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1. Introduction

The climate and environmental problems caused by
ever-increasing CO2 emission have drawn the focus of the inter-
national community,[1] and therefore, seeking feasible solutions
to achieve carbon neutrality has become a common global goal.[2]

Photocatalytic CO2 reduction is a fascinating approach to realize

CO2 resource utilization,[3] which could
accomplish the conversion of CO2 to high
value-added fuels or chemicals, by merely
using clean and resource-abundant solar
energy.[4] Among the various developed
CO2 photoreduction reaction systems, it
is considered as a desirable green process
to combine CO2 reduction with water
oxidation by mimicking the plant photosyn-
thesis process.[5–15] Nevertheless, the eco-
nomic benefit of this pathway is currently
limited by the low efficiency due to the
sluggish kinetics of water oxidation half-
reaction.[16,17] To circumvent this obstacle,
sacrificial agents (e.g., triethanolamine, iso-
propanol, and sulfite, etc.) were generally
substituted for water as electron donors to
rapidly annihilate photogenerated holes to
facilitate the efficient utilization of photo-
generated electrons in CO2 reduction.

[18–24]

However, this strategy not only wastes the
energy of photogenerated holes, but the
employment of high-cost sacrificial agents
also significantly reduces the economic
efficiency of the system.[25]

To get rid of this dilemma, coupling CO2 photoreduction and
organic synthesis, that is, harnessing photogenerated holes to
trigger valuable organic reactions, offers a win-win strategy for
ameliorating the economic efficiency of photocatalytic CO2

reduction.[26] In this regard, some typical organic reactions, such
as dehydrogenation of hydrocarbons,[27,28] oxidation of alco-
hols[29,30] or amines,[31,32] transformation of unsaturated C─C
bonds,[33,34] have been successfully coupled with CO2 reduction,
which avoids the employment of sacrificial agents and enable
efficient utilization of photogenerated holes, thus enhancing
photocatalytic efficiency of CO2 reduction at low cost.
However, current coupled systems still face the problem of poor
selectivity of target products,[35,36] especially when the CO2 reduc-
tion products are also liquid organics, and the separation of
redox products will be a great challenge. Therefore, it is highly
anticipated to dexterously design photocatalysts to control
the selectivity of redox products. Controlling CO2 reduction
and organic oxidation to produce the same compound should
be a desirable solution.

Here, we have elaborately designed a bifunctional photocata-
lyst through the intermarriage of metal�organic frameworks
(MOFs) and perovskite materials, aiming at the efficient photo-
reduction of CO2 and oxidation of CH3OH to generate formic
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Photocatalytic conversion of CO2 to added-value fuels or chemicals is a
promising technology for the effective utilization of the disturbing greenhouse
gas, but its economic benefit is limited either by low efficiency due to the difficulty
of water oxidation or by the employment of expensive sacrificial reagents.
To overcome this dilemma, herein, an effective strategy is reported for the
resourceful utilization of CO2 by creating an eco-friendly bifunctional photoca-
talyst to achieve CO2 photoreduction concurrent with methanol photooxidation
to the uniform product of formic acid for the first time. The bifunctional pho-
tocatalyst is elaborately constructed by in situ encapsulating lead-free double
perovskite (Cs2AgBiBr6, abbreviated as CABB) nanocrystals into the pores of
Fe-based metal�organic framework (MIL-101(Fe)). The tight contact between
CABB and MIL-101(Fe) in the resultant CABB/MIL-101(Fe) composite facilitates
the efficient spatial separation of photogenerated carriers, which leads to the
division of reduction and oxidation functional units. CABB/MIL-101(Fe) com-
posites can unify the redox products into formic acid, reaching an impressive
formation yield of 1375 μmol g�1 h�1 with a high selectivity of 97.8%. This work
provides a viable strategy for the efficient photosynthesis of formic acid,
promoting the cost-effective utilization of CO2.
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acid (HCOOH) as the uniform product. Of note, MOFs have
been widely proven to be one of the promising photocatalysts
for CO2 conversion, owing to their unique properties such as
adjustable light-harvesting ability, large surface areas, and excel-
lent CO2 uptake capacity.[37] In addition, the high porosity of
MOFs provides internal conditions for the confined growth of
ultrafine nanoparticles and restrains their aggregation, thus
improving the stability of the embedded nanoparticles,[38,39]

