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Integration of an Inorganic Semiconductor with
a Metal-Organic Framework: A Platform for Enhanced
Gaseous Photocatalytic Reactions

Rui Li, Jiahua Hu, Mingsen Deng, Helin Wang, Xijun Wang, Yingli Hu, Hai-Long Jiang,
Jun Jiang,* Qun Zhang,* Yi Xie, and Yujie Xiong*

Photocatalysis is a highly important route to solar-to-chemical
energy conversion by mimicking the natural photosynthetic
process. In photocatalysis, semiconductor materials are excited
by light absorption to generate electron-hole pairs which are
then separated and transferred to different sites for redox reac-
tions.l! Thus the quantum efficiency of materials in this pro-
cess essentially relies on two key steps: charge separation, and
molecular adsorption and activation. The latter step is particu-
larly crucial to gaseous reactions in practical applications, as
effective charge transfer from photocatalysts to gas molecules
relies on their intimate and stable binding. For instance, the
reaction between CO, and H,O is a promising approach to
recycling carbon sources into fuels;>* however, it remains
challenging to efficiently capture the CO, molecules by using
photocatalytic materials. In the past, metal-organic frameworks
(MOFs) were identified as a class of porous materials for gas
capture and storage, owing to their capability to offer adsorp-
tive sites for gas uptake.” In addition, MOF materials have
demonstrated wide applications in molecular recognition, gas
separation, catalysis, and drug delivery.1%-1% Nevertheless, the
performance of MOFs in photocatalysis is not comparable to
that of inorganic semiconductors; it is mainly limited by MOFs'
low efficiency in exciton generation and charge separation.
To boost the photocatalytic efficiency for gaseous reactions,
an ideal solution would be to functionally integrate the gas
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adsorption into the MOF with exciton generation by an inor-
ganic semiconductor. The key to this integration is whether the
photoexcited electrons can be effectively transferred from the
semiconductor to the MOF.

Herein, we demonstrate by using ultrafast spectroscopy
that charge transfer can occur between photoexcited inorganic
semiconductors and MOFs. This charge transfer substantially
suppresses electron-hole recombination in the semiconductor,
as well as supplies long-lifetime electrons for the reduction of
gas molecules adsorbed on the MOF. For proof of concept, we
develop a method for synthesizing Cu;(BTC),@TiO, core-shell
structures and examine their photocatalytic performance in
gaseous reactions by using CO, conversion as a model system.
TiO, is known as an inorganic semiconductor with photocata-
lytic activity for conversion of CO, into CH, (with the aid of
H,0), while Cu;(BTC), (BTC = benzene-1,3,5-tricarboxylate),
namely HKUST-1,'”! has proven an excellent material for CO,
storage.'820 The designed hybrid materials possess a unique
structure (as schematically illustrated in Figure 1a): i) the semi-
conductor TiO, is formed as shells so it is easily photoexcited to
generate excitons; ii) the shells are macroporous to facilitate the
capture of gas molecules in the cores and to provide sufficient
surface area for photocatalysis. The synthesis of hybrid struc-
tures between MOFs and inorganic materials was explored by
several research groups.?'"2%l For instance, PA@ZIF-8 (zeolitic
imidazolate framework 8) core-shell structures were synthesized
for catalytic hydrogenation by using Cu,O as an intermediate
layer;?!! ZnO@ZIF-8 core-shell nanorods were prepared for
photo-electrochemical sensing by converting ZnO surface into
ZIF-8.1221 However, these hybrid structures cannot meet the cri-
teria for photocatalytic CO, conversion mentioned above.

In our developed synthetic scheme, we firstly prepared 1-pm
Cu3(BTC), crystals with Cu,O microcrystals as a precursor
and in the presence of polyvinylpyrrolidone (PVP). As shown
in Figure S1 in the Supporting Information, the Cu;(BTC),
microcrystals have a well-defined octahedral profile with a very
narrow size distribution. The resulting Cus(BTC), microcrys-
tals exhibit satisfactory capability to be suspended in ethanol
solution, which allowed us to employ a hydrolysis method to
coat TiO, onto the microcrystals. Figure 1b shows a transmis-
sion electron microscopy (TEM) image of the sample, which
indicates that a layer of shell formed on the microcrystals.
According to the statistics (Figure S2, Supporting Informa-
tion), the average shell thickness is about 210 nm. The scan-
ning electron microscopy (SEM) image in Figure 1lc suggests
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Figure 1. a) Structural illustration, b) TEM, and c) SEM images of the synthesized Cu;(BTC),@TiO, core-shell structures.

