTU
[34].

To investigate the incorporation mode of CuTCPP in CTU, N,
adsorption-desorption detections for UiO-66 and CTU were oper-
ated in prior. Associating with the significant decrement in
adsorption capacity and pore size distribution of CTU in compar-
ison to that of UiO-66 (Fig. S17 online), it is considered that
CuTCPP occupies the pores of the structure, and might bond
through the coordination between the carboxyl (—COOH) in
CuTCPP and the Zrg in UiO-66. This integral structure is similar
to the reported MOF, in which CuTCPP is substituted by Ni por-
phyrin. Moreover, an operation was carried out by directly mixing
UiO-66 and copper porphyrin to engender post-modified UiO-66
(PMU, the detailed procedure can be seen in Fig. S18 online). Con-
sequently, both the obtained PMU and CTU were further digested
by 16% HF solution to conduct 'H NMR comparison between the
resulted compounds, and give a precise investigation on the inte-
grating modality. '"H NMR analysis of the products resulted from
CTU digestion shows a strong characteristic signal of BDC (6
8.00 ppm) as well as that of CuTCPP (s 8.25, 8.75 ppm, Figs. S18
and S19 online). By contrast, the compounds generated by digest-
ing PMU only presents the featured signal of BDC, suggesting that
the simply adsorbed or encapsulated CuTCPP infon UiO-66 is
washed away during the preparation process due to its weak
bonding. To further confirm the consideration, CuTCPP was sub-
stituted by Cu(lIl) tetrakis(4-phenyl)porphyrin (Cu-TPP) in analo-
gous size to oprerate the same preparation procedure. In the
absence of coordinative substituent —COOH, the achieved struc-
ture is easily washed from red into white color (Fig. S20 online).
In contrast, the color of CuTCPP c UiO-66 can be hardly washed
away. Associating with previous study [12], it is thereby ascer-
tained that the primary portion of CuTCPP displays steady coordi-
nation mofde in the CTU structure.

In comparison to pure TiO,, the CO, adsorption curves in Fig. 4c
presents an enhanced adsorption capacity, which might be led by
the existence of the micropores in CTU. It is considered that MOF

can provide enlarged surface area and consequently present
increased capability to adsorb the substrate CO, in comparison to
pure TiO, [35]. The photocurrent-time (I-t) curves (Fig. 4d) reveal
that the photocurrent intensity is significantly enhanced by the
in-situ growth of of TiO, onto CTU in comparison to either compo-
nent alone. The recombination of light-triggered carriers is also
greatly abated. To concretely verify the integral effect of the com-
posite on the separation of carriers, photoluminescence (PL) mea-
surements were carried out. Fluorescence quenching discerned in
Fig. 4e clearly unveils that CTU is able to effectively suppress the
recombination of photo-generated electrons and holes [36,37].
Compared to TiO,, the fluorescence intensity of CTU/0.6TiO, is dra-
matically reduced, resultantly highly raising the efficiency of car-
rier transfer. The average PL lifetime has been commonly
regarded as a crude indicator to estimate the separation efficiency
of photo-excited carriers [38]. In this regard, time-resolved PL
detection was exerted (Fig. 4f). A shortened lifetime of 0.16 ns from
TiO, to CTU/0.6TiO, further confirms the promotive effect of CTU
on separation of the photo-induced carriers.

