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Abstract

Infinite 1D Ti-O rod-based metal-organic frameworks (MOFs) are promising photocatalysts

for water splitting due to their high optical response and favourable photo-redox properties

and stability, but have not been explored yet. In this study, three isoreticular porous

1D rod-based Ti-MOFs ZSTU-1, ZSTU-2 and ZST U-3 are successfully constructed from
infinite [Tis(; — O),(1, — OH),], secondary building units (SBUs) and tritopic carboxylate linkers
4,4’ 47 -nitrilotribenzoic acid (H3TCA), 1,3,5-tris(4-carboxyphenyl) benzene (H3BTB) and
tris(4’-carboxybiphenyl)amine (H3BTCA), respectively. Their porosities systematically increase
with the larger and longer organic linkers. The two MOFs ZSTU-1 and ZSTU-3 built from

the triphenylamino-based ligands can absorb visible light, exhibiting much better photocatalytic
performance than ZSTU-2 as shown by the H, production rate of ZSTU-1 and ZSTU-3 being 3—-4
times higher than that of ZSTU-2. The photocatalytic H, production rates for ZSTU-1, ZSTU-2,
and ZSTU-3 are 1060 pmol g2 h™1, 350 pmol g1 h™! and 1350 pmol g~1 h™1, respectively. The
extraordinary photocatalytic activity of ZSTU-3 is attributed to its visible light absorption, large
surface area, and favorable charge separation.
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Introduction

The global demand for clean and sustainable energy is huge.12 Photocatalytic water splitting
by solar energy to generate H, is one of the most promising solutions to provide clean

and high-performance energy.3-° Since visible light accounts for about 43% of solar energy
compared with ultraviolet (UV) light which only contributes about 4%, visible-light-driven
photocatalysis is more prominent for the efficient utilization of solar energy. Metal-organic
frameworks (MOFs), as a new class of porous materials, have demonstrated promising
applications in many fields.5=° Their large surface areas, adjustable pore sizes, large
flexibility in design and post-synthetic modification, and tunable opto-electronic properties
have made them promising platforms for photocatalysis as well.19-18 Since the first report
of MOFs for photocatalytic H, evolution by Mori’s group,19 some MOFs have been
demonstrated as photocatalytic H, evolution catalysts with even better activity compared
with their homogeneous counterparts, attributed to the enhanced catalyst stability and
elongated life time of excited states resulting from efficient charge separation in MOF
systems.20-25 One of the most important parameters to evaluate the photocatalytic activity
of MOFs is the light-harvesting efficiency. In most MOF photocatalysts, organic ligands
absorb light and then transfer electrons to inorganic nodes via a ligand-to-metal charge
transfer (LMCT) process, generating photoactivity. It is highly desirable to use organic
ligands that can absorb light in the visible region to construct MOFs as photocatalysts

for higher light-harvesting efficiency. Most of the developed organic linkers with benzene
backbones such as terephthalic acid (H,BDC), 1,3,5-benzenetricarboxylic acid (HsBTC)
and 1,3,5-tris(4-carboxyphenyl) benzene (H3BTB) for the construction of MOFs can only
absorb light in the UV region, so the resulting MOFs are not good photocatalysts in the
visible region.25 Post-modification of linkers with functional groups such as -NH, can
extend the light absorption of MOFs to the visible light region to a certain degree.?’~

29 Triphenylamine and its derivatives are widely applied in organic solar cells and dye-
sensitized solar cells (DSSCs), due to their strong electron-donating behavior and high
charge transfer ability. Especially in DSSCs, triphenylamine-based dyes that are grafted onto
TiO, can efficiently sensitize TiO, viacharge injection after photoexcitation, demonstrating
much better photovoltaic performance with record high efficiency.30:31 Furthermore, they
can potentially absorb light in the visible region with high molar extinction coefficients and
transfer the excited charges to metal clusters in DSSCs, so their MOFs might be promising
photocatalysts in the visible region but have been rarely explored.32-33 Another requirement
for MOFs as photocatalysts is the efficient charge separation. A longer lifetime of photo-
excited charges usually leads to more efficient photocatalysis where redox reactions occur
at photo-excited states.34 The alkyl chain substitution of the NH, group in MIL-125-NH,

