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Ti-substituted NH,-Uio-66(Zr/Ti) prepared by post-synthetic
exchange (PSE) method showed enhanced photocatalytic
performance for both CO, reduction and hydrogen evolution
under visible light. Density functional theory (DFT)
calculations and electron spin resonance (ESR) results reveal
that the introduced Ti substituent acts as mediator to
facilitate the electron transfer, which results in the enhanced
performance.

The ever-increasing global demand for energy has stimulated a
new wave of research activities on clean and renewable energy.'
Heterogeneous photocatalysis is an ideal method to solve the energy
problem since it can utilize the abundant solar energy.’
Semiconductors are extensively studied photocatalysts, while metal-
organic frameworks (MOFs), which have already shown potentials
in a variety of applications, are emerging as a new type of promising
photocatalysts.>” However, only limited MOF-based photocatalytic
systems have been developed and their efficiency is far from
satisfactory.

Metal doping has already been demonstrated to be an effective
method in enhancing the performance of semiconductor-based
photocatalysts.® Introduction of the metal-to-metal charge transfer
(MMCT) by metal substitution to construct bimetallic assemblies in
semiconductor can lead to its enhanced photocatalytic performance,
especially in the visible light region. Such bimetallic assemblies can
harvest visible light and the doped metal cation can act as electron
mediator to facilitate the charge transfer, which is beneficial for the
photocatalysis. The introduction of metal as mediator via building
similar hetero-bimetallic assemblies in zeolites has also been
demonstrated and zeolite-anchored bimetallic assemblies have
already been applied for photocatalytic CO, reduction, hydrogen
evolution and alcohol oxidation.” Although bimetallic assemblies on
semiconductors and zeolites have been shown to be promising for
photocatalysis, the direct constructions of bimetallic assemblies with
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precise structure on these substrates are not straightforward. In
contrast, MOFs, typically constructed from metal oxo-clusters
interconnected by poly-dentate organic ligands, have definite
composition and structure. The partial substitution of metal cations
in MOFs can lead to the formation of oxo-bridged hetero-metallic
assembly within the same MOFs.'” Such bimetallic assemblies,
similar to those constructed over semiconductors and zeolites but
with more flexibility and tunability due to the availability of
different MOF structures, are expected to show enhanced
photocatalytic performance.

Inspired by the above assumption, herein we prepared Ti
substituted NH,-Uio-66(Zr) (denoted as NH,-Uio-66(Zr/Ti)) via
post-synthetic exchange (PSE) method and investigated their
photocatalytic activities. It was found that NH,-Uio-66(Zr/Ti) shows
enhanced performance for both photocatalytic CO, reduction and
hydrogen evolution. An enhanced mechanism over NH,-Uio-
66(Zr/Ti) was proposed based on the results of the density functional
theory (DFT) calculations. This is the first demonstration that the
construction of the bimetallic assembly via metal substitution in
MOFs is an effective way to improve the photocatalytic performance
of MOFs.

