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to meet increasing energy demands while 
also mitigating the rising CO 2  levels. [ 2 ]  A 
great deal of effort has been devoted to 
exploring photocatalysts that are capable of 
reducing CO 2 . In photocatalytic processes, 
the photocatalyst is excited by light of an 
energy level that is greater than the pho-
tocatalyst’s bandgap to generate electron–
hole pairs, which are separated and then 
transferred to the catalytically active sites 
for redox reactions. [ 3 ]  The CO 2  conversion 
effi ciency of the photocatalyst essentially 
relies on the lifetime of the photogen-
erated electron–hole pairs, the separation 
effi ciency of the photoinduced charge car-
riers, the CO 2  molecule adsorption, and 
the activation. [ 4 ]  In particular, increasing 

the CO 2  adsorption ability of photocatalysts has been proven 
to be an effective strategy to improve the CO 2  conversion effi -
ciency, as the electron transfer from the catalytically active sites 
of the photocatalysts to the CO 2  molecules largely relies on their 
intimate and stable binding. Therefore, in order to improve 
photocatalytic CO 2  conversion, an ideal solution is to incorpo-
rate a photocatalyst into a CO 2  sorbent material. For instance, 
zeolites or mesoporous materials modifi ed with TiO 2  photocata-
lysts have been widely studied for photocatalytic CO 2  reduction, 
and showed improved CO 2  adsorption ability and a higher pho-
tocatalytic CO 2  conversion effi ciency compared to bare TiO 2 . [ 5,6 ]  
The role of the zeolite material can be summed up by the so-
called “catch and release effect of CO 2 ”, i.e., capture of CO 2  mol-
ecules, followed by the effi cient diffusion of the CO 2  molecules 
to the TiO 2  active sites. [ 7 ]  However, the improvements in pho-
tocatalytic activity are quite limited, mainly due to the fact that 
zeolite itself cannot provide the active sites for photocatalytic 
CO 2  reduction and the photocatalytic effi ciency therefore largely 
depends on the effi cient diffusion of the CO 2  molecules from 
the zeolite to the active sites of the photocatalysts. 

 Metal-organic frameworks (MOFs) are a class of porous solid 
materials composed of metal-containing clusters and organic 
building blocks, which have demonstrated wide applications in 
drug delivery, catalysis, gas capture, and separation. [ 8–12 ]  UiO-66, 
a zirconium-based MOF, has attracted intense research interest 
because of its higher chemical stability and thermostability 
compared to other types of MOFs. [ 13 ]  UiO-66 has been consid-
ered to be a promising material for CO 2  capture and storage. [ 14 ]  
Moreover, recent studies have proven that UiO-66 exhibits 
semiconductor behavior, which can facilitate charge transfer 
or harvest solar light directly for photocatalytic reactions. [ 15–18 ]  
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  1.     Introduction 

 The production of chemical fuels using CO 2  as a carbon source 
has been regarded as an ideal solution to the problems with 
energy shortage and global warming. [ 1 ]  Photocatalytic reduction 
of CO 2  through artifi cial photosynthesis is of signifi cant interest 
as it offers the potential to produce valuable hydrocarbon fuels 
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UiO-66 has also been demonstrated to have active sites for the 
photocatalytic reduction of CO 2 . [ 19 ]  Nevertheless, the relatively 
wide bandgap of UiO-66 may limit its optical adsorption in 
the visible-light region. To prepare UiO-66 based visible-light 
active photocatalysts, an ideal solution would be to incorporate 
UiO-66 together with a visible-light active photosensitizer, such 
as narrow bandgap semiconductors, to form a heterogeneous 
photocatalyst. The key to this type of heterogeneous photocata-
lyst is whether the photoexcited electron from the photosensi-
tizer can be effi ciently transferred to UiO-66. 

 Graphitic carbon nitride (CN), a metal-free and visible-light 
active photocatalyst, has attracted increasing attention and 
been reported to possess the photocatalytic performance for 
water splitting, organic degradation and transformation, and 
it has also been explored for the photocatalytic conversion of 
CO 2 . [ 20–24 ]  However, the effi ciency of bulk carbon nitride (bulk 
CN) is far from satisfactory, mainly due to the fast recombina-
tion of the photogenerated electron–hole pairs. The exfoliation 
of bulk CN to 2D atomic carbon nitride nanosheet (CNNS) has 
been actively pursued to improve the photocatalytic activity, 
because of the synergistic effect of the increased bandgap, 
enhanced electron-transport properties, and prolonged life-
time. [ 25–27 ]  However, further improvement of the effi ciency for 
photocatalytic CO 2  reduction is limited, mainly due to the fact 
that the effi cient capture of CO 2  molecules by carbon nitride 
remains a challenge. The integration of carbon nitride with 
UiO-66 may offer an attractive way to improve the effi ciency 
of photocatalytic CO 2  reduction. The colloidal suspension of 
CNNS with highly fl exible and soft nature, as well as negatively 
charged surfaces, made it possible for the self-assembly of 
CNNS based heterogeneous photocatalysts with desired separa-
tion of the photogenerated charge carriers. [ 28,29 ]  

