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TiO, based photocatalytic oxidation has been regarded as a promising technology for VOC removal,
although it remains challenging in view of the limited visible light response and low photogenerated charge
separation efficiency. Herein, a charge space separated Z-scheme Au-TiO,@NH,-UiO-66 photocatalyst
was synthesized for highly efficient degradation of VOCs by encapsulation of Au and TiO; into visible light
responsive NH,-UiO-66 with Au nanoclusters as electron mediators. The obtained Au-TiO,@NH,-UiO-66
nanocomposite could broaden the light absorption of TiO, from the UV to visible region due to the
excellent localized surface plasmon resonance of Au nanoclusters confirmed by UV-vis diffuse reflectance.
Furthermore, electron paramagnetic resonance, photoelectrochemical measurements, steady-state PL
spectra and time-resolved PL spectra unveil that the Au-TiO,@NH,-UiO-66 ternary photocatalyst followed
the Z-scheme mechanism and the ultrafine Au on this heterojunction as an electron mediator can
significantly accelerate photogenerated electron transfer. Due to the enhanced interfacial electron transfer
by the Au electron mediator and high redox abilities of photogenerated carriers in the Z-scheme
heterojunction, the Au-TiO,@NH,-UiO-66 nanocomposite greatly boosted the separation efficiency of
photogenerated electron-hole pairs, thus producing abundant strong oxidative species, including
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photogenerated holes, ‘0% and "OH radicals, to mineralize VOCs. Impressively, the mineralization
efficiency reached 85% at 94.6% ethyl acetate degradation over the 1 wt% Au-TiO,@NH,-UiO-66
photocatalyst within 360 min of xenon lamp irradiation, which was 12.1, 10.6 and 2.83 times higher than
that of TiO,, NH,-UiO-66 and TiO,@NH,-UiO-66, respectively. This work would provide a valuable
guideline in the synthesis of highly efficient visible light responsive photocatalysts for VOC degradation.

DOI: 10.1039/d1en00225b
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Environmental significance

Exploitation of highly efficient TiO, based catalysts for photocatalytic degradation of VOCs under visible light irradiation is highly desirable yet
challenging. Herein, a charge space separated Z-scheme Au-TiO,@NH,-UiO-66 photocatalyst was synthesized by encapsulation of tiny TiO, into visible light
responsive NH,-UiO-66 with Au nanoclusters as their connecting bridge. The obtained Au-TiO,@NH,-UiO-66 not only broadened the light absorption of
TiO, from the UV to visible region, but also promoted the photogenerated charge transfer and separation. Importantly, the mineralization ratio of ethyl
acetate reached 85% over Au-TiO,@NH,-UiO-66 under visible light irradiation, which was 12.1 times higher than that of TiO,. This work will provide an
advantageous blueprint to construct highly efficient photocatalysts via the combination of visible light responsive MOFs and other semiconductors for VOC
degradation.
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1. Introduction

Volatile organic compounds (VOCs) as typical air pollutants
have brought a lot of hazards to human health and the
ecological environment even at very low concentrations, such
as teratogenesis, mutagenesis, cancer, tropospheric ozone
depletion and photochemical smog.'™ Consequently, the
development of effective VOC removal technologies with
minimal environmental impact has increasingly attracted
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considerable attention, and various techniques have been
successfully explored including adsorption, sorption,
photocatalytic oxidation, catalytic oxidation, biological
treatment, etc.”'® Among these technologies, semiconductor
photocatalytic oxidation has been regarded as an intriguing
option for VOC removal because it has the potential to
mineralize various VOCs into eco-friendly H,O and CO, as
final products without extra energy input.®*® In this respect,
TiO, has high stability, low price, and a sufficiently positive
valence band (ca. 2.9 V) to satisfy the mineralization of VOCs,
and thus has been one of the most widely investigated and
promising photocatalysts."*® Unfortunately, it often suffers
from poor photocatalytic efficiency under visible or solar
light irradiation because of its narrow light response range
and easy recombination of photogenerated electron-hole
pairs,"*™® critically hampering its potential applications in
photocatalytic degradation of VOCs.

Constructing a Z-scheme heterojunction has proven to be
an effective strategy to improve the photocatalytic
performance of photocatalysts,"”>> which is generally
composed of two separate semiconductors (PS I and PS II). In
the Z-scheme system, the photogenerated electrons with a
less negative position on the conduction band of PS I will
recombine with the photogenerated holes with a less positive
position on the valence band of PS 1II, while the
photogenerated electrons on the conduction band of PS II
and the photogenerated holes on the valence band of PS I
will remain. As a result, the efficiency of photogenerated
electron-hole separation in this heterostructure would be
promoted. More importantly, the remaining photogenerated
electrons and holes in the Z-scheme photocatalytic system
could guarantee a stronger redox ability compared with its
corresponding isolated semiconductors. Therefore, coupling
TiO, with other suitable semiconductors to construct
Z-scheme heterojunction photocatalysts would be a feasible
strategy to boost the photocatalytic degradation performance
for VOCs.

Porous semiconductors have received a great deal of
research interest because their large surface area and high
pore volumes could offer facile transport and diffusion of
substrates and allow for exposure of accessible active sites as
much as possible.>**>®* Moreover, their porous structures
could afford shorter charge carrier transfer distances to reach
the surface of the catalyst and the substrates compared to
their bulk counterparts, leading to efficient separation of
photogenerated electron-hole pairs. As a particular class of
porous materials, metal-organic frameworks (MOFs) with
many fascinating characteristics®*' might offer new
opportunities to construct highly efficient Z-scheme
heterojunction photocatalysts for VOC degradation by rational
integration of TiO, with MOFs. Apart from the common
virtues of porous materials, the enormous interconnected 3D
open cavities in MOFs enable light to easily penetrate and
largely alleviate the light shielding phenomenon. More
importantly, the metal cluster nodes in MOFs isolated by the
organic linkers and the pores of the MOFs can behave as
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semiconductor dots, thus making MOFs (such as NH,-UiO-66,
UiO-66, Fe-MIL-101, Fe-MIL-100 and NH,-MIL-125) exhibit
semiconductor-like behaviors.**® Furthermore, there have
been a few reports on the construction of Z-scheme
photocatalysts via the integration of conventional
semiconductors with MOFs for dye photodegradation, CO,
reduction, and photocatalytic H, evolution.’”**> However, due
to the limited light response in the visible region and poor
electron conductivity of most MOFs, it is still difficult to
obtain satisfactory photocatalytic efficiency.

