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ABSTRACT: The utilization of solar energy for the conversion of CO,
into valuable organic products is one of the best solutions to solve the
problems of global warming and energy shortage. The development of
photocatalysts capable of reducing CO, under visible light, especially
those containing earth-abundant metals, is significant. Herein we report
that a series of earth-abundant Fe-containing MOFs (MIL-101(Fe),
MIL-53(Fe), MIL-88B(Fe)) show photocatalytic activity for CO,
reduction to give formate under visible light irradiation. The direct
excitation of the Fe—O clusters in these MOFs induces the electron

transfer from O>~ to Fe*" to form Fe?*, which is responsible for the

photocatalytic CO, reduction. Among the three investigated Fe-based MOFs, MIL-101(Fe) showed the best activity due to the
existence of the coordination unsaturated Fe sites in its structure. All three amine-functionalized Fe-containing MOFs (NH,-
MIL-101(Fe), NH,-MIL-53(Fe) and NH,-MIL-88B(Fe)) showed enhanced photocatalytic activity in comparison to the
unfunctionalized MOF, due to the existence of dual excitation pathways: i.e., excitation of an NH, functionality followed by an
electron transfer to the Fe center in addition to the direct excitation of Fe—O clusters.

KEYWORDS: photocatalytic CO, reduction, visible light, metal—organic frameworks, coordination unsaturated sites,

dual excitation pathway

Bl INTRODUCTION

The utilization of solar energy for the conversion of CO, into
valuable organic products is one of the best solutions to solve
the problems of global warming and energy shortage.! To date,
various photocatalysts, including inorganic semiconductors,
metal-incorporated zeolites, and homogeneous transition-metal
complexes, have been developed and their photocatalytic
performance for CO, reduction has been investigated.” Most
of the semiconductor photocatalysts investigated can use water
as a reductant; however, they are only active in the UV region
and their efficiency for CO, reduction is still quite low. On the
other hand, homogeneous molecular systems show a relatively
high efficiency for solar CO, fixation in the presence of strong
organic sacrificial agents. Unfortunately, most of the involved
molecular systems are limited to noble-metal catalysts. It is
therefore of great significance to develop efficient photo-
catalysts composed of earth-abundant transition metals which
are capable of reducing CO, under visible light.
Metal—organic frameworks (MOFs), constructed from metal
clusters interconnected by multidentate organic linkers, are a
class of three-dimensional crystalline porous hybrid materials.
Their inherent large surface areas, uniform but tunable cavities,
and tailorable chemistry have enabled them to show a variety of
potential applications.> ™ Previous studies on MOF-5 have
revealed that the organic linkers in MOF-$ can act as antennas
to absorb light upon irradiation and activate the metal clusters,
which is similar to the case for inorganic semiconductor
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quantum dots, via linker to metal cluster charge transfer
(LCCT)." This and the structural analogy between MOFs and
zeolites make MOFs promising photocatalysts. Actually, several
studies that demonstrate the successful applications of MOFs in
photocatalysis, mostly for photocatalytic dye degradation or
hydrogen production, have emerged.'"'> As photocatalysts,
MOFs are superior to semiconductors, since their light
absorption ability can be more easily tuned by modifications
on the metal ions and the organic linkers to achieve an efficient
utilization of solar energy. For example, Lin et al. reported that
Uio-67(Zr) doped with an Re(I) complex shows photocatalytic
activity for CO, reduction.''f Recently, by facile ligand
substitutions, our group successfully obtained NH,-MIL-
125(Ti) and NH,-Uio-66(Zr), which are active in photo-
catalytic CO, reduction under visible light irradiation.'* These
studies demonstrate the high potential of using MOFs as
photocatalysts. However, studies on MOF-based photocatalysis
are still in the infancy stage, considering the large number of
MOF materials that have already been reported.

