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Photocatalytic reduction of CO2 to CO is a promising strategy for reducing atmospheric CO2 levels and
storing solar radiation as chemical energy. Here, we demonstrate that a molecular catalyst [NiII(bpet)
(H2O)2] successfully encapsulated into a highly robust and visible-light responsive metal–organic frame-
work (Ru-UiO-67) to fabricate composite catalysts for photocatalytic CO2 reduction. The composite
Ni@Ru-UiO-67 photocatalysts show efficient visible-light-driven CO2 reduction to CO with a TON of
581 and a selectivity of 99% after 20-h illumination, because of the facile electron transfer from
Ru-photosensitizer to Ni(II) active sites in Ni@Ru-UiO-67 system. The mechanistic insights into photore-
duction of CO2 have been studied based on thermodynamical, electrochemical, and spectroscopic inves-
tigation, together with density functional theory (DFT) calculations. This work shows that encapsulating
molecular catalyst into photoactive MOF highlights opportunities for designing efficient, stable and
recyclable photocatalysts.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Carbon dioxide (CO2) is regarded as a main source of the green-
house effect, but it is also a chemical feedstock for carbon neutral
sustainable energy [1]. The conversion of atmospheric CO2 into
industrially favorable chemicals/fuels such as CO, CH4, CH3OH,
HCOOH and C2H6 is highly desired for the sake of environmental
sustainability and renewable energy storage [2–4]. Therefore, arti-
ficial photosynthesis has attracted wide attentions with specific
importance attached to the development of solar-light-driven
reduction CO2 into high value-added industrial chemicals [5–9].
A variety of inorganic semiconductor catalysts have been reported
for photochemical conversion of CO2 to carbon-based products
[10–13]. However, these inorganic semiconductors have low den-
sities of active sites on surfaces, limited tailorability, a large band
gap, and the inevitable electron-hole recombination, causing the
limited photocatalytic efficiencies. On the other hand, homoge-
neous molecular catalysts such as Fe [14,15], Co [16,17], Ni
[18,19], and Mn [20,21] complexes usually exhibit good photocat-
alytic performances in reduction of CO2, but the instability and
recycling issues of homogeneous catalysis restrict their practical
applications in photocatalysis [22]. Hence, the design and develop-
ment of efficient, stable and recyclable photocatalysts are highly
desirable.

Metal–organic frameworks (MOFs) are functional hybrid crys-
talline materials featuring well-defined porosity, high surface
areas, and tunable structures. The unique features suggest that
MOF materials are a class of ideal host matrices for immobilization
of molecular catalysts, because that the composite materials not
only display unique and synergistic functionalities but also can
be easily recovered and reused for the long-term usage [23,24].
Recently, the controllable encapsulation of molecular catalysts into
MOFs to form composite materials for photocatalytic hydrogen
evolution reaction have made notable progress [25–28]. However,
encapsulating the molecular catalysts into MOFs to enhance the
catalytic activity in CO2 reduction system has not been recognized
yet. Among different molecular catalysts for photoreduction of
CO2, the nickel complexes have been demonstrated as one of the
most promising candidate. A prominent advantage is that CO2

could favorably bind to the nickel center and be activated, thus
benefiting its conversion under solar irradiation [18]. Although
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the catalytic activity of Ni(II) complex is high, the stability and
recycling for catalyst are a significant challenge. To overcome the
drawbacks, encapsulating the Ni(II) molecular catalysts into a
stable and photosensitizing MOF will be a promising strategy to
enhance the catalytic activity and reusability of the photocatalysts
in CO2 reduction system.

In this work, we selected a Ni(II) complex [NiII(bpet)(H2O)2]�
(ClO4)2 (bpet = 1,2-bis((pyridin-2-ylmethyl)thio)ethane) because
of the high catalytic activity, and then design a composite molecu-
lar catalyst@MOF photocatalytic system [NiII(bpet)(H2O)2]@
Ru-UiO-67 (simply as Ni@Ru-UiO-67) by encapsulating [NiII(bpet)
(H2O)2] into the cages of a visible-light photoactive MOF (Ru-
UiO-67) through a ‘‘ship-in-a-bottle” approach. The photoreduc-
tion of CO2 shows that the present Ni@Ru-UiO-67 not only pos-
sesses exceptional catalytic selectivity and activities but also
exhibits high stability and good recyclability. The electron transfer
(ET) dynamics of facile electron transfers from Ru-photocenters to
Ni(II) catalytic centers were demonstrated by transient absorption
(TA) spectroscopy. Furthermore, the mechanistic insights into pho-
toreduction of CO2 have been studied based on thermodynamical,
electrochemical, and spectroscopic investigation, together with
density functional theory (DFT) calculations.
2. Experimental

2.1. Sample preparation

Synthesis of [Ru(dcbpy)(bpy)2]Cl2 (Ru-H2L) and bpet: the two
ligands were synthesized according to previously published proce-
dures [29,30]; synthetic details are provided in the Supporting
Information (Figs. S1 and S2 online).