On the other hand, it has been demonstrated that some
plasmon-inducing metals can serve as excellent electron
mediators to promote the transfer of charge carriers when
they are deposited on the surface of semiconductor
heterostructures.”®***>™** In particular, nanostructured Au
can absorb light in the visible to near infrared region due to
its localized surface plasmon resonance (LSPR).*> To
maximize the separation efficiency of electron-hole pairs and
the visible-light utilization, the construction of a Au-
TiO,@MOF ternary Z-scheme photocatalyst with Au as an
electron mediator was proposed by integrating tiny TiO,
nanoparticle supported Au into a visible light responsive
MOF. The advantage of this design would maximize the
exposure of TiO, and Au, and allow the three components to
be in good contact with each other within the photocatalyst
by improving the interfacial contact area. The intimate
contacts at each interface and the plasmonic Au with
excellent LSPR would enable the smooth migration of
photogenerated charge, thus being expected to accelerate the
electron-hole separation and subsequently boosting the
degradation efficiencies of VOCs.

Herein, as a proof-of-concept, tiny TiO, nanoparticle
supported Au clusters were incorporated into NH,-UiO-66 to
construct a Z-scheme photocatalyst for promoting the
photocatalytic degradation of VOCs (Scheme 1). NH,-UiO-66
was selected due to its great stability, large surface area,
appropriate band structure that matched with TiO,, and
visible-light responsive nature. To strengthen the interface
contact, Au®*" was firstly supported on TiO, with the
assistance of polyvinyl pyrrolidone (PVP). Subsequently, the
resultant Au*'/TiO, served as the core for the growth of the
outer NH,-UiO-66 shell while Au®** was in situ reduced to Au’
clusters by H, and DMF during the growth process of NH,-

PVP
+ ZrCla,DMF,
‘ H2BDC,H2
+ 130°C, 24 h

STi02 @Au** @AW’ <#MOF

Scheme 1 Illustration of the preparation of the Au-TiO,@NH,-UiO-66
nanocomposite.

This journal is © The Royal Society of Chemistry 2021
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UiO-66. The as-synthesized Au-TiO,@NH,-UiO-66
heterojunction exhibited remarkably enhanced removal
capacity and mineralization efficiency in the visible light
driven photocatalytic oxidation of VOCs. Finally, a possible
mechanism for the photocatalytic oxidation of typical VOCs
over Au-TiO,@NH,-UiO-66 was also tentatively proposed.

2. Experimental section
2.1 Material synthesis

All chemical reagents were obtained from commercial
sources and used without further purification.

Synthesis of NH,-UiO-66. NH,-UiO-66 was synthesized
following a previous report with slight modifications.*
Typically, 0.1 mol of ZrCl,, 0.1 mol of 2-aminoterephthalic
acid, 1.7 mL of H,O, and 8 mL of acetic acid were added into
80 mL of DMF in a 250 mL Schlenk tube. Then, the above
mixture was treated by ultra-sonication for 30 min and was
heated further at 130 °C for 24 h. Subsequently, the resultant
faint yellow solid was isolated, washed with DMF and
methanol, and finally activated at 150 °C for 12 h under
vacuum.

Synthesis of Au-TiO,, Au/NH,-UiO-66 and TiO,@NH,-UiO-
66 composites. TiO, nanoparticles were synthesized
according to procedures reported in the literature.*” As for
the synthesis of TiO,@NH,-UiO-66, 30 mg of TiO, was
initially dispersed in 50 mL of absolute alcohol by ultra-
sonication for 1 h. 625 mg of PVP was added into the above
mixture and further stirred for 24 h. After that, the PVP
stabilized TiO, nanoparticles were collected, washed with
DMF, and dispersed in 10 mL of DMF. Subsequently, 10 mL
of TiO, nanoparticle solution was added into a precursor
solution of NH,-UiO-66 in a 250 mL Schlenk tube which
contained 0.1 mmol of ZrCl,, 0.1 mmol of
2-aminoterephthalic acid, 1.7 mL of H,0, 8 mL of acetic acid
and 70 mL of DMF. The tube was sealed and reacted at 130
°C for 24 h. The as-synthesized sample was isolated, washed
with DMF and methanol, and finally activated at 150 °C for
12 h under vacuum.

For the synthesis of Au-TiO,, 1.7 mL of AuCl; aqueous
solution was added into 10 mL of PVP stabilized TiO,
nanoparticle DMF solution and stirred for 4 h. Subsequently,
the solution under a H, atmosphere was heated at 130 °C for
24 h. For the synthesis of Au/NH,-UiO-66, 1.7 mL of AuCl;
aqueous solution was added into the precursor solution of
NH,-UiO-66 under a H, atmosphere and further reacted at
130 °C for 24 h. Finally, the as-synthesized Au-TiO, and Au/
NH,-UiO-66 samples were isolated and activated using the
same procedures as TiO,@NH,-UiO-66.

Synthesis of Au-TiO,@NH,-UiO-66 composites. For the
Au-TiO,@NH,-UiO-66 composite with 1 wt% Au loading (1
wt% Au-TiO,@NH,-Ui0-66), the preparation process was
similar to that of TiO,@NH,-UiO-66. Typically, 1.7 mL of
AuCl; aqueous solution was added into 10 mL of PVP
stabilized TiO, nanoparticle DMF solution and stirred for 4
h. After that, the solution was added to the precursor
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solution of NH,-UiO-66 under a H, atmosphere and further
reacted at 130 °C for 24 h. The as-synthesized sample was
isolated, washed with DMF and methanol, and finally
activated at 150 °C for 12 h under vacuum. For the Au-
TiO,@NH,-UiO-66 composites with 0.1 and 0.5 wt% Au
loading, the synthetic procedures were exactly the same as
those for the 1 wt% Au-TiO,@NH,-UiO-66 composite, except
that the volumes of AuCl; aqueous solution were 0.17 and
0.85 mL.

