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ABSTRACT: Materials development for artificial photosynthesis, in particular CO2 reduction, has been under extensive 
efforts, ranging from inorganic semiconductors to molecular complexes. In this report, we demonstrate a metalorganic 
framework (MOF) coated nanoparticle photocatalyst with enhanced CO2 reduction activity and stability, which stems from 
having two different functional units for activity enhancement and catalytic stability combined together as a single con-
struct. Covalently attaching a CO2-to-CO conversion photocatalyst ReI(CO)3(BPYDC)Cl, BPYDC = 2,2’-bipyridine-5,5’–di-
carboxylate, to a zirconium MOF, UiO-67 (Ren-MOF), prevents dimerization leading to deactivation. By systematically con-
trolling its density in the framework (n = 0, 1, 2, 3, 5, 11, 16, and 24 complexes per unit cell), the highest photocatalytic activity 
was found for Re3-MOF. Structural analysis of Ren-MOFs suggest that a fine balance of proximity between photoactive 
centers is needed for cooperatively enhanced photocatalytic activity, where an optimum number of Re complexes per unit 
cell should reach the highest activity. Based on the structure-activity correlation of Ren-MOFs, Re3-MOF was coated onto 
Ag nanocubes (Ag⊂Re3-MOF), which spatially confined photoactive Re centers to the intensified near-surface electric fields 
at the surface of Ag nanocubes, resulting in a seven-fold enhance-ment of CO2-to-CO conversion under visible light with 
long-term stability maintained up to 48 hours. 

INTRODUCTION 
Inorganic nanostructures and molecular complexes have 

been widely investigated as artificial photosynthetic cata-
lysts1,2. The challenge is to find catalysts for carbon dioxide 
reduction with good activity, selectivity and durability, es-
pecially under visible light. In this context, metal-organic 
frameworks (MOFs) offer many advantages because of the 
flexibility with which they can be designed and their pore 
environment varied3. 

Here, we demonstrate how tunable photocatalytic activ-
ity can be realized by quantitatively and precisely control-
ling the density of covalently attached photoactive centers 
within MOF interior, and how this prevents the dimeriza-
tion of the molecular catalyst and its deactivation. Further-
more, for the first time, these MOF catalytic units can be 
spatially localized within the enhanced electromagnetic 
field surrounding plasmonic silver nanocubes to signifi-
cantly increase their photocatalytic activity for carbon di-
oxide conversion under visible light4. Specifically, we cova-
lently attached ReI(CO)3(BPYDC)(Cl), BPYDC = 2,2’-bipyr-
idine-5,5’–dicarboxylate [hereafter referred to as ReTC], 

within a zirconium MOF based on the UiO-67-type struc-
ture5 (hereafter this Re containing MOF is termed Ren-
MOF) and controlled its density in the pores in successive 
increments of n (n = 0, 1, 2, 3, 5, 11, 16, and 24 complexes per 
unit cell), finding the highest activity for n = 3 complexes. 
The effect of the molecular environment within MOFs for 
photocatalytic CO2 reduction was studied, which provided 
further insights into the photocatalytic reaction pathway 
of molecular Re complex. Placing this construct on silver 
nanocubes resulted in seven-fold enhancement of carbon 
dioxide photocatalytic conversion to carbon monoxide.  

Many studies involving the use of photoactive metal 
complexes1,6, MOFs7,8, and inorganic nanostructures9 for 
carbon dioxide reduction have been reported with varying 
levels of performance. The present catalysts’ unique per-
formance is attributed to the precision and systematic var-
iation applied in their design, and the spatial resolution 
with which they can be interfaced with plasmonic 
nanostructures. 



 

EXPERIMENTAL SECTION 
Synthesis of ReI(CO)3(H2BPYDC)Cl, H2ReTC: 

Re(CO)5Cl (0.360 g, 1.000 mmol) and H2BPYDC (0.240 g, 
1.000 mmol) were added to methanol (100 mL). After re-
fluxing the mixture for 24 h under N2, the resultant precip-
itate was filtered and the solvent was evaporated under re-
duced pressure to give the product. 1H NMR (DMSO-d6): 
9.35 (s, 2H), 9.01 (d, 2H), 8.79 (d, 2H).  

