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Abstract: The selectivity control of Pd nanoparticles
(NPs) in the direct CO esterification with methyl nitrite
toward dimethyl oxalate (DMO) or dimethyl carbonate
(DMC) remains a grand challenge. Herein, Pd NPs are
incorporated into isoreticular metal–organic frameworks
(MOFs), namely UiO-66-X (X=-H, -NO2, -NH2), af-
fording Pd@UiO-66-X, which unexpectedly exhibit high
selectivity (up to 99%) to DMC and regulated activity
in the direct CO esterification. In sharp contrast, the Pd
NPs supported on the MOF, yielding Pd/UiO-66,
displays high selectivity (89%) to DMO as always
reported with Pd NPs. Both experimental and DFT
calculation results prove that the Pd location relative to
UiO-66 gives rise to discriminated microenvironment of
different amounts of interface between Zr-oxo clusters
and Pd NPs in Pd@UiO-66 and Pd/UiO-66, resulting in
their distinctly different selectivity. This is an unprece-
dented finding on the production of DMC by Pd NPs,
which was previously achieved by Pd(II) only, in the
direct CO esterification.

Introduction

The direct catalytic conversion of C1 raw materials, such as
CO and CO2, to high value-added products is of great
importance, offering a promising route to alleviate the
growing energy and environmental issues.[1] The direct CO
esterification reaction with methyl nitrite, a promising C1
chemical conversion, produces dimethyl carbonate (DMC)
and dimethyl oxalate (DMO), which have been widely used
to synthesize numerous industrial products.[2] It is recognized
that Pd-based catalysts are efficient for the reaction.[3] There
have been reported that single-site Pd catalysts and Pd
nanoparticles (NPs) are favorable to produce DMC and
DMO, respectively.[3b] Nevertheless, the single-site Pd spe-

cies is easily reduced and aggregated to Pd NPs under the
strong reducing CO atmosphere at elevated temperature,
giving rise to reduced DMC selectivity.[4] Meanwhile, the
supported Pd NPs usually suffer from agglomeration at high
reaction temperatures, resulting in a decreased activity.[5] In
addition, despite significant research progress in the direct
CO esterification, the selectivity control and structure–
activity relationship in this conversion are challenging issues,
and accordingly related reaction mechanism of CO activa-
tion remains controversial. To address the above challenges,
it would be of great importance to find suitable supports
with well-defined and atomically tailorable structures for Pd
NPs.
On this ground, metal–organic frameworks (MOFs), an

emerging class of crystalline porous materials constructed by
metal ions/clusters and organic linkers, featuring high
porosity and ease of structural tailorability, would be
promising supports.[6] MOFs have been recognized to be
ideal in the incorporation of metal NPs for enhanced
catalysis and the pore confinement for metal NPs are
favorable to their stability.[7] Moreover, the readily engi-
neered pore walls of MOFs offer congenital advantages to
modulate the chemical microenvironment around the con-
fined metal NPs for regulated activity and selectivity.[8]

Therefore, incorporating Pd NPs into MOFs with precisely
functionalized pore walls would be desired for improving
the direct CO esterification and also ideal models for
understanding the relationship between structure and per-
formance.
With the above in mind, the representative isoreticular

MOFs, UiO-66-X, featuring altered groups on the linker,
have been adopted to encapsulate Pd NPs, affording
Pd@UiO-66-X (X=-H, -NO2, -NH2). As a control, Pd NPs
are supported on UiO-66 to yield Pd/UiO-66. Unexpectedly,
it is found that the selectivity of the direct CO esterification
with methyl nitrite (MN) over the above Pd catalysts is
dominated by the location of Pd NPs. To our surprise, the
Pd@UiO-66-X exhibit very high selectivity (81–99%) to
DMC in this reaction, which has never been reported for Pd
NPs. In contrast, the Pd/UiO-66 tends to produce DMO, a
common product over Pd NPs, with selectivity of >89%.
Moreover, the Pd electronic state can be modulated by the
-X functional group in Pd@UiO-66-X, leading to the
optimized activity (Scheme 1). The in situ diffuse reflectance
infrared Fourier transform (DRIFT) spectra and density-
functional theory (DFT) calculations support that the
location of Pd NPs relative to the MOF gives rise to their
different levels of interface contact and discriminated micro-
environment of Pd NPs, accounting for the distinctly differ-
ent reaction selectivity. To the best of our knowledge, this is
the first finding that the location of Pd NPs relative to the
support dominates the product selectivity in the direct CO
esterification.