2.2 Characterization

The X-ray diffraction patterns (XRD) of the synthesized
samples were measured using a Bruker D8 Advance power
diffractometer with a Cu Ko radiation source. Fourier
transform infrared spectra (FT-IR) were collected on a
Thermo Fisher iS50R using the KBr disk technique. The
dispersion and morphology of the synthesized samples were
observed by aberration-corrected scanning transmission
electron microscopy (HAADF-STEM) on a Merlin Carl Zeiss
AG instrument. UV-vis diffuse reflectance spectra were
recorded on an Agilent Carry 300 spectrophotometer with
BaSO, as a standard reference. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a
Thermo Fisher Escalab Xi' spectrometer. The surface areas
and porosity of the samples were investigated on a Belsorp-
Max using the N, adsorption-desorption method at 77 K.
The contents of Au and TiO, in the samples were determined
quantitatively by atomic absorption spectroscopy (AAS) on a
HITACHI Z-2000.

Photo-electrochemical properties and Mott-Schottky plots
were obtained on a Shanghai Chenhua CHI 600E station in a
typical three-electrode system in 0.5 M Na,SO, aqueous
solution. In the three-electrode system, an Ag/AgCl electrode,
platinum plate and sample coated FTO glass were utilized as
the reference electrode, counter electrode and working
electrode, respectively. The steady-state photoluminescence
(PL) spectra were recorded on a Fluorolog-3 fluorescence
spectrometer. The surface temperature changes of the
samples under the illumination of a 300 W xenon lamp were
monitored using a Fluke TiX640 thermal imaging infrared
camera. The generated "OH and ‘O* radicals of the samples
were trapped by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
and then measured wusing an electron paramagnetic
resonance (EPR) spectrometer (EMXPlus-10/12).

2.3 Photocatalytic degradation and dark adsorption
experiments

The photocatalytic degradation reactions of gaseous ethyl
acetate were carried out in a quartz reactor in a constant flow
at ambient temperature and pressure. A 300 W xenon lamp
with an irradiance intensity of 303 mW cm™ described in our
previous report’® was chosen as the light source and was
assembled 10 cm above the reactor. Firstly, 100 mg of
photocatalyst was filled into the reactor and then pre-treated
at 150 °C for 4 h under a N, atmosphere to remove the
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possible impurities adsorbed on the surface of the
photocatalyst. After cooling to room temperature, 70 + 1
ppmv of ethyl acetate feed gas diluted with dry air was flowed
into the reactor at a flow velocity of 30 mL min ', while the
xenon lamp was instantly switched on to initiate the
photocatalytic degradation reactions. The compositions of
the remaining ethyl acetate and evolved CO, in the outlet gas
were analysed using an online gas chromatograph with a
nickel reforming furnace.

Dark adsorption tests were also performed under the same
measurement conditions as described in the photocatalytic
degradation experiments, except without light irradiation.
The adsorption capacity of these samples for ethyl acetate
was estimated based on the breakthrough curve by using a
previously reported equation.®

3. Results and discussion

3.1 Characterization of the samples

The crystal structures of the as-synthesized TiO,, NH,-UiO-66,
TiO,@NH,-UiO-66 and Au-TiO,@NH,-UiO-66 samples were
investigated via powder XRD. As displayed in Fig. 1a, the pure
TiO, presented XRD characteristic peaks at 25.4, 37.8, 48.0,
and 53.9°, which could be assigned to the (101), (004), (200)
and (105) crystal planes of anatase phase TiO, according to
JCPDS no. 21-1272, respectively. For the pure NH,-UiO-66, the
characteristic diffraction peaks matched well with the already
reported XRD patterns.*® After TiO, nanoparticles were
embedded into NH,-UiO-66, the characteristic XRD peaks of
the TiO,@NH,-UiO-66 nanocomposite were consistent with
the parent NH,-UiO-66. Moreover, there were no apparent
changes in the characteristic diffraction peaks after the
introduction of both Au and TiO, into NH,-UiO-66 compared
to those of NH,-UiO-66. These results indicated that the
incorporation of TiO, or both Au and TiO, into NH,-UiO-66
did not change its structural integrity. Nevertheless, the
characteristic diffraction peaks with respect to Au and TiO,
could not be observed for both the TiO,@NH,-UiO-66 and 1
wt% Au-TiO,@NH,-UiO-66 samples, which might be relevant
to their low loading amount and/or tiny particle diameter.
Furthermore, the actual loading amount of TiO, in the
TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66
nanocomposites measured by AAS was 4.97 and 5.02 wt%,
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Fig. 1 Powder XRD patterns (a) and FT-IR spectra (b) of TiO,, pure
NH,-UiO-66, TiO,@NH,-UiO-66 and 1 wt% Au-TiO,@NH,-UiO-66 in
the range of 400-900 cm™, respectively.
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respectively, and the measured content of Au in 1 wt% Au-
TiO,@NH,-UiO-66 was 0.99 wt%.

To further obtain the structural information, FT-IR
measurements were also carried out. As shown in Fig. 1b and
S1, a broad peak in the range of 400-700 cm™" correlated
with the O-Ti-O stretching vibration and a weak peak at
1650 cm™" attributed to the hydroxyl stretching vibrations of
Ti-OH bonding were observed in the pure TiO, sample. As
for pure NH,-UiO-66, the symmetric and asymmetric
stretching vibrations of the COO™ groups were significantly
visualized at 1386, 1432 and 1574 cm’', respectively.
Additionally, the bands at 484 cm™ and 663 cm™ could be
assigned to the Zr-O asymmetric stretching vibrations and
0O=C=O0 bending.*® Compared to pure NH,-UiO-66, a new
peak at 796 cm™ appeared in both TiO,@NH,-UiO-66 and 1
wt% Au-TiO,@NH,-UiO-66, while both peaks at 484 and 663
em ™ were slightly broadened and weakened, indicating the
emergence of Ti-O-Zr groups.'>*® Nevertheless, most of the
characteristic peaks of TiO,@NH,-UiO-66 and 1 wt% Au-
TiO,@NH,-UiO-66 were consistent with those of NH,-UiO-66.
These observations suggested that the incorporation of TiO,
and Au into NH,-UiO-66 could generate interfacial contact
between TiO, and the MOF but still maintain the structure of
NH,-UiO-66.

