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The design of efficient photocatalysts is crucial for photocatalytic CO,
reduction. This study developed photocatalysts based on MIL-101(Cr)
composited with a facet-engineered Pt/Pd nanoalloy (PPNA). Photo-
catalytic performance evaluations show that MIL-101(Cr) loaded with
PPNA exposing {111} facets, namely M-A(111), exhibits a CO, to C,H,
conversion rate of 9.5 pmol g~* h™* in addition to the CO and CH,,
whereas M-A(100) with PPNA exposing {100} facets gives CO, conver-
sion rates of 33.2 for CO and 9.3 pmol g’1 h~! for CH, without C,H,.
In situ FT-IR revealed that M-A(111) can readily form C, intermediates
during the reaction. This work offers a strategy for the design of
photocatalysts for CO, reduction to C;H,.

Photocatalytic conversion of carbon dioxide (CO,) into valuable
fuels as well as chemicals like carbon monoxide (CO), methane
(CH,) and ethylene (C,H,) has emerged as one of the most
promising methods for effectively reducing CO, concentration.>
Among these products, C,H, is particularly interesting because of
its importance in the chemical industry as a basic raw material.
However, challenges such as the high energy barriers for activating
CO, followed by C-C coupling and the low rates of multi-electron
transfer restrict the CO, reduction reaction (CO,RR), resulting
primarily in C; products such as CO and CH,** Although
strategies involving the introduction of single atoms,™® metal
alloys”® and Cu species®'® have been employed to enhance the
efficiency of CO, conversion to C,H,, the designed photocatalysts
are still limited and fall short in improving photocatalytic activity
and product selectivity.

Single metal photocatalysts rarely exhibit both good C-C coupling
performance and appropriate desorption ability for C,H,* intermedi-
ates simultaneously."* Typically, metals such as Ag and Pt facilitate
desorption,”" while Pd and Cu promote C-C coupling.'*'’
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However, with appropriate design, bimetallic species can endow
the catalyst with both capabilities of C-C coupling and intermediate
desorption.'® Recently, there have been studies exploring the appli-
cation of binary metal catalysts for CO, photoreduction;'” however,
the efficiency in producing multicarbon (C,,) products remains
unsatisfactory and further investigations are required.

In recent years, facet engineering of metal-organic frame-
works (MOFs) has been demonstrated to be an effective way of
tuning the performance of photocatalytic CO, reduction.'®'® In
addition, facet engineered MOF-metal nanoparticle composites
show improved CO,RR.*° In this study, facet engineered bimetallic
nanoalloys rather than MOFs, namely Pt/Pd nanoalloys (PPNAs),
were employed to composite with a classic Cr-MOF, MIL-101(Cr)
for the creation of novel photocatalysts. Notably, by simply altering
the reaction conditions, the exposed crystal facets of PPNA can be
easily tuned, thereby controlling the types of alloy facets post-
loading. The combination of MIL-101(Cr) with PPNA nanoparticles
exposing {111} facets offers sample M-A(111) and enables photo-
catalytic CO, reduction to C,H, under simulated sunlight; in
contrast, no C,H, was achieved for the sample M-A(100) with
PPNA exposing {100} facets. Experimental results demonstrate that
the synergistic interactions between the MIL-101(Cr) and {111}
facets of the alloy generate highly stable reaction intermediates,
further facilitating efficient C-C bond formation.

The synthetic procedure for the M-A(111) and M-A(100) samples
is illustrated in Scheme 1 and the details for the preparation are
given in the ESL.} Notably, PPNA particles exposing {111} facets
were achieved by using K,PtCl, and Na,PdCl, with the presence of
polyvinylpyrrolidone (PVP, MW = 24000) and formaldehyde
solution (40%) at pH = 4, and heating at 180 °C for 2 h. Following
the same procedure using KBr and KI instead of formaldehyde at
pH = 3 under heating at 160 °C for 4 h, PPNA particles exposing
{100} facets were isolated.