 Herein, we report a facile self-assembly synthesis of a UiO-66/
CNNS heterogeneous photocatalyst through the electrostatic 
reaction between the negatively charged nanosized CNNS and 
positively charged UiO-66. To the best of our knowledge, this 
is the fi rst time that a MOF/CNNS hybrid structure is prepared 
by electrostatic self-assembly. In addition, we also prepared 
a UiO-66/bulk CN heterogeneous photocatalyst via the same 
method. We investigated the photocatalytic CO 2  reduction of the 
UiO-66/CNNS hybrid structure, CNNS, UiO-66/bulk CN hybrid 
structure, and bulk CN. It is shown that CNNS has a higher 
activity than bulk CN, and the formation of a hybrid structure 
further improves the photocatalytic CO 2  conversion effi ciency. 
These hybrid structures exhibit a large surface area and strong 
CO 2  capture ability. We demonstrate that the electrons from 
photoexcited CNNS or bulk CN can transfer to UiO-66, which 
can substantially suppress electron–hole pair recombination in 
the CNNS or bulk CN, as well as supply long-lived electrons for 
the reduction of CO 2  molecules adsorbed in UiO-66.  

  2.     Results and Discussion 

  2.1.     Characterization of Photocatalysts 

 The formation of the UiO-66/CNNS hybrid structure involved a 
two-step process, as explained in the Experimental Section and 
shown in  Figure    1  a. Firstly, CNNS were obtained by a liquid 

exfoliation route from bulk CN in water. Secondly, a predefi ned 
mass ratio of the as-prepared CNNS and UiO-66 were dispersed 
in water under vigorous stirring, and then these CNNS sponta-
neously coated on UiO-66 through an electrostatic self-assembly 
process. Figure  1 b shows the transmission electron micros-
copy (TEM) images of the exfoliated CNNS. It can be seen that 
the as-obtained CNNSs are freestanding with a diameter of 15 
± 5 nm. The high-resolution TEM (HRTEM) image (Figure  1 b, 
inset) shows that the edge of the CNNS is nearly transparent, 
which indicates their ultrathin thickness. Atomic force micros-
copy (AFM) was performed to gain more information about the 
morphology and thickness of the CNNS. A typical AFM image 
in Figure  1 c,d shows that the thickness of a randomly meas-
ured nanosheet is about 3.6 nm, indicating that the exfoliated 
CNNS only consists of ten C-N layers. The crystal and electronic 
structures of the CNNS were studied by recording their X-ray 
diffraction (XRD) patterns, optical absorption, and photolumi-
nescence (PL) spectra and comparing them with those of bulk 
CN ( Figure    2  a–c). As presented in Figure  2 a, the CNNS shows 
two peaks at 13.1° (100) and 27.4° (002), which is consistent 
with those of bulk CN, indicating that CNNS basically exhibit 
the same crystal structure as bulk CN. Compared to bulk CN, 
the peak corresponding to the (002) in the CNNS was slightly 
shifted from 27.7° to 27.4°, which can be attributed to the loosely 
layered structure of CNNS swelled by water. Moreover, in the 
case of CNNS, the peak at 13.1° became less pronounced, which 
can be ascribed to the decreased planar size of the layers during 
exfoliation from bulk CN. [ 25,26 ]  The UV-vis absorption spectra in 
Figure  2 b shows that the intrinsic absorption edge of the CNNS 
displays an obvious blue shift compared with that of bulk CN, 
and the bandgap of the CNNS increased to 2.78 eV compared 
to 2.63 eV for bulk CN. Moreover, the PL spectrum shows that 
the emission peak of CNNS exhibits a blue shift of 21 nm in 
comparison with that of bulk CN (Figure  2 c). The reason for the 
larger bandgap and the blue shift of the PL spectra in CNNS can 
be attributed to the quantum-confi nement effect with the con-
duction and valence band edges shift in opposite directions. [ 28 ]  