Synthesis of [NiII(bpet)(H2O)2]�(ClO4)2: the Ni(II) complex was
prepared by stirring 30 mL of methanolic solution containing Ni
(ClO4)2�6H2O (365.7 mg, 1.0 mmol) and bpet (276 mg, 1.0 mmol),
and the mixture was stirred for 20 h at room temperature under
N2. The resultant blue precipitate was filtered and washed with
CH3OH. Then, the resulting Ni(II) complex was purified by recrys-
tallizations from acetonitrile/H2O gave light green crystals
(478.1 mg, 65% yield, Figs. S3 and S4, Tables S1 and S2 online).
Anal. Calcd. for C14H20Cl2N2NiO10S2: C 29.50, H 3.54, N 4.91, S
11.25, found: C 29.35, H 3.27, N 4.82. S 11.13. ESI-MS (CH3CN):
m/z 432.952 (calcd. for [-2H2O-ClO4]+), m/z 167.00 (calcd. for
[-2H2O-2ClO4]2+, Fig. S5 online).

Synthesis of [Zr6(m3-O)4(m3-OH)4(bpdc)5.7(Ru-L)0.3]�(OAc)0.6 (Ru-
UiO-67): a mixture of ZrCl4 (30.0 mg, 0.129 mmol), 4,40-biphenyldi
carboxylic acid (H2bpdc) (26.6 mg, 0.110 mmol), Ru-H2L (13.0 mg,
0.018 mmol), and glacial acetic acid (250 mL) were dispersed in N,
N-dimethylformamide (DMF) (5 mL), sealed in a screw-capped
glass vial and placed heated at 100 �C for 48 h with a heating speed
of 3 �C min�1. After cooling down to room temperature, the result-
ing solid was isolated by centrifugation and washed with DMF
(3 � 15 mL) and methanol (3 � 15 mL) repeatedly. Yield: 45 mg
(75%). The Ru-H2L ligand content in Ru-UiO-67 was determined
by inductively coupled plasma-mass spectrometry (ICP-MS) to be
8.7 wt%. Molar doping level (mol Ru-L/(mol bpdc + mol Ru-L))
was calculated from the ICP-MS result to be 5.0%.

Synthesis of [Zr6(m3-O)4(m3-OH)4(bpdc)5.7(Ru-L)0.3][NiII(bpet)
(H2O)2]x�(OAc)y (Ni1@Ru-UiO-67, x = 0.00915, y = 0.6183;
Ni2@Ru-UiO-67, x = 0.014, y = 0.628 and Ni3@Ru-UiO-67,
x = 0.019, y = 0.638): for the synthesis of Ni1@Ru-UiO-67, typically,
100 mg of Ru-UiO-67 was suspended in 20 mL of acetonitrile in a
conical flask. Then 50 mg of bpet (0.18 mmol) was added with con-
tinuous stirring 48 h for the encapsulation of bpet under N2. Subse-
quently the suspension was centrifuged and washed with
acetonitrile three more times until the filtrate was colorless to
remove the adsorbed bpet ligand on the outer surface of Ru-UiO-
67. After suspending the washed wet solid in 20 mL of fresh ace-
tone, 146 mg of Ni(ClO4)2�6H2O (0.4 mmol) and 1 mL H2O were
added under continuous stirring. To promote the coordination
between Ni(II) and bpet ligand, the suspension was stirred for
24 h under N2. Then the suspension was centrifuged and washed
with acetonitrile three times to remove the residual Ni(ClO4)2.
The obtained solid was then dried in a 70 �C vacuum oven over-
night to obtain Ni1@Ru-UiO-67. The Ni2@Ru-UiO-67 and
Ni3@Ru-UiO-67 were prepared following the same procedure
except changing the amounts of both bpet ligand and Ni(ClO4)2-
�6H2O as listed in Table S3 (online). ICP-MS shows that the loadings
of Ni(II) complex in Ni@Ru-UiO-67 composites were 0.15 wt% for
Ni1@Ru-UiO-67, 0.23 wt% for Ni2@Ru-UiO-67 and 0.31 wt% for
Ni3@Ru-UiO-67 with the elemental ratio of Ru:Ni = 32.8:1, 21.4:1
and 15.9:1. In addition, the color change of Ru-UiO-67 during the
synthesis also indicate the successful encapsulation of Ni(II) com-
plex and the achievement of a Ni@Ru-UiO-67 composites (Fig. S6
online). Noteworthy, to improve the loading capacity of Ru-UiO-
67, the as-synthesized Ru-UiO-67 solid was dispersed in DMF
and kept stirring overnight (50 mL of DMF per 1 g of product) to
remove residual linker. Then, the same procedure was repeated
twice using CH3CN instead of DMF to exchange the DMF within
the pores. The solid was finally dried under air at 100 �C.