especially for the halide perovskites.[40–43] Inspired by these ben-
efits, we encapsulated the lead-free double perovskite (CABB) in
situ in the pores of the earth-abundant Fe-contained MOF (MIL-
101(Fe)) to construct a series of CABB/MIL-101(Fe) composites.
Of note, MIL-101(Fe) possesses a high selectivity for the photo-
reduction of CO2 to HCOOHwith the aid of a sacrificial agent,[44]

while CABB exhibits a good ability to photooxidize CH3OH to
HCOOH in our preliminary experiments. The close proximity
of CABB and MIL-101(Fe) facilitates effective interfacial charge
separation, and thus CABB and MIL-101(Fe) can drive the
CH3OH oxidation and CO2 reduction reactions to the same prod-
uct HCOOH, respectively. CABB/MIL-101(Fe) composite can
exhibit an impressive HCOOH yield of 1375 μmol g�1 h�1

associated with a high selectivity of 97.8%, which is far superior
to that of individual MIL-101(Fe) counterpart.

2. Results and Discussion

2.1. Morphology and Composition of CABB/MIL-101(Fe)

The CABB/MIL-101(Fe) composites were prepared via a one-pot
synthesis strategy as illustrated in Scheme S1, Supporting

Information, which is favorable for the uniform dispersion of
ultrafine nanoparticles in the pores of MOF.[41] The synthesis
details are summarized in the Experimental Section. Briefly, a
certain amount of pre-prepared CABB nanocrystals was first
added into the N, N- dimethylformamide solution of terephthalic
acid and FeCl3·6H2O, and then the mixed solution was hydro-
thermally treated at 110 °C for 24 h. After washing and sintering
of the precipitate, the CABB/MIL-101(Fe) composites can be
obtained. Depending on the amount of added as-prepared
CABB (100, 200, and 300mg), the corresponding composites
were coded as CABB100/MIL-101(Fe), CABB200/MIL-101(Fe),
and CABB300/MIL-101(Fe), respectively. As a reference, individ-
ual MIL-101(Fe) was also prepared by adopting the samemethod,
except for the addition of CABB nanocrystals and the sintering
procedure.

The results of high-resolution scanning electron microscopy
(HRSEM) measurements reveal that the as-prepared MIL-101(Fe)
possesses a regular octahedral configuration (Figure 1a and S1a,
Supporting Information) with an average size of 0.8 μm (Figure
S1b, Supporting Information). The X-ray diffraction (XRD) pattern
of MIL-101(Fe) demonstrates the generation of pure phase MIL-
101 (Figure S2, Supporting Information). CABB200/MIL-101(Fe)
composite was selected as a typical sample to investigate the influ-
ence of encapsulating CABB on the morphology of MIL-101(Fe).
As shown in Figure 1b and S1c, Supporting Information, the
as-prepared CABB200/MIL-101(Fe) composite also displays an
octahedral architecture, and its dimensions (Figure S1d,
Supporting Information) do not change noticeably compared to
the parent MIL-101(Fe), indicating that the introduction of
CABB quantum dots does not disrupt the framework structure

Figure 1. HRSEM images of a) MIL-101(Fe) and b) CABB200/MIL-101(Fe). HRTEM images of c) MIL-101(Fe) and d) CABB200/MIL-101(Fe). e) HRTEM
image labeling the lattice spacing of CABB200/MIL-101(Fe). f ) Raman spectra of CABB, MIL-101(Fe) and CABB200/MIL-101(Fe).
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of MIL-101(Fe). In addition, neither the HRSEM (Figure 1b) nor
the high-resolution transmission electron microscopy (HRTEM)
images (Figure S3, Supporting Information) of CABB200/MIL-
101(Fe) show obvious large nanoparticles on its surface, suggest-
ing that the CABB quantum dots should be encapsulated in the
cavities of MIL-101(Fe), because CABB tends to form large nano-
particles if there is no spatial restraint.[45] Compared to the uni-
form HRTEM image of MIL-101(Fe) with local magnification
(Figure 1c), evenly dispersed nanocrystals can be distinctly
observed in the corresponding HRTEM image of CABB200/
MIL-101(Fe) (Figure 1d). The particle size analysis reveals that
the quantum dots are approximately 2 nm in size (Figure S4,
Supporting Information), slightly smaller than the two quasi-
spherical cages in MIL-101(Fe) (29 and 34 Å).[46] Moreover, the lat-
tice spacing of 0.29 nm can be clearly identified for the quantum
dots (Figure 1e), which can be assigned to the (004) lattice plane of
cubic phase CABB,[47] demonstrating the successful formation of
CABB in the pores of MIL-101(Fe).