is believed to prolong the lifetime of the excited states of MIL-125-NH,, yielding higher
photocatalytic reduction of CO,.3% Nevertheless, studies on improving the lifetime of the
excited states of MOF photocatalysts are still lacking, and it is very necessary and important
to realize novel systematical approaches to increase the lifetime of the charge separation
state of photocatalytic MOFs in order to realize highly efficient photocatalysts in the visible
region.
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Other than the two above mentioned challenges, MOFs for photocatalytic H, generation

also greatly suffer due to their water instability. Among those stable MOFs which are
typically constructed from high valent metal ions, Ti-MOFs are particularly interesting and
important as efficient photocatalysts because of their high optical response and excellent
photoredox properties originating from the unique Ti—O electronic structure.36-41 In fact,
TiO, might be the most studied photocatalyst because of its unique structure, and thus
excellent charge separation and charge mobility.*2 Studies have also shown that the electron
mobility along the long axis in TiO, nanotubes is much faster than that perpendicular to it,
along the short axis,*3 so it has been speculated that Ti-MOFs with 1D Ti-O rods might

be even better than Ti-MOFs with discrete Ti—O clusters, though they have not been well
explored yet.#4 Herein we report a very simple approach to synthesize three isoreticular
porous 1D rod-based Ti-MOFs from three tri-carboxylic acids 4,4”,4” -nitrilotribenzoic acid
(H3TCA), 1,3,5-tris(4-carboxyphenyl) benzene (HsBTB) and tris(4’-carboxybiphenyl)amine
(H3BTCA), denoted as ZST U-1 (Tis(us — O)s(, — OH)§(TCA),(H, — O)(DMF),, ZSTU stands
for Zhejiang Sci-Tech University), ZSTU-2 (Tig(u; — O)y(1, — OH)(BTB),(DMF),) and ZSTU-3
(Tis(p; — O)s(u, — OH),(BTCA),(DMF),). As expected, their porosities systematically increase

with the larger and longer organic linkers. Most importantly, the two MOFs ZSTU-1 and
ZSTU-3 built from the triphenylamino-based ligands can absorb visible light, exhibiting
much better photocatalytic performance than ZSTU-2. The photocatalytic H, production
rates of ZSTU-1 and ZSTU-3 are 3 and 4 times of that of ZSTU-2. The large surface areas,
extended visible-light absorption and prolonged lifetime of charge separation states result in
the excellent photocatalytic performances of these Ti-MOFs. To the best of our knowledge,
this is the first report of Ti-MOFs with infinite 1D rods for photocatalytic H, evolution in the
visible light region Scheme 1.

Results and discussion

The reaction of titanium isopropoxide [Ti(i — OPr),] with the tritopic carboxylate ligand
H3TCA in DMF formed a new porous Ti-MOF ZSTU-1. ZSTU-1 was obtained as regular
hexagonal nanorods as confirmed via SEM and TEM (Fig. S1t). The size of the crystallites
in our Ti-MOF samples was quite small, making it very difficult to directly determine