2.2. Characterizations

Powder X-ray diffraction (PXRD) patterns of the samples were
collected with a Rigaku Ultima IV diffractometer with Cu Ka radi-
ation (k = 0.15406 nm) operating. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on an ESCALAB
250Xi instrument (Thermo Electron) with Al Karadiation. Fourier-
transform infrared (FTIR) spectra were recorded on a Nicolet
AVATAR FT-IR360 spectrophotometer. Inductively coupled
plasma-mass spectrometry (ICP-MS) data were obtained with an
Agilent 7700x ICP-MS. Thermogravimetric analyses were
performed on a Q600 thermal analyzer. Solid-state UV–vis diffuse
absorption spectra were recorded on a Cary-5000 UV–vis spec-
trometer within a wavelength range of 200–800 nm. Steady-state
luminescence quenching spectra were obtained using a F-7000 FL
spectrophotometer. Time-resolved photoluminescence spectra
were recorded on an Edinburgh Instruments FLS 980 fluorimeter.
Electrospray ionization mass spectra (ESI-MS) were obtained on a
Agilent Technologies ESI-MS spectrometer. The Brunauer-
Emmett-Teller (BET) surface areas of the catalysts were deter-
mined using N2 adsorption–desorption isotherms measured on a
Micromeritics Surface Area Analyzer (ASAP 2020) at 77 K. Scanning
electron microscope (SEM) images were obtained on a high resolu-
tion S4800 scanning electron microscope operating at 30 kV.
Transmission electron microscopy (TEM) images were recorded
with a JEOL JEM-2100.

2.3. Photocatalytic CO2 reduction

In a typical experiment, Ni@Ru-UiO-67 (20 mg) was suspended
in a mixed solution of DMF (27 mL), deionized water (3 mL), 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH, 0.1 mol/
L) and triethanolamine (TEOA) (0.5 mol/L), then the suspension
was purged with CO2 gas for 30 min while stirring. The sample
was irradiated continuously with a 82W light-emitting diode
(LED) lamp (k = 450 nm) at 288 K. After each reaction time, the
evolved gaseous phase were determined by a Aulight GC-7920
gas chromatography (GC, N2 as a carrier gas) using the TCD (a
packed column with molecular sieves 5A (3.0 m � 3.0 mm, 60–80
mesh) at 373 K) to detect H2 and using the FID (a column (TDX-
1, 3.0 m � 0.30 mm) at 653 K) to detect CO, respectively. The total
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amounts of evolved H2 and CO were quantified by a basis of cali-
bration curves prepared for various concentrations of H2 and CO.
3. Results and discussion

As illustrated in Fig. 1, a series of photoactive MOF-based com-
posites with simultaneously incorporated Ru-photosensitizer and
Ni(II) molecular catalyst were synthesized via a ‘‘ship-in-a-
bottle” synthetic strategy. The as-synthesized Ru-UiO-67 and
Ni@Ru-UiO-67 composites were fully characterized. As shown in
Fig. 2a, XRD patterns of the three catalysts and Ru-UiO-67 samples
match well with the prototype UiO-67 peaks, clearly demonstrat-
ing that the crystallinity of the Ru-UiO-67 host is maintained upon
encapsulation of the Ni(II) complex. BET surface area measure-
ments at 77 K calculated from the N2 adsorption/desorption iso-
therms show BET surface area of 2,135, 1,210, 1,150, 1,040,
890 m2/g were observed, respectively, for UiO-67, Ru-UiO-67,
Ni1@Ru-UiO-67, Ni2@Ru-UiO-67 and Ni3@Ru-UiO-67 (Fig. 2b).
The decrease in the BET surface area of the Ru-UiO-67 compared
with pristine UiO-67, which is owing to the introduction of Ru
(bpy)2 groups in Ru-UiO-67. On the other hand, the decreased N2