MIL-101(Cr) has been recognized as an outstanding photo-
catalyst with the capability to catalyze the conversion of CO,
into various products.>® To further explore its potential, we
synthesized MIL-101(Cr) powder ensured by scanning electron
microscopy (SEM) (Fig. S1a, ESIT). Subsequently, we precisely
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Scheme 1 Synthesis of M-A(111) and M-A(100).

reduced PtCl,>~ and PdCl,>" adsorbed on MIL-101(Cr) to form a
catalyst composed of MIL-101(Cr) and PPNA exposing the {111}
facets, which is designated as M-A(111) (Fig. S1b, ESIt). To gain a
clear understanding of its morphology, we examined the catalyst
using transmission electron microscopy (TEM). The TEM images
revealed uniformly dispersed nanoparticles on the surface of MIL-
101(Cr) with no significant agglomeration (Fig. 1a). High-resolution
TEM (HRTEM) images further confirm the presence of the loaded
PPNA (Fig. 1b). The nanoparticles exhibit distinct lattice patterns
and fast Fourier transform (FFT) images (Fig. S2 and S4a ESI¥), with
a lattice spacing of 0.225 nm corresponding to the {111} facets of
PPNA (Fig. S4b, ESIT). We further employed high-angle annular
dark-field scanning transmission electron microscopy-energy dis-
persive X-ray spectroscopy (HAADF-STEM-EDS) for line scan analysis
of individual Pt/Pd elements and elemental mapping of the entire
sample. No significant segregation of Pt and Pd was observed within
the sample (Fig. 1c-¢), indicating a quasi-uniform distribution of Pt/
Pd elements throughout the particles and the formation of a
nanocrystalline alloy structure. Additionally, we performed powder
X-ray diffraction (PXRD) analysis for the sample. The results show
that the diffraction pattern of the prepared composite material
closely matched with that of MIL-101(Cr), with the exception of
metallic peaks appearing at 39.8° and 46.3°, indicating the retention
of the MIL-101(Cr) structure after PPNA loading (Fig. S5, ESIT).
Importantly, the morphology and facet of the PPNA particles
can be controlled by adjusting the reduction environment and
conditions for reducing PtCl,>~ and PdCl,*>".>> We conducted
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Fig.1 For M-A(111): (a) TEM image; (b) HRTEM; (c) HAADF-STEM image;

