ROYAL SOCIETY

OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Novel stable metal-organic framework
e tis: ysienacomm 2015 20, PNOtOCAtalyst for light-driven hydrogen
3228 productiont

i '.) Check for updates ‘

Qi Yu, Hong Dong, @1 Xin Zhang, @ Ya-Xin Zhu, Jian-Hui Wang,
Feng-Ming Zhang @ * and Xiao-Jun Sun*

A novel MOF formulated as [Dy,(abtc)(H,0),(OH),]-2H,O (Hiabtc = 3,3',5,5'-azobenzene tetracarboxylic
acid) was successfully synthesized, in which a dye-like ligand was integrated as a photosensitizer into MOFs
by the reaction with Dy*" ions (dye-based Dy-MOF). The ultra-stable dye-based Dy-MOF possesses a
HOMO-LUMO gap of 2.17 eV as determined by UV-vis spectrum with absorbed edge at 570 nm. The dye-
based Dy-MOF shows high catalytic activity for the UV-vis light driven hydrogen production, attributed to
the porous structure and light harvesting from the dye-like ligand. The band-edge positions of the crystals
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of the dye-based Dy-MOF were studied via cyclic voltammetry (CV) to further verify the principle of photo-
catalytic hydrogen production. Furthermore, the exceptional thermal and pH stability of the dye-based
Dy-MOF makes it possible to use them as photocatalysts in water. On using Pt cocatalyst, the UV-vis light
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photocatalytic hydrogen evolution rate of the dye-based Dy-MOF reaches 21.53 pmol h™t g% In addition,
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Introduction

In consideration of the energy shortage and environmental
pollution, enormous efforts have been put into the exploita-
tion of new energy resources. Among the new energy re-
sources, hydrogen is a promising alternative to replace fossil
fuels with high combustion enthalpy and environmentally
friendly characteristics. The research of photocatalytic hydro-
gen production from water splitting has attracted consider-
able attention for converting the abundant solar energy into
chemical fuels."™ Research efforts so far have been focused
on using various types of semiconductors and regulating their
electronic and optical properties. Nowadays, the development
of new photocatalysts for the water splitting reaction is still
an extreme challenge.

Metal-organic frameworks (MOFs) are porous materials
composed of metal ions or clusters and organic linkers.” Tak-
ing advantage of the high surface and tunable pore volumes,
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the as-prepared dye-based Dy-MOF materials also exhibited good stability and recycling performance.

MOFs have been widely used in various potential applications
such as gas storage,®® gas separation,”® drug delivery,""**
and proton-conductivity."*'> Currently, possible applications
of catalysis have been focussed in the field of coordination
reactions, such as H, production,'®'” O, production,'® CO,
reduction'®*® and organic conversions.*"*> Among them, hy-
drogen production is a promising way to solve the energy
and environmental problems. Although MOFs possess this
significant property, only a few studies on MOFs have dem-
onstrated the conversion of solar energy into chemical energy
until now.

The light harvesting units called photosensitizers, which
are used to capture solar photons and release photoelectrons,
play major roles in photocatalysis for hydrogen produc-
tion.>*** In an attempt to introduce photosensitizers into
MOFs for efficient photocatalytic activities, two common ap-
proaches have been employed. One is to select the photosen-
sitizers as organic ligands to construct MOFs, such as
2-aminoterephthalate and porphyrins. A porous amino-
functionalized Ti(v) metal-organic framework (Ti-MOF-
NH,)***® was synthesized successfully for photocatalytic hy-
drogen production with triethanolamine (TEOA) as a sacrifi-
cial electron donor. Furthermore, the MOF of the same main
group element, ie., Zr(iv) containing MOFs formed by
2-aminoterephthalate ligands (UIO-66-NH,) also exhibited effi-
cient photocatalytic activity for hydrogen generation in meth-
anol.”’” A new water-stable porphyrin-based AI-MOF*®
performed visible-light driven hydrogen generation in the