sorption of the composites indicate that the Ni(II) complex was
indeed located in the Ru-UiO-67. Among them, the Ni3@Ru-UiO-
67 exhibits the lowest BET surface area, revealing the highest load-
ing of Ni(II) complex, which is in good agreement with the ICP-MS
analysis indicated above. Infrared spectra of Ni3@Ru-UiO-67,
ligands and Ni(II) complex were comparable with that of undoped
Ru-UiO-67 (Fig. S7 online). Considerable similarities were observed
between Ru-UiO-67 and Ni3@Ru-UiO-67 with minor differences in
band position and shape. However, an increased band between
2,950–2,920 cm�1 assigned to typical of S-CH2- stretching vibra-
tions in Ni3@Ru-UiO-67 was observed, due to the encapsulation
of the Ni(II) complex. As shown in Fig. 2c, the additional broad
absorption in the range of 370–650 nm in Ni@Ru-UiO-67 and Ru-
UiO-67 is attributed to the Ru(dp6)? Ru(dp5)bpy(p*) metal-to-
ligand charge transfer (MLCT) of singlet character. The difference
of absorption spectrum between Ru-UIO-67 and Ni@Ru-UIO-67 is
attributed to p? p* of bpet ligand and the low-energy absorption
Fig. 1. (Color online) Schematic illustration for ‘‘Ship-in-a-Bottl
of the metal-to-ligand (dp ? p*) charge transfer transition for Ni
(II) complex in Ru-UIO-67. On the other hand, further evidence
for the successful encapsulation of Ni(II) complex into Ru-UiO-67
was afforded by photoluminescence emission spectroscopy. As
shown in Fig. 2d, the photoluminescence (PL) emission spec-
troscopy of Ni@Ru-UiO-67 composites are descending compared
with that of Ru-UiO-67, not only attribute to the weaker absorp-
tion but also due to the electron transfer from the photoexcited
state of the [Ru(dcbpy)(bpy)2]2+ units to the encapsulated neigh-
bouring Ni(II) complex [31]. This is further supported by time-
resolved photoluminescence measurements. As shown in Fig. S8
(online), the Ru-UiO-67 exhibits a lifetime of 385 ns, while
Ni1@Ru-UIO-67, Ni2@Ru-UIO-67 and Ni3@Ru-UIO-67 show life-
time 156, 127 and 109 ns, respectively. Lifetime decreases and
enhanced quenching effect of Ni@Ru-MOFs indicated that the
facile electron transfer from the excited Ru-MOFs to encapsulated
Ni(II) complex due to their proximity. Furthermore, the PL of
Ni3@Ru-UiO-67 is much weaker than that of others, indicating
the PL of Ru-UiO-67 is quenched by more Ni(II) complex. The effi-
cient PL quenching reflected that electron transfer process was
remarkably enhanced through the unique one-cage-one-guest
encapsulation pattern. These results indicate that Ni3@Ru-UiO-67
will possess superior photocatalytic activity compared with
Ni1@Ru-UiO-67 and Ni2@Ru-UiO-67.

The SEM observation for Ni3@Ru-UiO-67 and Ru-UiO-67 shows
that the loading of the Ni(II) complex does not affect the MOF mor-
phology, and the MOF crystals remain intact in the composites
(Fig. S9 online). The detailed nanostructure of the Ni3@Ru-UiO-
67 was further investigated by TEM. As shown in Fig. 2e, the
Ni3@Ru-UiO-67 shows an octahedral morphology, which is in good
agreement with SEM observations. The elemental mapping analy-
sis of Ni, S, Ru and Zr performed on an extended area of a solid
sample of Ni3@Ru-UiO-67 revealed that the elements were uni-
formly distributed inside the Ru-UiO-67, further attesting to the
Ni(II) complex that was homogeneously encapsulated in the pores
of the Ru-UiO-67. In addition, thermogravimetric analysis (TGA) of
the UiO-67, Ru-UiO-67 and Ni3@Ru-UiO-67 were conducted in an
N2 atmosphere (Fig. S10 online). Similar to the pristine Ru-UiO-67,
the Ni1@Ru-UiO-67, Ni2@Ru-UiO-67 and Ni3@Ru-UiO-67 also
e” synthetic strategy to prepare Ni@Ru-UiO-67 composite.



Fig. 2. (Color online) Characterization of Ru-UiO-67 and Ni@Ru-UiO-67 composites. PXRD patterns (a), N2 adsorption/desorption isotherms (b), UV–vis spectra (c) and PL
emission spectra (d) of UiO-67, Ru-UiO-67, Ni1@Ru-UiO-67, Ni2@Ru-UiO-67 and Ni3@Ru-UiO-67 (kex = 446 nm, refer to its UV–vis spectrum). (e) TEM image of Ni3@Ru-UiO-
67 and elemental mapping of the various elements (Ni, S, Ru, and Zr) contained in Ni3@Ru-UiO-67.
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exhibited two decomposition steps at �50 to 400 �C and >400 �C,
respectively. The weight loss decreases between 50 and 250 �C,
indicating that the Ni(II) complex replaces part of solvent mole-
cules in the cage of the Ru-UiO-67.