Synthesis of Ren-MOFs: Different ratios of H2ReTC and 
H2BPDC (0, 5, 10, 20, 30, 50, 70, and 100 mol% of H2ReTC, 
adding up to a total amount of 0.040 mmol of organic 
linker) were mixed with 10 ml DMF solution containing 
ZrCl4 (9.320 mg, 0.040 mmol) and acetic acid (0.5 ml, 8.7 
mmol) in a 20 ml vial, which was heated at 100 ºC for 10 h. 
An orange precipitate was collected and washed three 
times with DMF using a centrifuge (9000 rpm for 10 min) 

and sonication, and then sequentially immersed in anhy-
drous acetonitrile for three 24 h periods.  

Synthesis of Ag nanocube: Silver nitrate (0.25 g) and 
copper(II) chloride (0.21 mg) were dissolved in 1,5-pentane-
diol (12.5 mL) in a 20 ml glass vial. In a separate vial, PVP 
(Mw = 55,000, 0.25 g) was dissolved in 1,5-pentanediol (12.5 
mL). Using an oil bath, 1,5-pentanediol (20 mL) was heated 
for 10 min at 190 °C. Then the two precursor solutions were 
injected at different intervals: 500 µL of the silver nitrate 
solution every minute and 250 µL of the PVP solution every 
30 s. The reaction was stopped once the solution turned 
opaque (~7 min). 

Synthesis of Ag⊂Re3-MOF: Ag nanocubes were washed 
three times with DMF using a centrifuge (9000 rpm for 10 
min) and concentrated to a 3 mg/ml Ag nanocube solution. 
A Re-MOF stock solution was prepared by dissolving 
H2BPDC (9.110 mg, 0.037 mmol), H2ReTC (1.320 mg, 0.002 

 

Figure 1. Structures of Ren-MOF and Ag⊂Ren-MOF for plasmon-enhanced photocatalytic CO2 conversion. (a) 
Zr6O4(OH)4(−CO2)12 secondary building units (SBUs) are combined with BPDC and ReTC linkers to form Ren-MOF.  The 
structure of Re3-MOF identified from single crystal X-ray diffraction is shown. 12-coordinated Zr-based metal clusters are 
interconnected by 21 BPDC and 3 ReTC linkers in a face-centered cubic array. Atom labeling scheme: C, black; O, red; Zr, blue 
polyhedra; Re, yellow; Cl, green, H atoms are omitted for clarity.  (b) Ren-MOF coated on a Ag nanocube for enhanced photo-
catalytic conversion of CO2. 



 

mmol), ZrCl4 (9.32 mg, 0.04 mmol), and acetic acid (0.500 
ml, 8.700 mmol) in 10 ml DMF. Then 2.1 ml of the Re-MOF 
stock solution and 2 ml of the Ag nanocube solution were 
combined with 1 ml DMF containing 0.125 ml acetic acid in 
a 20 ml vial with a magnetic stirrer and heated at 90 °C in 
an aluminum heating block with vigorous stirring. The 
thickness of the Re-MOF layer could be controlled with re-
action time; Ag⊂Re3-MOF-16nm and -33nm was synthe-
sized after 25 and 30 min, respectively. The precipitate was 
collected and washed three times with DMF using a centri-
fuge (9000 rpm for 10 min) and sonication, then sequen-
tially immersed in anhydrous acetonitrile for three 24 h pe-
riods. 