that the core-shell structures inherit the octahedral profile
from the Cus3(BTC), cores and have a relatively rough surface.
To resolve the core-shell structures better, we employed high-
resolution TEM (HRTEM) to characterize the sample. As
revealed in Figure S3 in the Supporting Information, each shell
is composed of tiny 10-20 nmTiO, nanocrystals, which builds
a porous surface. The observed lattice fringes can be assigned
to the (101) face of anatase TiO,. The X-ray diffraction (XRD)
and energy-dispersive X-ray spectra (EDS) (Figure S4 and S5,
Supporting Information) confirm that the sample is a hybrid
structure between anatase TiO, and Cus3(BTC),. As determined
by inductively coupled plasma mass spectrometry (ICP-MS),
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the ratio of TiO, to Cu3(BTC), is approximately 0.5. The uni-
form coating of TiO, shells can only be achieved on Cu;(BTC),
microcrystals that are prepared with solid Cu precursors and in
the presence of PVP (Figure S6, Supporting Information).

The developed core-shell structures retain well the ability of
Cus(BTC), to capture CO, despite the presence of TiO, shells,
as confirmed by CO,-sorption measurements. Figure 2a shows
the representative N, adsorption—desorption isotherms for the
bare Cu3(BTC), and Cu;(BTC),@TiO, core-shell structures,
respectively. The sample of bare Cu3(BTC), attains a total sur-
face area (Sggr) of 1183 m? g7!, while the Sggy value based on
the total weight for Cus(BTC),@TiO, core-shell structures is
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Figure 2. a) N, adsorption—desorption isotherms and b) CO, adsorption behaviors for Cu3(BTC),@TiO, core-shell structures and bare Cu3(BTC),,
respectively. The data are plotted based on the total weights of materials. c) Production yields of CH4 and H, from CO, using Cu;(BTC),@TiO, core-
shell structures as photocatalysts under UV irradiation for 4 h, in reference to bare TiO, nanocrystals calculated by the weight of photoactive TiO,. Bare
Cu3(BTC), microcrystals were also used as a reference. 100 mg bare TiO,, 200 mg bare Cu3(BTC),, and 300 mg Cus;(BTC),@TiO, hybrid structures
were used in the measurements. The samples were carefully pretreated to remove any carbon contaminants (see Experimental Section). No CO or
alcohol products were found for any samples, and formation of O, was observed for the oxidation. d) Production yields of CH, with Cu;(BTC),@TiO,

photocatalyst in recycling tests.
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relatively low (756 m? g™!). Nevertheless, the decrease in Spgr
after TiO, coating is reasonable, as the TiO, shells account for
1/3 of the total weight and do not have as large a surface area as
the MOF structure. More specifically, the curves for Cus(BTC),
sample are a type I isotherm, which suggests that this sample
is a microporous material.l'”? The Cu;(BTC),@TiO, core-shell
structures show a similar feature at low pressure (P/P, = 0.01)
and a slight hysteresis in the desorption curve, which reveals
that the Cu3(BTC), core contributes to microporosity and the
TiO, shell contains a few meso-/macropores (refer to the pore-
size distribution in Figure S7 in the Supporting Information).
The CO,-adsorption behaviors of samples at 298 K are shown
in Figure 2b. The bare Cu3(BTC), and Cu3(BTC),@TiO, core-
shell structures exhibit CO, uptakes of 80.75 and 49.17 cm? g7,
respectively, based on the total weight. Given that TiO, is not
a material with a distinct effect on CO, adsorption, the CO,
uptake of Cu;(BTC), component in the core-shell structures
(roughly 73.75 cm? g7!) is comparable to that of bare Cu3(BTC),
and superior to that of bare TiO, (Figure S8, Supporting Infor-
mation); this result suggests that CO, molecules can easily pass
through the macroporous TiO, shells and are adsorbed on the
microporous Cus(BTC), cores.