This journal is © The Royal Society of Chemistry 2018
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presence of Pt nanoparticles as co-catalyst and MV** (N,N"-
dimethyl-4,4"-bipyridinium) as the electron acceptor from wa-
ter. Another approach was incorporating MOFs with photo-
sensitizers, including Ru(tpy),, [Ru(dcbpy)(bpy).]CL, and
[Ir(ppy)2(bpy)]Cl, via direct synthesis methods.”*>*> When
these light absorbing metal complexes were incorporated in
MOFs, excellent photocatalytic hydrogen evolution activity
under visible light irradiation was displayed. At present, it
must be mentioned that dye-sensitized Zr-MOF** and Ni-
MOF>* also have been successfully synthesized via absorbed
or directly added rhodamine B and fluorescein (F1) for
photocatalytic hydrogen production under irradiation. In-
spired by these studies, a dye-like ligand can be designed
and integrated as a light sensitizer and a catalytic site into
MOFs to generate and improve the photoactivities and simul-
taneously enhance their insolubility and stability. The strik-
ing feature of this strategy is that a simple system without
the involvement of complex electron transfer and co-catalyst,
but possessing more effective light harvesting ability.

Herein, we designed and synthesized a dye-based MOF
and applied it for efficient photocatalytic hydrogen evolution.
In this study, 3,3',5,5-azobenzene tetracarboxylic acid (H,-
abtc) was chosen as an organic linker to construct a novel 3D
MOF by the reaction with Dy*" ions. Moreover, the dye-based
Dy-MOF also exhibited efficient photocatalytic hydrogen pro-
duction with Pt as the co-catalyst. With the cocatalysts com-
bined intimately, the electron-hole pairs activated by light
would be easily dissociated and transferred into the active
sites to participate in hydrogen evolution reactions
(Scheme 1). The as-obtained photocatalyst exhibited remark-
able H, production rate of 21.53 pumol h™ g™* in H,O solution
with an outstanding stability and cyclability.

Results and discussion

Synthesis and characterization

Dye-based Dy-MOF was achieved by the reaction of DyCl;-6H,O
and Na,abtc in DMF-water mixed solvent at 170 °C for three
days. Excellent yields of [Dy,(abtc)(H,0),(OH),]-2H,0 were
formed under the above reaction conditions. The symmetric

v Dy—MOF

Scheme 1 The schematic illustration of photocatalytic hydrogen
production reaction over the dye-based Dy-MOF under UV-vis light
illumination.
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and asymmetric stretching vibrations at 1398, 1606 and 1549
em™" of the carboxylate groups of the dye-based Dy-MOF are
observed from the infrared spectra (Fig. S1t). Compared to
that of H,abtc, the absence of the carboxylate based charac-
teristic peaks at around 1705 cm ™" in the infrared spectrum
of the dye-based Dy-MOF indicates the deprotonation and
consequent coordination to the metal ions.*® In an attempt
to investigate the thermal stability of the framework,
thermogravimetric analysis (TGA) was carried out in N, atmo-
sphere from ambient temperature to 800 °C, as shown in Fig.
S2.1 The result of thermal gravimetric analysis indicated that
the dye-based Dy-MOF lost approximately 10% weight before
400 °C, corresponding to the loss of coordinated and free
H,0 molecules. After 400 °C, the framework of Dy-MOF be-
gan to collapse. As shown in Fig. S3,f the powder X-ray dif-
fraction patterns of the as-made samples for the dye-based
Dy-MOF match well with those of the simulated diffraction
patterns obtained from the single-crystal X-ray data, verifying
that pure phases were obtained. The SEM image (Fig. S4t) ex-
hibits the dye-based Dy-MOF with regular prism morphology.
Furthermore, the porosity of the as-synthesized dye-based
Dy-MOF was investigated by N, absorption experiments at 77
K (Fig. S5 and S67). The saturation uptake for Dy-MOF is
75.21 cm® g ™', while the Brunanuer-Emmett-Teller (BET) sur-
face area is 237.42 m* ¢!, demonstrating its permanently po-
rous structure.