Photocatalytic experiments. The experiments were 
performed in a sealed batch-type custom cell. Samples 
were dispersed in acetonitrile (20 ml) with 1 ml triethyla-
mine added as a sacrificial electron donor. Initially, the cell 
was purged with CO2 for 20 min and then sealed at 1 atm 
CO2. A 300W Xe lamp with visible band-pass filters was 
used so that the light contained regions in wavelength be-

tween 400 to 700 nm. The amount of Re tricarbonyl com-
plex in each sample was 0.5 ~ 8 µmol, depending on the 
degree of ReTC incorporation inside MOFs while the nano-
crystal number per volume was kept similar. The products 
were measured by injecting 1 ml of gas in the headspace to 
a gas chromatograph (SRI) after every 1 or 2 hour run. 

Characterization. Powder X-ray diffraction patterns 
(PXRD) were recorded using a Bruker D8 Advance diffrac-
tometer (Göbel-mirror monochromated Cu Kα radiation λ 
= 1.54056 Å). Gas adsorption analysis was performed on a 
Quantachrome Quadrasorb-SI automatic volumetric gas 
adsorption analyzer. A liquid nitrogen bath (77 K) and ul-
tra-high purity grade N2 and He (99.999%, Praxair) were 
used for the measurements. Samples were prepared and 
measured after evacuating at 100 °C for 12 h. For transmis-
sion electron microscopy (TEM) observation, samples were 
first dispersed in an organic solvent by sonication and 
dropped onto a TEM grid. TEM was carried out at 200 kV 
using a JEOL JEM-2100. The amount of Re complexes in 
Ren-MOFs was analyzed by an ICP–AES spectroscope (Op-

 

Figure 2. Characterization and photocatalytic activity of Ren-MOFs. (a) Percent incorporation of ReTCs in Ren-MOFs. 
SEM images of (b) Re0- and (c) Re24-MOFs. Insets are TEM images of each. (d) PXRD patterns of Ren-MOFs in comparison 
with the simulated pattern of Re3-MOF. (e) Photocatalytic CO2-to-CO conversion activity under visible light (400 – 700 nm). 

 



 

tima 7000 DV, Perkin Elmer). Samples (10 mg) were di-
gested using a mixture of nitric acid (0.5 ml), hydrochloric 
acid (1.5 ml) and hydrofluoric acid (30 µl) and then diluted 
with 2 vol% of nitric acid solution (10 ml) before measure-
ment. For NMR, 10 mg of dried sample was digested and 
dissolved by sonication in a mixture of DMSO-d6 (1 ml), hy-
drofluoric acid (20 µl) and D2O (20 µl). The digested solu-
tion was used directly for 1H NMR. Attenuated total reflec-
tance (ATR) FTIR spectra of neat samples was performed 
on a Bruker ALPHA Platinum ATR-FTIR Spectrometer 
equipped with a single reflection diamond ATR module. 
Liquid samples were measured by placing a sample droplet 
on the sample stage covered with a cap for preventing sol-
vent evaporation. 

 
RESULTS AND DISCUSSION 

1. Structural Analysis and Photocatalytic Activ-
ity of Ren-MOFs 

Structural Analysis of Re3-MOF. The structural deter-
mination of Re3-MOF was carried out by single crystal X-
ray diffraction (Figure 1). Single crystals of Re3-MOF were 
prepared by dissolving the protonated form of H2ReTC (20 
mol%), H2BPDC (80 mol%, BPDC = 4,4′-biphenyldicarbox-
ylate), and ZrOCl2∙8H2O in a solution mixture of 
DEF/formic acid in a 20 ml screw-capped vial and heating 
at 140 °C for 12 h [Figure S1 in Supporting Information (SI)]. 
The analysis of single-crystal X-ray diffraction data reveals 
that Re3-MOF crystallizes in the cubic Fm-3m space group 
with unit cell parameter a = 26.7213(8) Å (Supporting In-
formation Table 1 and Figure 2). Each Zr secondary build-
ing unit, Zr6O4(OH)4(-CO2)12, is coordinated to a total of 12 
linkers (ReTC and BPDC) resulting in a three-dimensional 
fcu network. Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) analysis performed on these crys-
tals gave a molar ratio of 0.12 mol of Re to 1 mol Zr. This 
corresponds to 3 ReTCs per unit cell (i.e. Re3-MOF), as con-
firmed by the X-ray structure of single crystalline 
Zr6O4(OH)4[Re(CO)3(Cl)-BPYDC]0.72(BPDC)5.28, where co-
valently bound ReTCs are found in octahedral cavities of 
face centered cubic arrangement. Moreover, chloride oc-
cupies the axial position and was refined from the Fourier 
difference map, indicating fac-arrangement of the ReTC in 
Re3-MOF, which is an identical geometry compared to that 
of the mononuclear Re-complex in solution10 (Figure S2 in 
SI). 