The characteristic diffraction peaks of individual MIL-101(Fe)
can be clearly observed in the XRD patterns of CABBx/MIL-
101(Fe) composites (Figure S2, Supporting Information), and
the Fourier transform infrared (FTIR) spectrum of composites
(Figure S5, Supporting Information) is very similar to that of
pristine MIL-101(Fe), proving once again that the encapsulation
of ultrafine CABB in the pores of the MIL-101(Fe) does not
destruct its framework structure. Nevertheless, the characteristic
diffraction peaks corresponding to CABB cannot be found in the
XRD patterns of the CABB/MIL-101(Fe) composites, which
should be ascribed to the ultrafine size of CABB originated from
spatial confinement of MIL-101(Fe) cages.[42] The successful
incorporation of CABB in the MIL-101(Fe) can be further
confirmed by Raman spectroscopy measurements. As shown
in Figure 1f and S6, Supporting Information, apart from the

characteristic peaks at 865, 1142, 1425, and 1612 cm�1 of
MIL-101(Fe),[48] the Raman spectra of CABB/MIL-101(Fe)
composites also show typical Raman signal for CABB
(174.6 cm�1).[49] Moreover, high-angle annular dark-field scan-
ning TEM (HAADF-STEM) (Figure 2a) and energy-dispersive
X-ray spectroscopy (EDS) mapping measurements (Figure 2b–h)
disclosed that C, Fe, O, Cs, Ag, Bi, and Br elements are uniformly
distributed in the MIL-101(Fe) framework, indicating that
the CABB quantum dots are homogeneously dispersed in
MIL-101(Fe). In addition, inductively coupled plasma mass spec-
trometry (ICP-MS) analysis (Figure S7 and Table S1, Supporting
Information) revealed that the actual contents of CABB in
CABBx/MIL-101(Fe) composites increased with the amount of
added CABB precursor. The mass percentages of CABB in
CABB100/MIL-101(Fe), CABB200/MIL-101(Fe), and CABB300/
MIL-101(Fe) are calculated to be 3.4%, 7.9%, and 10.6%,
respectively.

The successful deposition of CABB in the pores of MIL-
101(Fe) can be further verified by recording the N2 adsorption
isotherms of MIL-101(Fe) and CABB/MIL-101(Fe) composites
at 77 K and analyzing their porosities. As shown in Figure S8,
Supporting Information, the total N2 uptakes of all the CABB/
MIL-101(Fe) composites are noticeably lower than that of MIL-
101(Fe), and gradually decrease with the increasing amount of
CABB. All the N2 adsorption isotherms can be fitted well with
BET model (Figure S9, Supporting Information), and the corre-
sponding surface areas of MIL-101(Fe) and CABB/MIL-101(Fe)
composites can be obtained accordingly, as summarized in Table
S2, Supporting Information. The BET surface area of pristine
MIL-101(Fe) is up to 2970m2 g�1, indicating that MIL-101(Fe)
is highly porous. The BET surface areas of CABB100/MIL-
101(Fe), CABB200/MIL-101(Fe), and CABB300/MIL-101(Fe) com-
posites are significantly reduced to 1956, 944, and 745m2 g�1,

Figure 2. a) HAADF-STEM image and b–h) EDS elemental mapping images of CABB200/MIL-101(Fe) composite: b) C, c) Fe, d) O, e) Cs, f ) Ag, g) Bi, and
h) Br.
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respectively, which suggest that more and more pores of MIL-
101(Fe) were occupied with the increase of CABB quantum dots.
This speculation can be further confirmed by analyzing the
pore size distribution of individual MIL-101(Fe) and CABB/
MIL-101(Fe) composites, which can be derived by employing
NLDFT model to fit the N2 adsorption isotherms.[50] As depicted
in Figure S10, Supporting Information, it can be clearly observed
that the number of filled pores in the composites increases with
the increase of CABB content by analyzing the vertical axis values
of pore size distribution plots. Furthermore, the pore sizes of
CABB/MIL-101(Fe) composites are smaller than that of pristine
MIL-101(Fe) and decrease with the increasing amount of CABB
quantum dots. The reduction in the surface area of CABB/MIL-
101(Fe) relative to pristine MIL-101(Fe) also leads to a dimin-
ished ability for them to capture CO2, which can be further
confirmed by monitoring their CO2 adsorption–desorption iso-
therms (Figure S11, Supporting Information).

