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A layered nanoarchitecture composed of photoactive MOFs of UiO-66-NHz and graphene was facilely fabricated herein by

an innovative strategy, which utilizes a noncovalent methodology for graphene functionalization combined with in-situ
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self-assembling and solvothermal synthesis technique. The fabricated hybrids were detailedly characterized and evaluated

by the selective photocatalytic oxidation of benyl alcohol under visible light. The hybrid displayed the improved efficiency

at high selectivity, compared with the parent MOF. The characterization results clearly demonstrate that it is origianted

from the sandwich-like hierarchical nanoarchitecture formed by the compact interaction between UiO-66-NH; and

graphene via the adopted mediater. The synthesis strategy was also proved effective in building the rGO/NH>-MIL-125(Ti)

hierarchical nanoarchitecture. Thus, this work offers a general strategy for constructing MOFs/graphene sandwich

heterostructures, which owns great potential in the fields of electronics, optics, optoelectronics, and photoconversion.

Introduction

Vertical integration of two-dimensional (2D) sheet materials
and other frameworks to build hierarchical nanoarchitectures
by intelligent layer-by-layer stacking has long been employed
to endow them novel features, in particular of which are
fascinating electronic and optoelectronic properties. Recently,
in the scientific community, intense interests have been
focused on metal dichalcogenidel>, graphene and graphene-
based materials®4. Owing to high mechanical strength and
chemical stability as well as low electrical resistivity, graphene
and its counterparts including graphene oxide (GO) and
nitrogen-doped graphene, etc., have been demonstrated
excellent supports or cocatalysts or catalysts to build various
nanoarchitectures and catalyze specific reactions>-18, Their
hybridization with various nanocrystals including noble metals,
metal oxides and sulfides, and metal coordination compounds
proven achieving enhanced
physicochemical properties and creating novel
functions, ranging from gas absorption, field-effect transistor,

has been effective in

chemical

electronics, photovoltaic devices, memory devices to catalysis
and photocatalysis-23,

As a large class of crystalline porous materials, metal-
organic frameworks (MOFs) have gained growing attention
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over the past decade. Owning to the unique physicochemical
properties, including high surface areas and porosity, well-
defined porous texture, structural flexibility, diversiform
composition, and good stability in both chemical and thermal
environment, MOFs have showed tremendous applications in
numerous fields, such as catalysis, gas storage and separation,
molecular sensing, drug delivery, bioimaging, electronics,
photovoltaic device, photocatalysis, and so on24-2°, However, in
terms of the utilization efficiency in each field, especially
catalysis, electronics, photovoltaics and photocatalysis, it is
undisputedly imperative to achieve functionalized MOFs with
enhanced performance. Post-modification can not only
modulate the electrical, structural, and morphological
characteristics of MOFs, but features them exciting functions,
among which assembling with other materials is one of the
effectual ways. Besides, by employing functionalized organic
linkers, the light-responsive range of MOFs can be extended.
Recently, more and more efforts have been devoted to
integrating metal nanoparticles and inorganic semiconductor
into the 3-D framework of MOFs39-33 and implementing the
molecular engineering by utilizing the photoactive organic
ligands3437, aiming to improve the optical, photoelectric,
electrochemical, and photocatalytic properties of MOFs33,34,37-
39 In the meantime, a few reports involved the MOFs/graphene
hybrids with functionalized graphene as a building block for
oxygen reduction and solar-to-chemical energy conversion,
and showed that the incorporation of graphene can improve
the electrocatalytic and photocatalytic properties of
semiconducting MOFs.38 40,41 |n most cases, graphene or GO
nanosheets severed as synthetic supports for the surface
decoration or encapsulation of dispersed MOF nanocrystals.4%
43 The interconnection of graphene with photoactive MOFs to
form the sandwich nanoarchitectures, which may exert the
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efficient separation and transfer of charges in the established
electron donor-acceptor conjugates, nevertheless has been
rare. To this end, it is intriguing to explore the integration of
graphene with MOFs, which leads to the hierarchical
architecture, and the potential applications of the intelligent
hybrid in electronics, photovoltaic devices, or solar energy
conversion.

Herein, report the hierarchical
composed of reduced graphene oxide (rGO, which is generally
called graphene) and photoactive MOFs materials, where
graphene and MOFs are separately utilized as a 2-D scaffold
and the building blocks. The fabricated hybrid, xrGO/UiO-66-
NH,, with different graphene contents, were extensively
characterized, focusing on the structural and physicochemical
characteristics, photoresponse features, photocatalytic
performance and electrochemical behaviors. The results
indicate that the hierarchical sandwich nanoheterostructure is
able to boost the selective photocatalytic oxidation of benyl
alcohol, and induces a higher photocatalytic activity than the
parent MOFs. Finally, according to the detailed analysis, a
tentative mechanism was proposed to well explain the
enhancement of organic photosynthesis. Furthermore, the
strategy was also attested effective for the assembling of rGO
with other NH, groups —containing MOFs, such as NH;-MIL-
125(Ti), implying its generality.