Although a previous study on NH,-MIL-125(Ti) indicates
that Ti** is involved in photocatalytic CO, reduction, a great
deal remains unclear about this photocatalytic process. It is
therefore indispensable to explore the performance for CO,
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reduction over that of other MOFs with redox-active metal
centers and elucidate factors influencing photocatalytic
performance. Fe-based MOF materials are extremely attractive,
since iron is an earth-abundant element and iron—containing
complexes are commonly used in catalysis and photocatalysis."
Moreover, another advantage of using Fe-based MOF materials
for photocatalysis is that almost all of the Fe-based MOF
materials already reported are visible-light-responsive due to the
existence of extensive iron oxo clusters, which makes it possible
for a direct excitation of the Fe—O clusters upon visible light
irradiation.''®'*

Herein we report the photocatalytic performance for CO,
reduction over three typical Fe-based MOFs (MIL-101(Fe),
MIL-53(Fe), and MIL-88B(Fe)) and their amino-function-
alized derivatives. These Fe-based MOF materials have been
chosen since they all contain a similar organic linker, BDC
(BDC = benzene-1,4-dicarboxylate), but have quite different
structures. All three chosen Fe-based MOFs themselves are
responsive to visible light. The photocatalytic results show that
all of these Fe-based MOFs can reduce CO, under visible light
irradiation and that direct excitation on the Fe—O clusters to
induce electron transfer from O*” to Fe®" is responsible for the
photocatalytic CO, reduction. A comparison of the perform-
ance among the three Fe-based MOFs indicates that the
photocatalytic performance is significantly influenced by the
structure of the MOF. Their amino-functionalized derivatives
(NH,-MIL-101(Fe), NH,-MIL-53(Fe), and NH,-MIL-8SB-
(Fe)) show enhanced photocatalytic performance for CO,
reduction as compared to the unfunctionalized MOFs. For
the first time, a dual-excitation pathway for their enhanced
performance has been elucidated.

B RESULTS AND DISCUSSION

MIL-101(Fe) was prepared from FeCly and H,BDC following
the reported method."” It has a rigid zeotype crystal structure,
consisting of quasi-spherical cages of two modes (2.9 and 3.4
nm) accessible through windows of ca. 12 and 1.6 nm,
respectively. The XRD pattern of the as-prepared product as
shown in Figure 1 confirms the formation of a pure phase of
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Figure 1. XRD patterns: (1) calculated sample; (2) MIL-101(Fe); (3)
NH,-MIL-101(Fe).

MIL-101(Fe). TG and N, adsorption/desorption studies
indicate that MIL-101(Fe) with high quality has been
successfully obtained (Figures S1 and S2, Supporting
Information). The UV—vis DRS spectrum of the as-prepared
MIL-101(Fe) shows a broad intense absorption in 200—450
nm region, which can be further deconvoluted into one
absorption band located at ca. 270 nm and one band extending
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into the visible region (Figure 2). The band at ca. 270 nm is
attributed to the oxygen to iron charge transfer of isolated iron
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Figure 2. UV-DRS spectra of MIL-101(Fe) and NH,-MIL-101(Fe).

in an octahedral coordination environment, while the other
band extending into the visible light region can be ascribed to
the existence of Fe;O clusters in MIL-101(Fe). Previous studies
have revealed that the existence of extensive iron clusters in the
structure can lead to a red shift of the oxygen to iron charge
transfer, even to the visible light region.14

The photocatalytic reduction of CO, over MIL-101(Fe) was
performed under visible light irradiation. In the presence of
TEOA as the sacrificial agent, the amount of HCOO™ produced
in 8 h is 59 pumol, which is much higher than that observed
previously over NH,-MIL-125(Ti) (Figure 3).'** No other

140
—a—Fe,03
- 1201 | —e— MIL-101(Fe)
'ﬁl 1004 —A— visible light only
£ :
> 804 -
o) i light
Q 60+
Q
< 40
204
0- T T T T T T 1
0 4 8 12 16 20 24
t/h—