(d) elemental mapping. (€) HAADF-STEM-EDS line scan profile of a single
PPNA, highlighted by the yellow line in Fig. 1c.
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experiments aimed at synthesizing PPNA with fully exposed {100}
crystal facets. By introducing small amounts of Br~ and I into the
reaction system and adjusting the pH, we successfully obtained
PPNA with exposed {100} facets (see Experimental section, ESIt). As
shown in Fig. S4d, ESL¥ the lattice spacing of 0.194 nm corre-
sponds to the {100} facets of PPNA, further corroborated by the
associated FFT image (Fig. S3 and S4c, ESIt). Consequently, using
the same preparation method, we designed another MIL-101(Cr)
composite catalyst loaded with PPNA exposing the {100} facets,
named M-A(100) (Fig. Slc, ESIT). As illustrated in Fig. 2a, TEM
analysis revealed a similar structure to that of M-A(111) with
uniformly dispersed PPNA particles. However, HRTEM observa-
tions show that the loaded PPNA exhibits a cubic morphology
(Fig. 2b), with the exposed facets varying from {111} to {100}. The
results of HAADF-STEM, elemental mapping and HAADF-STEM-
EDS ensure the quasi-uniform distribution of Pt/Pd elements in M-
A(100) (Fig. 2c-e), similar to that in M-A(111) (Fig. 1c-e). PXRD
diffraction patterns also display corresponding metallic peaks, but
with increased intensity (Fig. S5, ESIT), suggesting better crystal-
linity for the PPNA with exposed {100} facets. We further investi-
gated the formation of distinct crystal facets by varying the reaction
temperature, reducing agent, etc. (Fig. S6-S8, ESIT) and the possible
atomic stacking modes of the two PPNAs are presented in Fig. S9
(ESIt). FT-IR and X-ray photoelectron spectroscopy (XPS) confirm
that the structures of all samples are well preserved and maintained
intact throughout the preparation process (Fig. S10, ESIT). Induc-
tively coupled plasma mass spectrometry (ICP-MS) measurements
determined that the Pt and Pd contents in both M-A(111) and M-
A(100) catalysts are 1.8 wt% and 0.9 wt%, respectively. High-
resolution XPS was employed to analyze the surface states of the
Pt and Pd elements in both catalysts. Compared to M-A(111), the Pd
3d XPS peak of M-A(100) slightly shifts to high binding energy,
while the Pt 4f XPS peak slightly shifts towards low binding energy
(Fig. S11, ESIY). This implies that the two PPNAs possess different
electronic distributions, which will likely lead to distinct behavior
in the CO,RR. Furthermore, Cr 2p XPS spectra show that, com-
pared to MIL-101(Cr), the Cr binding energy in the PPNA-loaded
catalyst decreases (Fig. S12a, ESI{), indicating an increase in its
electron density. This suggests the occurrence of electron transfer
between PPNA and MIL-101(Cr).
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Fig. 2 For M-A(100): (a) TEM image; (b) HRTEM; (c) HAADF-STEM image;
(d) elemental mapping. () HAADF-STEM-EDS line scan profile of a single
PPNA, highlighted by the yellow line in Fig. 2c.
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Photocatalytic CO,RR tests were conducted for the varied
catalysts. Firstly, it is noticeable that the rates of the CO, reduction
products of M-A(111) and M-A(100) are significantly higher than
those of pure MIL-101(Cr) (Fig. 3a), indicating that the incorporation
of PPNA markedly enhanced the CO,RR performance. Secondly, M-
A(111) not only exhibits a high CH, conversion rate but also achieves
a C,H, conversion rate of 9.5 umol g¢~* h™". In contrast, M-A(100)
and MIL-101(Cr) demonstrate no capability for conversion of CO,
into C,H,, as confirmed by gas chromatography data (Fig. S13,
ESIT). Notably, a physical mixture of PPNA and MIL-101(Cr) exhibits
no significant improvement in performance compared to pure MIL-
101(Cr) (Fig. S12b, ESIt), confirming the presence of interactions
between PPNA and MIL-101(Cr) in the M-A(111)/(100) system. The
results not only show that the composition of MOF with metal
nanoparticles can improve the CO,RR performance,” > but also
demonstrate the impact of the crystal facet on the CO,RR.>?® In
addition, under the identical conditions, a series of control experi-
ments were performed for M-A(111). No products of CO, CH,, or
C,H, were detected in the absence of CO, (in Ar), photocatalyst or
light (Fig. 3b). Furthermore, experiments using labeled **CO, sup-
port the same results, with gas chromatography-mass spectrometry
(GC-MS) detecting signals corresponding to **C,H,, **CO and "*CH,
at m/z = 30, 29 and 17, respectively (Fig. 3c). This confirms that the
carbon sources of the observed products originate from the initial
CO, input rather than from other sources. Besides, the photostabil-
ity was evaluated. As shown in Fig. 3d, M-A(111) maintains its
catalytic activity after three uninterrupted cycles. TEM data and
PXRD patterns in Fig. S14 (ESIf) indicate that the structure of the
catalyst remained after the photocatalytic reaction.

A series of photochemical and electrochemical tests were
conducted for the catalysts, revealing the underlying factors
contributing to the superior photocatalytic performance. UV-
visible diffuse reflectance data indicate that all catalysts exhibit
broad light absorption capabilities (Fig. S15a, ESIt). The band

(@)s o | ®) o
I co mco
= M cCH, = I CH
H,
o% o 1. M-A(I11) =
= = 2.In Ar
2 2. 3. Without photocatalyst
S 5 4 Without H,0
@ e 5. In darkness
» .,
g 2]
T T
@4 o,
1. . .
ol

MIL-101(Cr)  M-A(111)  M-A(100)
(c) (d) = CH
CO, 13,
co, D
— ~__ | ——CH,
B 2
5 o
S 15CH, £
=2 20
2 3o P
% \ ‘SCZH" T 50 ’ .
= ' J o
4 A 7
VaE 2 s
[ i~ 4 :4///
SN | D 1 B N i o = ;
10 12 14 16 28 30 32 44 45 48 S0 a 2 4 6 8 10 12
m/z Irradiation Time (h)