the crystal structures from single-crystal diffraction measurements. Therefore, we relied on
powder X-ray diffraction (PXRD) analysis to elucidate the MOF structures. PXRD patterns
were collected for fully activated samples. Based on the data, all three MOF structures
were first indexed to the same hexagonal P63/ mcm space group, which suggests that they
are likely isoreticular. Lattice parameters were then accurately determined from Le Bail
refinements. Fig. 1 shows the PXRD data of ZSTU-1 along with the refinement as an
example. Based on the metal center compositions derived from elemental analysis (EA)
and TGA, and the known ligand structures, preliminary crystal structure models were then
successfully constructed. Note that the low resolution of the lab X-ray data precluded the use
of Rietveld refinement to further accurately determine the atomic coordinates. Therefore,
geometry optimizations based on DFTD calculations were instead performed to enhance
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the structural models. Detailed lattice parameters and atomic coordinates are provided in
Table S1.T ZSTU-1 crystallizes in the hexagonal space group A63/mcm with cell parameters
a=b=172730 A, c=11.7580 A, a = g =90°, and y = 120° and satisfactory residual values
(R, =2.70%,R,, = 3.81%). Six Ti atoms are joined into a six connected Tis(u; — O),(COO),
subunit, and then the Tig clusters are connected via u, — OH groups to form an infinite
1D|Tis(s — O),(4s — OH),(COO),], SBU along the ¢-axis. This 1D infinite Ti—O rod is quite
similar to the infinite 1D[Tis0s(COO),], Nanowire in MOF MIL-177-HT reported by Serre’s
group which can only be obtained from by temperature (280 °C) phase transformation.*4
The Tig(u; — 0),(CO0), subunit has a connectivity of six with a hexagonal shape and is
extended by the triangular TCA linker, forming a 2D layer structure with a (3,6)-connected
kdg network. The 2D layers are connected via u, — OH groups along the c-axis to form

a 3D porous structure, exhibiting elliptical pores with a size of 0.61 x 0.34 nm along

the c-axis (Fig. 2a). The structure of ZSTU-1 can be described as parallel aligned Ti-O
nanorod arrays connected v/a organic linkers. The experimental powder XRD pattern for
ZSTU-1 matches well with the simulated one, which confirmed the phase purity of the
bulk materials (Fig. S2t1). Elemental analysis data revealed the chemical formula of ZSTU-1
to beTig(u; — 0) (1, — OH)(TCA),(H, — O)(DMF),, calcd: C. 41.24%; H, 3.32%; N, 4.00% and
found: C, 41.45%; H, 3.64%; N, 3.64%. ZSTU-1 is thermally stable up to 200 C, as
shown in Fig. S3.T Above 400 °C, the organic ligand starts to decompose. The residual
mass of TiO, is 36 wt% under air atmosphere, which matches well with the calculated
value of 35.3 wt%. ZST U-1 exhibits excellent stability under water and acid conditions for
several days as confirmed v/ia PXRD (Fig. S4at). When H3TCA was replaced with other
tritopic carboxylate ligands such as H3BTB and H3BTCA ligands, two new isoreticular
Ti-MOFs were obtained, with the formula of Tig(u, — O),(4, — OH),(BTB),(DMF), (ZSTU-2)
and Tis(u; — O),(1, — OH),(BTCA),(DMF), (ZSTU-3), respectively. In ZSTU-2 and ZSTU-3,
the elliptical pores exhibit sizes of 0.85 x 0.46 nm and 1.37 x 0.71 nm along the c-axis,
respectively. The phase purity of the bulk ZSTU-2 and ZST U-3 was also confirmed from
the PXRD pattern (Fig. S2t). Also, ZSTU-2 and ZST U-3 exhibit excellent stability under
water and acid conditions (Fig. S4b and ct). The BET surface areas of ZSTU-1, ZSTU-2
and ZSTU-3 are about 536 m? g~1, 628 m? g1 and 861 m=2 g~1, respectively, confirming
their porous structures (Fig. S5t).

The diffuse reflectance spectra were obtained for the new Ti-MOFs (Fig. 3a). ZSTU-1
and ZST U-3 showed obvious visible light absorption, which is even extended up to 800
nm, while for ZSTU-2, only slight absorption in the visible light region was observed.
The absorption maxima (A,..) of ZSTU-1, ZSTU-2 and ZSTU-3 are located at about
350 nm, 305 nm and 320 nm, respectively, which is ascribed to the LMCT process.