2.2. Interaction and Charge Transfer at the Interface of
CABB/MIL-101(Fe)

X-ray photoelectron spectroscopy (XPS) measurements were
performed to investigate the interaction between MIL-101(Fe)
and CABB in the CABB200/MIL-101(Fe) composite. As shown
in Figure 3a,b, the binding energies of Fe 2p and O 1s in
CABB200/MIL-101(Fe) are noticeably higher than those in
MIL-101(Fe) by 0.20–0.35 eV. Meanwhile, all the peaks of
Cs 3d, Ag 3d, Bi 4f, and Br 3d in CABB200/MIL-101(Fe)
(Figure 3c–f ) are perceptibly shifted toward lower binding energy
relative to those in CABB nanocrystal (Cs 3d: 0.10–0.15 eV, Ag 3d:
�0.20 eV, Bi 4f:�0.45 eV, Br 3d:� 0.25 eV). The apparent differ-
ences in elemental binding energy between CABB200/MIL-
101(Fe) and individual components imply a strong electronic
coupling between MIL-101(Fe) and CABB, which should

facilitate the interfacial transfer of photogenerated charges in
the composite. Moreover, these enlargements and reductions
in binding energy represent a decrease and an increase in the
concentration of electrons around the nucleus, respectively,
which means that partial free electrons in MIL-101(Fe) are trans-
ferred to CABB during the formation of CABB200/MIL-101(Fe)
composite. Therefore, the interface between MIL-101(Fe) and
CABB in CABB200/MIL-101(Fe) will generate a built-in electric
field from MIL-101(Fe) toward CABB.

The thermodynamic properties of MIL-101(Fe) and CABB
were further investigated by recording their ultraviolet�visible
diffuse reflectance spectra (UV�vis DRS) and ultraviolet photo-
electron spectra (UPS). As presented in Figure S12, Supporting
Information, CABB exhibits significantly enhanced light absorp-
tion in the visible region relative to MIL-101(Fe), and thus the
light-harvesting capacities of CABB/MIL-101(Fe) composites
are appreciably stronger than that of MIL-101(Fe). According
to the Tauc plots of MIL-101(Fe) and CABB (Figure S13,
Supporting Information) transformed from corresponding
UV�vis DRS spectra, the bandgaps of MIL-101(Fe) and CABB
can be determined to be 2.80 and 2.07 eV, respectively, which
are in good agreement with previous reports.[51,52] In addition,
the valence band edge potentials (EVB) of MIL-101(Fe) and
CABB can be calculated in virtue of UPS measurements
(Figure 4a), locating at 2.47 and 1.58 V versus the standard hydro-
gen electrode (SHE), respectively. This difference in EVB between
MIL-101(Fe) and CABB can be further confirmed by the result
(0.88 V) derived from the XPS valence band spectra
(Figure 4b). Therefore, MIL-101(Fe) possesses a more positive
conduction band edge potential (ECB) of �0.33 V in comparison
with CABB (�0.49 V), which is well consistent with the
measured flat-band potentials (MIL-101(Fe): �0.29 V; CABB:
�0.44 V) derived from Mott�Schottky plots (Figure 4c,d).
Apparently, coupling MIL-101(Fe) and CABB will form a Type
II heterojunction as visualized in Figure 4e.