XPS was carried out to analyze the chemical compositions and
binding environments of the samples. Note that the electron
binding energy not only depends on the element itself but
also the chemical state in samples [32]. The XPS spectrum of
Ni3@Ru-UiO-67 in Fig. 3a displays the signatures of C, O, N, S, Ru
and Ni. As shown in Fig. 3b, the high-resolution S 2p XPS spectrum
displays two broad peaks at 164.0 and 168.8 eV pertaining to S
2p1/2 and S 2p3/2, respectively [33]. The S 2p peaks were attributed
to the bound nickel-thiol species [34]. A high-resolution XPS Ni 2p
spectrum shows the peaks at 856.7 eV (Ni 2p3/2) and 873.8 eV
(Ni 2p1/2) (Fig. 3c) [35], which corresponds to the peak position
of Ni-S [36]. As shown in Fig. 3a and d, the peaks at 484.7 eV
(Ru 3p3/2) and 462.6 eV (Ru 3p1/2) in both Ru-UiO-67 and Ni@Ru-
UiO-67 are in agreement with the pattern of Ru2+. All the above
results demonstrate that Ni(II) complex was successfully
encapsulated into the robust Ru-UiO-67.



Fig. 3. (Color online) XPS experiments for Ni3@Ru-UiO-67. Survey scan XPS spectra in the binding energy range 0–1,100 eV of Ru-UiO-67 and Ni3@Ru-UiO-67 (a), high-
resolution spectra of S 2p (b), Ni 2p (c) and Ru 3p (d) in Ni3@Ru-UiO-67.

980 Z.-H. Yan et al. / Science Bulletin 64 (2019) 976–985
The photocatalytic CO2 reduction of Ni@Ru-UiO-67 composites
were performed in a closed gas circulation and evacuation system.
Each of the catalyst (20 mg) was independently suspended in a
mixture of DMF (27 mL), deionized water (3 mL), BIH (0.1 mol/L),
and TEOA (0.5 mol/L), which was deoxygenated by CO2 and irradi-
ated with a LED light (82 W). BIH as a sacrificial reductant can effi-
ciently quench the excited state of photosensitizer, whereas TEOA
mainly functions as a proton acceptor for BIH+� [37]. As shown in
Fig. 4a, the generation of CO increases almost linearly with irradi-
ation time upon 10 h. Ni3@Ru-UiO-67 exhibits the CO evolution
rate of 426.05 mmol/(g h) (85.21 mmol) with a catalytic turnover
number (TON) of 510.0 (defined as n(CO)/n(Ni(bpet)(H2O)2), which
holds a high catalytic performance among reported MOF catalysts
(Table S4 online) [38,39]. Notably, only a negligible amount of H2

could be detected (Fig. S11 online), and no formate was detected
by HPLC analysis and 1H NMR spectroscopy (Figs. S12 and S13
online). The CO evolution rates of 55.25 mmol/(mg h) (yield:
11.05 mmol, TON: 136.7) and 196.80 mmol/(g h) (yield: 39.36 mmol,
TON: 317.5) were obtained for Ni1@Ru-UiO-67 and Ni2@Ru-UiO-
67, respectively. After 20 h irradiation, the TON of CO production
of Ni3@Ru-UiO-67 was reached 581 with CO selectivity of >99%
(calculated as TON (CO)/TON(CO + H2)), indicating that Ni3@Ru-
UiO-67 can photo-reduce CO2 to CO selectively. Control experi-
ments only with BIH or TEOA of Ni3@Ru-UiO-67 showed the
TON for CO were 216.1 and 60.7, respectively (Fig. 4b), suggesting
that TEOA is advantageous for reduction of CO2. As previously
reported [40], BIH can dramatically enhanced TON in the photocat-
alytic CO2 reduction because of its high reductive ability, fast
deprotonation of the oxidized BIH species (BIH+�), and two-
electron donating ability. On the other hand, to demonstrate the
unique advantage of the Ni3@Ru-UiO-67 composite, we compared
the photocatalytic activities of Ni3@Ru-UiO-67 to that of homoge-
neous [NiII(bpet)(H2O)2]/Ru-H2L (the Ni(II) complex with the same
Ni loading as that in Ni3@Ru-UiO-67) as control. As shown in
Fig. 4a, the activity of [NiII(bpet)(H2O)2] is similar with that of
Ni3@Ru-UIO-67 at the first 5 h. With increasing the reaction time,
the activities of [NiII(bpet)(H2O)2] decrease because of the self-
aggregation and oxidative self-degradation, while the activities of
Ni3@Ru-UIO-67 can be stabilized up to 10 h. The results demon-
strate that encapsulating molecular catalyst into photoactive
MOF is a promising approach to design efficient, stable and recy-
clable photocatalysts. It should be noted, compared with the
reported photocatalytic activity of [NiII(bpet)(H2O)2] [18], the
TON value of 280 of [NiII(bpet)(H2O)2] in this work is higher than
the reported experimental value (ca.180) at the first 5 h, but the
stability in this work is lower. The reason may be attributed to
the higher power light source in this work (a 82 W LED for this
work and a 6 W LED for reported experiment). In addition, the