The photoexcited electron transfer from the ligands to Ti clusters of MOFs results in the
reduction of Ti4* to Ti3*, which could be confirmed viathe color change of Ti-MOFs under
light illumination and in the electron paramagnetic resonance (EPR) spectrum as shown
in Fig. S8.1 The detection of paramagnetic Ti®* confirms the occurrence of LMCT from
organic ligands to Ti-oxo clusters. After the LMCT process, the reduced Ti%* can act as
a reaction center for reduction reactions. The bandgap energies of ZSTU-1, ZSTU-2 and
ZSTU-3are calculated to be 2.3 eV, 3.1 eV and 2.2 eV, respectively, from the Tauc plot.
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Compared with the BTB ligand-based Ti-MOFs, both the TCA and BTCA ligand based
Ti-MOFs have smaller band gaps which mainly result from the strong electron-donating
ability of triphenylamino groups. ZST U-3 demonstrates broader light absorption compared
with ZSTU-1, which results from the elongated conjugated ligand of BTCA in ZSTU-3.
The bandgaps of ZSTU-1 and ZSTU-3 are smaller than those of the most studied Ti MOF
MIL-125 (3.6 eV) and its isostructure MIL-125-NH, (2.6 €V), and MIL-177-HT (3.67 eV)
with infinite Ti-O SBUSs.16:29 The photoelectrochemical measurement results indicate that
ZSTU-1and ZSTU-3 are highly photoactive under visible light illumination (Fig. 3b),
while ZSTU-2 shows low visible light photoactivity. Mott—Schottky measurements were
performed to reveal the flat band potential of all three Ti-MOFs, as shown in Fig. S9.t The
positive slope indicates the n-type behavior of ZSTU-1, ZSTU-2 and ZSTU-3. The flat
band potentials of ZSTU-1, ZSTU-2 and ZSTU-3 are —0.36 V, —0.28 V and —0.31 V (vs.
Ag/AgCl), respectively. Based on the results above, apparently all three MOFs, especially
ZSTU-1and ZSTU-3 have demonstrated great potential to act as visible light responsive
photocatalysts. Also, the optical properties and photo-response activities can be successfully
modulated v/a ligand substitution. The photocatalytic activity of MOFs not only depends
on the bandgap and porosity, but also depends on the lifetime of the photogenerated charge-
separated state. To investigate the excited state dynamics, femtosecond transient absorption
(TA) spectroscopy was performed using 380 nm excitation of ZSTU-n (n = 1 — 3) MOFs. As
shown in Fig. 3c, the TA spectra of ZSTU-1 showed negative ground state bleach (GSB)
absorption from 430 nm to 560 nm with negative signals and excited state absorption (ESA)
at 4 > 560 nm with positive signals, while the TA spectra of ZSTU-3 displayed a GSB from
430 nm to 570 nm and ESA at 4 > 570 nm. No ESA signal was found in the visible light
region for ZSTU-2, due to its low absorption in this region. The ESA signal refers to the
photo-induced absorption process of excited states of samples. The TA kinetics of ZSTU-1
and ZSTU-3 for ESA at 700 nm are shown in Fig. 3e and f. By fitting the kinetics using

a biexponential function, the mean relaxation lifetimes of the excited state for ZSTU-1 and
ZSTU-3are found to be 193.1 + 10.1 ps and 453.6 + 13.0 ps, respectively. The lifetime of
the excited states for ZSTU-3 is obviously much longer than that for ZSTU-1, which will
benefit the photocatalytic activity. The results above indicate that the length extension of
triphenylamino groups in Ti-MOFs not only increases optical absorption in the visible-light
region and BET surface areas but also lengthens the lifetime of the photo-induced electron
transfer process, which will be beneficial for efficient photocatalysis.