Figure 3. High-resolution XPS spectra of a) Fe 2p and b) O 1s in MIL-101(Fe) and CABB200/MIL-101(Fe), c) Cs 3d, d) Ag 3d, e) Bi 4f, and f ) Br 3d in
CABB and CABB200/MIL-101(Fe).
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The migration origin of interfacial free electrons during the
formation of CABB/MIL-101(Fe) composites can be disclosed
by analyzing the difference in the Fermi energy levels (EF) of
MIL-101(Fe) and CABB. According to the UPS measurements
(Figure 4a), the work function (Φ) of MIL-101(Fe) and CABB
can be determined as 4.04 and 4.17 eV versus vacuum, respec-
tively, and thus the respective EF of MIL-101(Fe) and CABB are
�4.04 and �4.17 eV as illustrated in Figure 4e. To achieve EF
equilibrium in the heterojunction system, the higher EF of
MIL-101(Fe) relative to CABB will result in the transfer of free
electrons fromMIL-101(Fe) to CABB when they are in close prox-
imity, which is in line with the aforementioned results of XPS
measurements. The transfer pathway of free electrons between
MIL-101(Fe) and CABB can also be confirmed by electron para-
magnetic resonance (EPR) measurements. As presented in
Figure S14, Supporting Information, CABB200/MIL-101(Fe)
exhibits a stronger Fe3þ signal compared to MIL-101(Fe) in
the dark, indicating the flow of free electrons from MIL-
101(Fe) to CABB. The resultant built-in electric field as well as
energy band bending facilitate the separation of photogenerated
carriers in CABB200/MIL-101(Fe) heterojunction following the
typical double-charge transfer pathway (Figure 4f ), which can
be further demonstrated by the in situ irradiated XPS
(ISI-XPS) measurements.[53] As presented in Figure 5a,b, light
irradiation brings forth a distinct decrease in the binding energy
for both Fe 2p (0.45 eV) and O 1s (0.20–0.40 eV) belonging
to MIL-101(Fe). On the contrary, there are perceptible positive
movements for all the binding energies of Cs 3d
(0.10–0.15 eV), Ag 3d (0.40 eV), Bi 4f (0.40–0.45 eV), Br 3d
(0.30–0.35 eV) associated with CABB upon illumination as
depicted in Figure 5c–f. These results indicate that photogener-
ated electrons and holes accumulate in MIL-101(Fe) and CABB,

respectively, which is in accordance with the double-charge
transfer mechanism.

EPR measurements were further carried out to confirm the
transfer orientation of photogenerated carriers in the interface
of CABB/MIL-101(Fe) composites. As shown in Figure 5g, the
EPR signal corresponding to Fe3þ of individual MIL-101(Fe) dis-
plays moderate quenching relative to the initial state after 5min
of light irradiation, and the degree of quenching intensifies as the
illumination time is extended to 10min. Under the same condi-
tion, it can be clearly observed that the Fe3þ-related signal in
CABB200/MIL-101(Fe) significantly diminishes following expo-
sure to light for 5 min, and almost disappears after 10min of
light irradiation (Figure 5h), implying that effective electrons
transfer from CABB to MIL-101(Fe) in CABB200/MIL-101(Fe).
These phenomena also proved that Fe is the main reduction reac-
tion site for both MIL-101(Fe) and CABB200/MIL-101(Fe). The
efficient charge separation can be further demonstrated by the
transient photocurrent (I–t) curve and electrochemical imped-
ance spectrum (EIS) measurements under light irradiation. As
presented in Figure S15, Supporting Information, CABB200/
MIL-101(Fe) exhibits notably larger photocurrent density,
smaller charge transfer resistance, and longer lifetime of photo-
generated electrons in comparison to MIL-101(Fe) and CABB.

2.3. Photocatalytic CO2 Reduction and Methanol Oxidation
Activity of CABB/MIL-101(Fe)

The photocatalytic CO2 reduction activities of CABB/MIL-
101(Fe) composites were evaluated in a mixture solvent of
acetonitrile, CH3OH, and water with saturated CO2, and the
experiment details are described in the experimental section.
In addition, the performance of pristine MIL-101(Fe) was also

Figure 4. a) UPS spectra, b) XPS valence spectra, and c,d) Mott�Schottky plots of CABB and MIL-101(Fe). e) Energy band structures of CABB and MIL-
101(Fe) before contact. f ) Energy band structures and the most conceivable photogenerated carrier transfer pathway in CABB/MIL-101(Fe) composite. Ev,
Φ, EF, ECB, and EVB are on behalf of vacuum energy level, work function, Fermi energy level, conduction band, and valence band edges, respectively.
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assessed under the same conditions as a reference. Gas chroma-
tography measurements confirmed that no gas phase products
can be detected for both MIL-101(Fe) and CABB/MIL-101(Fe)

composites (Figure S16, Supporting Information). Ion chroma-
tography (Figure 6a and S17, Supporting Information) measure-
ments confirmed the main liquid product is HCOOH, where the

Figure 5. a–f ) High-resolution XPS spectra of CABB200/MIL-101(Fe) in the dark and under Xe lamp irradiation: a) Fe 2p, b) O 1s, c) Cs 3d, d) Ag 3d,
e) Bi 4f, and f ) Br 3d. EPR spectra of g) MIL-101(Fe) and h) CABB200/MIL-101(Fe) before and after Xe lamp irradiation.
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corresponding characteristic peak at the retention time of
4.09min can be detected. Further acetylacetone color chromo-
genic analyses (Figure S18, Supporting Information) revealed
a trace amount of HCHO production. The yields of HCOOH
and HCHO are compiled in Figure 6b and S19, Supporting
Information. It is noted that the yield of HCOOH for pristine
MIL-101(Fe) is only 98 μmol g�1 h�1, which should be attributed
to its rapid recombination of photogenerated carriers and weak
response in the visible region. Under the same conditions, it is
noted that the main reduction product for individual CABB is
CO with a yield of 101 μmol g�1 h�1 (Table S3, Supporting
Information), which is consistent with the previously reported
result.[54]