To visually observe the size and distribution of the
samples, TEM measurements were further performed. TEM
images showed that pure NH,-UiO-66 and TiO, had uniform
particles with sizes mostly between 80-120 nm and 2-3 nm
(Fig. 2a and b), respectively. High-resolution TEM images
displayed that the interplanar spacing of the TiO, lattice was
about 0.209 and 0.165 nm (Fig. 2c¢ and S27), which are
assigned to the (004) and (105) planes of anatase phase TiO,,
respectively. These were in good agreement with the XRD

Fig. 2 TEM images of pure NH,-UiO-66 (a), TiO; (b and c), and 1 wt%
Au-TiO,@NH,-UiO-66 (d), and HAADF-STEM images (e and f) and the
corresponding EDX elemental mapping of 1 wt% Au-TiO,@NH,-UiO-
66, respectively.

This journal is © The Royal Society of Chemistry 2021
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results. As for 1 wt% Au-TiO,@NH,-UiO-66, TiO,
nanoparticles were unevenly incorporated into NH,-UiO-66
with an approximately 4 nm thick pure MOF shell (Fig. 2d),
which was associated with the surfactant PVP modifying the
TiO, surface.’® Although the content of Au in 1 wt% Au-
TiO,@NH,-UiO-66 was measured to be 0.99 wt% by AAS,
almost no particles related to Au were observed, probably due
to their small size and their location in NH,-UiO-66 as well as
the resolution limit of TEM. Gratifyingly, Au nanoclusters
with ultrafine sizes were evidenced by HAADF-STEM as shown
in Fig. 2e. Furthermore, the EDX mapping measurements
(Fig. 2f) further demonstrated that Au and TiO, were
homogeneously distributed throughout NH,-UiO-66.

N, adsorption-desorption measurements of the as-
synthesized samples at 77 K were also performed to gain
their specific surface areas and porosities, and the results are
summarized in Fig. S3 and Table S1j For the TiO,
nanoparticles, they displayed a type IV isotherm curve with a
hysteresis loop, and the BET specific surface area and total
pore volume were found to be 126.9 m*> g and 0.07 cm® g,
respectively. Comparatively, the adsorption isotherm of pure
NH,-UiO-66 exhibited sharply boosted N, uptake in the low
pressure region and was essentially coincident with its
desorption isotherm, implying that NH,-UiO-66 possessed a
microporous structure with a type I isotherm. After the
introduction of TiO, into NH,-UiO-66, the adsorption
isotherm still maintained the typical type I isotherm of its
parent NH,-UiO-66, but the BET specific surface area and
total pore volume of TiO,@NH,-UiO-66 decreased to 725.4
m?* g”" and 0.36 cm® ¢! from 910.3 m* g”* and 0.41 cm® g*
as compared to pure NH,-UiO-66, respectively. These
decreases could be associated with the weight contributions
and the partial occupation of NH,-UiO-66 cavities by the low
porosity TiO, nanoparticles. When both Au and TiO, were
incorporated into NH,-UiO-66, the N, adsorption isotherm of
the 1 wt% Au-TiO,@NH,-UiO-66 nanocomposite emerged as
a mixed type I and IV curve with an apparent H3 typical
hysteresis loop, which was significantly different with that of
pure NH,-UiO-66. Considering that the size of NH,-UiO-66
was obviously reduced after the incorporation of Au and TiO,
(Fig. 2), the resulting hysteresis loop should be associated
with the aggregations of Au-TiO,@NH,-UiO-66 crystallites.

To acquire the optical absorption properties, the samples
were further investigated by UV-vis diffuse reflectance. As
observed in Fig. 3a, the TiO, nanoparticles only showed an
absorption peak edge at ca. 380 nm and centered at 300 nm.
As for pure NH,-UiO-66, a strong absorption peak in the
range of 300-450 nm emerged, indicating that it could
harvest light from the ultraviolet region to a small part of the
visible region. After introducing TiO, nanoparticles, it was
noticed that TiO,@NH,-UiO-66 well inherited the optical
response features of its parent NH,-UiO-66 except for a
slightly raised absorption intensity in the range of 450-800
nm. Remarkably, 1 wt% Au-TiO,@NH,-UiO-66 presented a
new absorption peak at ca. 530 nm, which is derived from
the typical LSPR of Au nanoparticles. Moreover, the light
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Fig. 3 UV-vis diffuse reflectance spectra (a) and the corresponding
Tauc plot (b) of TiO,, pure NH,-UiO-66, TiO,@NH,-UiO-66 and 1 wt%
Au-TiO,@NH,-UiO-66, respectively.

absorption intensities through the whole ultraviolet and
visible region were boosted, especially in the visible region.
These observations demonstrated that the incorporation of
Au nanoparticles could effectively improve the visible light
harvesting ability due to the LSPR of Au. Additionally, the
band gap energy (E) of TiO,, NH,-UiO-66, TiO,@NH,-UiO-66
and 1 wt% Au-TiO,@NH,-UiO-66 was calculated to be 3.25,
2.91, 2.90 and 2.81 V based on their corresponding (4Av)>
versus hv curves (Fig. 3b), respectively.

3.2 Photocatalytic performance tests

Gaseous ethyl acetate, a representative oxygenated VOC, was
chosen to investigate the photocatalytic activity of the as-
prepared samples. As illustrated in Fig. 4a, the concentrations
of ethyl acetate in the effluent gas in the presence of TiO,,
NH,-Ui0-66, TiO,@NH,-UiO-66 and 1 wt% Au-TiO,@NH,-
UiO-66 dropped rapidly and then remained steady at 97.5%,
95.3%, 93.2% and 94.6% within 360 min of xenon lamp
irradiation, respectively. However, the CO, amounts produced
from ethyl acetate over the investigated samples were
significantly different. As for pure TiO,, only 23 ppmv of CO,
was generated, meaning that approximately 7% ethyl acetate
could be completely mineralized (Fig. 4b). Similarly, the pure
NH,-UiO-66 exhibited an inappreciable enhancement in the
produced CO, amounts compared to TiO, and the
corresponding mineralization efficiency was around 8%
within 360 min of xenon lamp irradiation. These results
implied that pure TiO, and NH,-UiO-66 were not able to work
as effective photocatalysts for the degradation of ethyl acetate
under irradiation of visible light. Comparatively, after the