Ti-substituted NH,-Uio-66(Zr) (denoted as NH,-Uio-66(Zr/Ti)-
T-t, where T represents the incubation temperature and t stands for
the incubation time) were prepared via a PSE method by exposing
NH,-Uio-66(Zr) to DMF solution containing TiCl,(THF),. It was
found that during the incubation period, the original yellow color of
the solution faded while in the meantime the color of the solid
became deepened, implying the incorporation of Ti moiety in NH,-
Uio-66(Zr) (Fig. la inset). As shown in Table S1, for the incubation
occurring at 100°C for 4 days, the solid product contains 34.2% of Ti,
while the amount of Zr in the solution corresponds to 29.3% of Zr in
NH,-Uio-66(Zr). This suggests that Zr in the original NH,-Uio-
66(Zr) has been substituted by Ti. The rate of the exchange was
found to be influenced by the incubation temperature. For the
exchange taking place at 120 °C, the solid obtained after a similar
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time (4 days) contains 53.4 % of Ti, while about 46.5% of Zr in
NH,-Uio-66(Zr) had been exchanged into the solution. Therefore, to
ensure a fast and efficient exchange process, 120°C was selected to
prepare Ti-substituted NH,-Uio-66(Zr) and the exchange process
was monitored by ICP. As shown in Fig. 1a, the amount of Ti in the
as-obtained solid increased sharply in the first 4days of incubation
and fluctuated in a prolonged incubation time, reaching saturation
with about 57% of Ti in 16 days. In the meantime, the concentration
of Zr in the solution increased with incubation time and about 48.7%
of Zr in NH,-Uio-66(Zr) was replaced by Ti moiety after 16 days
exchange. The slightly lower of the Zr content in the solution than
the exchanged Ti moiety in NH,-Uio-66(Zr/Ti) is probably caused
by the adsorption of Zr moiety by the solid. The X-ray photoelectron
spectrum (XPS) of NH,-Uio-66(Zr/Ti)-120-16 in Ti 2p region shows
two peaks at 458.7eV and 464.5eV, corresponding to Ti 2p;/, and Ti
2py, respectively, another confirmation of the successful
incorporation of Ti moiety in NH,-Uio-66(Zr) (Fig. 1b). The
morphology of NH,-Uio-66(Zr) was retained after the PSE process,
suggesting that Ti was truly substituted into NH,-UiO-66(Zr)
framework (Fig. S1). The good agreement between the XRD
patterns of NH,-Uio-66(Z1/Ti)-120-16 and pristine NH,-Uio-66(Zr)
indicates that the framework of NH,-Uio-66(Zr) is not collapsed and
rules out the possibility of the formation of Ti-based impurities (Fig.
1c). However, as compared to original NH,-Uio-66(Zr), the 20 value
at around 7.3° observed over NH,-Uio-66(Zr/Ti)-120-16 shifts to
higher value. Such phenomena are frequently observed over
inorganic semiconductor solid solutions and suggest the substitution
of larger Zr*" in Zr-O oxo-clusters by smaller Ti*", which results in
the shrinking of the crystal lattice.!' The absence of amorphous Ti
moiety was confirmed by the N, adsorption/desorption isotherms
(Fig. S2). NH,-Uio-66(Zr/Ti)-120-16 shows a BET specific surface
area of 787 m’g™!, which is comparable with that observed over un-
substituted NH,-Uio-66(Zr) (778 m’g"). Similar to un-substituted
NH,-Uio0-66(Zr), the UV-visible diffuse-reflectance spectra (DRS)
of NH,-Uio-66(Zr/Ti)-120-16 also shows two main absorption peaks
at around 265 and 365 nm (Fig. 1d). However, as compared with the
un-substituted one, the peak at 265 nm, which is ascribed to the Zr-O
clusters absorption in the NH,-Uio-66(Zr), becomes broader. This
broadening may be attributed to the absorption of Ti-O oxo-clusters
generated by Ti substitution in NH,-Uio-66(Z1/Ti) since similar peak
broadening is also observed over the Ti-substituted Uio-66(Zr)
without amine functionality (Fig. S3). In addition to the main peak at
365 nm, a shoulder peak extending to ca. 500 nm also emerges in
NH,-Uio-66(Zr/Ti)-120-16. Since the peak at 365 nm in NH,-Uio-
66(Zr) is ascribed to the ligand-based absorption influenced by the
nearby metal center, the extending absorption in NH,-Uio-66(Zr/Ti)-
120-16 can be assigned to the interaction between the ligand and
substituted Ti centers. All these characterizations indicate that part of
Zr** have been successfully substituted by Ti** in NH,-Uio-
66(Zr/Ti)-120-16.

Actually, the successful substitution of Zr by Ti was also
supported by the X-ray absorption fine structure (XAFS) analyses
(Fig. S4 and Table S2). The local environment of Zr in NH,-Uio-
66(Zr) is eight-fold coordinated with two short (2.06A) and six long
(2.27 A) Zr-O bond, in agreement with the previous report (Fig. S4a,
Table S2).'? Similar coordination environment was observed on the
Ti in NH,-Uio-66(Zr/Ti)-120-16, indicating that Ti is truly
substituted into the NH,-Uio-66(Zr) framework (Fig. S4b, Table S2).
No observation of peaks corresponding to other Ti species ruled out
the presence of adsorbed Ti or Ti-based impurities.