we nanoarchitectures

Experimental Section

Chemical reagents used for the preparation of samples and
photocatalytic activity test, which include graphite powder,
concentrated H,SO,;, NaNOs;, KMnO4 H;0,, HCI, N, N’-
dimethylformamide (DMF), anhydrous methanol, benzylic
alcohol and trichloromethane, are all of analytical grade purity
without further purification prior to use. They were all
purchased from Sinopharm Chemical Reagent Co., Ltd. Metal
salts (ZrCls) (98%) and organic linkers (2-aminoterephthalic
acid) (99%) used for the synthesis of UiO-66-NH, MOFs were
bought from Aladdin Co., Ltd. and Alfa Co., Ltd. respectively.
Reagents for the preparation of pyrene*, which include
anhydrous tetrahydrofuran (THF) (99.9%), trimethylamine
(TMA) in THF (2 mmol/mL), 1-(bromoacetyl) pyrene (97%), and
dimethyl Sulfoxide-d6 (DMSO-d6) were purchased respectively
from Acros Organics Co., Ltd., TGl and J & K scientific Co., Ltd.
Trifluoromethylbenzene (99%) used for the solvent of
photocatalytic activity test and 4-bitrobenzyl alcohol (98%), 4-
fluorobenzyl alcohol (98%) and 4-methylbenzyl alcohol (98%)
were bought from Aladdin Co., Ltd. Acetonitrile of HPLC grade
purity bought from Sinopharm Chemical Reagent Co., Ltd.
Preparation of Graphene Oxide

The modified Hummers method was used herein to synthesize
graphene oxide. The specific procedure was referred to Liu’s
work.62

Preparation of Pyrene* (Trimethyl-(2-oxo-2-pyrene-1-yl-ethyl)-
ammonium bromide)

Based on the method reported by Nakashima et al.,*’” the
pyrene-carrying ammonium cation was prepared. It should be

2| J. Name., 2012, 00, 1-3

noted that differing from the use of the trimethylamine gas by
Nakashima et al., we employed the THF dispersion of
trimethylamine as the original source of trimethylamine. The
IHNMR, UV-vis absorption and IR spectra shown in Figure S4,
Figure S10 and 11 (see Supporting Information) confirm the
successful synthesis.

Synthesis of UiO-66-NH>

UiO-66-NH; MOFs was synthesized according to the method
reported by Cavka et al.*4
Synthesis of NH,-MIL-125(Ti)

NH>-MIL-125(Ti) was prepared adopting the method reported
by Fu et al.®3 Specifically, 2-aminoterephthalic acid (H,BDC-NH,)
(9 mmol) was added into the mixed solution of DMF (27 mL)
and anhydrous methanol (3 mL), and then tetrabutyl titanate
(2.25 mmol, 0.78 mL) was added, followed by stirring at
ambient temperature for 30 min. The mixed solution was then
transferred into a 100 mL autoclave and heated to 150 C for
72 h. After the autoclave was cooled to the room temperature,
the solid was filtered and immersed in anhydrous methanol for
4 days with stirring. The methanol was changed twice every
day. The product was finally dries at 85 ‘C under vacuum for
12 h. The resulting solid was preserved in a desiccator for use.
Fabrication of rGO/Ui0-66-NH;

For fabrication of rGO/UiO-66-NH, hybrid, firstly, a certain
volume of graphene oxide (GO) aqueous dispersion (1.6
mg/mL) was added to 150 mL of DMF, and the added weight
of GO was according to the amount of MOFs synthesized with
the After
ultrasonication of 30 min, pyrene* was added into the mixture
and its concentration was 0.25 mM, which is followed by
ultrasonication for 30 min. And then part of ligand (2-
aminoterephthalic acid (H,BDC-NH;), 1.362 mmol) was added
and stirred overnight at ambient temperature. Then metal
salts (ZrCls, 1.362 mmol) and another part of ligand (H,BDC-
NH,, 1.362 mmol) were added into the mixed solution. After
stirring for 30 min at room temperature, the final mixing
solution was transferred to a 50 mL autoclave and heated to
120°C for 48 h. The product was cooled to room temperature
at ambient environment. The solid was filtered and immersed
in anhydrous methanol for 5 days with stirring. The methanol
was changed twice every day. Finally, the obtained solid was
dried at 80 ‘C under vacuum for 10 h. The resulting solid was
preserved in a desiccator for use.

The abovementioned fabrication procedure of rGO/UiO-66-
NH; hybrid was applied to synthesize the 1.0rGO/UiO-66-NH,-
NP reference sample without the addition of pyrene*. The
1.0rGO/Ui0-66-NH,-SL reference sample was prepared by a
procedure without the pre-anchoring step of ligand on the
graphene oxide (GO).

Fabrication of rGO/NH,-MIL-125(Ti)

same amount of precursors and solvent.

The functionalization procedure of graphene oxide with
pyrene* and 2-aminoterephthalic acid (H,BDC-NH,) was the
same as the fabrication of rGO/UiO-66-NH, except for the
amount of 2-aminoterephthalic acid (9 mmol). The
solvothermal reaction was the same as the synthesis of the

This journal is © The Royal Society of Chemistry 20xx
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parent NH,-MIL-125(Ti) except for the amount of tetrabutyl
titanate (4.5 mmol, 1.56 mL).
Catalyst Characterizations