The fac-arrangement of ReTC in Re3-MOF is also sup-
ported by infrared (IR) spectroscopy (Figure S3 in SI), ul-
traviolet-visible (UV-Vis) spectroscopy (Figure S4 in SI), 
and 1H nuclear magnetic resonance (NMR) spectra (Figure 
S5 in SI). The IR spectrum of Re3-MOF was measured in 
powder form and v(CO) bands were observed at 2,022, 
1,920, and 1,910 cm-1 (Figure S3 in SI), consistent with the 
fac-isomer of molecular ReTC10. The UV-Vis spectrum, 
measured as a powder mixed with KBr, has a metal-to-lig-
and charge transfer (MLCT) absorption band at 400 nm, 
indicative of the fac-isomer of ReTC10 (Figure S4 in SI). The 

amount of ReTC in the MOF and its molecular configura-
tion were further confirmed from 1H NMR of a HF-digested 
solution of Re3-MOF (Figure S5 in SI).  

ReTC Density Varied in Ren-MOFs. To examine how 
the amount of ReTC in MOFs affects the structural envi-
ronment within the MOF interior for CO2 catalytic turno-
ver, the ReTC density was varied in the range from Re0-
MOF (ReTC free MOF) to Re24-MOF (ReTC at maximal 
loading). This was done by adding increasing amounts of 
H2ReTC to the total amount of organic linkers during MOF 
synthesis, which resulted in Ren-MOFs (n = 0, 1, 2, 3, 5, 11, 
16, and 24) identified from ICP-AES (Figure 2a). All samples 
were synthesized as monocrystalline nanoparticles (Figure 
S6-8 in SI) as this may facilitate diffusion of substrates and 
products to and from the active Re catalytic centers. Rep-
resentative scanning electron microscopy (SEM) images 
(Figures 2b and c, and Figure S7 in SI) of Ren-MOFs show 
great size uniformity (ca. 300 nm) and identical octahedral 
geometry of particles regardless of the amount of ReTC in-
corporated. The crystallinity of Ren-MOFs was examined 
by powder X-ray diffraction (PXRD) (Figure 2d and Figure 
S8 in SI), which gave sharp diffraction lines matching those 
of the simulated pattern obtained from experimental sin-
gle crystal X-ray diffraction data of Re3-MOF. This clearly 
indicates preservation of the single crystalline Re3-MOF 
structure upon introduction of different density of ReTC in 
Ren-MOFs. The permanent porosity of all Ren-MOF sam-
ples was confirmed by measurement of their N2 sorption 
isotherms (Figure S9 in SI). UV-Vis spectroscopy for all 
Ren-MOFs showed that the MLCT absorption band inten-
sities increase as more ReTCs are incorporated into the 
framework, further confirming the varied density of the 
photoactive units in Ren-MOFs (Figure S10 in SI). 