   Valence-band X-ray photoelectron spectroscopy (VB-XPS) was 
carried out to investigate the VB top level of bulk CN and CNNS. 
As shown in Figure S1 in the Supporting Information, the energy 
level valence-band maximum (VBM) of bulk CN and CNNS are 
1.62 eV and 1.68 eV, respectively. Therefore, in our case, the 
CNNS has a higher bandgap by 0.15 eV as a result of a lower 
valence-band edge by 0.06 eV and a higher conduction band edge 
by 0.09 eV compared to bulk CN. According to the literature, 
the position of the conduction band edge for bulk CN is located 
at −1.3 V vs. the normal hydrogen electrode (NHE) at pH 7. [ 30 ]  
Therefore, it can be established that the position of the conduc-
tion band edge for CNNS is located at −1.39 V (vs. NHE, pH 7). 

 The as-prepared CNNS was coated on the surface of UiO-66, 
which was confi rmed by TEM images of the UiO-66 MOF crystal 
and the UiO-66/CNNS composite. The as-obtained UiO-66 
MOF compound shows well-defi ned nanocrystals with a narrow 
size distribution (Figure  1 e,f). The HRTEM image (Figure  1 f, 
inset) indicates that the surface of the UiO-66 crystal is rough, 
which is benefi cial for loading the CNNS. Figure  1 g shows the 
TEM image of the UiO-66/CNNS hybrid structure, indicating 
that the CNNS were well coated on the surface of UiO-66 
without much aggregation. Importantly, the HRTEM image 

Adv. Funct. Mater. 2015, 25, 5360–5367

www.afm-journal.de
www.MaterialsViews.com



FU
LL

 P
A
P
ER

5362 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 5360–5367

www.afm-journal.de
www.MaterialsViews.com

 Figure 1.    a) Schematic illustration of the preparation of the UiO-66/CNNS heterogeneous photocatalyst. b) TEM and HRTEM images of CNNS; 
c,d) AFM and corresponding height images of CNNS. e,f) SEM, TEM, and HRTEM images of UiO-66. g) TEM and HRTEM images of UiO-66/CNNS. 
The CNNS content in UiO-66/CNNS composite is 10 wt%.

 Figure 2.    a–c) XRD patterns, diffuse-refl ectance UV-vis spectrum, and PL spectra of bulk CN and CNNS. d–f) XRD patterns, diffuse-refl ectance UV-vis 
spectrum, and N 2  adsorption-desorption isotherms of UiO-66 and UiO-66/CNNS. The CNNS content in the UiO-66/CNNS composite was 10 wt%.
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(Figure  1 g, inset) shows a distinguished and coherent inter-
face between the UiO-66 crystal and the CNNS, indicating that 
nanojunctions might be formed in the UiO-66/CNNS hybrid 
structure, which could result in effi cient electron transfer within 
the hybrid structure. Elemental mapping analysis (Figure S2, 
Supporting Information) clearly shows the well-defi ned spatial 
distribution of the Zr and N elements, which confi rms that the 
CNNS were uniformly coated on the UiO-66. In order to investi-
gate the self-assembly mechanism between CNNS and UiO-66, 
zeta potential measurements were carried out. The dispersed 
CNNS in water is negatively charged, with a zeta potential of 
about –35.91 mV, whereas UiO-66 shows a zeta potential value 
of +7.71 mV, indicating its positively charged surface. The zeta 
potential measurements results indicate that the hybrid struc-
ture between CNNS and UiO-66 was formed through electro-
static self-assembly process. The crystallographic structure of 
the products was determined by XRD. As shown in Figure  2 d, 
the characteristic peaks of UiO-66 can clearly be identifi ed in the 
spectrum of the UiO-66/CNNS composite, suggesting that the 
crystal phase structure of UiO-66 is retained after being coated 
by CNNS. [ 15–18 ]  The enlarged XRD pattern in Figure  2 d con-
fi rms that the sample is a hybrid structure between UiO-66 and 
CNNS. The optical absorption of the UiO-66 MOF compound 
and the UiO-66/CNNS hybrid structure was measured by 
UV-vis absorption. As illustrated in Figure  2 e, UiO-66 can only 
absorb UV-light with wavelengths that are shorter than 350 nm, 
whereas the UiO-66/CNNS hybrid structure has an absorption 
edge at about 440 nm, which is similar to that of CNNS. The 
enhancement of light absorption in the visible region further 