X-ray power diffraction data were recorded on a Bruker D8
Advance X-ray diffractometer equipped with a Cu Ka X-ray
source (A = 1.5406 A). Data were collected at room
temperature (296 K), from 5° to 40° at a step width of 0.01°.
Scanning electron microscopy images of samples were taken
with a Hitachi S-5800 system. Transmission electron
microscopy images were collected on a JEOL model JEM 2010
EX microscope at an accelerating voltage of 200 KV. The
nitrogen adsorption and desorption isotherms were
determined on Micromeritics apparatus of model ASAP 2020
and by the Brunauer- Emmett-Teller (BET) method at 77 K. The
X-ray photoelectron spectroscopy data were carried out on an
ESCALAB 250 XPS system with a monochromatized Al Ko X-ray
source (15 KV, 200 W, 500 um, pass energy = 20 eV). The FTIR
spectra of samples were recorded using a Nicolet Magna 670
FTIR spectrometer with a DTGS detector. The Raman spectra
of samples were collected on in via-Reflex Micro-Raman
Spectroscopy System 1000 with a laser excitation source of
532 nm. The UV-vis diffused reflectance spectra were
measured on a Varian Cary 500 Scan UV/Vis system ranging
from 200 to 800 nm. Nuclear magnetic resonance (NMR) was
carried out on a Bruker AVANCE III 500 system. The
including transient photocurrent
response and electrochemical

electrochemical analysis
impendence spectra were
carried out on an epsilon workstation and a ZENNIUM
respectively. The

in NaSO; aqueous solution (0.2 M) and the

workstation, photocurrent test was
conducted
electrochemical impedance spectroscopy (EIS) recording was
performed in the electrolyte composed of KCI aqueous
solution (0.5 M) and Ks [Fe(CN)e]/Ka[Fe(CN)e¢] (0.01 M) with a
ratio of 1:1.

The electrode was prepared as follows: firstly, 0.0046 g
catalyst were dispersed in 0.5 mL alcohol to form suspension
liquid by stirring for several hours, and then 10 uL of the
suspension liquid was dropped on the FTO conducting glass to
form a thin square layer of 5 mm X 5 mm, and finally other
space, except for the square layer and the front space left for
linking with the electrode, was insulated by printing a layer of
enamel, ensuring that the current is completely originated
from the light-excited catalyst.

Photocatalytic Activity Test

The photocatalytic activities test was conducted in a sealed 10
mL Pyrex glass reactor at ambient temperature. 0.025 g of
photocatalyst, 0.5 mmol of benzyl alcohol and 2.5 mL of
benzotrifluoride (BTF) saturated with molecular oxygen in
advance were loaded into the reactor and then the whole
system was sealed. Before irradiation with a 300 W Xe lamp
with visible light of wavelength > 420 nm, the system was
stirred in the dark for onr hour with a magnetic stirrer (1000
rpm) to ensure the establishment of adsorption-desorption
equilibrium between the catalyst and the substrate. After
irradiation of 8 h, the suspension was centrifuged at 12000
rpm for 10 min and the supernatant was diluted to one fiftieth

This journal is © The Royal Society of Chemistry 20xx
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with acetonitrile, after the dilution was analyzed with high
performance liquid chromatography (HPLC). As for aromatic
alcohols of 4-nitrobenzyl alcohol, 4-fluorobenzyl alcohol and 4-
methylbenzyl alcohol, their dispersions in BTF with a certain
concentration, which had been saturated with molecular
oxygen in advance, were added into the reactor to proceed to
the photocatalytic activity test. The content of 4-nitrobenzyl
alcohol was 0.05 mmol, because it is difficult to dissolve in BTF.
In the evaluation of the photocatalytic activities of these as-
prepared samples, the conversion of alcohols and the
selectivity to corresponding aldehydes were defined as follows
respectively:
Conversion (%) = [(Co-Caicohot)/Co] * 100
Selectivity (%) = [Caidehyde/ (Co-Calcohot)] X 100
where Cg is the initial concentration of aromatic alcohol, Cyiconhol
is the concentration of aldehyde synthesized from alcohol
after irradiation of 8 h.

Results and Discussion

Visible-light responsive UiO-66-NH, MOF, an extension of Zr-
based MOFs (UiO-66), has been on the focus since they were
first reported by Cavka et al. in 2010,% for its visible light
photoresponse and the structural feature and physicochemical
properties similar to UiO-66. To realize the hierarchical
sandwich nanoarchitecture by the integration of rGO with UiO-
66-NH,; MOFs, many impediments need to be surmounted, the
main subject of which lies in how to ingeniously link the MOFs
on the flat surface of rGO to form the intimate contact. Our
investigation indicates that the simple straightforward
solvothermal growth of UiO-66-NH, on graphene fails
generally to form the nanoheterostructured hybrids because
of the irreversibly restacking aggregation of graphene and the
weak interaction force between GO and the constitutes of
MOFs. Implementing aryl diazonium salt functionalization for
rGO, which is one of the covalent functionalization methods
for modifying rGO, and then connecting the functionalized rGO
with MOFs via the anchored carboxyl ligands in the pre-
processed diazonium salt procedure, which is the strategy
employed in the work of Jahan4% 42 and Kumar,*3 is relatively
complicated and the functionalization degree is not easy to
control, affecting the electric conductivity of the resulting
product. Furthermore, the attachment of functional groups,
which prefer to link to the edges of graphene, 45> may convert
the carbon atoms of graphene from sp? to sp3. It disrupts the
n-network of graphene and hence decreases its electronic
properties. In order to overcome the aforementioned
disadvantages, an innovative strategy is employed herein for
the fabrication of the layered rGO/UiO-66-NH, sandwich
hybrids. As described in Scheme 1, we first functionalize
graphene oxide (GO) with trimethyl-(2-oxo-2-pyren-1-yl-ethyl)-
ammonium bromide (pyrene*)
(DMF), and then a small amount of 2-aminoterephthalate acid
is anchored in advance to pyrene* by the electrostatic
interaction, and finally a fixed amount of Zr* and 2-
aminoterephthalate acid are added. Then by undergoing the
solvothermal procedure of 48 h at 120 C, UiO-66-NH, MOFs

in N,N-dimethylformamide

J. Name., 2013, 00, 1-3 | 3
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are formed and GO is partly reduced into rGO. At the same
time, the procedure for the hybridization of MOFs with rGO
also proceeds by the coordination between metal centre,

H,BDC-NH,
H,BDC-NH, %" o
&,ﬁ,b

oo
H,BDC-NH,

Scheme 1. Diagrammatic sketch of stepwise fabrication
procedures for the layered rGO/UiO-66-NH; hybrids.