Fig. 4. (Color online) Photocatalytic CO2 reduction performance. (a) Time profiles of CO evolution catalyzed by different catalysts under irradiation of a 450 nm LED light. (b)
Profound influence on photocatalytic CO2 reduction by BIH and TEOA. (c) Recyclability of Ni3@Ru-UiO-67 in five consecutive experiments. (d) Powder XRD patterns for
Ni3@Ru-UiO-67 before and after every run of reaction.
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different experimental conditions, such as, photosensitizer, sol-
vents and concentration, may also be factors that affect the activity
and stability of the [NiII(bpet)(H2O)2].

Confirmation of the carbon source is essential for photocatalytic
CO2 reduction in heterogeneous systems. Isotopic labeling experi-
ment was performed with 13CO2, and the gaseous product was
detected by GC-mass spectroscopy (GC–MS) to investigate the car-
bon source of the produced CO. After 6 h of visible-light irradiation,
GC–MS analysis showed clearly the signals of 13CO (m/z 29). In
contrast, the signal was absent in the GC–MS spectra when 12CO2

was used as the reactant (Fig. S14 online), unambiguously confirm-
ing that CO was generated from CO2 photoreduction.

In order to evaluate the stability of Ni@Ru-UiO-67 composite,
the catalyst durability tests were carried out under the optimized
conditions taking into account the relatively high CO evolution
rate. The recycling tests were explored by collecting catalyst after
each 5 h illumination via centrifugation and dispersal in a fresh
catalysis solution. Fig. 4c shows TON of CO and H2 for Ni3@Ru-
UiO-67 as a function of time in consecutive five reaction cycles.
Although the CO evolution dependence on time deviates from lin-
earity gradually after 10 h, the initial rate in every run can be eval-
uated from the slope of straight line portion at the first 5 h. The
highest rate of 10.19 lmol/h appears in the first run, and there is
only a slight decrease in the fifth run (Fig. S15 online). PXRD anal-
yses of Ni3@Ru-UiO-67 after photocatalytic reaction showed no
significant change in the diffraction patterns, suggesting its struc-
tural stability (Fig. 4d). Furthermore, after the fifth run, the concen-
tration of Ni in the supernatant solution before and after catalysis
were measured by ICP-MS to examine the possibility of Ni leach-
ing, indicated that less than 0.5% of Ni was leached into the solu-
tion during catalysis process. The high activity and good
durability of Ni3@Ru-UiO-67 demonstrate the great potential in
photocatalytic CO2 reduction.

In order to uncover the photocatalytic mechanism of Ni@Ru-
UiO-67 system, the electrochemical properties of Ni(II) complex
were investigated by cyclic voltammetry (CV) in a solution of
DMF/H2O (9:1, v:v) under N2 atmosphere. As described in Fig. 5a,
two irreversible reductive waves are attributable to step-by-step
reduction and changes of octahedral NiII to tetrahedral Ni0 com-
plexes. The first wave of Ni(II) complex at �0.60 V (vs. NHE) can
be assigned to be the reduction of the Ni center from NiII to NiI

and the second cathodic wave at –0.79 V (vs. NHE) was corre-
sponded to a metal-centered NiI/Ni0 redox process. Moreover, the
oxidative peak observed at around 0.5 V is likely due to the
ligand-centred oxidation of tetrahedral Ni0 complexes [41]. This
result reflects that the excellent activity of Ni@Ru-UiO-67 compos-
ite is correlated with the reduction of the Ni(II) complex.