confi rms the formation of a hybrid structure between UiO-66 
and CNNS. Figure  2 f shows the N 2  adsorption–desorption iso-
therms for the UiO-66 MOF compound and the UiO-66/CNNS 
hybrid structure, respectively. The bare UiO-66 MOF sample 
attained a Langmuir surface area of 1610.5 m 2  g −1 , whereas the 
UiO-66/CNNS hybrid structure showed a relatively low surface 
area (1315.3 m 2  g −1 ). The decrease in surface area after CNNS 
coating can be explained by the fact that the CNNS account for 
10% of the total weight and exhibit a much smaller surface area 
(Figure S3, Supporting Information). The bulk CN dispersed in 
water was also negatively charged, with a measured zeta poten-
tial of −24.27 mV, thus a UiO-66/bulk CN composite could also 
be formed through electrostatic self-assembly. The XRD pat-
terns and UV-vis absorption spectra demonstrate that a hybrid 
composite consisting of bulk CN and UiO-66 was formed suc-
cessfully (Figure S4, Supporting Information). Further informa-
tion about the microstructure of the UiO-66/bulk CN composite 
was obtained from TEM images. As shown in Figure S5 in the 
Supporting Information, the UiO-66 crystals are coated by bulk 
CN, thereby forming nanojunctions in the UiO-66/bulk CN 
composite. The Langmuir surface area of the UiO-66/bulk CN 
composite was 1340.9 m 2  g −1  (Figure S6, Supporting Informa-
tion), which is close to that of the UiO-66/CNNS composites.  

  2.2.     CO 2  Adsorption and Electron Transfer Behavior 

  Figure    3  a shows the CO 2 -adsorption behavior of the samples 
at room temperature. It can be seen that the maximum CO 2  
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 Figure 3.    a,b) CO 2  adsorption isotherms and ESR spectra of UiO-66, CNNS, and UiO-66/CNNS. c,d) PL spectra and decay curve of CNNS and UiO-66/
CNNS. The CNNS content in the UiO-66/CNNS composite was 10 wt%.
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uptake for the UiO-66 MOF, UiO-66/CNNS composite, and 
CNNS samples were 38.4 cm 3  g −1 , 32.7 cm 3  g −1 , and 3.7 cm 3  g −1 , 
respectively. The comparison of the CO 2 -adsorption behavior of 
the above three samples indicates that the UiO-66/CNNS com-
posite showed a superior CO 2  uptake ability than that of CNNS 
because of the high adsorption capability of UiO-66 MOF. This 
suggests that the CNNS coating layers are fi nely dispersed on 
the surface of UiO-66, without signifi cant pore blockage of the 
UiO-66, and that the CO 2  molecules can be adsorbed on the 
microporous UiO-66 cores. The CO 2 -adsorption behavior of 
the UiO-66/bulk CN composite and bulk CN were also inves-
tigated and are shown in Figure S7 (Supporting Information). 
The maximum CO 2  uptake for the UiO-66/bulk CN composite 
was 35.9 cm 3  g −1 , which is much higher than that of bulk CN 
(1.1 cm 3  g −1 ). 

  It is important to note that UiO-66 has been proven to be 
a semiconductor material with a conduction band-edge poten-
tial of −0.6 V (vs. NHE, pH 7), which is much lower than that 
of CNNS. [ 18,31 ]  Therefore, the nanojunction formed between 
UiO-66 and CNNS could result in effi cient electron transfer 
within the hybrid structure and better separation of the pho-
toinduced charge carriers. Figure  3 b shows the electron spin 
resonance (ESR) spectra of UiO-66, CNNS, and the UiO-66/
CNNS composite measured at room temperature under air 
atmosphere. For CNNS, a  g  value of 2.003 was observed, which 
could be ascribed to the unpaired electrons on the carbon 
atoms of the aromatic rings within the π-bonded nanosized 
clusters. [ 32 ]  The intensity of this ESR signal increased under 
visible light illumination, which provides a clue about the pro-
moted photogeneration of radical pairs in the CNNS. [ 32 ]  How-
ever, in the case of the UiO-66/CNNS composite, an enhanced 
 g  value of 2.003 was found as well as a new ESR signal with 
a  g  value of 2.009. According to the literature, the new signal 
can be attributed to O 2  −•  species formed from photogenerated 
electrons adsorbed on the UiO-66 matrix. [ 17 ]  In contrast, when 
pristine UiO-66 was irradiated with visible light, the above ESR 
signal was not detected, due to the fact that UiO-66 has a large 
bandgap that cannot be excited under visible light. The ESR 
results show that CNNS can act as a photosensitizer to harvest 
visible light and the electrons generated from the conduction 
band of CNNS transfer to UiO-66, and consequently transfer to 
the adsorbed oxygen molecules in the cage of UiO-66. Further 
insight into the electron transfer behavior 
was revealed by PL-quenching and fl uores-
cence-lifetime experiments (Figure  3 c,d). 
These results show that, in the presence of 
UiO-66, there is signifi cant quenching of the 
PL intensity and an increase in the fl uores-
cence lifetime, indicating that the recombi-
nation of photoexcited electron–hole pairs is 
signifi cantly suppressed and the separation 
of electron–hole pairs is effi ciently improved. 
The decay curves could be fi tted well with a 
tri-exponential function and the calculated 
average lifetime values were 481.4 ns for 
CNNS and 846.3 ns for the UiO-66/CNNS 
composite. The longer lifetime attained 
by the UiO-66/CNNS composite could 
be ascribed to electron transfer from the 