Zr*+, and 2-aminoterephthalate acid pre-anchored to pyrene*
and those post-added organic linkers. Herein, pyrene*, an
amphiphilic pyrene derivative, plays the pivotal role in the
successful integration. Pyrene*has been already proven to be
an excellent stabilizer and exfoliator for carbon nanotube,46-48
and a connector between carbon nanotubes with other photo-
active chromophores, such as porphyrin derivatives,*950
Considered that graphene itself is the primary unit for all of
the carbon allotropes, many modification strategies applied for
carbon nanotube are consequently testified on graphene,
which can facilitate to fabrication of graphene-based
conjugates. Dirian, Malig et al. has made extensive and
profound studies on the integration of nanocarbons materials,
including carbon nanotubes and functionalized graphene, with
other various building blocks.?3: 50 As they classified, covalent
and noncovalent modifications are two different rGO
functionalization methods with respective advantages and
disadvantages. Compared with the covalent functionalization
which often suffers from the main drawback of disrupting the
m-network, the noncovalent modification is better when
assembled with other photo-active chromophores. Their work
implied that pyrene* may be an effective mediator for the
formation of electron donor-acceptor conjugates composed of
graphene and building blocks, such as porphyrin, CdTe
quantum dots (QDs), other sensitizers like subphthalocyanine,
etc., via the r-itinteractions and the electrostatic interaction.23
5152 |n this work, it was used for the in-situ fabrication of
hierarchical rGO/MOFs hybrids, and the most distinction lies in
not only the building blocks, MOFs, but the demonstration of
the enhanced photocatalytic performance over the layered
assembly. By adopting the particular strategy, a series of the
layered rGO/UiO-66-NH, sandwich hybrids with different
rGO/UiO-66-NH, weight ratios (denoted as xrGO/UiO-66-NH,

4| J. Name., 2012, 00, 1-3
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where x is the rGO content) were prepared to screen out an
optimal photocatalyst. We also attempt to use the strategy to
prepare the layered nanoarchitecture composed of NH,-MIL-
125(Ti) and graphene.

56 7 8 910 :
UiO-66-NH
Jml P | A l Acad A d A a A2

0.5rGO/UIO-66-NH,

Intensity (a.u.)

1.0rGO/UIO-66-NH,
2.0rGO,

5 10 15 20 25 30 35 40 45
2 Theta (Degree)

Figure 1. XRD patterns of as-prepared samples.

Figure 2. SEM images of UiO-66-NH2 (A), 0.5rGO/UiO-66-NH;
(B), 1.0rGO/Ui0-66-NH; (C), and 2.0rGO/Ui0-66-NH, (D).

The structure and morphology of the final products,
rGO/UiO-66-NH, hybrids, were investigated first by X-ray
diffraction. As displayed in Figure 1, all of the as-synthesized
hybrids exhibit the characteristic diffraction peaks of UiO-66-
NH,, indicating the successful growth and formation of UiO-66-
NH, on rGO. Attention should be paid that at 2.0 wt% of
graphene content, the characteristic diffraction features of
UiO-66-NH,, especially the two diffraction peaks at 5-10
degrees, are greatly broadened and decreased in intensity.
This is highly consistent with the result reported by Schaate et
al.’® who have demonstrated that the existence and
percentage of water severely

can influence both the

This journal is © The Royal Society of Chemistry 20xx
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crystallinity and particle size of UiO-66-NH,, and particularly a
small amount of water can impair the crystallinity of MOFs, as
the 0.5rGO/UiO-66-NH, sample disclosed. Importantly, we
found all diffraction peaks of the rGO/UiO-66-NH, hybrids
visibly shifted toward low angle compared with those of pure
UiO-66-NH, sample. This indicates the occurrence of the
strong interaction between graphene and UiO-66-NH; in the
rGO/UiO-66-NH>hybrids.

Figure 2 shows the SEM images of all as-synthesized
samples. The parent UiO-66-NH, (Figure 2A) crystallizes as
homogeneous inter-grown cubic crystals as reported by Cavka
and Long.3444 The pure UiO-66-NH, particles are dispersed and
accumulated in a random way, whereas the rGO/UiO-66-NH,
hybrids pack layer-by-layer in a regular way (Figure 2B-D). It
can be clearly seen that rGO severs as a 2-D flat platform
supporting the formation and growth of UiO-66-NH, layers.
The sandwich-like heterostructure formed by the orderly
stacking of rGO and UiO-66-NH; is clearly discernible for the
three hybrids, 0.5rGO/Ui0-66-NH,, 1.0rGO/UiO-66-NH,, and
2.0rGO/Ui0-66-NH,. The SEM images shown in Figure S2 (See
Supporting Information) also display the clear formation of the
layered rGO/NH,-MIL-125(Ti) nanoarchitecture. Hence, the
synthesis strategy has a considerable generality for other
MOFs materials.

Figure 3. TEM and HRTEM images of UiO-66-NH; (A, C) and
1.0rGO/Ui0-66-NH, (B, D).