To study the influence of Ti substitution on the photocatalysis
of NH,-Uio-66(Zr), the photocatalytic performance for CO,
reduction over the as-prepared NH,-Uio-66(Zr/Ti)-120-16 was
investigated. Triethanolamine (TEOA) was chosen as sacrificial
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agent, which acts as both an electron donor and hydrogen donor and
provides basic environment to facilitate the photocatalytic CO,
reduction. Similar with NH,-Uio-66(Zr), NH,-Uio-66(Zr/Ti)-120-16
also showed photocatalytic activity for CO, reduction to give
HCOO' under visible-light irradiation. No gas products such as CO,
methane, ethane or hydrogen were detected. As shown in Fig. 2a, the
produced HCOO' increased almost linearly with time and about 5.8
mmol'mol” of HCOO™ was produced over NH,-Uio-66(Zr/Ti)-120-
16 after 10h irradiation, 1.7 times as that observed over NH,-Uio-
66(Zr) (3.4 mmolmol") under otherwise similar condition. No
formate was formed in absence of either the photocatalyst or CO,.
The reaction carried out using '*CO, over the MOFs confirmed the
source of the formate to be CO, (Fig. S5). No decomposition of the
formate was observed due to the basic medium. XRD and N,
adsorption/desorption isotherms analyses of NH,-Uio-66(Zr/T1)-120-
16 after reaction showed that NH,-Uio-66(Zr/Ti)-120-16 is stable
during the photoreaction of CO, (Fig. S6). Although NH,-Uio-
66(Zr/Ti)-120-16 exhibits a higher CO, adsorption capacity of 83
en’g”! as compared with that observed over NH,-Uio-66(Zr) (68
enm’g’!), the improvement in its photocatalytic activity for CO,
reduction can not be simply explained in terms of its enhanced CO,
adsorption capacity (Fig. S7). Controlled experiment reveals that
NH,-Uio-66(Zr/Ti)-100-4, with a comparable CO, adsorption
capability (80 cm’g™), produce only 4.2 mmol'mol” of HCOO" in a
similar reaction time. This value is also higher than that over pristine
NH,-Uio-66(Zr), but with a less improvement extent as compared to
that NH,-Uio-66(Zr/Ti)-120-16. This indicates that in addition to the
CO, adsorption capability, factor related to the incorporated Ti
moiety may account for the improved photocatalytic performance of
NH,-Uio-66(Z1/Ti).
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Fig. 1 (a) Change of the amount of Ti moiety in solids with incubation period at
120°C (o) and 100°C (m); the amount of Zr moiety in the solutions with
incubation period at 120°C (o) and 100°C (o) (inset) Photographs showing the
solutions and solids after different incubation period; (b) XPS spectra of NH,-
Uio-66(Zr/Ti)-120-16 and NH,-Uio-66(Zr) in Ti 2p region; (c) XRD patterns of
simulated NH,-Uio-66(Zr) and prepared NH,-Uio-66(Zr/Ti)-120-16 and NH,-Uio-
66(Zr); (d) UV/Vis spectra of NH,-Uio-66(Zr/Ti)-120-16 and NH,-Uio-66(Zr).

NH,-Uio-66(Zr/Ti)-120-16 also showed enhanced
photocatalytic activity for hydrogen evolution with TEOA as
electron donor under visible light irradiation. As shown in Fig. 2b,
only about 2.4 mmol'mol™ H, was detected over Pt/NH,-Uio-66(Zr)
after 9h visible light irradiation. However, 3.5 mmol'mol™ of H, was
produced over Pt/NH,-Uio-66(Zr/Ti)-120-16 under similar condition,
1.5 times as that evolved over Pt/NH,-Uio-66(Zr).
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Fig. 2 (a) Amount of HCOO™ produced as a function of irradiation time over
different samples (Photocatalyst : 50 mg, MeCN/TEOA (5/1), solution volume:
60 mL); (b) Amount of hydrogen evolved during the photocatalytic reactions over
different samples (Photocatalyst : 50 mg, solvent: H,O, H,O/TEOA (5/1),
solution volume: 60 mL).
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Fig. 3 (a) Band structure of NH,-Uio-66(Zr); (b) Band structure of Ti-doped NH»-
Uio-66(Zr); (c) Partial density of states (DOSs) of Zr and Ti atoms in the Ti-
doped NH;-Uio-66(Zr), and the partial charge density map (drawn at isosurface
level 0.01e/A% of conduction band located in the region from 1.9 to 2.6 eV
above the Fermi level for the (d) undoped and (e) Ti-doped NH,-Uio-66(Zr)s. In
Figures a~c, the Fermi level is set to zero.

These results indicated that the incorporated Ti moiety is
beneficial for the photocatalysis over NH,-Uio-66(Zr/Ti). To
elucidate how the enhancement occurs over NH,-Uio-66(Zr/Ti), the
electronic structures of un-doped and Ti-doped NH,-Uio-66(Zr)
were studied by DFT calculations. The density of states (Fig. S8)
and the band structure (Fig. 3a) of pure NH,-Uio-66(Zr) reveal that
the valence band near the Fermi level is mainly derived from the 2p
states (lone pairs) of nitrogen atoms, while the bottom of the
conduction band is dominated by the m* states of the ligand 2-
aminoterephthalic acid (ATA), without the contributions of Zr atoms
(Fig. 3d). When Ti dopant is introduced, several energy bands

appear in the conduction band of Ti-doped NH,-Uio-66(Zr) (Fig. 3b).

Partial density of states (DOSs) of Zr and Ti atoms shows that
although the arrangements of the electronic states of Ti and Zr atoms
are similar, Ti atoms make significant contributions to the bottom of
the conduction band of Ti-doped NH,-Uio-66(Zr) (Fig. 3¢ and 3e).
Therefore, the theoretical results indicate a favorable electron
transfer from excited ATA to Ti moiety to form (Ti*"/Zr*")s04(OH),
in Ti-doped NH,-Uio-66(Zr). However, due to the overlap of the
electronic states of Zr and Ti atoms (mainly located in the region
from 3.4 to 4.6 eV) in Ti-doped NH,-Uio-66(Zr), Ti** can further

transfer electrons to Zr*" to form the photocatalytic active Zr**. Thus,

it is inferred that the substituted Ti moieties may act as electron
mediator in promoting the electron transfer from ATA to Zr center.