conduction band of CNNS to UiO-66, after which these elec-
trons are localized in UiO-66. The electron transfer behavior 
in the UiO-66/bulk CN composite was also confi rmed by the 
quenching of the PL intensity and the increase in fl uorescence 
lifetime (Figure S8, Supporting Information).  

  2.3.     Evaluation of Photocatalytic Activity 

 The photocatalytic properties of all samples were evaluated by 
investigating the photocatalytic reduction of CO 2 , which was car-
ried out in a reaction system using triethanolamine (TEOA) as 
the electron donor, under mild reaction conditions (Figure S9, 
Supporting Information). Firstly, the photocatalytic activity for 
CO 2  reduction of UiO-66/CNNS composites with different CNNS 
contents was investigated. After the photo catalytic reaction, nei-
ther H 2  nor hydrocarbon gases were detected, and CO was the 
main gas product from the CO 2  reduction (Figure S10, Sup-
porting Information). The photo catalytic CO evolution rates 
are summarized in Table S1 in the Supporting Information. 
It should be noted that the CO evolution rate increased with 
increasing CNNS content up to about 10%, beyond which it 
decreased again. Therefore, we further investigated the CO evo-
lution activity of hybrid structures containing 10 wt% carbon 
nitride.  Figure    4  a shows the time-dependent conversion yields 
of CO 2  into CO using our samples as photocatalysts under light 
irradiation. The generation of CO increased almost linearly with 
irradiation time and it is clear that CNNS exhibits a higher effi -
ciency for CO 2  conversion than that of bulk CN. Furthermore, 
we found that the CO yield increased after introduction of UiO-
66. The UiO-66/CNNS composite showed the highest CO evolu-
tion rate and it attained a CO yield of 59.4 µmol g CN  −1  under 
light illumination for 6 hours, which is over three times than 
that of CNNS (17.1 µmol g CN  −1 ). The CO evolution yield of 
the UiO-66/bulk CN composite reached 19.3 µmol g CN  −1  after 
6 hours, which is 1.6-fold larger than that of bulk CN. This 
experiment demonstrates the superiority of the hybrid structure 
in photocatalytic CO 2  conversion. When the experiment was 
conducted in the absence of photocatalysts or light illumina-
tion, no detectable CO was formed in the reaction system. To 
further validate the source of the generated CO product, an iso-
topic experiment using  13 CO 2  as substrate was performed under 
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 Figure 4.    a) Time course of CO evolution over bulk CN, CNNS, UiO-66/bulk CN, and UiO-66/
CNNS photocatalysts. b) Production yield of CO over UiO-66/CNNS photocatalyst to measure 
reproducibility by cycling tests. For the hybrid structures, the carbon nitride content was 
10 wt%.
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identical photocatalytic reaction conditions, and the products 
were analyzed by gas chromatography and mass spectra. As 
shown in Figure S11 (Supporting Information), the peak at 
 m / Z  29 could be assigned to  13 CO, indicating that the carbon 
source of CO did indeed originate from the used CO 2 . The sta-
bility and reusability of the UiO-66/CNNS composite photocata-
lyst were also investigated. After reaction, the UiO-66/CNNS 
composite was removed from the reaction system and charac-
terized by XRD and morphology analyses (Figure S12 and S13, 
respectively, Supporting Information). The results show that the 
UiO-66/CNNS composite has a strong resistance to structural 
and morphological changes, which refl ects its stability during 
the photocatalytic CO 2  conversion reaction. The reusability of 
the photocatalyst was studied by collecting and reusing the pho-
tocatalyst for three times. As shown in Figure  4 b, the UiO-66/
CNNS composite photocatalyst exhibits a fairly reproducible 
photocatalytic activity for all three cycles. 