Figure 3 illuminates the TEM and HRTEM images of UiO-66-
NH; and 1.0rGO/UiO-66-NH,. The TEM and HRTEM images of
NH>-MIL-125(Ti) and rGO/NH>-MIL-125(Ti) hybrid are displayed
in Figure S3 (see Supporting Information). No lattice fringes are
observed in the HRTEM images of pure UiO-66-NH, (Figure 3B)
and NH,-MIL-125(Ti) (Figure S3B, see Supporting Information),
whereas the clear-cut outline of MOF nanoparticles is clearly
discerned. For the 1.0rGO/UiO-66-NH, hybrid, we have to
observe the boundary of the assembly because electrons do
not penetrate in the centre, as shown in Figure 3D and S3D
(see Supporting Information). The wrinkles of rGO sheets are
clearly discernible at the margin of the hybrid

This journal is © The Royal Society of Chemistry 20xx
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nanoarchitecture, further confirming the formation of layered
hetero-nanostructures by orderly stacking of rGO and UiO-66-
NH, nanoparticles via the pyrene* linker.

A
—— 2.0rGO/Ui0-66-NH,
—— 1.0rGO/Ui0-66-NH,
—e— 0.51GO/Ui0-66-NH,
—— UiO-66-NH,

A

Volume Adsorbed (cm® STP/g)

02 04 06 08

0.0 1.0
Relative Pressure (P/P )
B —=— UiO-66-NH,

—e— 0.5rGO/UiO-66-NH,|
—4— 1.0rGO/UiO-66-NH,
2.0rGO/UiO-66-NH,

dV/dw(cm®/(genm))

8 14 20 26 32 38 44 50
Pore Diameter (nm)

Figure 4. Nitrogen adsorption-desorption isotherms curve (A)
and pore size distribution plots (B).

More obvious evidence to illustrate the feasibility of the
strategy we employed here, was obtained by THNMR spectral
measurement. As displayed in Figure S4, the chemical shift
values of protons in pyrene*-GO shifted to higher magnetic
field compared with pyrene*, which apparently indicates the
existence of noncovalent m-it interactions between GO, which
is the precursor of rGO, and amphiphilic pyrene*.*” The
interaction provides more possibilities for anchoring of organic
linkers of MOFs on the GO surface, and is helpful to prevent
rGO from aggregating during the solvothermal reduction of
part of GO to rGO. Moreover, attention should be paid to a
distinctive difference of the particle size between the pure
UiO-66-NH; and the rGO/UiO-66-NH; hybrids. The former has a
particle size of ca. 90 nm (Figure 2A and 3A), far larger than the
latter (Figure 2B, 2C and 2D), but just slightly larger than the
sample synthesized with double content of ligand (UiO-66-
NH;-DL, Figure S6B), and comparable to the 1.0rGO/UiO-66-
NH, counterpart synthesized without adding pyrene*
(1.0rGO/UiO-66-NH>-NP, Figure S6C). By observing the

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Journal-of'MaterialstCheniistry A

prepared counterparts, UiO-66-NH,-DL  (Figure  S6B),
1.0rGO/Ui0-66-NH,-NP (without pyrene*, Figure S6C) and also
the 1.0rGO/Ui0-66-NH>-SL (without pre-anchoring ligands on
rGO, Figure S6D), we can make the conclusion that both the
ligand amount and pyrene* affect the particle size, especially
the latter, which functions as an effective linker for rGO and
MOFs and influences the growth of MOFs on rGO. The
decreased particle size and the intimate contact between the
UiO-66-NH; layer and the rGO layer can facilitate the transfer
of photogenerated electrons from the UiO-66-NH, moieties to
the rGO moieties, consequently enhancing the photocatalytic
activity.

Ci1s

2.0rGO/UI0-66-NH,

2

Intensity (a.u.)
Intensity (a.u.)

292 200 288 286 284
Binding Energy (eV)

202 290 288 286 284 282
Binding Energy (eV)

NTs UiQ;66-NH, Nis  2.0rGO/UIO-66-NH,
-NH, (sp) -NH, (sp®)
399.45 eV 399.28 eV
35 35
© «© | quaternary
= :5 N of pyrene’ ;
c c
£ 2
£ k=
404 402 400 398 396 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)
Zr3d b Zr3ad  2.0rGO/UIO-66-NH,
F 3
s s
z >
£ =

190 188 186 184 182 180
Binding Energy (eV)

Figure 5. C1s, Zr3d, and N1s XPS Spectra of UiO-66-NH, and
2.0rGO/ UiO-66-NH,.

190 188 186 184 182 180
Binding Energy (eV)

The textural properties of the rGO/UiO-66-NH; hybrids with
different rGO percentages were investigated by nitrogen
adsorption-desorption at 77 K. As shown in Figure 4A, the pure
UiO-66-NH, possesses the typical type | of adsorption isotherm
shape corresponding to zeolite and zeolite-like crystalline
solids according to the IUPAC classification,> and has a
Langmuir surface area of ca. 800 m? g1. This clearly indicates
the microporous properties. With the addition of rGO, the
hybrids present the typical type IV of adsorption isotherm
shape, whereas the Langmuir surface area of ca. 750420 m2 g

6 | J. Name., 2012, 00, 1-3

1 is comparable to the pure UiO-66-NH, The 0.5rGO/UiO-66-
NH; and 1.0rGO/UiO-66-NH; hybrids give a type H1 hysteresis
loop, while the 2.0rGO/UiO-66-NH; hybrid shows a type H;
hysteresis loop with ink-bottle shaped pores (pore body larger
than pore mouth). It can be seen from Figure 4B that the 0.5
rGO/Ui0-66-NH; and 2.0rGO/UiO-66-NH; hybrids do not show
the mesopore size distribution plots calculated by BJH method.
Exceptionally, the pore size of the 1.0rGO/UiO-66-NH, hybrid is
distributed at range of 7-32 nm, possibly due to the orderly
stacking of UiO-66-NH; nanoparticles between graphene layers.
The mesoporous properties are considerably beneficial for the
transport of reactive substrates into active sites.