In situ encapsulating CABB into the MIL-101(Fe) can bring
forth a dramatically enhanced activity for photocatalytic CO2

reduction coupled with CH3OH oxidation with a high selectivity
of HCOOH over 97% (Table S4, Supporting Information), owing
to the improved light-harvesting and efficient separation of pho-
togenerated carriers, which can overcompensate the disadvanta-
geous influence of reduced CO2 absorption. The performance of
CABB/MIL-101(Fe) composites exhibit a common volcanic trend
along with the increment of CABB content, and the highest yield
of HCOOH can reach up to 1375 μmol g�1 h�1 (Figure 6b) with
CABB200/MIL-101(Fe) as photocatalyst, which is more than 14
times higher than that of MIL-101(Fe). Moreover, the corre-
sponding selectivity of HCOOH is as high as 97.8%, indicating
that CABB200/MIL-101(Fe) photocatalyst can simultaneously
achieve CO2 reduction and CH3OH oxidation to the uniform
product of HCOOH. It is noted that there is a dramatic decrease
in the photocatalytic performance in the absence of water in the
reaction system because the activation of water is considered to
be a prerequisite for the oxidation of methanol by forming

surface-bonded OH,[55] which can promote the dehydrogenation
process of methanol and provide the oxygen donor for the meth-
anol oxidation to HCOOH.[56] Furthermore, SEM, XRD, and XPS
measurements (Figure S20–S22, Supporting Information)
revealed that the morphology and composition of CABB200/
MIL-101(Fe) can be well maintained after the photocatalytic reac-
tion, demonstrating the good stability of the as-prepared
CABB200/MIL-101(Fe).

To identify the origin of the HCOOH product, isotope-labeling
experiments were carried out with 13CO2 and

13CH3OH as feed-
stocks. For the reaction system involving 13CO2 and CH3OH, the
characteristic peak at 164.7 ppm assigned to H13COOH can be
observed in the 13C NMR spectrum of the products
(Figure 6c), demonstrating that CO2 photoreduction is one of
the carbon sources of HCOOH. In addition, two split peaks at
7.8 and 8.3 ppm can be clearly observed in the 1H NMR spectrum
of the products with 13CO2 and CH3OH as feedstocks
(Figure 6d), which is ascribed to the coupling of the proton with
the 13C in H13COOH.[57] Meanwhile, a typical singlet corre-
sponding HCOOH (δ= 8.1 ppm) can also be identified, indicat-
ing that part of the HCOOH should be originated from CH3OH
oxidation. Moreover, the integrated area ratio of peaks belonging
to H13COOH and HCOOH is 2.1:1, which is close to the inverse
stoichiometric ratio between the number of charges required for
CO2 reduction (two electrons) and CH3OH oxidation (four holes)
to HCOOH. The slightly low yield of HCOOH from CH3OH oxi-
dation should be attributed to little CH3OH oxidized to HCHO.
In the 13C NMR spectrum of the products with CO2 and
13CH3OH as feedstocks (Figure 6e), the characteristic peak
assigned to H13COOH can also be clearly identified, further con-
firming that partial HCOOH indeed originated from CH3OH
oxidation. This speculation can be proven again by analyzing

Figure 6. a) Ion chromatography curves of products with MIL-101(Fe) and CABB200/MIL-101(Fe) as photocatalysts. b) The yields of HCOOH with MIL-
101(Fe) and CABBx/MIL-101(Fe) as photocatalysts. c) The 13C NMR and d) 1H NMR spectra of products in the reaction system containing 13CO2 and
CH3OH. e) The 13C NMR and f ) 1H NMR spectra of products in the reaction system containing CO2 and 13CH3OH.
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the corresponding 1H NMR spectrum (Figure 6f ), where both
the doublet associated with H13COOH and the singlet assigned
to HCOOH can also be observed. In addition, the integrated area
ratio of peaks originated from CO2 reduction and CH3OH
oxidation can be calculated to be 2.08:1, which is consistent with
the measured value in the system containing 13CO2 and CH3OH.
In addition, we also carried out a series of control experiments.
When using Ar to replace CO2, there is trace HCOOH. Without
light irradiation or photocatalyst, no HCOOH can be detected
(Table S5, Supporting Information), further conforming that
the HCOOH product originates from CO2 photoreduction and
methanol photooxidation.