    2.4.     Clarifi cation of the Mechanism 

 The above information clearly shows the photocatalytic perfor-
mance of CN for CO 2  reduction and it also demonstrates the 
improvement in photocatalytic activity when using a hybrid 
structure formed by the integration of a Zr-based MOF struc-
tured as UiO-66 with CN. We now try to understand the mech-
anisms behind the function of the hybrid structure. It is well 
known that the band structure, the lifetime of the photogen-
erated electron–hole pairs, the separation effi ciency of the pho-
toinduced charge carriers, the CO 2  adsorption, and activation 
are crucial factors that infl uence the photocatalytic CO 2  con-
version effi ciency. [ 4 ]  It is important to note that the position of 
the conduction band for bulk CN is −1.3 V (vs. NHE, pH 7), 
which is negative enough to reach the corresponding reduc-
tion potential of CO 2  to produce CO (CO 2  + 2H +  + 2e −  → CO 
+ H 2 O, –0.48 V vs. NHE at pH 7). [ 4 ]  Both the theoretical pre-
diction and experimental results have proven that the bandgap 
enlargement of 0.15 eV in exfoliated CNNS could be ascribed to 
a shift in both the conduction band and valence band in oppo-
site directions, and thus the CNNS shows a higher conduction 
band edge and a lower valence band edge compared to those 
of bulk CN, which enhances the photoredox ability. [ 28 ]  The 
enhancement of the photoredox ability in CNNS is responsible 
for its higher photocatalytic CO 2  reduction performance with 
respect to bulk CN. Moreover, as is shown in  Table    1  , the CO 2  
adsorption ability and lifetime of CNNS are higher than those 
of bulk CN, which also explains their higher photocatalytic CO 2  
reduction performance. The photocatalytic CO 2  reduction per-
formance can be further improved through the introduction 
of UiO-66. It was observed that UiO-66 itself did not show any 
detectable photocatalytic activity under visible light irradiation, 
because of its large bandgap that can only adsorb UV light 
(Figure  2 e, Table  1 ). Therefore, the enhancement of the pho-
tocatalytic activity for the hybrid structure can be attributed to 
the synergistic effects of enhanced CO 2  adsorption, separation 
effi ciency of photoinduced charge carriers, and prolonged life-
time of photogenerated electron–hole pairs, as evidenced above. 

  We did, however, observe a signifi cant difference in the 
activity improvement in the photocatalytic CO 2  reduction for 

the UiO-66/CNNS and UiO-66/bulk CN composites compared 
to pristine CNNS and bulk CN, respectively. The CO evolution 
rate of the UiO-66/CNNS composite shows a 3.4-fold improve-
ment compared to that of CNNS, whereas the UiO-66/bulk CN 
composite shows a 1.6-fold improvement compared to bulk 
CN. Taking into account that the UiO-66/CNNS composite and 
the UiO-66/bulk CN composite have a similar surface area and 
CO 2  adsorption ability, the signifi cant difference in the activity 
enhancement for the two composites can be ascribed to the dif-
ference in lifetime improvement. As shown in Table  1 , the life-
time of the UiO-66/CNNS composite shows a 75.8% improve-
ment compared with CNNS and reaches 846.3 ns, whereas 
the UiO-66/bulk CN only shows a 64.7% improvement com-
pared to bulk CN and reaches 690.4 ns. This suggests that the 
designed UiO-66/CNNS hybrid system is much more robust 
for improving the effi ciency of electron–hole separation, and 
this can be explained by three main reasons. First of all, com-
pared to bulk CN, CNNS has a bandgap that is larger by 0.15 eV 
as a result of a higher conduction band and lower valence band, 
which means that CNNS can provide a stronger driving force 
for the transfer of electrons to UiO-66 as a result of the larger 
energy-level difference between the conduction band edge of 
CNNS and UiO-66. Secondly, it is well known that the electron-
transfer process in our hybrid structure involves two steps: 
photoexcited electrons in the CNNS or bulk CN migrate to 
the surface of CNNS or bulk CN, and subsequently transfer to 
UiO-66. Compared to bulk CN, the unique nanosheet structure 
of CNNS can shorten the electron-transport distance between 
UiO-66 and the excitation center in the CNNS, thus facilitating 
effi cient electron transfer and reducing the bulk recombination 
probability of charge carriers in CNNS. In addition, CNNS have 
a fl exible structure, soft nature, and a more negatively charged 
surface, which are more easily adsorbed on the UiO-66 surface 
in a uniform way compared to bulk CN, and this will increase 
the binding force between CNNS and UiO-66. It is thereby 
easier for photogenerated electrons from CNNS to transfer to 
UiO-66 than from bulk CN. The electrons that are localized in 
UiO-66 are suffi ciently long-lived, resulting in a higher electron 
density in the UiO-66/CNNS composite, a feature that is also 
benefi cial for the activation of CO 2  that is adsorbed in UiO-66, 
as the production of CO is a multi-electron process. [ 33 ]  