Fourier transform infrared (FTIR) and Raman spectroscopies
were applied to further characterize the hybrids, as shown in
the Supporting Information, Figure S7 and S8, all of the IR
vibration bands for the 1.0rGO/UiO-66-NH; hybrid are fully
consistent with those of the parent UiO-66-NH,, further
suggesting the hybrids have the same chemical structure as
the parent UiO-66-NH,. Comparison of Raman spectra of the
xrGO/Ui0-66-NH; hybrids and GO finds that both of the D band
at ca. 1310 cm™ belonging to the disorder-induced vibrational
mode and the G band at ca. 1600 cm™ representing the Exg
vibration mode of the sp2-bonded graphitic carbons are
relatively changed in intensity after the solvothermal process.
The intensity ratio of the latter to the former (the Is/Ip ratio),
which is an indicative of the degree of structural defects and a
quantitative measurement of edge plane exposure,> for the
rGO/UiO-66-NH, hybrids is lower than that of GO. This
suggests that the GO filled into UiO-66-NH; are partly reduced
into graphene by the solvothermal treatment under the
synthesis conditions.

XPS was used to further study the chemical states of C, N
and Zr in the hybrids (Figure 5). As indicated by the Cls core
level XPS spectra, the pure UiO-66-NH; nanocrystals show two
peaks at 288.56 and 286.03 eV, which belong to the O-C=0
and C-N groups of the NH,-BDC;" linker, respectively, whereas
the 2.0rGO/Ui0-66-NH, hybrid gives two sets of C1s XPS peaks,
i.e., the three features attributed to GO and/or rGO at 289.76,
287.0, and 284.6 eV and the set of peaks ascribed to the
organic linker of UiO-66-NH, occurring at 288.42 and 285.89
eV, which shifted by 0.14 eV toward low energy. The result is
believed to be the indication of the following two aspects: (1)
the successful integration of rGO with UiO-66-NH3; (2) the
electron density around the organic linkers is increased greatly
by the insertion of graphene layers. This can be further
confirmed by N1s XPS spectra. It can be seen clearly that the
two N1s peaks at 399.45 and 401.12 eV corresponding to the —
NH; and —NH groups of the organic linkers in pure UiO-66-NH;
nanocrystals are shifted to 399.28 and 400.85 eV, respectively,
after the hybridization with rGO. It is noteworthy that a weak
N1s peak occurs at 402.66 eV. It is attributable to the
quaternary N of pyrene*,>¢ suggesting the successful m-stacking
of pyrene* on graphene. Interestingly, comparison of the Zr3d
XPS spectra finds that a set of new binding energies at 185.77
and 183.38 eV, besides the set of peaks at 185.03 and 182.65
eV, is discernible for the 2.0rGO/Ui0-66-NH, hybrid, as a result
of the filled graphene sheets. The significant shift (A= +0.74 eV)

This journal is © The Royal Society of Chemistry 20xx
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of the Zr3d binding energies toward high energy indicates the
strong electron-drawing effect of the rGO layers for the metal
component. Taking both the electron-drawing effect of rGO for
metal and the electron-depositing effect for organic linker into
account, it can be concluded that the filler, rGO introduced in a
regular way, alters the electronic properties of the UiO-66-NH,
nanocrystals by the noncovalent linker, pyrene*, between rGO
and MOFs.

3.5

3.0

0.5+

0.0+ ury

200 300 400 500 600 700 800
A (nm)

Figure 6. UV-vis diffused reflectance spectra of UiO-66-NH;
and xrGO/UiO-66-NH,.

UV-vis diffuse reflectance spectroscopy was applied to
study how the layered heterostructure influence the optical
properties of UiO-66-NH; nanocrystals. As shown in Figure 6,
UiO-66-NH; has two absorptions in the region of 200-800 nm
with an absorption band edge of ca. 430 nm, corresponding to
the band gap energy of 2.88 eV. After adding graphene, the
absorption at the range of 400-800 nm is significantly
intensified with increasing graphene content, which is the
same as that observed in the rGO/TiO>>” and rGO/CdS®8 as well
as other rGO-based inorganic semiconductor hybrids,1%5° and
the red-shift of the absorption edge for the xrGO/UiO-66-NH>
hybrids (x = 0.5, 1.0, 2.0) is clearly discernible. Furthermore,
the red-shift increases with increasing graphene contents. This
clearly indicates the enhancement of solar energy utilization,
as a result of the particular sandwich-like heterostructure
benefited from the close contact between UiO-66-NH, and
rGO.
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Figure 7. Photocatalytic activity of UiO-66-NH; and xrGO/UiO-
66-NH,.
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Figure 8. Photocatalytic activity stability of 1.0rGO/UiO-66-NH;
(B) (Reaction conditions: benzyl alcohol (0.5 mmol),
photocatalysts (0.025 g), solvent of benzotrifluoride (BTF) (2.5
mL), irradiation wavelength (A > 420 nm), irradiation time (8 h),
irradiation intensity (660 mW)).
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and 1.0rGO/ UiO-66-NH, (A). Electrochemical impedance
spectroscopy (EIS) Nyquist diagrams of the pure UiO-66-NH;
and 1.0rGO/ UiO-66-NH; (B) in the electrolyte composed of KCI
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aqueous solution (0.5 M) and Ks[Fe(CN)g]/Ka[Fe(CN)e] (0.01 M)
with a ratio of 1:1.