The high porosity, uniform 1D Ti-O rod arrays as active sites and broad absorption

in the visible-light region make these Ti-MOFs ideal candidates for photo-catalytic H,
evolution. The photocatalytic activities of the three Ti-MOFs have been examined for

H, evolution under visible light irradiation (4 > 420 nm) by using Pt as the co-catalyst

and triethanolamine (TEOA) as the sacrificial agent in a TEOA/CH3CN/H,0 system as
applied in many MOF systems.#>46 As shown in Fig. 4a, all the three Ti MOFs showed
visible-light-driven Hs evolution. The photocatalytic H, production rates for ZSTU-1,
ZSTU-2, and ZSTU-3 are 1060 pmol g~ h™1, 350 pmol g1 h~1 and 1350 pmol g~ h™1,
respectively. ZST U-2 exhibits the lowest photocatalytic activity due to its poor absorption in
the visible light region and thus exhibits low photoactivity under visible light illumination.
The photocatalytic rate of ZSTU-3 is almost 4 times that of ZSTU-2, making it one
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of the best MOF photocatalysts (Table S4t1). The photocatalytic rate of ZSTU-3 is 2.3
times that of MIL-125-NH, (588 pmol g~1 h™1) under similar conditions.*’ The elongated
triphenylamine-based ligand in ZST U-3 can extend the light absorption and obviously
improves charge separation, resulting in enhanced photocatalytic activity. By utilizing
rational strategies such as metal doping, post-ligand modulation with functional groups,
and incorporation with photoactive organic molecules or inorganic semiconductors, the
photocatalytic activities of these Ti-MOFs are expected to be further improved. Another
vital standard to evaluate the photocatalyst is the stability. Fig. 4b shows the H, production
amount of ZSTU-n (n = 1 — 3) for three runs, and indicates that all the three Ti-MOFs

are robust after three runs under visible light irradiation. The possible mechanism for the
photocatalytic Hy evolution process of ZSTU-n (n = 1 — 3) MOFs is shown in Fig. 5. Under
visible-light illumination, organic ligands absorb light and transfer electrons to the infinite
Ti—O rod through the LMCT mechanism, reducing Ti** to Ti®* and generating holes in the
organic linker. Then, the Pt co-catalysts separate the photo-generated electrons and reduce
H* to generate H, and the holes in the linker react with the electron donor TEOA.

Conclusions

In conclusion, we developed a new approach for the synthesis of infinite Ti—O rod-based
MOFs. Three new porous Ti-MOFs ZSTU-1, ZSTU-2, ZSTU-3 with tunable porosities and
optoelectronic properties were successfully designed and fabricated. All the three MOFs,
especially ZSTU-3, have exhibited superior photocatalytic performances and stability for
visible light photocatalytic H, evolution, due to the extended light absorption, larger surface
areas and more efficient charge separation. This work might open up new insights into the
fabrication of highly effective visible-light photocatalysts for Hy evolution in the future.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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PXRD analysis of ZSTU-1 displaying the experimental pattern (black circles), calculated
pattern based on Le Bail refinement (red), the difference plot (green) and Bragg positions

(pink).
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Fig. 2.
The crystal structures of ZSTU-1 (a), ZSTU-2 (b) and ZSTU-3 (c) that show systematically

variable pores.
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Fig. 3.
(a) UV-Vis absorption spectra of ZSTU-1, ZSTU-2 and ZSTU-3. (b) Zero-bias photocurrent

response of ZSTU-1, ZSTU-2 and ZSTU-3 under chopped visible light illumination.
Evolution of femtosecond TA spectra of (¢) ZSTU-1 and (d) ZSTU-3 at different delay
times (excitation at 380 nm). TA kinetics of (€) ZSTU-1 and (f) ZSTU-3 probed at 700 nm.
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Fig. 4.
(a) The amount of H, produced using ZSTU-1, ZSTU-2 and ZSTU-3 as a function of

time under visible light illumination (4 > 420 nm). (b) Recycling performance of ZSTU-1,
ZSTU-2 and ZSTU-3 for photocatalytic H, evolution for three runs under visible light
illumination.
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Fig. 5.
Schematic illustration of the H, evolution mechanism of Ti-MOFs.
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Scheme 1.
Schematic illustration of three isoreticular Ti-MOFs with 1D rods of variable pore size from

three different tritopic carboxylate ligands.
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