 On the basis of the above discussion, a tentative mecha-
nism for the photocatalytic CO 2  reduction over the UiO-66/
CNNS composite is proposed, as shown in  Figure    5  . Upon 
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  Table 1.    Comparison of the properties and photocatalytic activity of 
different samples. For the hybrid-structure photocatalysts, the carbon 
nitride content was 10 wt%. The photocatalytic reaction was conducted 
for 6 hours. Light source: 400 nm < λ < 800 nm 

Sample Surface 
area [m 2  g −1 ]

Maximum CO 2  
uptake [cm 3  g −1 ]

Average 
lifetime [ns]

CO evolution rate 
[µmol g CN  −1  h −1 ]

UiO-66 1610.5 [a] 38.4 – n.d. [c] 

Bulk CN 48.2 [b] 1.1 419.3 2.0

UiO-66/bulk CN 1340.9 [a] 35.9 690.4 3.2

CNNS 108.7 [b] 3.7 481.4 2.9

UiO-66/CNSS 1315.3 [a] 32.7 846.3 9.9

    [a] Langmuir surface area;  [b] BET surface area;  [c] Not detectable.   



FU
LL

 P
A
P
ER

5366 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

visible light irradiation electrons are promoted from the valence 
band of CNNS to its corresponding conduction band. Those 
photogenerated electrons migrate to the surface of CNNS and 
then transfer to UiO-66 across the interface between CNNS and 
UiO-66. The electrons in UiO-66 can reduce the adsorbed CO 2  
to CO, and simultaneously, the holes that remained within the 
valence band of CNNS are consumed by TEOA, which acts as 
an electron donor. 

     3.     Conclusions 

 We have demonstrated a facile method to synthesize a UiO-66/
CNNS hybrid structure by electrostatic self-assembly of nega-
tively charged CNNS with positively charged UiO-66. The 
designed hybrid structure possessed not only a large surface 
area and strong CO 2  adsorption ability, but also improved elec-
tron separation and prolonged lifetime of the charge carriers 
as a result of effi cient electron transfer across the interface 
between CNNS and UiO-66. As a result, the UiO-66/CNNS 
composite photocatalyst exhibited a much higher photocatalytic 
activity for CO 2  conversion compared to bare CNNS under mild 
reaction conditions. Similarly, a UiO-66/bulk CN hybrid struc-
ture was also prepared and showed enhanced activity for the 
photocatalytic reduction of CO 2  compared to that of bulk CN, 
which is due to the strong CO 2  adsorption ability of UiO-66 and 
its effi cient charge transfer. It is anticipated that this work will 
provide a strategy to design more active photocatalysts for CO 2  
conversion, as well as open up opportunities to develop various 
MOF-based photocatalysts for gaseous reactions.  

  4.     Experimental Section 

  4.1.     Materials 

 Melamine,  N , N -dimethylformamide (DMF), 1,4-benzenedicarboxylic 
acid (BDC), zirconium chloride (ZrCl 4 ), acetonitrile (MeCN), and 
triethanolamine (TEOA) were purchased from Wako Co. All reagents 
were analytical grade and used without further purifi cation. The 

deionized water (18.2 MΩ) that was used throughout all experiments 
was produced using a Millipore Direct-Q System.  