After acquiring the structural characteristics, we further
examined the photocatalytic performance of the developed
hybrid structures. Figure 2c shows the conversion yields of CO,
into CH, and other products by using our sample as a photo-
catalyst under UV illumination, in comparison with the bare
TiO, nanocrystals (see morphologies in Figure S8 in the Sup-
porting Information). This experiment demonstrates superior
efficiency in the CO, conversion when using our designed
core-shell structures to that when using their counterparts:
i) the yield of CH, is over five times that when using the bare
TiO,; ii) the selectivity of CH, to other products (particularly
H,) was significantly improved in our design, which represents
the selectivity of CO, to H,O in the photocatalytic reduction.
Although both TiO, and Cus(BTC), can absorb UV light (refer
to the UV-vis spectra in Figure S9 in the Supporting Infor-
mation), the bare Cus(BTC), does not possess photocatalytic
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activity because its conjugated structure does not favor charge
separation. In addition to the advantage in conversion effi-
ciency, the designed structures exhibit excellent performance
stability in a recycling test (Figure 2d), with strong resistance
to morphology and composition changes (see Figure S10, Sup-
porting Information).

The information above clearly demonstrates the niche of
our Cuz(BTC),@TiO, core-shell structures in photocatalysis.
We are now in a position to try to understand the mechanisms
behind the function of our structure. Given that the production
of CHy is an eight-electron process,?! the high reaction selec-
tivity indicates that higher electron density is achieved in our
hybrid structures than in bare TiO,, which is attributable to the
improved electron-hole separation. Our transient photocurrent
response measurements (Figure S11, Supporting Information)
show that the photocurrent for Cus(BTC),@TiO, core-shell
structures is significantly higher than that for bare TiO,, which
suggests enhanced efficiency in separating the photogenerated
electron-hole pairs. The enhanced charge-separation efficiency
was also verified by incident-photon-to-current conversion effi-
ciency (IPCE) characterizations (Figure S12, Supporting Infor-
mation). Further details relating to the involved dynamical
charge behavior were revealed by ultrafast transient absorption
(TA) spectroscopy.? By using a femtosecond UV pump/white-
light-continuum probe scheme (details in Supporting Informa-
tion), we interrogated the Cus(BTC),@TiO, hybrid structures
with reference to bare TiO, and bare Cu;3(BTC),.

Given that the bandgap of TiO, is around 3.2 eV, a
350 nm (center wavelength; ca. 3.5 eV) pump laser was used.
The probing region was set within 400-750 nm (1.6-3.1 eV).
The registered TA kinetic profiles are almost independent of the
probe wavelengths; we therefore show here a set of representa-
tive data taken at 450, 600, and 600 nm (center wavelength) for
bare TiO,, bare Cu3(BTC),, and Cu;(BTC),@TiO,, respectively
(Figure 3a). The relevant mechanisms are schematically illus-
trated in Figure 3b. For bare TiO,, the negative-value stimulated
emission (SE) signals build up within the instrument response
function (ca.100 fs) and then decay with a typical recovery time
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Figure 3. a) Ultrafast transient absorption signal as a function of probe delay for bare TiO, (probed at 450 nm), bare Cu;(BTC), (probed at 600 nm),
and Cu;(BTC),@TiO, hybrid structures (probed at 600 nm). All the data were recorded with a 350 nm pump. The time constants given in the plot are
derived from the exponential fitting of the relevant kinetic traces. b) Schematic illustration of the involved electron behavior under the femtosecond
pump—probe measurements. VB, valence band; CB, conduction band; SE, stimulated emission; ESA, excited-state absorption.

Adv. Mater. 2014, 26, 4783-4788

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

4785

o
o
3
=
G
2
a
-
o
=




=
o
=
-
—
=
=
=
=
o
v

4786  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

constant of ca. 20 ps. The former process reflects the instan-
taneous electron transfer from the conduction band (CB) to
the surface states that lie below the CB bottom (not depicted
in Figure 3b), while the latter process is responsible for the
electron-hole recombination that would undesirably consume
the photoexcitation energy. Such transient SE signals probed
in the region 400-750 nm are consistent with the documented
photoluminescence from bare TiO,.”’! As for bare Cu;(BTC),,
however, no TA signals are discernable over this particular
probing region, albeit it can absorb 350 nm light (refer to
Figure S9, Supporting Information). This null-signal observa-
tion arises most likely as a result of the absence of electronic
states of Cu3(BTC), on resonance with the probing laser in the
400-750 nm region.