2.4. Photocatalytic Mechanism of CABB/MIL-101(Fe)

To unravel the reaction pathways of CO2 reduction and CH3OH
oxidation, in situ FTIR spectroscopy measurements were carried
out to gain the reaction intermediates with CABB200/MIL-
101(Fe) as photocatalyst at different reaction times. As shown
in Figure 7a, when CO2 was continuously bubbling through
CH3OH aqueous solution, the characteristic signals of inter-
mediates could not be detected at 0min of light. While the typical
peaks arising at the range of 2800–3000 cm�1 can be clearly
observed after the light illumination, which can be attributed
to the stretching and bending vibration peaks of C─H in
*OCH3.

[58] Upon light irradiation, the signals of peaks at
2981, 2945, 2921, 2864, 2842, and 2831 cm�1 were enhanced sig-
nificantly with the extension of reaction time, indicating that
CH3OH oxidation reaction is driven by the photogenerated holes
in CABB200/MIL-101(Fe). Furthermore, two characteristic peaks
of C─O in *OCH3 intermediate at 1060 and 1112 cm�1 also
showed an increase in peak intensity with prolonged reaction
time (Figure 7b). The peak at 1025 cm�1 can be assigned to
the CH3OH adsorbed on the surface of the catalyst. In addition,
the bands at 1393 and 1550 cm�1 can be attributed to the
O─C─O asymmetric stretch in the intermediate of *OCHO,
which comes from the oxidation of CH3OH. These phenomena
imply that CH3OH oxidation begins with the breakage of O─H
bond, followed by a multistep dehydrogenation process of the
methyl group.[59] The peak at 1612 cm�1 originated from the
adsorption of water. The typical peaks of *OCHO that come from
CO2 photoreduction arising at 1452 and 1479 cm�1 can be clearly
observed after the light illumination, suggesting that CO2 is coor-
dinated to the unsaturated Fe sites on the surface of CABB200/
MIL-101(Fe) via two oxygen atoms.[60] The intensity of the peaks
at 1452 and 1479 cm�1 rises as extending reaction time, indicat-
ing that the CO2 reduction reaction is driven by photo-generated
electrons.

Based on the above results, the reaction pathways of
photocatalytic CO2 reduction coupled with CH3OH oxidation
over CABB/MIL-101(Fe) can be proposed, as illustrated in
Figure 7c. First, photoexcitation produces electron�hole pairs
in both MIL-101(Fe) and CABB. Subsequently, the photogener-
ated carriers achieve effective charge separation at the close con-
tact interface between MIL-101(Fe) and CABB via double-charge
transfer mode, leading to the accumulation of photogenerated
electrons and holes in MIL-101(Fe) and CABB, respectively.

Figure 7. Operando FTIR spectra of intermediates were recorded at
different reaction times with the CABB200/MIL-101(Fe) as the photocata-
lyst. a) 970–1800 cm�1 and b) 2700–3100 cm�1. c) Schematic illustration
for the proposed reaction pathways of CO2 reduction and CH3OH
oxidation on bifunctional photocatalysts of CABB/MIL-101(Fe).
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Thereafter, the photogenerated electrons in the conduction band
of MIL-101(Fe) trigger reduction reaction of bidentate coordi-
nated CO2 to form *OCHO intermediate on the Fe site via a
proton-coupled electron transfer pathway, followed by further
proton-coupled electron transfer reaction to generate HCOOH.
Meanwhile, the photogenerated holes in the valence band of
CABB activate the O─H bond of CH3OH to generate *OCH3

intermediate, which undergoes a multistep dehydrogenation pro-
cess to produce *OCH. Then, *OCH intermediate captures an O
atom from OH group to form *OCHO intermediate, followed by
accepting a proton and desorbing to give the product HCOOH.