a) 1.0 -=-TiO, —=— Au/NH,-Ui0-66 b)1oo
—0—NH,-Ui0-66  —e—Au-TIO, 9
084 4 Ti0,@NH,-Ui0-66 S 80
—A— Au-TIO,@NH,-Ui0-66 =1
E
s c 60
© 2
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I
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Fig. 4 Removal efficiencies (a) and mineralization efficiencies (b) of

ethyl acetate during photocatalytic oxidation by TiO,, NH,-UiO-66,

Au-TiO,, Au/NH;-UiO-66, TiO,@NH,-UiO-66 and 1 wt% Au-

TiO,@NH,-UiO-66.
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incorporation of TiO, into NH,-UiO-66, the mineralization
efficiency of ethyl acetate was drastically improved to 30%
which was 3.75 and 4.29 times higher than that of pure NH,-
UiO-66 and TiO,, respectively. Furthermore, Au-TiO,@NH,-
UiO-66 with different Au contents were screened and the
results (Fig. S4 and S57) pointed to an optimised performance
of Au-TiO,@NH,-UiO-66 with 1 wt% Au loading. Noticeably, 1
wt%  Au-TiO,@NH,-UiO-66 could provide a steady
mineralization efficiency of around 85% for ethyl acetate
during the continuous reaction for 360 min. To further verify
the effect of Au on the photocatalytic activity, photocatalytic
oxidation reactions with Au/TiO, and Au/NH,-UiO-66 were
also performed. Au/TiO, and Au/NH,-UiO-66 showed 20% and
10% mineralization efficiencies within 360 min of xenon
lamp irradiation, respectively, which were slightly higher than
that of pure TiO, and NH,-UiO-66 but distinctly lower than
that of Au-TiO,@NH,-UiO-66. The above results indicated
that excellent photocatalytic activity was not achieved by
introduction of individual Au or TiO, into NH,-UiO-66, but
required the synergy among the three components. To check
the stability of Au-TiO,@NH,-UiO-66 under the photocatalytic
conditions, the 1 wt% Au-TiO,@NH,-UiO-66 sample after the
photocatalytic reaction for 360 min was analyzed by XRD (Fig.
S67). The results showed that no appreciable changes in the
characteristic diffraction peaks were observed after the
photocatalytic reaction. The above results indicated that the
Au-TiO,@NH,-UiO-66 sample was stable wunder the
investigated photocatalytic conditions.

It has been proven that the VOC adsorption capability of a
photocatalyst might have a pivotal effect on its photocatalytic
activity.”® Thus, dark adsorption tests were further performed
in the presence of TiO,, NH,-UiO-66, TiO,@NH,-UiO-66 and 1
wt% Au-TiO,@NH,-UiO-66 to investigate the influences of
their adsorption capacities for ethyl acetate on the
photocatalytic efficiencies. As shown in Fig. S7,f the ethyl
acetate in the outlet gas rapidly disappeared within 60 min in
the presence of pure TiO, and NH,-UiO-66, and the adsorption
equilibrium was reached within 780 and 3460 min,
respectively.  Furthermore, the equilibrium adsorption
capacities of ethyl acetate on pure TiO, and NH,-UiO-66 were
calculated to be 30.97 mg g and 621.88 mg g™ based on their
breakthrough curves, respectively. After the incorporation of
TiO, into NH,-UiO-66, the equilibrium adsorption capacity of
ethyl acetate was slightly decreased to 146.89 mg g " compared
to NH,-UiO-66. Moreover, the complete breakthrough time of 1
wt% Au-TiO,@NH,-UiO-66 was extended to 2540 min and the
estimated adsorption capacity was 118.29 mg g '. The above
adsorption results demonstrated that Au-TiO,@NH,-UiO-66
with optimal photocatalytic activity didn't possess the highest
ethyl acetate adsorption capacity, implying that the adsorption
capacities of the four photocatalysts could not be responsible
for their significant differences in photocatalytic activity.

Considering the excellent adsorption capacity of the
investigated samples for ethyl acetate (Fig. S77), the evidently
different CO, production amounts but approximate removal
efficiency would be relevant to their adsorption capacities for
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ethyl acetate. That is, the instant adsorption of ethyl acetate
onto the surface of TiO,, NH,-UiO-66, TiO,@NH,-UiO-66 and
Au-TiO,@NH,-UiO-66  might also occur with the
photocatalytic degradation process synchronously during
xenon lamp irradiation, which was also observed in our
previous reports.'®'* Additionally, the selective conversion of
ethyl acetate into CO, over TiO,, NH,-UiO-66, TiO,@NH,-UiO-
66 and 1 wt% Au-TiO,@NH,-UiO-66 was calculated to be 8, 9,
31 and 87%, respectively. The above results demonstrated that
the rational introduction of Au and TiO, into NH,-UiO-66
could considerably boost the photocatalytic degradation
performance including the mineralization efficiency and CO,
selectivity, which was significantly higher than that of both
pure TiO, and NH,-UiO-66 toward ethyl acetate.

3.3 Mechanism of enhanced photocatalytic efficiencies of
Au-TiO,@NH,-UiO-66

We attempted to reveal the mechanism of excellent
photocatalytic efficiencies of Au-TiO,@NH,-UiO-66. Initially,
XPS was performed to further clarify the interfacial
interaction. The XPS survey spectra (Fig. S8t) revealed that
the 1 wt% Au-TiO,@NH,-UiO-66 nanocomposite consisted of
C, O, N, Zr, Ti and Au elements. For pure NH,-UiO-66, the
characteristic peaks located at 182.5 eV and 184.9 eV (Fig. 5a)
were ascribed to Zr 3ds/, and Zr 3d;),, respectively. The three
O1s peaks at 529.8, 531.7 and 533.8 eV (Fig. 5b) were
attributed to the Zr-O bond, O-H bond, and C-O bond.
When TiO, was incorporated into NH,-UiO-66, a slight
positive shift of two Zr 3ds,, and Zr 3d;/, peaks was observed,
while two Ti 2ps/, and Ti 2p,,, peaks showed a negative shift
(Fig. 5a and c). It was noticeable that the C-O bond in the
TiO,@NH,-UiO-66 sample shifted to higher binding energy
by approximately 0.4 eV compared with pure NH,-UiO-66.
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Fig. 5 XPS spectra of Zr 3d (a), O 1s (b), Ti 2p (c) and Au 4f (d) for the
pure NH,-UiO-66, TiO,@NH,-UiO-66 and 1 wt% Au-TiO,@NH,-UiO-