We now turn our attention to the distinctly different TA
kinetic trace of Cu3(BTC),@TiO,, which features positive-value
excited-state absorption (ESA) signals with an initial build-up
(ca. 1 ps, typically), followed by a long-time recovery (>500 ps,
typically). Based on this observation, it would be safe to infer
that the formation of the interface states between TiO, and
Cus(BTC), most likely leads to effective shuttering of the elec-
tron-transfer channels from the TiO, CB to its surface states;
if otherwise, the negative-value SE signals associated with the
surface states of TiO, would by no means be overwhelmed
by the positive-value ESA signals. Consequently, the photo-
excited electrons in the TiO, CB should transfer to (and then
relax within) the adjacent interface states of Cu;(BTC),@TiO,,
and are subsequently probed by means of ESA to the higher-
lying excited states of the Cu3(BTC),@TiO, hybrid. As such,
the observed ca.l ps build-up time (much longer than the
instrument response function of ca. 100 fs) should account for
this electron-transfer/relaxation process (see Figure 3b). The
absence of the transient SE signals suggests that the designed
hybrid system is intrinsically robust in improving the efficiency
of electron-hole separation; the subsequent recovery of the ESA
signals appears rather slow (>500 ps). This kinetic behavior
indicates that the photoexcited electrons localized in the inter-
face states of Cu3(BTC),@TiO, are sufficiently long-lived, a fea-
ture that should be beneficial for the activation of CO, adsorbed
on the Cu;(BTC),.

From the analysis above, it can be concluded that in the
hybrid structures the TiO, is photoexcited to generate electron—
hole pairs and the electrons are transferred to the Cu;(BTC),.
CO, can be adsorbed on the Cu sites during CO, uptake by the
Cu;(BTC), MOFs.18201 Thus it is safe to propose that during
the photocatalysis the CO, reduction takes place on the Cu
sites of Cu;(BTC), while the oxidation occurs on the TiO,. The
improved selectivity of CO, to H,O in the photocatalytic reduc-
tion (i.e., the production selectivity of CH, to H,) is the key to
our work. As demonstrated,?! this selectivity is related to two
major factors: i) the activation sites for the reduction reactions;
ii) the charge-separation efficiency, given that the production
of CH, is an eight-electron process. The improved efficiency of
charge separation in our designed hybrid system was proven
by ultrafast spectroscopy. In terms of the activation sites, the
Cu sites have much higher selectivity for the reduction of CO,
than does the TiO, surface (i.e., the case of bare TiO,).[2*26:27]
To evaluate the situation in our Cu3(BTC), system, theoretical
simulations were performed to examine whether the CO,
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Figure 4. a) The optimized structure for CO, adsorbed on Cu;(BTC),. b)
Potential energy surfaces along the O—C bond length for the activation
of the CO, molecule adsorbed on Cus3(BTC), in the neutral state or the
states charged with one or two electrons, from which the CO, activation
energies (Eg) were deducted. The data were extracted from first-principles
simulations (details in Supporting Information).

molecules can be activated well on the Cu sites of the MOFs
upon receiving the photoexcited electrons from the TiO,. As
the whole reaction pathway of CO, towards CH, product has
been extensively investigated,”! our simulations mainly focused
on the molecular activation of CO, facilitated by the charged
MOFs.

The activation of CO, molecules is normally triggered
by two-electron charges.?!! From first-principles simula-
tions (Figure 4a), we reveal that addition of one- or two-elec-
tron charges can greatly improve the adsorption of CO, to
Cu;(BTC),, with the calculated adsorption energy increasing
from 0.36 to 0.54 or 1.05 eV, respectively. The simulated poten-
tial energy surfaces along the variation of the O—-C bond of the
CO, molecule adsorbed on Cu;(BTC), are plotted in Figure 4b.
The addition of a one-electron charge can barely alter the activa-
tion-energy barrier (Eg) for CO,, while the two-electron charge
injection substantially lowers the Ep from 7.76 to 5.57 eV.
Thus, upon receiving the photoexcited electrons from TiO,,

Adv. Mater. 2014, 26, 4783-4788
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Cu;(BTC), can turn into an active catalytic material for the acti-
vation of CO, molecules. The MOF unit used for the CO, acti-
vation simulations was verified to fully represent the behavior
of the entire MOF network, as indicated by the density of state
(DOS) data in Figure S13 in the Supporting Information.