To confirm the thermodynamic feasibility of photoinduced elec-
tron transfer (PET) and the driving force for the reduction of CO2,
the free energy change (DG0) was introduced which can be used
to estimate a PET process from Ru-H2L to Ni(II) complex. The
DG0 is calculated by the Rehm-Weller equation (Eq. (1)) [42]:

DG0 ¼ Eox � Ered � E00 � C; ð1Þ



Fig. 5. Electrochemical characterization of samples. CVs of Ni(II) complex (a) and Ru-H2L (b) in a DMF/H2O (9:1, v:v) solution containing 0.10 mol/L of TBAPF6 (TBA = tetra-n-
butylammonium) under N2.
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C ¼ e2

ed
; ð2Þ

where, Eox is the oxidative potential of the species donating an elec-
tron (Ru-H2L), Ered is the reductive potential of the species accepting
an electron (Ni(II) complex), E00 is the energy difference between
the ground and excited states of the photosensitizer and C is the
sum of the solvation effect that accounts for the change in coulom-
bic interactions due to the charge shift in solution. As the dielectric
constants of the polar solvents DMF are quite high, the term C could
be negligible (Eq. (2)) [43]. As shown in Fig. 5, CVs of Ni(II) complex
and Ru-H2L show that the first oxidation Eox of Ru-H2L is 1.20 V
(vs. NHE) and the first reduction Ered of Ni(II) complex is �0.60 V
(vs. NHE). The E00 value of 2.10 V can be calculated from the lumi-
nescence emission peak at 590 nm of Ru-H2L at room temperature
(Fig. S8a online). Fitting of the above data to Eq. (1), a negative DG0

of �0.30 V was obtained, suggesting the PET progress from Ru-H2L
to Ni(II) is thermodynamically favourable.

In order to investigate the excited state (ES) and electron trans-
fer (ET) dynamics in Ni@Ru-UiO-67 composite, we also carried out
the optical transient absorption (TA) measurements. Fig. 6a shows
the ultrafast TA spectra of Ru-UiO-67 and Ni3@Ru-UiO-67 at the
Fig. 6. (Color online) Spectroscopic evidence for effective charge separation process. (a) F
decay kinetics between Ru-UiO-67 and Ni3@Ru-UiO-67.
selected delay times after the excitation at 450 nm. The TA spectra
of Ru-UiO-67 was used as a control to illustrate the intrinsic ES
dynamics of Ru-moiety in MOF framework without Ni(II) molecu-
lar catalyst. The spectra of Ru-UiO-67 exhibits two instantaneously
formed spectral features, a negative band centered at �530 nm and
a broad photoinduced positive absorption features between 620
and 770 nm, which can be attributed to the ground state bleach
(GSB) and excited state absorption (ESA) of Ru-moiety, respec-
tively. Such transient absorption profile of Ru-UiO-67 is similar
with those of reported in literatures containing Ru-moiety complex
[44]. Similar to the spectra of Ru-UiO-67, the TA spectra of
Ni3@Ru-UiO-67 also show two main spectral features, a GSB band
centred at �520 nm and a broad ESA band in 570–770 nm region.
The whole spectra of Ni3@Ru-UiO-67 shift to shorter wavelengths
with respect to that of Ru-UiO-67 because of the formation of a ET
state between Ru-moiety and Ni(II) complex, which is consistent
with their steady-state spectrum [45]. Furthermore, the amplitude
of GSB at 520 nm increases within 7 ns, distinctly different to that
of Ru-UiO-67. These spectroscopic features indicate that the
excited state of Ni3@Ru-UiO-67 turned into the reduced state
due to electron transfer processes, but rather than relaxing to
ground state as in the neat Ru-UiO-67. As illustrated in Fig. 6b,
emtosecond TA spectra of Ru-UiO-67 and Ni3@Ru-UiO-67. (b) The comparisons of ES



Fig. 7. (Color online) Potential energy surface showing reaction pathway for the photocatalytic CO2 reduction at the cam-B3LYP/6–311 + G(d,p) level in DMF.
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the ESA kinetics in Ni3@Ru-UiO-67 decays faster than that in Ru-
UiO-67, further supporting the ET process from excited Ru-H2L to
Ni(II) complex in Ni3@Ru-UiO-67.