66 samples, respectively.
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These results demonstrated that there was strong interfacial
interaction between TiO, and NH,-UiO-66, implying the
formation of a heterojunction between TiO, and NH,-UiO-66.
As displayed in Fig. 5d, the Au 4fs5,, and Au 4f;, peaks in 1
wt% Au-TiO,@NH,-UiO-66 were located at 88.0 eV and 84.3
eV, respectively, indicating the presence of Au (0) metal.
Noticeably, compared to TiO,@NH,-UiO-66, the Zr 3d, Ti
2pss2 and Ti 2p,, peaks of 1 wt% Au-TiO,@NH,-UiO-66 were
all shifted to higher binding energy by approximately 0.1 eV,
0.6 eV and 0.3 eV, respectively. Meanwhile, the binding
energies of the characteristic peaks of C1s and N1s basically
remained unchanged (Fig. S9 and S10%). Such observed shifts
for both Zr 3d and Ti 2p implied the electron migration from
TiO, and NH,-UiO-66 to Au through an internal electric field
formed at the interface of TiO, and NH,-UiO-66, in well
agreement with previous reports.>>>* These shifts might also
be indicative of the formation of strong interfacial and
charge interactions among the components in the 1 wt% Au-
TiO,@NH,-UiO-66 nanocomposite. ~Moreover, as for
TiO,@NH,-UiO-66 and 1 wt% Au-TiO,@NH,-UiO-66, the
charge interactions among the components would be closely
relevant to the decreases in their band gap energies
compared to both pure TiO, and NH,-UiO-66 (Fig. 3), and
similar observations were also reported in the literature.”*>*
The charge transfer together with the separation capability
of photogenerated electron-hole pairs is critical to the activities
of photocatalysts; thus photoelectrochemical measurements
including transient photocurrent responses and
electrochemical impedance spectra (EIS), as well as
photoluminescence (PL) emission spectra were obtained for
the TiO,, NH,-UiO-66, TiO,@NH,-UiO-66 and 1 wt% Au-
TiO,@NH,-UiO-66 samples. Firstly, transient photocurrent
responses via periodic on/off cycles were observed upon xenon
lamp irradiation. As displayed in Fig. 6a, the photocurrents of
the TiO,, NH,-UiO-66, TiO,@NH,-UiO-66 and 1 wt% Au-
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Fig. 6 Photocurrent responses (a), PL emission spectra (b), time-
resolved PL spectra (c) and EIS Nyquist plots (d).
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TiO,@NH,-UiO-66 samples all reached a maximum value
promptly without any delay after switching on the light and
then dropped to near zero quickly upon switching off the light.
Moreover, no apparent decline in photocurrent density was
observed during five successive cycles. These results
demonstrated the fast dynamics of excitation and transfer of
the photoelectrode as well as excellent reproducibility of the
tests. For the pure TiO, and NH,-UiO-66, they showed low
photocurrent densities after turning on the light. Compared
with pure TiO, and NH,-UiO-66, the photocurrent density of
the TiO,@NH,-UiO-66 sample was obviously increased,
suggesting that the integration of TiO, into NH,-UiO-66 could
facilitate the separation of photogenerated electron-hole pairs.
Strikingly, the 1 wt% Au-TiO,@NH,-UiO-66 nanocomposite
exhibits the highest photocurrent density, indicating that the
cooperation among Au, TiO, and NH,-UiO-66 made Au-
TiO,@NH,-UiO-66  possess the superior lifetime of
photogenerated electron-hole pairs.

It is well accepted that a lower PL intensity generally
means a faster separation ability of photogenerated carriers.
Therefore, PL spectra were also measured to obtain the
separation ability of photogenerated carriers over the NH,-
Ui0-66, TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66
samples. As presented in Fig. 6b, the 1 wt% Au-TiO,@NH,-
UiO-66 nanocomposite exhibited the lowest PL intensity at
nearly 465 nm, indicating that the incorporation of Au and
TiO, into NH,-UiO-66 played a crucial role in suppressing the
recombination rate of photogenerated carriers compared with
pure NH,-UiO-66. Moreover, the PL result was consistent with
the photocurrent results, further confirming that 1 wt% Au-
TiO,@NH,-UiO-66 possessed the highest separation ability of
photogenerated carriers.

To obtain deep insight into the charge transfer dynamics,
the time-resolved PL spectra of the NH,-UiO-66, TiO,@NH,-
UiO-66 and 1 wt% Au-TiO,@NH,-UiO-66 samples were
further measured and the decay curves of these three
samples fitted a 3-exponential function (Fig. 6c and Table
S27). The results showed that the average decay lifetime of
NH,-UiO-66 was 358 ps. After the introduction of TiO, into
NH,-UiO-66, the average decay lifetime significantly declined
to 100.47 ps. Notably, an apparently decreased lifetime value
of 1 wt% Au-TiO,@NH,-UiO-66 was further observed,
revealing that Au-TiO,@NH,-UiO-66 could effectively
suppress the photogenerated electron-hole recombination.
To further verify the above results, EIS was employed and the
corresponding results are summarized in Fig. 6d. It was easy
to find that the resistance radius was in the order of Au-
TiO,@NH,-Ui0-66 < TiO,@NH,-Ui0-66 < TiO, < NH,-UiO-
66. The equivalent electrical circuit and the fitted electrical
parameters are shown in Fig. S11 and Table S3.f The charge
transfer resistance of TiO,, NH,-UiO-66, TiO,@NH,-UiO-66
and 1 wt% Au-TiO,@NH,-UiO-66 was 11.47, 15.21, 3.67 and
2.89 kQ, respectively. The EIS results were obviously
coincident with the order of their photocurrent responses
and PL results. These results definitely demonstrated that the
heterojunction between TiO, and the MOF can accelerate the
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electron transport but the improvement was limited. The
further introduction of Au could substantially boost the
electron transfer due to its induced internal electric field and
intrinsic conductivity, thus giving rise to excellent separation
ability of photogenerated carriers. The significant differences
in both the separation ability of photogenerated carriers and
interfacial charge transfer among the TiO,, NH,-UiO-66,
TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66 samples
should be responsible for their possible difference in
photocatalytic activity.