The photocatalytic properties of the sandwich-like hybrids
were evaluated by applying the liquid-phase selective aerobic
oxidation of aromatic alcohols as a model reaction under
visible light (A = 420 nm) at ambient temperature. The result
was displayed in Figure 7. All of the layered hybrids with
different graphene weight ratios present the enhanced
photocatalytic conversion in comparison to the pure UiO-66-
NH,, suggesting that the insertion of graphene is beneficial for
improving the photocatalytic performance of UiO-66-NH,. The
photocatalytic conversion of benzylic alcohol increases with
increasing rGO content and reaches a maximum at 1.0 wt% of
rGO, where a conversion of 18.6% is achieved within 8 h of
illumination. However, when the graphene content is more
than 1.0 wt%, the conversion decreases sharply, implying the
negative effect of the excessive graphene on the
photocatalytic performance. This is mainly because the
excessive rGO shields the UiO-66-NH, MOFs from absorbing
visible light and consequently reduce the concentration of
photogenerated charges.57-60 Notably, a quantum yield (QY)
value of ca. 2.1% is achieved over the 1.0rGO/UiO-66-NH,
hybrid under 400 nm light irradiation.

1.0rGO/Ui0-66-NH, (light)

1.0rGO/UiO66-NH, (dark)

UiO-66-NH, (light)

Intensity (a.u.)

i0-56-NH, (dark)

v 35l00 v 35l20 35'40
Magnetic Fieid (G)
Figure 10. DMPO-trapped EPR spectra of UiO-66-NH, and
1.0rGO/ UiO-66-NH, dispersed in methanol.

3480

Figure 8 illuminates a typical curve of the activity stability of
the 1.0rGO/Ui0-66-NH; hybrid. It appears that the activity
initially decreases. This is mainly due to the severe blocking of
MOF pore structures. However, after 3 times of cyclic use, the
hybrid gives a stable photocatalytic conversion at ca. 12.0% for
benzylic alcohol, which is still higher than that (ca. 6.0%) of
pure UiO-66-NH; following the action curve similar to the
hybrid. The enhanced conversion further indicates the
impressive function of the rGO layers inserted in the sandwich-
like nanoarchitecture as an electron transfer mediator.

4-Nitrobenzyl alcohol, 4-methylbenzyl alcohol, and 4-
fluorobenzyl alcohol were chosen to testify the wide
applicability of the rGO/UiO-66-NH, hybrids (Table 1). It
hybrid, 1.0rGO/UiO-66-NH;, is
capable to multiply the conversion of UiO-66-NH, for these

appears that the optimal

photo-oxidation reactions when the -R group is —F and —NO..
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Based on the characterizations above, it is reasonable to
propose that the improved photoactivity might be contributed
mainly from the unique sandwich-like heterostructure, which
can ensure the intimate contact between rGO and UiO-66-NH,
and hence ensure the acceleration of the photogenerated
electron transfer from the UiO-66-NH, to rGO. Furthermore,
for the four reactions, 100% selectivity is achieved, suggesting
the application potential of the hybrid materials in organic
photosynthesis. Interestingly, the conversion is closely related
to the electron-drawing capability of the -R group, which
decreases in the order of —NO; (43.1%) > -F (33.0%) > -H
(17.7%) > -CHs (16.3%). The activity result is reverse to that of
the C3N3S3 polymer/graphene hybrid9, implying the
mechanistic difference.

To further verify the contribution of the layered “sandwich”
heterostructure to the enhanced photocatalytic conversion,
we synthesized two counterparts with a 1.0 wt % content of
rGO by varying the preparation procedure (denoted as
1.0rGO/Ui0-66-NH,-NP and —SL, respectively) and one parent
MOF prepared with double content of organic ligand (UiO-66-
NH,-DL). The conversion of ca. 5% for UiO-66-NH,-DL lower
than that of UiO-66-NH; first excludes the contribution of the
excessive organic ligand to the improved photocatalytic
performance. The 1.0rGO/UiO-66-NH,-NP hybrid prepared by
the procedure without adding pyrene* shows a conversion of
benzylic alcohol as low as ca. 5.0% (Figure S9, see Supporting
Information), which is greatly lower than that of the
1.0rGO/Ui0-66-NH; hybrid. The SEM image of the 1.0rGO/UiO-
66-NH>-NP hybrid (Figure S6C, See Supporting Information)
displays irregular stacking of UiO-66-NH; nanocrystals on the
rGO surface. Two conclusions can be drawn from these results:
(1) the addition of pyrene* is indispensible for the self-
assembly of rGO and MOFs to form the layered sandwich-like
heterostructure; (2) the sandwich-like heterostructure can
boost the photocatalytic conversion of benzylic alcohol. Such
conclusions can be corroborated by the activity result of the
1.0rGO/Ui0-66-NH,-SL  hybrid prepared by the one-spot
solvothermal procedure (only adding the ligand, without prior
anchoring of which to the pyrene*), which gives a lower
conversion (14.5%) of benzylic alcohol as comparison to the
1.0rGO/Ui0-66-NH; hybrid. At the same time, by observing the
SEM image of the 1.0rGO/UiO-66-NH,-SL hybrid (Figure S6D), it
can be found that MOFs in the 1.0rGO/UiO-66-NH,-SL hybrid
are contacted with rGO, but the ordered sandwich-like
heterostructure is not well formed. This clearly illuminstates
the success of the employed strategy, noncovalent organic
functionalization combined with in-situ self-assembling by
virtue of interface interaction, for the fabrication of the unique
layered MOF/graphene heterostructures.