This journal is © The Royal Society of Chemistry 2012
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The Ti-mediated electron transfer was further confirmed by in-
situ low temperature ESR analyses. To ensure a successful
observation of Ti** to Zr*" charge transfer, the ESR experiment was
carried out at 250K to slow down the rate of electron transfer. ESR
study showed that Zr’* (g value at 2.002) can be formed over
irradiated NH,-Uio-66(Zr), which is responsible for the CO,
reduction (Fig. S9a).” The intensity of the as-formed Zr’" signal
remained unchanged after the irradiation was switched off,
indicating that the as-formed Zr’" was stable under this condition
(Fig. S9a). For NH,-Uio-66(Zr/Ti), in addition to the Zr** signal,
another ESR signal at g value of 1.944 emerged under similar
condition, which can be assigned to the Ti*" moiety (Fig. S9b). The
formation of Ti*" moiety is in accordance with the color change from
yellow to green for NH,-Uio-66(Zr/Ti) suspension when irradiated
(Fig. $10).”!* Unlike that in NH,-Uio-66(Zr), the intensity of Zr*
signal in NH,-Uio-66(Zr/Ti) gradually increased after light was
switched off, while the intensity of Ti> signal decreased (Fig. S9b).
This observation clearly suggests that Ti°* donates an electron to
7t 1o promote the formation of 7%, ie, Ti acts as a mediator
during the photocatalysis over NH,-Uio-66(Zr/T1).

Therefore, the enhancement of the photocatalytic performance
over Ti-substituted NH,-Uio-66(Zr/Ti) can be well explained based
on the experimental observations and theoretical calculations. As
previously reported on the photocatalytic CO, reduction over NH,-
Uio-66(Zr), the ligand ATA is excited upon visible light irradiation
and the excited ATA can transfer electrons to the Zr-O oxo-metal
clusters ZrgO4(OH),, the node in NH,-Uio-66(Zr).”!* In this way,
Zr** is reduced to Zr’*, which is active for the photocatalytic CO,
reduction to form HCOO™. When part of Zr*" centers in ZrsO4(OH),
are substituted by Ti*" to form (Ti/Zr)sO4(OH),, the excited ATA
can transfer electrons to either Zr** or Ti** centers. According to the
theoretical studies, the probability for the electrons transferred to
Ti** is higher than that to Zr*" centers and thus the formation of
excited (Ti**/Zr*")404(OH), is expected. Such oxo-bridged Ti**-O-
Zr** in NH,-Uio- 66(Zr/T1) is similar to those previously repor‘ced
zeolite-anchored Cu'-O-Zr*" and Ti**-0-Ce** or Fe*"-O-Ti*" in Fe-
substituted SrTi0;.5%%*®! The Ti*" in excited (Ti*"/Zr*")s04(OH),
can act as an electron donor that donates electrons to Zr*' to form
Ti**-0-Zr*". Such an electron transfer mechanism is similar to those
observed previously over zeolite-anchored bimetallic assemblies or
Fe-doped SrTiO; and can also be utilized for an enhanced
photocatalysis in visible light region.®*” In this regard, the
substituted Ti center in NH,-Uio-66(Zr/Ti) helps to improve the
interfacial charge transfer from excited ATA to Zr-O oxo-clusters
which is beneficial for the visible light photocatalysis (Scheme 1).

»
A
A

organic :~
linker

reactive
site

(Tl/Zr)6O4(OH)4

COyor H,O

.

Scheme 1. Proposed enhanced mechanism for the photocatalytic reactions over
NH,-Uio-66(Zr/Ti).

In summary, Ti-substituted NH,-Uio-66(Zr/Ti) prepared
by PSE method showed enhanced photocatalytic performance
via a Ti-mediated electron transfer mechanism. This study
proposed an effective method to enhance the performance of
MOF-based photocatalysts. The only limitation in the current
system is the use of TEOA, which is not so green and
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economical. To find some stable MOFs which can sustain the
photocatalytic reaction in water is indispensable but promising
if we consider the variety of MOFs structures. The facile
realization of metal substitution in MOFs and their structural
diversity would allow us to develop a variety of MOF-based
photocatalysts with desired performance in a more controllable
way. The strategy to improve the photocatalytic activity via
PSE in the current work is believed to be a general method to
develop highly efficient photocatalyst. This work would
certainly activate intensive research on MOFs-based
photocatalysis and also open a new prospect for the
development of molecular-based photocatalysis.
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