Photocatalytic CO2 Conversion for Ren-MOFs. All 
Ren-MOFs used for photocatalytic CO2 conversion were 
dispersed in acetonitrile/triethylamine mixture (MeCN : 
TEA = 20 : 1) saturated with CO2, where TEA served as a 
sacrificial electron donor. Measurements were conducted 
under visible light (300W Xe lamp, visible bandpass 400–
700 nm) to utilize the visible light absorption feature of 
ReTC. We note this is in contrast to previous work where 
it relied on the intense absorption at the UV region (300–
350 nm) associated with π—π* energy transition of the bi-
pyridine linker7. The products were analyzed and quanti-
fied using gas chromatography (GC) and normalized to the 
number of ReTC in Ren-MOFs to get the turnover number 
(TON). Photocatalytic CO2 to CO conversion behavior of 
Ren-MOFs is shown in Figure 2e, reaching peak activity 
with Re3-MOF. In absence of CO2 (under Ar atmosphere) 
or with no ReTC, there was no CO generation observed. 
The performance of Ren-MOFs was stable at least up to 4 
hours (Figure S11 in SI) compared to the molecular coun-
terpart11, which deactivates within the first hour (Figure S12 
in SI). The enhanced stability of Ren-MOFs is from the co-
valent attachment of Re centers in ReTC, which prevents 
the prevailing deactivation pathway of dimerization com-
monly observed with photoactive molecular complexes 
(Figure S13-14 in SI). IR spectra of Re3-MOF before and after 



 

the reaction (Figure S15 in SI) shows that Ren-MOFs pre-
serve the molecular configuration of fac-ReTC after photo-
catalysis while in comparison the v(CO) bands for molecu-
lar H2ReTC are shifted because of dimerization.  This 
clearly indicates the inability of ReTC to dimerize due to 
its covalent bonding to the MOF in Ren-MOFs. 

 
2. Effect of the molecular environment within 

MOFs for photocatalytic CO2 reduction 
 
IR Spectroscopy of Ren-MOFs and Molecular 

H2ReTC. The photocatalytic trend observed for Ren-MOFs 
should be closely related to the configuration of ReTC and 
its surrounding environment. The vibrational stretching 
modes of ReTC carbonyl ligands in Ren-MOFs were probed 
by IR spectroscopy and compared with those of the molec-
ular H2ReTC (Figure 3). In the cases of Re1-, Re2-, and Re3-
MOFs, v(CO) bands were observed at 2,022, 1,920, and 1,910 
cm-1, which are identical to the IR spectra of H2ReTC dis-
persed in solution. On the other hand, the v(CO) bands at 
lower wavenumbers were shifted to lower frequency for 
Re5-, Re11-, Re16-, and Re24-MOFs. This indicated that there 
is electron-backdonation to the carbonyl ligand from Re of 
other ReTCs, weakening the CO bond strength12. This ef-
fect is possibly due to weak interactions between contigu-
ous overlapping ReTCs. This was also observed when 
H2ReTC molecules are tightly packed as powder and mois-
tened with acetonitrile, where v(CO) bands are shifted to 
1,900 and 1,880 cm-1. 

 

 
Figure 3. IR spectra of Ren-MOFs and H2ReTC. 

 
Ren-MOFs with n above 4. Considering that ReTCs are 

observed within the octahedral cavity of Re3-MOF from 
single crystal X-ray diffraction and the axial rotation of the 
ReTC linker backbone, the maximum number of ReTC 
units that can be incorporated into Ren-MOF without over-
lapping is 4 per unit cell, with each octahedral cavity being 
occupied with a single ReTC complex (Figure S16 in SI). We 
believe a statistically variable distribution of ReTCs within 
the framework is most reasonable to expect. Beyond this 
point, the likelihood of ReTCs occupying adjacent linkers 
and hence overlapping increases.  Indeed, if the linkers can 

rotate 180° into adjacent octahedral cavities, beyond 4 per 
unit cell there will unavoidably be some ReTCs clashing 
from this rotation (Figure S17a in SI). The IR spectra are 
consistent with the unit cell structure considerations 
where Re5-MOF is just beyond the limit of ReTC being un-
disturbed. Therefore, the excessive occupation of ReTCs in 
Ren-MOFs appear to cause a change in their vibrational 
state13, which may not be favorable for reducing CO2 and 
decreases activity for Ren-MOFs with n above 4. Another 
aspect to note is the accessible pore volume of Ren-MOFs: 
N2 uptake on a volumetric scale (Figure S9 in SI) is lower 
for frameworks with more than 4 ReTC per unit cell. This 
indicates that substrate and product diffusion may also be 
limited within Ren-MOFs with n above 4, further resulting 
in the observed lowering of activity. 