The photocatalysis conducted by as-prepared multiple func-
tionalities CTU/TiO, composites were evaluated under 300 W Xe
lamp irradiation (2 > 300 nm). As shown in Fig. 5a, the composites
with different amounts of grown TiO, nanoparticles generate var-
ious CO, conversions. Among the as-prepared composites,
CTU/0.6TiO, presents the optimal value of 31.32 umol g~'h~! CO
and 0.148 umol g 'h~! CH, evolution amount. The yield of CO pro-
duct is about 7 times higher than that produced by pure TiO,. With
respect to the performance of the TiO,-based materials (Fig. 5), all
nanocomposites show superior photoactivity rather than the pure
TiO, mainly due to a synergistic effect between TiO, and CTU, i.e.,
consistent augment of light absorption as well as combination
between MOF and TiO,, both of which will be elaborately demon-
strated in mechanism as given below. In addition, the enhanced
dispersion of TiO, NPs by MOF is also able to prevent TiO, particle
from aggregation and consequently provide additional exposed
surface reaction sites [6,34]. Hence, when the amount of CTU in
the composite is fixated, the catalytic activity can be continuously
improved along with increasing the amount of the loaded primary
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Fig. 5. (Color online) Dependence of total CO/CH, evolution on the amount (a) of TiO, and different ratio CTU/TiO, with Xe lamp irradiation (4> 300 nm) within 1 h.
Controlled experiments (b) employing all the as-prepared photocatalysts with Xe lamp irradiation within 1 h. Total CO evolution amount (c) over CTU/0.6TiO, (Xe lamp)
within 1 h in the atmosphere of CO, and Ar. Four cycles (d) of CO, reduction over the CTU/0.6TiO,. Total CO/CH4 evolution amount (e) given by CTU/0.6TiO, with Xe lamp
within 8 h. GC-MS spectra (m/z = 29) analyses (f) of generated CO by CTU/0.6TiO, with '>CO, as carbon source.

catalyst, TiO, (Fig. 5a). Nonetheless, when the proportion of TiO- in
the composite is over 0.6, the surplus TiO, NPs would aggregate on
the surface of CTU and generate disfavored effect on the photocat-
alytic performance. The evolution ratio of CO to CH4 conducted by
TiO, was 14.67, whereas the ratio generated from CTU/0.6TiO, was
173.39, unveiling an extraordinarily improved selectivity for yield-
ing CO after combination. It is considered that both the enhanced
photon efficiency and strengthened binding affinity of active sites
toward CO, molecules result in this great improvement as com-
pared to pure TiO, [39,40].

In order to compare catalytic abilities of the composite and the
corresponding components, a series of controlled experiments
were carried out (Fig. 5b). After 1 h reaction under identical condi-
tions, the composites CTU/TiO, perform better catalytic activity
than either using CTU or TiO, alone. After four cycles of photocatal-
ysis, negligible decrement in CO evolution can be observed, indi-
cating an approving recyclability of CTU/TiO, (Fig. 5d). When the
light irradiation lasted for 8 h, the photocatalysis conducted by
CTU/0.6TiO, presents continuously increasing yields of both CO
and CHy, suggesting that the photocatalyst of CTU/0.6TiO, keeps

active during the entire test (Fig. 5e). To identify the origin carbon
source of the generated CO, the produced CO from the isotopic
experiment (13CO,) was analyzed by GC-MS. As shown in Fig. 5f,
the m/z=29 resulted from GC-MS analysis can be assigned to
13C0. This study provides a concrete proof that the generated CO
is mainly derived from extraneously introduced carbon dioxide.
In addition, with respect to the spectra of I-t, FT-IR and XRD, the
quite similarity between pristine CTU/0.6TiO, and used one illus-
trates that CuTCPP’s structure composition still sustains well after
long-time or recycling photocatalytic process (Figs. S23-S25
online).

For the purpose of deeply demonstrating the combination
effects on the ameliorated photocatalytic performance, UV-vis dif-
fuse reflectance spectra were implemented. As shown in Fig. 6a, a
significant red shift of absorption edge can be observed after the
introduction of CuTCPP into UiO-66, suggesting light-harvesting
CuTCPP is capable of raising the light absorption of UiO-66.
Compared with TiO,, the absorption edge of CTU/TiO, rarely
moves. By contrast, the absorption intensities of the samples after
combination dramatically increase in visible light region. It might
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Fig. 6. (Color online) UV-vis diffuse reflectance spectra (a) and estimation of band gap energies (b) of the as-synthesized samples.
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be ascribable to the integration of either TCPP or CuTCPP into UiO-
66, which maintains great capability of absorbing solar light. On
the part of TU/TiO,, there are five absorption peaks in visible
region. Whereas, the coordination of Cu?* ions with the nitrogen
atoms in TCPP can result in an enhanced spatial symmetry for
CTU/TiO,, manifesting as only one absorption peak in visible
region. According to previous study [41], CuTCPP can form the
ligand-to-metal charge transfer (LMCT) in comparison to mere
TCPP. The energy transfer between the ligands and metal center
can take advantageous effect on the photocatalytic reactions [42].
Moreover, the tangents of (azhv)? vs. photon energy were employed
to estimate band-gap energy (Fig. 6b). CuTCPP plays a significant
role in the light-absorption properties of nanocomposites, leading
to an obvious reduction of band gap from 1.66 eV for CTU and
3.05 eV for TiO, to 2.59 eV of CTU/TiO, after growing TiO, on the
MOF. Undetectable adsorption of either neat UiO-66 or TiO, in
the visible region can be attributed to their large band gap of
3.87 and 3.05 eV, respectively. Hence, integration of CuTCPP with
UiO-66 via introducing mixed-linker approach can bring up a
new energy level that narrows the original band-gap energy of
Ui0-66 [43-46].