Crystal structure

X-ray analysis performed on a single crystal of the dye-based
Dy-MOF revealed a 3D structure crystallizing in the mono-
clinic system with a space group of P21/n. The asymmetric
unit of the dye-based Dy-MOF contains one Dy**, half an
abtc*” ligand, one p;-OH group, one coordinated water mole-
cule and one lattice water molecule. All Dy atoms in the
structure are eight-coordinated by one bidentate chelating
carboxylate, two bidentate bridge carboxylate, two -OH and
two H,O molecules (Fig. 1a, b and S7t). The Dy-O bond
lengths range from 2.301(8) to 2.441(4) A, which are in agree-
ment with the previously reported Dy-O bond length.**?*
Two adjacent Dy atoms along the b-axis with red plane are
bridged by two bidentate bridge carboxylate groups to form
the 1D chain. The 1D chain is further extended to a 2D net-
plane along the a-axis with the green plane chelated by one
bidentate chelating carboxylate group. Then, in the vertical
direction, the 2D plane is further extended to a 3D structure
by the connection of the p;-OH groups, which bond to the
metal ions from the upper layers and other metal ions from
the lower layers. It is noteworthy that by inspection of the 3D
framework, approximate channels occupied by H,O mole-
cules along the b-axis with dimensions of ~3.0 x 5.5 A are
exhibited in Fig. 1c.

A better insight into the nature of this novel framework
can be obtained by a topological approach by reducing the
framework to simple node-and-connection nets. In the struc-
ture of the dye-based Dy-MOF, Dy*' ions and O atoms are
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Fig. 1 (a and b) Connection mode of ligands with metal ions in the
dye-based Dy-MOF. (c) The connection of 2D plane extended to 3D
structure. (d) Topological analysis of the dye-based Dy-MOF.

primarily present in the framework. Each Dy*" ion connects
to three abtc’™ anions from ligands and three O atoms from
H,O0 molecules, which can be considered as 6-connected
nodes. If we consider the connection of abtc’™ anions in the
structure, each abtc’™ anion links six Dy*" ions to act as a
6-connected node. The resultant structure of the dye-based
Dy-MOF is a 6-nodal net with the Schl:fli symbol of (47-6°-8%)
for Dy** ions (Fig. 1d), which is a novel topological structure
that has never been reported.

Photocatalysis and mechanism

In the process of photocatalysis for hydrogen production,
some components are typically involved. The first component
is the energy gap that can separate the electrons and holes
under irradiation and the energy levels that are satisfied by
the redox reactions of protons. The values of the highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) energy levels of the dye-based Dy-MOF
are significant for their applications in photocatalytic hydro-
gen production. The UV-vis spectra of the dye-based Dy-MOF
were recorded with well-defined optical adsorption associated
with the LUMO-HOMO gap, which can be assessed at 2.17
eV based on the relation Eg = 1240/. As anticipated, the dye-
based Dy-MOF shows a broad absorption band with the edge
above 570 nm attributed to the n-n* transition in organic li-
gands (Fig. 2a), indicating good light-harvest ability. Cyclic
voltammetry (CV) was utilized with a carbon paste electrode
in a 1 M Na,SO, solution at room temperature at a scan rate
of 50 mV s™' to further confirm the energy levels. The redox
potential at 0.43 V wvs. Ag/AgCl can be estimated to be
assigned to the HOMO energy level in Fig. 2b. As far as we
know, light was absorbed by MOFs and then, the electrons
and holes in the HOMO separated and the electrons could be
excited into the LUMO.*® As a result, the LUMO of the dye-
based Dy-MOF is -1.74 V vs. Ag/AgCl as described above,
which is more negative than the redox potential of H'/H,.*”
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Fig. 2 (a) UV-visible spectra of the dye-based Dy-MOF and Hjabtc li-
gand. (b) Cyclic voltammetry curve of the dye-based Dy-MOF. (c) PL
spectra of the dye-based Dy-MOF and Hjabtc ligand with excitation
wavelength of 380 nm. (d) The differences in hydrophilicity between
the dye-based Dy-MOF and Hjabtc ligand using contact angle
measurements.