Figure 3. Amount of HCOO™ produced as a function of the
irradiation time over MIL-101(Fe), with Fe,O5 and visible light only.
Conditions: photocatalyst 50 mg, MeCN/TEOA (5/1), solution
volume 60 mL.

products have been detected in both the gas phase and liquid
phase, suggesting that this reaction over MIL-101(Fe) has high
selectivity. In contrast, no HCOO™ was produced in the
absence of MIL-101(Fe), TEOA, or visible light. Using Fe,O5
as the photocatalyst under otherwise similar reaction conditions
gave only 5.6 pmol of HCOO™. All of these observations
indicate that MIL-101(Fe) can selectively photocatalytically
reduce CO, to produce HCOO™ under visible light irradiation.
To study the origin of the HCOO™, isotopic *CO, has been
used to carry out the photocatalytic reaction and the product
obtained was identified by '*C NMR. *C NMR spectra of the
product obtained from the reaction with >CO, shows only
peaks corresponding to CD;CN and TEOA (Figure S3,
Supporting Information), while three additional peaks at
125.76, 159.64, and 165.42 ppm, which can be assigned to
dissolved CO,, HCO®", and HCOO", respectively, are
observed over the product obtained from the reaction with
BCO, (Figure S4, Supporting Information). The isotopic
BCO, reaction confirms that the produced HCOO™ actually
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comes from CO,. The TON observed for MIL-101(Fe) was
determined to be ca. 1.2 in a 24 h reaction (Figure 3). Although
this value is slightly lower in comparison to those for some
already reported photocatalytic systems for CO, reduction,
such as Re(I) complex doped Uio-67(Zr) (TON in 6 h: 5.0)
and [Ru(bpy),(CO),][PF],/N—Ta,Oy hybrid system (satu-
rated TON: ca. 5.0), the larger than 1.0 TON in the current
system definitely suggests that the reaction is catalytic."""* To
verify the nature of the catalyst, a filtrate reaction was carried
out. It was found that the production of HCOO™ ceased after
the solid photocatalyst was removed from the reaction system
at 8 h (Figure SS, Supporting Information). The filtrate
reaction confirms that the reaction over MIL-101(Fe) is truly
heterogeneous. The recycling use of the photocatalyst for three
runs showed no obvious decrease of the photocatalytic activity
(Figure S6, Supporting Information). In addition to this, the
XRD, IR, TG, and N, adsorption of the photocatalyst after the
reaction did not show many changes and the ICP of the filtrate
reveals no leaching of the Fe** (Figures $7—S10, Supporting
Information). All of these data suggest that MIL-101(Fe) is
stable during the photocatalytic reaction.

To elucidate the semiconducting properties of MIL-101(Fe)
upon light excitation, the Mott—Schottky method was applied
to estimate its flat band position.'® The flat band position for
MIL-101(Fe) is determined to be —0.52 V vs NHE (Figure
S11, Supporting Information). This value is more negative than
the reduction potential of CO, to form formate (—0.28 V vs
NHE), indicating that the iron oxo clusters in MIL-101(Fe) can
reduce CO, to form formate. ESR studies were also carried out
to detect the active species involved in the photocatalytic
reaction. As shown in Figure 4, the original reaction system
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Figure 4. ESR spectra of a mixture of MIL-101(Fe) and TEOA: (a) in
the dark; (b) upon irradiation; (c) in the presence of CO, upon
irradiation.

(including MIL-101(Fe) and TEOA) in the dark gives a typical
ESR signal ascribed to Fe** in octahedral FeOy.'” When visible
light is irradiated on the above reaction system, the above ESR
signal is quenched. This phenomenon can be well explained by
a charge transfer from O*~ to Fe** and the formation of Fe** in
MIL-101(Fe) upon visible light irradiation. The further
addition of CO, into the above system can recover the ESR
signal of Fe¥, indicating that the photogenerated Fe®* is
involved in the photocatalytic CO, reduction. The ESR results
suggest that the metal center (Fe) is the photocatalytically
active site in the photocatalytic CO, reduction over MIL-
101(Fe).