Many noble metals, such as Au, Ag and Pt, have been
proven to induce localized temperature increase by
converting incident light under illumination due to their
excellent LSPR, which plays a positive role in photocatalytic
reactions.”**>°®  Therefore, an infrared radiation
thermometer was also employed to monitor the time-
dependent temperature curves of the TiO,, pure NH,-UiO-66,
TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66 samples
under xenon lamp irradiation. When exposed to the
irradiation of the xenon lamp, the surface temperature of all
the above samples rapidly increased and then gradually
tended to be stable (Fig. 7a). Nevertheless, the surface
temperature increase of TiO,@NH,-UiO-66 was approximately
30.0 °C after 600 s of irradiation, whereas TiO, and pure
NH,-UiO-66 in control experiments boosted the surface
temperature by 16.9 and 25.9 °C, respectively, suggesting that
the incorporation of TiO, into NH,-UiO-66 lacked the ability
to effectively convert incident light into thermal energy.
Interestingly, the temperature of 1 wt% Au-TiO,@NH,-UiO-
66 promptly increased from 30.2 °C to 80.4 °C once exposed
to light irradiation, which was obviously higher than that of
TiO,@NH,-UiO-66. The outstanding temperature increase of
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Fig. 7 Time-dependent temperature curves of TiO,, pure NH,-UiO-66,
TiO,@NH,-UiO-66 and 1 wt% Au-TiO,@NH,-UiO-66 under simulated
solar light irradiation (a). Mott-Schottky plots for 1 wt% Au-TiO,@NH,-
UiO-66 at frequencies of 500 and 800 Hz (b). DMPO spin-trapping EPR
spectra recorded at ambient temperature in the presence of
photocatalysts for DMPO-'O,” formed in the irradiated methanol
dispersion (c), and DMPO-"OH formed in the irradiated H,O dispersion (d).
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Au-TiO,@NH,-UiO-66 after irradiation could be associated
with the excellent photothermal conversion capacity of Au
induced by its LSPR.

To obtain the semiconductor characteristics, Mott—
Schottky analyses at frequencies of 500 and 800 Hz were also
performed. The slopes of the achieved C™* versus the applied
potential to the TiO,, pure NH,-UiO-66, TiO,@NH,-UiO-66
and 1 wt% Au-TiO,@NH,-UiO-66 samples all presented
positive values (Fig. 7b and S12-S14%), revealing that the
samples were n-type semiconductors. According to the Mott-
Schottky equation, the flat band potentials could be obtained
by extrapolating the x-intercept. Because the CB edge
potential of an n-type semiconductor is often more negative
by approximately -0.1 V than the corresponding flat band
potential,®>” the conduction bands of TiO,, pure NH,-UiO-66,
TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66 were
estimated to be -0.61, -0.93, —0.92 and -0.90 V versus Ag/AgCl
(i.e., -0.31, —0.63, —0.62 and -0.60 V versus NHE), respectively.
Obviously, the CB potential energy of TiO, was slightly more
negative than the O,/'0, standard potential, indicating that
the photogenerated e~ on the surface of TiO, under light
irradiation have the potential to reduce O, for the formation
of "0”” radicals. Furthermore, the other three photocatalysts
with more negative CB potential energies were likely to
generate ‘O°” radicals more easily compared to TiO,. Based
on the equation: Evg = Ecg + Eg the valence band (VB)
potentials of TiO,, pure NH,-UiO-66, TiO,@NH,-UiO-66 and
1 wt% Au-TiO,@NH,-UiO-66 were calculated to be 2.94, 2.28,
2.28 and 2.21 V vs. NHE, respectively. It is common
knowledge that the standard redox potential of H,O/'OH is
approximately 2.37 V, which was apparently more negative
than the VB potential of TiO, and more positive than the VB
potentials of the other three photocatalysts (Fig. 7b and S12-
S14t). Therefore, the photogenerated holes in the VB of TiO,
have the potential to oxidize H,O to form "OH, while the
other three photocatalysts have no ability to produce 'OH by
oxidizing H,O with their photogenerated holes.

In order to further verify the formed active oxygen species
on the surface of the photocatalyst, EPR tests were performed
to analyse the potential active oxygen radicals including ‘0>
and 'OH. As expected, characteristic signals of DMPO-'0,"
were observed on all the samples (Fig. 7c), which could be
associated with the more negative potential energy of their
CB electrons (Fig. 7b and S12-S14f) than the 0,/'0,"
standard potential. Significantly, the signal intensity of
DMPO-'0, on the samples followed the order of 1 wt% Au-
TiO,@NH,-Ui0-66 > TiO,@NH,-Ui0-66 ~ NH,-UiO-66 >
TiO,. As indicated by the VB potentials of pure NH,-UiO-66,
TiO,@NH,-Ui0-66 and 1 wt% Au-TiO,@NH,-UiO-66, they
seemed incapable of generating ‘OH via the oxidation of H,O
by their photogenerated holes. However, a weak and
unnoticeable DMPO-'OH signal appeared on pure NH,-UiO-
66 (Fig. 7d), which should result from the primary ‘O,  on
the CB along the path of e /O, — 'O,” —H,0, — 'OH
according to early references.’®>® Strikingly, the TiO,@NH,-
UiO-66 nanocomposite exhibited a distinctly stronger
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DMPO-'OH signal than pure NH,-UiO-66 but a bit lower than
pure TiO,. Given the signal intensities of both DMPO-'0,"
and DMPO-"OH on TiO,, pure NH,-UiO-66, and TiO,@NH,-
UiO-66, it could be concluded that the photogenerated
electrons in the CB of TiO, might transfer to the VB of NH,-
UiO-66, leaving photogenerated holes in TiO, and
photogenerated electrons in NH,-UiO-66 to oxidize ethyl
acetate. Consequently, the Z-scheme heterojunction
mechanism can well interpret the presence of DMPO-'0O,"
and DMPO-'OH signals. Importantly, the increased signal
intensities of DMPO-'0O, and DMPO-'OH were further
observed on 1 wt% Au-TiO,@NH,-UiO-66, which could be
closely related to the introduction of tiny Au clusters as
electron mediators to accelerate the transfer of
photogenerated carriers. The remarkable enhancement in the
signal intensities of DMPO-'0O,  and DMPO-'OH of 1 wt%
Au-TiO,@NH,-UiO-66 should be responsible for its optimum
photocatalytic performance.