Ren-MOFs with n below 4. However, we see an increase 
in activity in the lower regime of ReTC incorporation, from 
Re1 to Re3. Though a unimolecular pathway has been re-
ported to exist for molecular ReTC14a, the observed rise in 
photocatalytic activity with more ReTC units within Ren-
MOF (n below 4) implies that the bimolecular reaction 
pathway (bridging or outer-sphere electron transfer) is the 
source of the higher turnover13,14, which is expected for a 
reaction involving 2 electrons (Figure S17b and 18 in SI). 
Therefore, a fine balance of proximity between photoactive 
centers is needed for such cooperatively enhanced activity. 
Furthermore, reduced activity compared to the molecular 
ReTC in solution (Supporting Information Figures 11 and 
12) indicates that restricting the free motion of the molec-
ular complex may limit its activity though it is protected 
from rapid deactivation. The present study of Ren-MOFs 
not only elucidates the effect of the molecular environ-
ment within MOFs for photocatalytic CO2 reduction, but 
also provides further insights into the photocatalytic reac-
tion pathway of molecular ReTC. 

 
3. Plasmon-Enhanced Photocatalytic Activity of 

Ren-MOFs 
Synthesis and characterization of Ren-MOFs coated 

on plasmonic Ag nanocubes. Coupling Re3-MOF to a 
plasmonic Ag nanoparticle was performed to demonstrate 
an effective strategy in creating a bifunctional catalyst with 
enhanced activity and long-term stability. The optimal Re3-
MOF structure with the highest turnover was coated on Ag 
nanocubes (Ag⊂Re3-MOF). Once irradiated with light, the 
Ag nanocubes generate intensified near-surface electric 
fields at their surface plasmon resonance frequency that 
can be orders of magnitude higher in intensity than the in-
cident electromagnetic field4b, 15 Therefore, it is expected 
that Re3-MOF coating on the Ag nanocubes can spatially 
localize photoactive Re centers to the intensified electric 
fields with enhanced photocatalytic activity. More re-
cently, there have been some examples of combining Au 
and Ag nanoparticles with MOFs capable of oxidizing alco-
hols and dyes that led to several-fold enhancement in their 
performance16. Ag nanocubes prepared by the polyol pro-
cess17 were used in the synthesis procedure of Ren-MOF to 
give Ag⊂Re3-MOF. Figure 4a shows a TEM image of 



 

Ag⊂Re3-MOF. The dark area in the core is the Ag nanocube 
(98 nm in diameter) while the brighter outer part is the 
Re3-MOF with a thickness of 33 nm. The magnified image 
of the outer part (Figure 4b) shows lattice fringes from the 
crystalline Re3-MOF layer. ICP-AES analysis revealed that 
the Re3-MOF layer contains the expected three ReTCs per 
unit cell. The crystallinity of Ag⊂Re3-MOF was examined 
by PXRD (Figure S19 in SI). The resulting diffraction lines 
of Ag⊂Re3-MOF match those of Ag and Re3-MOF, indicat-
ing the preservation of the Ag metallic phase and the for-
mation of the Re3-MOF structure on the surface of Ag. The 
permanent porosity of Ag⊂Re3-MOF was confirmed by N2 
sorption (Figure S20 in SI). IR spectroscopy showed that 
v(CO) bands were consistent with those of molecular 
H2ReTC and Re3-MOF (Figure S21 in SI).  From the UV-Vis 
spectrum (Figure 4c), the Ag nanocube exhibits a strong 
quadrupolar localized surface plasmon resonance (LSPR) 
scattering peak (λmax ~ 480nm)17, 18, which overlaps with the 
absorption range of ReTC (400 nm < λ < 550 nm) in the 

visible region. Furthermore, the Ag⊂Re3-MOF structure re-
tains the characteristic LSPR features of the Ag core after 
being coated with the Re3-MOF. Therefore, it is expected 
that the intensified near-field created at the surface of Ag 
nanocubes can be absorbed by ReTCs incorporated into 
the Re3-MOF layer for photocatalytic enhancement. 