Taking together the energy gap and energy level values, we
can infer that the dye-based Dy-MOF has the ability of reduc-
ing protons to realize photocatalytic hydrogen production.
Furthermore, the inhibiting recombination of the photoin-
duced electron-hole pairs of the dye-based Dy-MOF was
tested by PL measurements. With the excitation wavelength
of 380 nm, the PL emission peak of Hjabtc ligand showed a
maximum at around 460 nm (Fig. 2c). However, the PL of the
dye-based Dy-MOF was almost quenched, indicating a rapid
charge transfer with the dye-based Dy-MOF, thus suppressing
the radiative decay process in the excited state of the ligand.

In addition, the photocurrent response curve of the dye-
based Dy-MOF was plotted versus Ag/AgCl under visible light
irradiation. The photocurrent for all the investigated samples
displayed a significant boost as soon as the light was turned
on, whereas it decayed to the baseline when the light was
switched off. The rapid, stable, and invertible photocurrent
responses were employed in a switch-on and switch-off cycle
several times (Fig. S8t). Surface hydrophilicity experiments of
the dye-based Dy-MOF and H,abtc ligand were carried out.
As shown in Fig. 2d, the dye-based Dy-MOF shows smaller
contact angle of 21.5° than 57.0° for the H,abtc ligand, indi-
cating a more hydrophilic surface of the dye-based Dy-MOF
brought about by the -OH groups on the photocatalyst,
which will improve water adsorption and subsequent proton
reduction. Finally, the water stability of the samples was
tested. Fortunately, the dye-based Dy-MOF maintained its
structural characters when soaked in water solution for 48 h
with pH = 3-14, adjusted using concentrated H,SO, and
NaOH. The exceptional stability of the dye-based Dy-MOF
makes it possible to produce hydrogen in water (Fig. 3).

The photocatalytic activity of the dye-based Dy-MOF ma-
terials and Hjabtc ligand were evaluated by photocatalytic
hydrogen evolution under UV-vis light irradiation. Fig. 4a
shows the hydrogen production yields under the irradiation

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The pH stability of the dye-based Dy-MOF.

of UV-vis light for 5 h. Clearly, the dye-based Dy-MOF (0.8%
Pt) material exhibited excellent hydrogen production activ-
ity, which surpassed those of the dye-based Dy-MOF (0 Pt)
and Hjabtc ligand. Furthermore, we also studied the influ-
ence of co-catalyst loading in photocatalytic activity. The re-
sults showed that the loading of 0.8% Pt resulted in the
highest photocatalytic activity (Fig. S9f). In the photocata-
lytic evaluation system (Fig. S107), the gas circulation sys-
tem was at room temperature, and the temperature of the
cooling circulating water was controlled at 5 °C. As shown
in Fig. 4a, the dye-based Dy-MOF exhibited high activity
with the hydrogen production rate of 107.65 pmol g in 5
h (21.53 pmol g”* h™), which is superior to that of most of
the reported MOF-based catalysts without dye-like ligands
reported previously, such as UiO-66 and ZIF-8,*%3° but lower
than that of some porphyrin-based MOFs. Moreover, it
should be noted that Dy-MOF crystals used for photocata-
lytic hydrogen production in this study may exhibit lower
hydrogen production ability than nanoscale materials. Nota-
bly, due to the excellent pH stability, the dye-based Dy-MOF
exhibited more stable performance in the cycling measure-
ments of H, generation than that of most reported MOF-
based catalyst materials.’”*' As shown in Fig. 4b, in the
case of the H, recycling test, it was observed that up to the
3rd cycle, the activity was almost constant. Furthermore,
the sample was characterized by XRD and FT-IR analyses af-
ter the reaction (Fig. S11-S13t). Compared with the fresh
catalyst, no distinct change was observed by these character-
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ization methods, demonstrating the durable property of the
dye-based Dy-MOF photocatalyst.