Based on the above results, we attempted to propose a
plausible reaction mechanism for the photocatalytic
degradation of ethyl acetate over Au-TiO,@NH,-UiO-66 as
shown in Scheme 2. It is widely accepted that the plasmonic
metal in a semiconductor photocatalyst could improve the
separation efficiency of photogenerated electron-hole pairs
via a local electromagnetic field enhancement induced by the
internal electric field."> As demonstrated by the results of
XPS, time-resolved PL and EIS Nyquist plots, the 1 wt% Au-
TiO,@NH,-UiO-66 nanocomposite formed an internal electric
field at the interface of TiO, and NH,-UiO-66 aside from the
strong interfacial interaction appearing in TiO,@NH,-UiO-66,
which made Au-TiO,@NH,-UiO-66 exhibit faster charge
transfer dynamics than TiO,@NH,-UiO-66. Under xenon light
irradiation, the Au clusters with excellent LSPR would act as
the UV-vis light photosensitizer to improve the light-
harvesting ability of Au-TiO,@NH,-UiO-66, while TiO, and
NH,-UiO-66 worked as semiconductors to generate
photogenerated carriers. Subsequently, the photogenerated
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Scheme 2 Possible reaction mechanism for the photocatalytic
oxidation of ethyl acetate over Au-TiO,@NH,-UiO-66 under visible
light irradiation.
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electrons on the CB of TiO, transfer quickly to the VB of
NH,-UiO-66 with the aid of the Au electron mediator and the
formed internal electric field at the interface, and then
recombine with the photogenerated holes on the VB of NH,-
UiO-66. As a consequence, the photogenerated electrons on
the CB of NH,-UiO-66 with a higher reduction potential and
the holes on the VB of TiO, with a higher oxidation potential
would be retained. This spatial separation of photogenerated
electrons and holes would effectively prevent photogenerated
charge recombination. Simultaneously, the retained
photogenerated electrons and holes would reduce the
adsorbed O, on the photocatalyst surface to produce 'O,"
radicals and react with the adsorbed H,O to produce highly
reactive 'OH radicals, respectively. Additionally, the
configuration of NH,-UiO-66 encapsulated TiO, and Au made
ethyl acetate and the intermediates highly accessible to the
active species because the adsorbed substrate and
photocatalytically active sites are located in the same
interconnected 3D open space in MOFs. Therefore, the
formed 'O, , 'OH and holes as dominating active species
would readily attack and degrade ethyl acetate due to the
high contact probability between the active species and
substrates. On the other hand, as observed using the infrared
radiation thermometer (Fig. 7a), 1 wt% Au-TiO,@NH,-UiO-
66 enhanced the surface temperature by 50.2 °C after 600 s
of irradiation which originated from the LSPR of Au, whereas
the surface temperature of TiO,, pure NH,-UiO-66 and
TiO,@NH,-UiO-66 used as control experiments only raised by
16.9, 25.9 and 30.0 °C, respectively. This photothermal effect
induced by the non-radiative decay process of LSPR could be
used for the thermal activation of substrates to promote the
photocatalytic reaction.®® Finally, the cooperative effect
between the charge space separated Z-scheme heterostructure
and the LSPR of Au enabled Au-TiO,@NH,-UiO-66 to
smoothly degrade ethyl acetate to CO, and H,O under xenon
light irradiation. Considered that the light absorption,
photothermal effect and electron transfer of the photocatalyst
are readily adjustable via simply changing the morphology of
Au and constructing a semiconductor heterostructure, it
would offer the opportunity to design more effective
photocatalysts for VOC degradation in future endeavors.
Thus, Au-TiO,@NH,-UiO-66 can't exhibit the highest
photocatalytic activity relative to previous reports (Table S4+),
but the concept for the construction of photocatalysts holds
great promise for enhanced activity.

Conclusions

In summary, a charge space separated Z-scheme
heterostructure photocatalyst was successfully constructed by
the encapsulation of tiny TiO, and Au into NH,-UiO-66 with
Au nanoclusters as electron mediators. High porous NH,-
UiO-66 with interconnected 3D pores encapsulating Au and
TiO, was not only beneficial to the fast diffusion of
substrates, but also shortened the transport distance between
the substrates and the reactive substrates, thus improving
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the opportunities for the oxidation of typical VOCs, such as
ethyl acetate. More importantly, the synergy between the
formed internal electric field induced by Au and the charge
space separated Z-scheme structure made the photogenerated
carriers separate effectively. Remarkably, this significant
enhancement in photogenerated electron-hole separation
has been systematically evidenced by photoelectrochemical
measurements, steady-state PL spectra and time-resolved PL
spectra. As a result, Au-TiO,@NH,-UiO-66 would generate
abundant strong oxidative species, including photogenerated
holes, ‘O, and 'OH radicals, to attack ethyl acetate.
Meanwhile, the heat induced by the LSPR of Au would also
facilitate the photocatalytic oxidation of ethyl acetate. Finally,
the obtained Au-TiO,@NH,-UiO-66 can greatly raise the
photocatalytic activity compared with its corresponding
semiconductors, including TiO,, NH,-UiO-66, Au/TiO,, Au/
NH,-UiO-66 and TiO,@NH,-UiO-66. In particular, 1 wt% Au-
TiO,@NH,-UiO-66  exhibits an  exceptionally  high
mineralization efficiency of 85% with a degradation efficiency
of 94.6% for ethyl acetate. This work might offer a particular
perspective on the construction of superior photocatalysts
based on MOFs and even other porous semiconductors for
the visible-light-driven photocatalytic degradation of air
pollutants.
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