Since the metal center in MIL-101(Fe) is involved in the
photocatlaytic CO, reduction, it is therefore interesting to
investigate the photocatalytic performance of other Fe-
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containing MOF materials. MIL-53(Fe) and MIL-88B(Fe)
were selected, since they both contain a BDC linker similar to
that in MIL-101(Fe) but have different structures. The
framework of MIL-53(Fe) contains chains of —OH corner-
sharing FeOg4 octahedra, which are interconnected by BDC
linkers to form one-dimensional pores.18 MIL-88(Fe) is built
up of oxo-centered Fe;O trimers interconnected by linear BDC
to form a 3D porous network that bears microporous channels
and cages.19 The formations of MIL-53(Fe) and MIL-88B(Fe)
have also been confirmed by their XRD and TG data (Figures
$12—S1S, Supporting Information). Due to the existence of
chains of —OH corner-sharing FeOy octahedra in MIL-53(Fe)
and Fe;O clusters in MIL-88B(Fe), both Fe-based MOFs also
show absorption in the visible light region (Figures S16 and
S17, Supporting Information).

The photocatalytic CO, reductions over MIL-53(Fe) and
MIL-88B(Fe) were also carried out under visible light
irradiation. The amount of HCOO™ formed over MIL-53(Fe)
reaches 29.7 umol in 8 h, while that over MIL-88B(Fe) is only
9.0 umol (Figures S18 and S19, Supporting Information).
These values are much smaller than that observed over MIL-
101(Fe) (59 pmol). The flat band positions for MIL-53(Fe)
and MIL-88B(Fe) were also determined to be —0.70 and —0.48
V vs NHE (Figures S20 and S21). The band positions of the
three Fe-based MOFs (MIL-101(Fe), MIL-53(Fe), and MIL-
88B) do not correlate with their photocatalytic performance.
Since all three MOF materials show comparable absorptions in
the visible light region, it is proposed that factors other than the
conduction band position and the light absorption ability
should be responsible for their different photocatalytic
performance in CO, reduction. MIL-53(Fe) and MIL-
88B(Fe) are also quite stable during the photocatalytic CO,
reduction, as evidenced from the XRD and TG data for the
photocatalysts after the reaction (Figures S12—S15, Supporting
Information).

As shown in Figure S22 (Supporting Information), the three
investigated MOF materials exhibit quite different adsorption
capabilities toward CO,. At 1 atm and 273 K, MIL-101(Fe)
shows the highest adsorption capability toward CO, (26.4 g/
cm?®), while those over MIL-53(Fe) and MIL-88B(Fe) are only
13.5 and 10.4 g/cm’, respectively. The in situ FT-IR technique
has also been used to study the CO, adsorption process over
these Fe-based MOF materials. As shown in Figure S, the FT-
IR spectrum of MIL-101(Fe) shows a new peak at 1253 cm™
when CO, is introduced into the system, and its intensity
increases with the amount of injected CO,. Since the peak in
this region (from 1250 to 1270 cm™) can be ascribed to the
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Figure S. In situ FT-IR analyses of CO, adsorption over pretreated
MIL-101(Fe).
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bidentate carbonate coordinated to the metal center, the
emergence of the peak at 1253 cm™" over CO,-saturated MIL-
101(Fe) suggests the direct adsorption of CO, onto the Fe
center.”® The direct adsorption of CO, onto the Fe center is
possible for MIL-101(Fe) since its structure contains
coordination unsaturated Fe metal sites (CUSs).>! Although
the Fe center in MIL-101(Fe) is octahedrally coordinated, one
of the terminal waters coordinated to the Fe center can be
easily removed to give coordination unsaturated Fe metal sites
(CUSs), which have been generally reported to act as the
adsorption sites for molecular gases.”"** The in situ FT-IR of
MIL-101(Fe) under a CO, atmosphere indicates that CO, is
adsorbed directly onto the coordination unsaturated Fe sites in
MIL-101(Fe). Although previously Metzler-Nolte et al.
reported that CUSs can be generated on MIL-88B(Fe) under
UHYV at 500 K, the in situ FT-IR spectra do not show the direct
adsorption of CO, over Fe sites in both MIL-53(Fe) and MIL-
88B(Fe), suggesting that there exist no CUSs for CO,
adsorption over these two MOFs under the current reaction
conditions.”® This is confirmed from the in situ FT-IR spectra
of MIL-53(Fe) and MIL-88B(Fe) under a CO, atmosphere,
which do not show any peaks in the region between 1250 and
1270 cm™" (Figures S23 and $24, Supporting Information). As
the ESR results suggest that the metal center (Fe) is the
photocatalytically active site in the photocatalytic CO,
reduction, the adsorption of CO, directly onto the metal
center is advantageous for the photocatalytic CO, reduction
reaction. Therefore, it is no wonder that MIL-101(Fe) with the
coordination unsaturated sites (CUSs) shows the best photo-
catalytic performance for CO, reduction among these three Fe-
based MOFs.