Fig. 3 (a) Product formation rates for varied catalysts and (b) photocata-
lytic CO, reduction results under varied reaction conditions. (c) GC-MS
spectra of the produced *CH,, **CO and ¥*C,H, from the photocatalytic
CO, reduction catalyzed by M-A(111). (d) Cycling measurements for M-
A(111).
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gap widths are 2.78, 2.72 and 2.71 eV for MIL-101(Cr), M-A(111) and
M-A(100), respectively, determined through Tauc analysis (Fig. S15b,
ESIt). The valence band (VB) positions at 1.72, 1.53 and 1.95 eV for
MIL-101(Cr), M-A(111) and M-A(100), respectively, were identified by
using XPS valence band spectra, as shown in Fig. S15c, ESL{ The
band gap diagram (Fig. S15d, ESIt) clearly shows that the LUMO
levels of all catalysts are lower than the reduction potentials required
for the conversion of CO, to CO, CH, and C,H,, suggesting that they
have capacity for CO, reduction. To investigate the charge transfer
processes within the catalysts, photoluminescence spectra and time-
resolved fluorescence spectroscopy were utilized. The fluorescence
quenching in M-A(111) was the most significant, indicating high
carrier separation efficiency (Fig. S16a, ESIt). Besides, time-resolved
fluorescence spectra show an average lifetime of 2.64 ns for M-
A(111), shorter than the ones of MIL-101(Cr) (2.84 ns) and M-A(100)
(2.73 ns) (Fig. S16b-d, ESIt), suggesting a rapid decay rate. The
results indicate that M-A(111) has a faster charge transfer rate from
ligand to PPNA than MIL-101(Cr) and M-A(100). Photoelectrochem-
ical measurements and electrochemical impedance spectroscopy
(EIS) were performed to assess the separation efficiency of the
photoexcited charge carriers and the resistance levels of the catalysts
under visible light irradiation. As shown in Fig. S17a and b, ESI, M-
A(111) exhibits the highest transient photocurrent response and the
lowest resistance compared to other samples, indicating a high
interfacial charge transfer rate (Scheme S1, ESIY).

To further monitor the photocatalytic CO, reduction process,
in situ FT-IR spectroscopy was employed and the results are illu-
strated in Fig. 4. Upon light irradiation, the band at 1018 cm ™' is
attributed to bicarbonate (HCO; ),*® the one at 1320 cm™* corre-
sponds to monodentate carbonate (m-CO;>7),*® and the one at
1743 cm ' is assigned to the chelating bidentate carbonate
(c-CO5>7).*! The bands at 1108 and 1374 cm ™' are associated with
CH* and CH,*, respectively,” while the ones at 1253 and 1620 cm ™"
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Fig. 4 Insitu FT-IR spectra of CO, reduction under simulated light from O
to 60 min for (a) M-A(111) and (b) M-A(100).
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correspond to *COOH,*>*> an important intermediate for the for-
mation of CO and multi-carbon products. Importantly, compared to
the M-A(100), M-A(111) exhibits distinctive peaks including OCCO*
(1171 em™ "), CH,CO (1447 cm™*)** and *COCOH (1577 cm™ %),**
which are the key intermediates for the formation of C,H,. This
suggests that the surface of M-A(111) is more conducive to the
production of C,H, during the CO,RR.

The photocatalytic reduction of CO, to CH, involves multi-
steps,”® including *CO on the MIL-101 spilling over on the PdPt
alloys for weaker binding energy of CO to the MIL-101 than that
to the PdPt alloys,***® and *CHO, *OCH, and *OCHj, formation
on PdPt alloys. To better understand the *CO performance of
different facets on PdPt alloys, we applied DFT calculations to
investigate intermediate models in the CO,RR process (see
computing details in the ESIT). From the calculated free energy
diagrams, for the PdPt(111) surface, *CO transforms to *CHO,
*OCH, and *OCH; by sequential hydrogenation with energy
barriers of 0.03, 0.26 and 0.19 eV for each step. In the {100}
surface, the hydrogenation of CO to CH, is very difficult because
of its high energy barriers (0.52 eV *CO to *CHO, 0.78 eV *CHO
to *OCH,) (Fig. S18, ESIT). This indicates that CH, formation is
more favored at the {111} surface than {100} surface, which is in
agreement with experiments.

In summary, this study presents an approach for designing
composite photocatalysts of MOF with crystal facet engineered
bimetallic alloys for the CO,RR. A series of control experiments
demonstrate that M-A(111) exhibits superior capability for the
production of C,H, in the photocatalytic CO,RR. In situ FT-IR
analysis revealed that the surface of M-A(111) more readily
facilitates the formation of C, intermediates during the CO,RR,
resulting in a conversion rate of 9.5 pmol g’1 h~! for C,H,. This
work provides a new strategy for the design of photocatalysts
that can enhance CO, photocatalytic reduction towards C,H,.
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