To further investigate the catalytic mechanism of Ni(bpet)
(H2O)2, we carried out the DFT calculations (see the Supporting
Information online) [46], which can probe the active site of Ni(II)
complex and the adsorption energy and charge difference density
of CO2 adsorption structure. The relaxed structure feature
pseudo-C2 symmetry with two geometrically equivalent coordi-
nated H2O molecules. The optimized configuration reflects that
the H2O was easy removed, and the desorption free energy was
DG = �0.90 kcal/mol. Therefore, one Lewis acid catalytic site was
exposed on the unsaturated Ni(II) ions after H2O were removed
under visible light irradiation The unsaturated Ni(II) ions can fur-
ther adsorb one CO2 molecule. As shown in Fig. 7, for DFT calcula-
tions, two possible activation energy barriers were taken into
consideration, one is the CO2-binding step to give the Ni-CO2 inter-
mediate (TS1,DG�

1) and the other is the CO-cleavage step to form Ni-
CO species (TS2, DG�

2). The CO2 molecule binds to the reduced Ni0

through the carbon atom forming Ni–CO2 species (transition state
TS1, Fig. S16a online), and the total barrier calculated for TS1 is
14.77 kcal mol�1. Meanwhile, the CO2 molecule of TS1 turns to dis-
torted configuration with the angle of O-C-O (158.6�) and C-Ni bond
Fig. 8. Proposed mechanism for the photocatalytic reductio
length (2.24 Å). Then, the Ni-CO2 species is protonated to form Ni-
COOH intermediates, and, the C-OH bond in Ni-COOH species is
cleaved at Ni center to generate Ni-CO species (transition state
TS2, Fig. S16b online) and OH� with the total energy barrier
10.57 kcal/mol for TS2. Simultaneously, the cleaved OH� further
reacts with a proton to form water. After the release of CO, Ni
(bpet)(H2O)2 is regenerated and the catalytic cycle restarts. On the
other hand, natural charge analysis indicates that CO2 molecule
behaves �0.822e for O, 0.711e for C and �0.777e charge for another
O, while Ni ion features 0.100e charge. Obviously, under the light
irradiation, CO2 gets electrons from Ni ions, suggesting that the
CO2 molecule can be activated effectively by the Ni ion. Thus, the
unsaturated site of Ni ion serves as active site in CO2 photocatalytic
reduction.

Based on the above experimental results and theoretical calcu-
lations, we propose the following reaction mechanism for photo-
catalytic CO2 reduction in Ni@Ru-UiO-67 system. As shown in
Fig. 8, under the visible-light irradiation, the ligand [Ru(dcbpy)
(bpy)2]2+ will be excited forming the triplet MLCT excited
state, 3[Ru(dcbpy)(bpy)2]2+*, which is subjected to a reductive
quenching by one electron from BIH (indicated by Stern-Volmer
experiment, Fig. S17 online), then afforded [Ru(dcbpy)(bpy)2]+

and oxidized BIH (BIH+�). However, BIH+� is easily deprotonated,
n of CO2 to CO in the Ni@Ru-UiO-67/BIH/TEOA system.
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the deprotonated BI� can supply one more electron to reduce
another 3[Ru(dcbpy)(bpy)2]2+* producing 2 equiv. of [Ru(dcbpy)
(bpy)2]+ in the overall photoinduced process. Then Ni(II) complex
was reduced by two [Ru(dcbpy)(bpy)2]+ to afford a [Ni0(bpet)]
intermediate and two [Ru(dcbpy)(bpy)2]2+ with a two-electrons
process. Finally, CO2 binds to the reduced Ni0 through the carbon
atom forming a Ni-CO2 adduct, after which protonation gives CO
and regenerates the catalyst, completing the catalytic cycle. On
the other hand, the formation of H2 could result from the reduction
of the existing protons in the reaction system by the light-induced
electrons. Noteworthy, in the reduction process TEOA works as a
base for BIH+�, which should suppress back electron transfer from
[Ni(bpet)] to BIH+� as one of the obstruction processes of the
photocatalytic reduction (Fig. S18 online) [47].
4. Conclusions

In summary, we have synthesized a series of photoactive MOF-
based composites with simultaneously incorporated Ru-
photosensitizer and Ni(II) molecular catalyst via a ‘‘ship-in-a-
bottle” synthetic strategy. The Ni@Ru-UiO-67 composites exhibit
highly active, selective and robust, for photocatalytic CO2 to CO
conversion, with an optimal TON of 581. Moreover, the excellent
heterogeneous catalyst exhibits outstanding stability after five
repetitive reactions. The combination of advanced ultrafast absorp-
tion spectroscopy and theoretical calculations demonstrate the
photoelectrons produced by Ru-L directly transfer to the Ni(II) cat-
alyst affording Ni0 species for reducing CO2 to CO. The efficient
charge transfer between Ru-UiO-67 and Ni(II) complex is responsi-
ble for its excellent activity. This work not only afford a rational
strategy for synthesizing high-performance heterogeneous photo-
catalyst through encapsulating homogeneous molecular catalysts
in photoactive MOF, but also provides a unique perspective for
understanding the photocatalytic mechanism.
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