Previous studies revealed that although the Ti—O clusters in
MIL-125(Ti) cannot be excited by visible light, the substitution
of the linker BDC with 2-aminoterephthalic acid (ATA) can
lead to visible-light-responsive NH,-MIL-125(Ti) due to the
antenna effect of the NH, functionality."*® To study the effect
of a similar NH, functionality on the photocatalytic perform-
ance over these Fe-based MOF materials, amino-functionalized
Fe-based MOF materials (NH,-MIL-101(Fe), NH,-MIL-
53(Fe), and NH,-MIL-88B(Fe)) have also been prepared
and their photocatalytic performances for CO, reduction under
visible light irradiation have been investigated.

NH,-MIL-101(Fe), NH,-MIL-53(Fe), and NH,-MIL-
88B(Fe) were prepared by following previously reported
methods with slight modifications.'** The XRD patterns of
the as-prepared amino-functionalized MOFs are similar to
those of the parent MOFs (Figure 1; Figures S25 and S26,
Supporting Information). However, the presence of the NH,
functionality has been confirmed from the FT-IR spectra by
peaks at around 3481 and 3377 cm™", which can be ascribed to
the asymmetrical and symmetrical stretching vibrations of free
primary amines without coordination (Figures $27-—S29,
Supporting Information).* Amino-functionalized MOFs with
high quality have been obtained, as evidenced from the N,
adsorption/desorption isotherms and TG analyses (Figures
$30—S33, Supporting Information).

As expected, amino-functionalized Fe-based MOF materials
show enhanced absorption in the visible light region (Figure 2;
Figures $16 and S17, Supporting Information). The absorption
edge of the as-prepared NH,-MIL-101(Fe), NH,-MIL-53(Fe)
and NH,-MIL-88B(Fe) extends to ca. 700 nm due to the
existence of the NH, functionality. In addition to this, all of the
amino-functionalized Fe-based MOF materials show improved

4257

adsorption capability toward CO, in comparison to those
unfunctionalized MOFs (Figure S34, Supporting Information).
At 1 atm and 273 K, the CO, uptakes are 34.0, 20.0, and 14.4
cm’/g for NH,-MIL-101(Fe), NH,-MIL-53(Fe), and NH,-
MIL-88B(Fe) respectively, while those for the parent MIL-
101(Fe), MIL-53(Fe), and MIL-88B(Fe) are only 26.4, 13.5,
and 104 cm®/g (Table 1). Such an enhancement in the