In conclusion, we proposed a MOF@semiconductor core-
shell structure with a macroporous shell to generate excitons
and a microporous core to capture gas molecules. As demon-
strated by ultrafast spectroscopy, the photogenerated electrons
can be effectively transferred from the semiconductor to the
MOF, which not only facilitates charge separation in the semi-
conductor but supplies energetic electrons to gas molecules
adsorbed on the MOF. We show that CO, can easily penetrate
the shells and become captured in the cores, followed by photo-
catalytic reduction to CH, with dramatically improved perfor-
mance in terms of both activity and selectivity. It is anticipated
that the present work will open a door to implementing MOF
structures in photocatalyst design for gaseous reactions, as well
as enable deeper understanding of charge transfer in novel
hybrid materials.

Experimental Section

Synthesis of Cu3(BTC), @TiO, Core-Shell Structures: Cus(BTC),
microcrystals (5 mg) were dispersed in 10 mL ethanol, and then mixed
with 50 pL of tetrabutyl titanate. The dispersion was stirred at room
temperature for 15 min, and then mixed with 700 pL of water and 21 pL
of HF. (Caution: HF is extremely corrosive and a contact poison, and it
should be handled with extreme carel HF solution should be stored in
Teflon containers while in use.) Subsequently, the dispersion was stirred
at room temperature for another 15 min, then moved to a 20-mL Teflon
autoclave liner and heated at 180 °C for 12 h. The resulting particles
were isolated by centrifugation and washed with ethanol three times.
Finally, the obtained powder was dried at 60 °C in vacuum.

Photocatalytic Conversion of CO,: The measurements were performed
with a home-made stainless-steel photocatalytic reactor. The set-up of
the photocatalytic system is illustrated in Figure S14 in the Supporting
Information. In the reactor, the quartz tube had a length of 340 mm and
an outer diameter of 20 mm. The total volume of the reactor was about
100 mL. Solid catalysts were mounted on a glass sinter which was placed
in a quartz boat containing 5 mL water. In the measurements, 100 mg
bare TiO,, 200 mg bare Cu;3(BTC),, and 300 mg Cu;(BTC),@TiO, hybrid
structures were used, respectively, to keep the photoactive materials
and CO,-adsorptive materials at the same weights. Then the quartz
boat was placed into the quartz tube. In this configuration, the catalysts
were not immersed into the liquid water but surrounded by H,O vapor
and CO,. Prior to the test, the catalysts were carefully pretreated to
remove any possible organic contaminants: i) The samples were baked
in a vacuum oven at 150 °C for 24 h to remove residues of alcohol
solvents and other organic agents; ii) they were loaded in the reactor
and UV irradiated then exposed to H,O vapor in 0.15 MPa Ar, which
can effectively eliminate trace carbon residues from our samples and
reactor.?l Further, the pretreated samples were tested in 0.15 MPa fresh
Ar in the absence of CO, but in the presence of H,0O; this showed no
production of CH, and thus confirmed that our following measurements
were free of any carbon contaminants. Then the reactor loaded with the
catalysts was purged with CO, at 50 mL min~' for 20 min. Subsequently,
the valves were closed, and the pressure of CO, was regulated to
0.15 MPa. The temperature of the reactor was kept at 313 K. A 300 W
xenon arc lamp (SolarEdge700) was used as the light source for the
photocatalytic reaction, with a 400 nm short-wave-pass cut-off filter
(i.e., A < 400 nm). The photocatalytic reaction was performed for 4 h.
The amounts of CH, and H; evolved were determined using the flame
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jonization detector (FID) and thermal conductivity detector (TCD) of a
gas chromatograph (GC, 7890A, Ar carrier, Agilent). CO was converted
to CH, by a methanation reactor and then analyzed by using the FID
detector of the GC; no signals for CO were observed. No signals for
alcohols were observed in this way, either. The CO, source was also
analyzed by using the GC FID, and the resulting signals were used as
a blank that was deducted from our photocatalytic data, to avoid any
influence of impurities in the CO, source. The formation of O, was also
observed for oxidation. Three replicates were collected for each catalyst
with relative error < 10 %.

Ultrafast ~ Spectroscopic ~ Characterizations: The ultrafast transient
absorption data were recorded on a modified pump-probe spectrometer
(ExciPro, CDP) in combination with an amplified femtosecond laser
system (Coherent). The schematic of the optical layout is shown in
Figure S15 in the Supporting Information. The experimental details are
in the Supporting Information. The samples were dispersed in ethanol
for all pump-probe characterizations, which were performed under
ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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