3. Conclusion

In summary, a series of bifunctional photocatalysts of CABB/
MIL-101(Fe) has been successfully prepared based on a facial
one-pot synthesis strategy. The as-prepared composites possess
strong electron coupling and suitable energy offset between MIL-
101(Fe) and CABB, which bring forth an efficient charge sepa-
ration via typical double-charge transfer mode as demonstrated
by XPS, UPS, photoelectrochemical, and EPR measurements.
The resultant efficient spatial separation of photogenerated car-
riers enables the composites to achieve highly selective photosyn-
thesis of HCOOH by unifying the products of CO2 reduction and
CH3OH oxidation as confirmed by isotope-labeling experiments
and NMR analyses. An impressive yield of 1375 μmol g�1 h�1

with a high selectivity of 97.8% for HCOOH generation can
be achieved over CABB200/MIL-101(Fe) photocatalyst. The strat-
egy presented here for unifying redox products could be extended
to other organic reactions integrated with CO2 reduction by the
elaborate design of photocatalysts, opening a new window for the
effective resourceful utilization of CO2.

4. Experimental Section

Synthesis of MIL-101(Fe) Octahedron: 206mg of terephthalic
acid (H2BDC) and 675mg of FeCl3·6H2O were dissolved in 15mL N,
N-dimethylformamide (DMF). The mixture was heated at 110 °C for
24 h in a high-pressure autoclave (25 mL), and then cooled to room tem-
perature naturally.[44] Afterward, the mixture was centrifuged and further
purified with hot DMF and ethanol to obtain the MIL-101(Fe) octahedron.

Synthesis of Cs2AgBiBr6 (CABB) Nanocrystals: CABB was synthesized by
modifying some previously reported methods.[45] Briefly, AgBr was pre-
pared by the reaction of HBr and AgNO3 at room temperature. Then,
AgBr (89mg), CsBr (218mg), and BiBr3 (225mg) were mixed with
10mL of HBr solution. The mixture was heated to 110 °C with stirring
under closed conditions for 2 h, and then cooled to room temperature,
followed by keeping unperturbed for 1 h to generate orange precipitation.
Subsequently, the as-prepared precipitation was washed with ethanol for
three times, and then dissolved into 4mL of dimethyl sulfoxide (DMSO)
solvent. Finally, CABB nanocrystals can be obtained by adding 30mL of
isopropanol into the DMSO solution, followed by washing with ethanol
after centrifugation.

Synthesis of CABBx/MIL-101(Fe): Typically, 206mg of H2BDC and
675mg of FeCl3·6H2O were dissolved in 15mL of DMF. Thereafter,
CABB (100, 200, or 300mg) was added into the solution under stirring.
The mixture was transferred into a 25mL Teflon-lined autoclave after
CABB was completely dissolved. The autoclave was treated at 110 °C
for 24 h, and then cooled to room temperature naturally. The obtained
samples were washed two times with DMF and soaked in 6mL of ethanol
for 12 h, then centrifuged and dried in a vacuum at 60 °C. Finally, the

sample was calcinated in a tube furnace at 150 °C for 2 h to completely
remove the DMF solvent and obtain the CABBx/MIL-101(Fe) composites.

Photocatalytic Experiments: The photocatalytic reaction of CO2 reduc-
tion concurrent with CH3OH oxidation was performed in a 25mL sealed
quartz bottle. Typically, photocatalyst (3 mg), acetonitrile (4 mL), CH3OH
(2mL), and water (100 μL) were added into the reaction system. Before the
photocatalytic reaction, the reaction apparatus was degassed and refilled
with CO2 for 40min to remove air. A 300W Xe lamp (CEL-HXF300,
CEAULICHT) was used to simulate the solar light illumination. The
products were detected after 4 h of photocatalytic reaction.

Product Analysis: The gas products were detected quantitatively using
GC-2014 gas chromatograph instrument (Agilent) equipped with a ther-
mal conductivity detector (TCD) and a flame ionization detector (FID).
The production of HCOOH was determined using an ion chromatograph
(Metrohm ECO) equipped with an anion analysis column (Metrosep A
Supp 5-150/4.0). The corresponding standard curve was established with
the concentration of sodium formate solution. The production of HCHO
was analyzed by traditional colorimetric approach.[58] Typically, ammo-
nium acetate (12.5 g), acetic acid (0.5 mL), and pentane-2,4-dione
(0.1 mL) were dissolved in 50mL water to form color developing reagent
solution. Then 1mL of the reaction liquid was mixed with 1 mL reagent
solution. The mixed solution was placed in a water bath (60 °C) for
20min, followed by measuring its UV�vis absorption spectrum to quantify
the concentration of HCHO according to a standard curve, which was
established with 37 wt% formaldehyde aqueous solution.
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