Table 1. Comparisons of the CO, Adsorption and the
Amount of HCOO™ Produced over MIL-101(Fe), MIL-
53(Fe), and MIL-88B(Fe) and Their Amino-Functionalized
Derivatives

amt of HCOO™ produced Co, adsorgtion
g

photocatalyst (umol) (cm3/
NH,-MIL-101(Fe) 178 340
MIL-101(Fe) 59.0 264
NH,-MIL-53(Ee) 46.5 200
MIL-53(Fe) 297 13.5
NH,-MIL-88(Fe) 300 144
MIL-88(Fe) 9.0 104

adsorption capability toward CO, for amino-functionalized
MOFs is within expectation, since both theoretical studies and
experimental evidence have revealed that aromatic molecules
functionalized with polar substituent groups can enhance the
interactions between CO, and the functionalized aromatic
molecules.”®

The photocatalytic reductions of CO, over amino-function-
alized NH,-MIL-101(Fe), NH,-MIL-53(Fe), and NH,-MIL-
88B(Fe) have been investigated and compared with those of
their parent MOFs (Table 1). It was found that all of the
amino-functionalized MOFs show enhanced activity for
photocatalytic CO, reduction. For NH,-MIL-101(Fe), the
amount of HCOO™ formed reaches 178 ymol in 8 h, about 3.0-
fold greater in comparison to that for the parent MIL-101(Fe)
under otherwise similar conditions. Similarly, the amount of
HCOO~ formed over NH,-MIL-53(Fe) and NH,-MIL-
88B(Fe) reaches 46.5 and 30.0 ymol in 8 h, while only 29.7
and 9 pmol of HCOO™ are obtained for the parent MIL-
53(Fe) and MIL-88B(Fe), respectively. The highest QE at 450
nm observed over NH,-MIL-101(Fe) is determined to be 1.3 X
107, which is comparable to that observed over a hybrid
photocatalytic system containing a Ni complex (also an earth-
abundant metal complex) coupled with a Ru photosensitizer
(1.0 x 1074

The wavelength dependence of the photocatalytic ability
over MIL-101(Fe) and its amino-functionalized derivative has
been studied to explore the mechanism for the enhancement of
the photocatalytic performance over amino-functionalized Fe-
based MOFs. The dependence of the amount of the produced
HCOO™ on the wavelength of incident light employed in NH,-
MIL-101(Fe) and MIL-101(Fe) is shown in Figure 6. The
amount of the produced HCOO™ over both NH,-MIL-101(Fe)
and MIL-101(Fe) is observed to depend strongly on the
wavelength in a manner that correlates with their absorption
intensities in the visible light region, indicating that the
reactions over both photocatalysts are truly photocatalytic.
When a 590 nm cutoff filter is used, no HCOO™ is produced
over MIL-101(Fe), while 5.6 ymol of HCOO™ is still produced
over NH,-MIL-101(Fe). These findings indicate the following.
(1) For nonmodified MIL-101(Fe), the Fe—O clusters can
directly absorb visible light and transfer an electron from the
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Figure 6. Dependence of the amount of produced HCOO™ on the
wavelength of incident light and the UV—vis DRS spectra of (a) MIL-
101(Fe) and (b) NH,-MIL-101(Fe). Wavelength region of irradiated
light: (a;, b;) 440—45S5 nm; (a, b,) 490—51S nmy; (a3 b;) 537—566
nm; (a,, b,) above 590 nm. The wavelength region of irradiated light
was controlled by using three different bandpass filters and a 4 >590
nm cutoff filter.