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 12



Page 9 of 12

Table 1. Photocatalytic Oxidation of Several Typical Aromatic
Alcohols over the Pure UiO-66-NH, MOF and the
1.0rGO/Ui0-66-NH; Hybrid.

R groups Photocatalysts Conversion (%)

H UiO-66-NH; 11.6
1.0rGO/UiO-66-NH, 18.6

NO,la! UiO-66-NH, 18.9
1.0rGO/UiO-66-NH, 43.1

CH3 UiO-66-NH, 2.0
1.0rGO/UiO-66-NH, 16.3

F UiO-66-NH, 8.4
1.0rGO/UiO-66-NH, 33.0

Reaction conditions: aromatic alcohols (0.5 mmol),

photocatalysts (0.025 g), solvent of benzotrifluoride (BTF)
(2.5 mL) saturated with molecular oxygen in advance,
irradiation wavelength (A > 420 nm), irradiation time (8 h),
irradiation intensity (450 mW). [a] 4-nitrobenzyl alcohol
(0.05 mmol), solvent of BTF (3.5 mL).

Electrochemical analysis was conducted to understand the
enhanced photoactivity of these hybrids (Figure 9). The
1.0rGO/Ui0-66-NH; hybrid gives a much higher photocurrent
than the parent UiO-66-NH, under visible light illumination
(Figure 9A), verifying that with the aid of graphene, photo-
induced charges do get more efficient transfer and separation
due to the superior carrier mobility of graphene. In the Nyquist
plots measured under the certain conditions (Figure 9B), a
smaller hemicycle at high frequency corresponding to the
double-layer capacitance can be observed for the 1.0rGO/UiO-
66-NH; hybrid, further indicating the more efficient transfer of
photo-generated carriers as a result of the rGO insertion.
Hence, it is reasonable to make the conclusion that the
sandwich-like the as-prepared
MOF/graphene hybrids affords plenty of “quick channels” for
the transfer and separation of photo-generated charges,
consequently improving the photocatalytic activity.

To gain further insight into the photocatalytic reaction
mechanism, electron spin resonance (ESR) spectroscopy was
performed by recording active oxygen species generated
under visible light irradiation, in which DMPO (5, 5-dimethyl-
pyrroline N-oxide) was used as the trapping agent. It can be
seen from Figure 10 that both the parent UiO-66-NH; and
1.0rGO/Ui0-66-NH, hybrid already show one set of ESR signals
in the dark, which corresponds to ¢O, species formed in the
micropores of UiO-66-NH, nanocrystals,3* suggesting that
oxygen can be activated by UiO-66-NH; nanocrystals. However,
MOFs show no activity for the selective oxidation of benzylic
alcohols in the dark, indicating the ¢O, species are not the

heterostructure of

This journal is © The Royal Society of Chemistry 20xx
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initiator to the photocatalytic reactions. Under visible light
irradiation, the ESR signals of O, species are intensified
significantly for the 1.0rGO/UiO-66-NH, hybrid, whereas the
pure UiO-66-NH, shows a slight increase in intensity. The Oy
species of 1.0rGO/UiO0-66-NH; sample visibly more than the
parent UiO-66-NH, sample, which reflect the improved
utilization of photo and photogenerated charges, as well as the
more effective activation of surface-absorbed oxygen
molecules, further confirming the conclusion that the filled
graphene can accelerate the separation and transfer of
photogenerated charges in the UiO-66-NH, moieties. No ESR
signals of DMPO-¢OH adduct species can be observed in water
under visible light irradiation, indicating that water cannot be
oxidized into *OH by the holes of UiO-66-NH, photocatalyst.
The observation is highly consistent with the results reported
by Long and Shen3% 61, Based on all characterizations and
analysis above, we can thus propose that the activity
improvement over the rGO/UiO-66-NH, hybrids follows a
mechanism initiated by the hole-oxidization during the organic
transformation (Scheme 2). Upon excitation with visible light,
electrons and holes are generated in the UiO-66-NH;
framework and then electrons are quickly transferred on the
graphene layer. The molecular oxygen absorbed on graphene
is reduced by electrons into ¢O, species. Meanwhile, the
aromatic alcohol substrates are oxidized to positive radical
ions by deprotonation, which may be the rate-determining
step of the aerobic oxidation. Finally, the positive carbonium
ions of aromatic alcohols react with ¢O, species to produce
the corresponding aromatic aldehydes.

RC

the enhanced

Proposed mechanism for
photocatalytic oxidation over the fabricated hybrids.

Scheme 2.

Conclusions

In summary, by following the strategy of noncovalent
methodology for graphene functionalization, in combination
with self-assembling and synthesis
technique, we have successfully fabricated the layered
MOFs/graphene hybrids, in which MOFs are immobilized on
the flatland of graphene and vice versa graphene fills into
MOFs building blocks, and demonstrated the enhanced
photocatalytic performance for aromatic chemicals synthesis.
The activity enhancement chiefly benefits from the unique
sandwich-like heterostructure, which is able to boost the
separation and transfer of photogenerated charges because of
the intimate contact between rGO and MOFs by virtue of

in-situ solvothermal
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pyrene*. This study not only affords an attractive and facile
method for the preparation of photo-active MOFs/graphene
hierarchical hybrids, but shows the application perspective of
the layered sandwich-structure in solar-to chemical energy
conversion. More comprehensive and extensive studies
pertinent to design of the layered hybrids composed of photo-
active building blocks and graphene are ongoing. In-depth
study on the charge transfer behavior is envisioned to be of
primary importance for the application of the hierarchical
nanoarchitecture in graphene-based electronic, photovoltaic

device and photocatalytic systems.
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