 
Photocatalytic activity and stability of Ag⊂Ren-

MOFs. Photocatalytic CO2-to-CO conversion activity of 
Ag⊂Re3-MOF was performed under identical conditions to 
those expressed above (Figure 4d). As expected, Ag⊂Re3-
MOF exhibits 5 times enhancement of activity over Re3-
MOF under visible light. Since the intensity of the near-
field from LSPR decays exponentially with the distance 
from the surface of the nanoparticle4d, ReTCs in a thinner 
MOF layer will be under the influence of a stronger electric 
field on average, leading to superior turnover. A thinner 
Re3-MOF layer (16 nm) was coated on Ag nanocubes by 
controlling the synthetic conditions (Figure S22 in SI) and 
this structure provided 7 times further enhancement of 

 

Figure 4. Characterization of Ag⊂Re3-MOF. (a) TEM image of Ag⊂Re3-MOF showing Re3-MOF constructed on the surface 
of a Ag nanocube. (b) Magnified image of Re3-MOF. (c) UV-Vis spectra of Re3-MOF, Ag nanocube, and Ag⊂Re3-MOF. (d) 
Photocatalytic CO2-to-CO conversion activity of Ren-MOFs, Ag⊂Re0-MOF, Cu⊂Re2-MOF, and Ag⊂Re3-MOFs with MOF 
thickness of 16 nm and 33 nm. (e) Stable performance of Ag⊂Re3-MOF compared to molecular H2ReTC. 

 



 

photocatalytic activity (Figure 4d). When there was no 
ReTC in the MOF layer (i.e. Ag⊂Re0-MOF) (Figure S23 in 
SI), there was no activity observed; ruling out the possibil-
ity of Ag being responsible for CO production. Addition-
ally, when Re2-MOF was coated on Cu nanoparticles of 
similar size (~100 nm, Figure S24 in SI), activity enhance-
ment was not observed (Figure 4d) as the Cu nanoparticles 
do not have the LSPR characteristics that match with the 
absorption features of ReTC (Figure S25 in SI).  

The Ag nanocube coated with Re-MOF should not only 
exhibit enhanced photocatalytic activity but long-term sta-
bility as well from having ReTCs covalently bound within 
the MOF. The stability of the Ag⊂Re3-MOF structure was 
tested by measuring its activity up to 48 hours under visi-
ble light (Figure 4e). Compared to molecular H2ReTC, 
which rapidly deactivates within the first hour possibly 
from dimerization as previously reported11, Ag⊂Re3-MOF 
shows stable photocatalytic performance throughout the 
entire period and its cumulative TON exceeds that of 
H2ReTC after 24 hours. The stability of the structure was 
confirmed with TEM and IR spectroscopy following the 
long-term measurement (Supporting Information Figures 
26 and 27). The CO produced from Ag⊂Re3-MOF almost 
doubled from that of H2ReTC after 48 hours, demonstrat-
ing the combined effects gained from this bifunctional cat-
alyst construct.  

 
SUMMARY 

We show how covalently attached photoactive centers 
within MOF interior can be spatially localized and sub-
jected to the enhanced electromagnetic field surrounding 
plasmonic silver nanocubes to significantly increase their 
photocatalytic activity. We covalently attached 
ReI(CO)3(BPYDC)Cl, BPYDC = 2,2’-bipyridine-5,5’–dicar-
boxylate, into a zirconium MOF, UiO-67, and controlled 
its density in the pores in increments (0, 1, 2, 3, 5, 11, 16, and 
24 complexes per unit cell), which led to observing the 
highest activity for 3 complexes. This activity trend re-
sulted from the molecular environment within MOFs that 
varied with ReTC density. Placing the optimal Re3-MOF 
structure with the highest turnover on silver nanocubes re-
sulted in seven-fold enhancement of photocatalytic activ-
ity under visible light. 
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