O to Fe** to form Fe?*, which is capable to reduce CO,. (2)
For the amine-functionalized NH,-MIL-101(Fe), in addition to
the direct light absorption of the Fe—O cluster, the NH,
functionality can also absorb light and transfer an electron from
the organic linker to the Fe—O clusters to generate Fe®" for
CO, reduction in a manner expected for operation of an LCCT
mechanism. (3) Although NH,-MIL-101(Fe) also shows a 30%
increase in its adsorption ability toward CO, in comparison to
that of MIL-101(Fe), the almost 3-fold enhancement in its
photocatalytic activity for CO, reduction in comparison to
MIL-101(Fe) is much larger, indicating that the existence of the
dual excitation pathways and the synergistic effect between
these two pathways can promote the photocatalytic CO,
reduction over amine-functionalized NH,-MIL-101(Fe). A
comparison of the QE for photocatalytic CO, reduction over
those of NH,-MIL-101(Fe) and MIL-101(Fe) at different
wavelengths also indicates the existence of the dual excitation
pathways (Table S1, Supporting Information).

On the basis of the above analysis, the mechanism for the
enhancement of the photocatalytic CO, reduction over the
amine-functionalized Fe-containing MOFs can be illustrated as
shown in Scheme 1. As mentioned above, for nonmodified Fe-
based MOF material, an excited charge separation state occurs
by transferring an electron from the O*~ to Fe®* in the Fe—O
clusters upon visible light excitation. Fe** is thus reduced to
Fe®", which is capable of reducing CO,, whereas TEOA acts as
an electron donor and hydrogen donor to achieve a complete
photocatalytic cycle. Therefore, Fe-based MOF materials show
photocatalytic activity for CO, reduction to give formate under
visible light irradiation. For the amino-functionalized deriva-
tives, in addition to the pathway of the direct excitation of the
Fe—O clusters, there exists a second pathway via the excitation
of the NH, functionality followed by an electron transfer from
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Scheme 1. Dual Excitation Pathways over Amino-
Functionalized Fe-Based MOFs

__________

,
¢,
b

““+.TEOA..

the excited organic linker to the metal center to generate Fe?".
Such an excitation pathway is similar to that observed for the
previously reported NH,-MIL-125(Ti) and NH,-Uio-66(Zr)."?
These two pathways can play synergetic roles in the excitation
of these amino-functionalized Fe-based MOFs. In addition to
this, the higher adsorption toward CO, induced by the NH,
functionality for these amino-functionalized MOFs is also
advantageous for the photocatalytic CO, reduction. The
coexistence of dual excitation pathways on these amino-
functionalized Fe-based MOFs and the enhanced adsorption
capability toward CO, lead to their highly enhanced photo-
catalytic performance for CO, reduction. However, we observe
a different enhanced degree of the photocatalytic performance
for NH,-MIL-101(Fe), NH,-MIL-53(Fe), and NH,-MIL-
88B(Fe) in comparison to their nonfunctionalized counterparts
(Table 1). At the current stage, we can only propose that the
different enhancement degree may be related to the different
efficiency of the electron transfer from the excited organic
linker to the metal center in these three Fe-based MOF
materials. More in-depth studies are still required to elucidate
this.

B CONCLUSIONS

In summary, Fe-based MOF materials (MIL-101(Fe), MIL-
53(Fe), and MIL-88B(Fe)) show photocatalytic activity for
CO, reduction under visible light irradiation in the presence of
TEOA as a sacrificial agent. The direct excitation on the Fe—O
clusters in these Fe-based MOF materials to induce electron
transfer from O*~ to Fe** is responsible for their photocatalytic
CO, reduction. Among these materials, MIL-101(Fe) shows
the best activity for CO, reduction due to the existence of the
coordination unsaturated Fe sites in its structure. An amine
functionality on these Fe-based MOF materials can significantly
enhance their photocatalytic activity for CO, reduction due to
the synergetic effect of dual excitation pathways: i.e., an exciting
NH, functionality followed by an electron transfer from the
excited organic linker to the Fe center and the direct excitation
of Fe—O clusters. This study gives us a better understanding of
the photocatalytic CO, reduction over MOF-based materials
and also provides some guidance for us in the development of
visible-light-responsive photocatalysts for CO, reduction based
on MOFs.