In addition, the potential position of CTU was measured by
Motty-Schottky (M-S) curves (Figs. S26 and S27 online). The posi-
tive slope indicates that both functionalized MOF and TiO, are n-
type semiconductors. According to the curve (M-S), the flat band
potential of CTU is approximately —0.6 eV vs. Ag/AgCl. The DRS
exhibits that the band gap value is 1.66 eV, giving the LUMO and
HOMO positions of CTU at —0.6 and 1.06 eV, respectively. The con-
duction band (CB) level of TiO, is —0.3 eV while its band gap value
is 3.05 eV. Therefore, the valence band (VB) potential of TiO, was
calculated as 2.75 eV. Compared with the LUMO of CTU, the CB
of TiO, is much more positive, resultantly confirming the facilita-
tion to the separation of electron-hole pairs by the formation of
composites [47].

Based on the characterization and photocatalytic performance
mentioned above, a possible light absorption mechanism and effi-
cient electron-hole separation of CTU/TiO, was proposed in Fig. 7
[11]. When irradiated by Xe lamp light, both the composed part,
CTU and TiO, were excited to generate electron-hole pairs. Since
the LUMO potential of CTU is more negative than the CB potential
of TiO,, the photo-induced electrons on the LUMO of CTU are able
to directly transfer to the CB of TiO, [48]. In the photocatalytic CO,
reduction, in addition to transferring to the HOMO energy level of
CTU so as to reduce the charge recombination, the photo-induced
holes generated in VB of TiO, can also oxidize H,O to produce
-OH radicals, which would further release O, and H* [34,49]. As
indicated by the slight generation of carbon-based derivatives dur-
ing the 1 hirradiation without introducing exotic carbon dioxide in
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Fig. 7. (Color online) Proposed photocatalytic CO, reduction pathway over
CTU/TiO».

the reactor, the hydroxyl radical might also oxidize the organic
component in the composite (Figs. 5c and S28 online). According
to the carbon isotopic trace of CO, and enduring recycling test of
CTU/TiO,, the carbon source primarily is derived from extraneous
CO, during the photocatalytic reduction, and the decomposition
of photocatalyst is relatively negligible.

4. Conclusions

In summary, CTU/TiO, composite photocatalysts have been suc-
cessfully prepared by the hydrothermal in-situ growth method. The
resultant hybrids exhibit significantly ameliorated photocatalytic
activity for CO, reduction compared with either pristine TiO, or
CTU. The optimum loading content of CTU is determined as
CTU/0.6TiO-, the employment of which can give CO production rate
as 31.32 umol g~ 'h~' and CH, genration as 0.148 umol g~'"h~"'. The
composite photocatalyst CTU/0.6TiO, presents 7-fold-enhanced
CO,-to-CO conversion activity in comparison to the pristine TiO,.
The improved photocatalytic ability after combination could be
primarily ascribable to the enhanced separation of the photo-
generated charges. Besides, the CTU MOF is able to greatly
meliorate the dispersion of TiO, particles, resultantly providing
sufficient exposure of reactive sites with ameliorated ability of
capturing CO, as compared with pristine TiO,. Additionally, the
as-prepared CTU/TiO, composites display highly stable recyclabil-
ity during photocatalytic reduction of CO,. The outcome of this
work provides new insights into rational design of MOF-based
hybrid nanomaterials for efficient photo-reduction of CO,.
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