Conclusions

In summary, a novel dye-based Dy-MOF with extra stability
for different pH solutions was successfully synthesized.
Benefiting from the appropriate energy level of the frame-
work and the excellent light harvesting ability from the dye-
like ligand, the dye-based Dy-MOF with the assistance of Pt
co-catalyst exhibits prominent photocatalytic activity for hy-
drogen production under UV-vis irradiation. The PL results
also demonstrated the rapid charge transfer and low recom-
bination rate of photocurrent carriers in the dye-based Dy-
MOF. Photocurrent responses were rapid, stable, and invert-
ible in the dye-based Dy-MOF. In addition, the as-prepared
dye-based Dy-MOF materials exhibited good stability and
recycling performance. This study not only highlights the in-
trinsic role of MOFs in the enhanced photocatalytic perfor-
mance for H, production, but also provides significant guid-
ance to take full advantage of predominant properties of the
MOFs in designing more efficient photocatalysts.

Experimental
Materials and chemicals

All the chemicals were purchased and used without further
purification. 3,3',5,5-Azobenzene tetracarboxylic acid (H,abtc)
was synthesized according to the method reported in the lit-
erature. Najabtc was synthesized as follows: Habtc (3.58 2)
was dissolved in 40 mL H,O and then, NaOH (1.60 g) was
gradually added. The mixture was stirred until pH = 7 was
obtained. The resultant orange solution was recovered by fil-
tration. To this solution, EtOH was added until large
amounts of yellow solids appeared. The products were recov-
ered by filtration, washed with EtOH and dried at room
temperature.

Synthesis of [Dy,(abtc)(H,0),(OH),]-2H,0

The dye-based Dy-MOF was synthesized by a solvothermal
method. A mixture of Dy(NO3);-6H,0 (0.033 mmol, 15.0 mg),
Najabte (0.025 mmol, 11.0 mg), DMF (4 mL), and H,O (11
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Fig. 4 (a) Photocatalytic H, generation rates for the dye-based Dy-MOF (0 and 0.8 wt% Pt) and Hiabtc ligand. (b) The cycling runs of the dye-

based Dy-MOF catalyst under visible light irradiation for 15 h.
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mL) was magnetically stirred for 40 min. Then, the resultant
mixture was sealed in a 25 mL Teflon-lined stainless steel au-
toclave for 72 h at 443 K under autogenous pressure. Then,
the reaction mixture was slowly cooled to room temperature
at a rate of 5 °C per hour to obtain orange block crystals
(yield: 70.63%).

Photocatalytic reactions

The photocatalytic experiments were carried out in a 200 mL
Pyrex reactor via a photocatalytic H, production activity evalu-
ation system (CEL-SPH2N, CEAUlight, China). In the photo-
catalytic reactions, the photocatalyst (50 mg) was dispersed
in 100 mL of 30 vol% triethanolamine (TEOA) aqueous solu-
tion. Then, 3% Pt nanoparticles were deposited on the dye-
based Dy-MOF as cocatalysts, which were rooted in H,PtCl,
by a photodeposition method. Before irradiation, the system
was vacuumed for at least 30 min using a vacuum pump to
completely remove the dissolved oxygen. Then, the resultant
mixtures were irradiated for 5 h with a 300 W Xe lamp (4 >
320 nm) and stirred at room temperature. After the reaction,
the evolved gas was analyzed by an on-line gas chromato-
graph of SP7800 with a TCD detector. Cooling water was used
to maintain the temperature at 5 °C.
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