  4.2.     Preparation of the Photocatalysts 

 Bulk CN was prepared by heating melamine in a crucible to 550 °C for 
4 hours under air. Nanosized CNNS were obtained by liquid exfoliating 
of as-prepared bulk CN in water. In brief, 0.1 g bulk CN powder was 
dispersed in 100 mL of H 2 O, then ultrasonicated in a water bath for 
5 h using a Branson-250 sonicator (Japan) with an output power of 
48 W. After this process, the suspension was left to stand overnight and 
then centrifuged at 9000 rpm for 10 min to remove any residual non-
exfoliated bulk CN and large-sized CNNS. The nanosized CNNS were 
collected by evaporating the supernatant. UiO-66 was synthesized from 
a mixture of ZrCl 4 , BDC, and DMF with a molar ratio of 1:1:650, then the 
mixture was heated at 120 °C for 48 hours. The resulting white UiO-66 
products were collected by centrifugation and washed with DMF and 
water several times, and then activated at 200 °C for 12 hours under 
vacuum to remove any organic solvent. The UiO-66/CNNS composite 
was prepared by mixing UiO-66 and nanosized CNNS with known mass 
ratio in water. The suspension was ultrasonicated for 10 min and then 
stirred for 24 hours. After evaporation of the water, the powder was 
obtained after drying at 100 °C under vacuum. The UiO-66/bulk CN 
composite was prepared in a similar way expect that bulk CN was used 
instead of CNNS.  

  4.3.     Characterization 

 The prepared samples were characterized by powder XRD on an X-ray 
diffractometer (Rint 2000, Altima III, Rigaku Co. Japan) using a Cu Kα 
source. UV-vis diffuse refl ectance spectra were measured on a UV-visible 
spectrophotometer (Shimadzu, UV-2600) with BaSO 4  as the refl ectance 
standard reference. The morphology and structure of the samples were 
examined by scanning electron microscopy (SEM, S4800, Hitachi Co., 
Japan) and transmission electron microscopy (TEM, 2100F, JEOL Co., 
Japan). CO 2  adsorption isotherms were measured at room temperature 
using a BEL SORP-mini II (BEL Japan INC., Japan). Nitrogen 
adsorption–desorption isotherms were recorded using nitrogen 
physisorption (Autosorb-iQ 2 -MP; Quantachrome Corp., U.S.A.). The 
thickness of the CNNS was measured by dynamic force microscopy 
(DFM) (Nanocute H, Japan). The valence bands of the samples were 
determined using X-ray photoelectron spectroscopy (XPS, PHI Quantera 
SXM, ULVAC-PHI Inc., Japan). The zeta potential of all samples was 
recorded on an ELSZ-2000 (Otusuta Electronics), and the solvent was 
pure water. All zeta-potential measurements were repeated three times 
and the average values were used. The PL spectra were recorded on 
a JASCO FP-6500 spectrofl uorometer. The decay time was measured by 
a fl uorescent spectrophotometer (Horiba Jobin Yvon, Fluorolog-3) with a 
nano-LED lamp (370 nm) as the excitation source (Horiba Jobin Yvon). 
The experimental details of the decay-time measurements are described 
below: the powder sample was transferred to a substrate and the decay-
time measurements were conducted directly on a powder sample with 
an excitation light wavelength of 370 nm. Electron spin resonance (ESR) 
characterizations were carried out using a JEOL JES-FA-200 at room 
temperature in air.  

  4.4.     Photocatalytic Experiments 

 The photocatalytic activities of all samples were carried out in a 
batch-type reaction system with a total volume of about 330 mL. The 
setup of the photocatalytic system is illustrated in Figure S9 in the 
Supporting Information. The sample was uniformly dispersed on a 
porous quartzose fi lm in the reaction cell, and 5 mL of solution (MeCN/
TEOA = 4:1) was injected into the cell. After complete evacuation of 
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 Figure 5.    Proposed mechanism of photocatalytic reduction of CO 2  by 
the UiO-66/CNNS heterogeneous photocatalyst under visible light 
irradiation.
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the reaction system (no O 2  or N 2  could be detected), 80 kPa of pure 
CO 2  gas was injected into the airtight system. A 300 W xenon arc 
lamp with a UV-cut fi lter, to remove light with wavelengths lower than 
400 nm, and an IR-cut fi lter to remove wavelengths longer than 800 nm 
light fi lters (400 nm <  λ  < 800 nm) was used as the light source. In 
the measurements, known amounts of powdered samples were used 
(keeping the visible light photoactive carbon nitride material at the 
same weight). Prior to testing, the catalysts were degassed at 200 °C for 
12 hours under vacuum to remove any possible organic contaminants. 
The gas products were measured using gas chromatography (GC-
14B, Shimadzu Co., Japan). The isotope of  13 C was analyzed using gas 
chromatography-mass spectrometry (JEOL-GCQMS, JMS-K9 and 6890N 
Network GC system, Agilent Technologies).   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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