B EXPERIMENTAL SECTION

Syntheses. All of the reagents were analytical grade and
were used without further purifications. MIL-101(Fe), MIL-
53(Fe), MIL-88B(Fe), and their NH,-functionalzied derivatives

were synthesized according to the literature. Briefly, MIL-
101(Fe) and MIL-53(Fe) were prepared via a hydrothermal
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treatment of FeCl;-6H,0 and terephthalic acid (H,BDC) (2:1)
in DMF solvent at 110 and 170 °C, respectively, for 24 h. MIL-
88B(Fe) was prepared hydrothermally from a 1/1 ratio of
H,BDC and FeCl;-6H,0 in NaOH solution at 100 °C for 12 h.
The NH,-functionalized MIL-101(Fe) and MIL-88B(Fe)
(NH,-MIL-101(Fe) and NH,-MIL-88B(Fe)) were prepared
similarly to their parent MOFs except that H,BDC was
replaced by 2-aminoterephthalic acid (H,ATA). NH,-MIL-
53(Fe) was prepared from a 1/1 molar ratio of ATA and FeCls-:
6H,0 in water at 150 °C for 72 h.

Characterizations. X-ray diffraction (XRD) patterns were
collected on a Bruker D8 Advance X-ray diffractometer with Cu
Ka radiation (4 = 0.15406 nm). IR spectra on KBr pellets of
the samples were recorded on a Nicolet 410 FT-IR
spectrometer at a resolution of 4 cm™'. The in situ FTIR
experiments were performed in an IR cell made of quartz. The
cell comprises a pair of CaF, windows and is connected to a
vacuum line. Before the FTIR measurements were initiated, the
sample was treated under dynamic vacuum at 150 °C for 5 h.
After the sample was cooled to room temperature, a different
volume of CO, was injected into the cell with a syringe. After
adsorption equilibrium was reached, an FTIR spectrum was
collected. The Brunauer—Emmett—Teller (BET) surface area
and CO, adsorption isotherm were measured with an
ASAP2020 M instrument (Micromeritics Instrument Corp).
The samples were degassed under vacuum at 150 °C for 10 h,
the N, adsorption/desorption isotherms were measured at
—196 °C, and CO, adsorption isotherms were measured at 0
°C. Thermogravimetric (TG) analyses were carried out on a
PerkinElmer TGA?7 instrument and measured from 50 to 700
°C at a heating rate of 5 °C/min in air. UV—vis diffuse
reflectance spectra (UV—vis DRS) of the powder were obtained
for the dry-pressed disk samples using a UV—vis spectropho-
tometer (Cary 500 Scan spectrophotometer, Varian). *C NMR
analysis was measured in a CD;CN/TEOA (5/1 v/v) solution
using a Bruker AVANCE III 500 M system. The spectra were
recorded under the following conditions: acquisition time 1.1 s;
ca. 27600 times integration. Electron spin resonance (ESR)
spectra were obtained with a Bruker ESP 300E electron
paramagnetic resonance spectrometer at room temperature.
The samples were placed in an ESR sample tube equipped with
a stopcock valve, and the whole device was connected to a
vacuum system. Prior to measurement, the ESR tube was
vacuumed to remove the air.

Photocatalytic Reaction. A 50 mg portion of photo-
catalyst was evacuated and purged several times with CO,. An
MeCN and TEOA solution (60 mL, 5/1 v/v), predegassed
with CO, to remove the dissolved O,, was injected into the
reaction flask. Then the solutions were irradiated with a 300 W
Xe lamp with a UV-cut filter to remove light with wavelengths
less than 420 nm and an IR-cut filter to remove all wavelengths
longer than 800 nm. The products in the liquid phase were
analyzed using an IC (881 Compact IC pro, Metrosep) with
Metrosep A supp 5250/4.0 column. The gaseous reaction
products were analyzed using a GC-TCD instrument
(Shimadzu GC-2014) with a S A molecular sieve packing
column.
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