Results and Discussion

The UiO-66-X, formulated Zr6O4(OH)4(BDC-X)6 (BDC=

benzene-1,4-dicarboxylate, X=-H, -NO2, -NH2), were con-
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structed by BDC-X and ZrCl4 by the solvothermal method.
[9]

The Pd NPs were generated in UiO-66-X by introducing
Pd(NO3)2 into the MOF pores based on the double-solvent
approach (DSA) and subsequently reduced by H2, affording
Pd@UiO-66-X with similar Pd loadings (0.9–1.1 wt%)
(Table S1). In addition, Pd/UiO-66, aiming to assure that all
Pd NPs are on the external surface of the MOF, was
prepared as a control (Scheme S1). Specifically, the pre-
synthesized PdPVP NPs of ~3.5 nm (Figure S1a), coating with
poly(vinylpyrrolidone) (PVP), were assembled with UiO-66
based on electrostatic interaction (Figure S1b), followed by
PVP removal in Meerwein’s salt solution to yield Pd/UiO-66
with Pd loading of 0.94 wt% (Table S1).[10]

The phase purity and crystallinity of Pd@UiO-66-X and
Pd/UiO-66 are confirmed by powder X-ray diffraction
(XRD) (Figure S2). Scanning electron microscopy (SEM)
images display the typical octahedral morphology and good
dispersion of Pd@UiO-66-X and Pd/UiO-66 (Figure S3).
The slightly decreased BET surface areas of Pd@UiO-66-X
compared with their parent MOF might be due to the
increased mass from Pd and/or the pore-blockage effect of
Pd,[8a,11] and the BET surface area displays very slight
increase from PdPVP/UiO-66 to Pd/UiO-66 by removing PVP
(Figure S4).[10a] Transmission electron microscopy (TEM)
images verify that Pd NPs with similar sizes of 2–4 nm are
dispersed uniformly by the MOF stabilization (Figure S5).
Meanwhile, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of
Pd@UiO-66 demonstrates the absence of obvious Pd NPs on
the MOF surface (Figures 1a, S6), and the corresponding
elemental mapping results indicate the uniformly dispersed
Pd species in Pd@UiO-66 (Figure 1b–d), implying that Pd
NPs stay only inside the MOF particle. By contrast, Pd NPs
can be clearly observed at the edge of the Pd/UiO-66
particle in its HAADF-STEM image and the corresponding
elemental mapping further supports the presence of Pd NPs
outside the MOF particle (Figures 1e–h, S7).
To further confirm the location of Pd NPs in Pd@UiO-

66 and Pd/UiO-66, the TEM images of their cross-section
observation are obtained by slicing up the resin-embedded
particles (Figure 1i), which was developed by us for demon-
strating the location of metal NPs in the composites

recently.[8b,12] Moreover, the HAADF-STEM image of the
sliced Pd@UiO-66 suggests that Pd NPs are uniformly
dispersed in the cross-section of the particle, unambiguously
verifying that Pd NPs are entirely encapsulated inside the
MOF (Figure 1j). In comparison, Pd NPs are merely located
at the edge of the cross-section of Pd/UiO-66 particle,
demonstrating that Pd NPs are all on the MOF surface
(Figure 1k). All the above results jointly support the
successful synthesis of Pd@UiO-66 and Pd/UiO-66 with the
specific Pd locations.
Encouraged by the successful synthesis, we then set up

to explore their catalytic performance toward the direct CO
esterification reaction with methyl nitrite (MN). Under the
specific reaction condition beneficial to produce DMO
(Figure 2, Table S2),[5a,13] negligible product can be detected
in the presence of UiO-66 (Table S2, entry 1). Nevertheless,
the conversion reaches ~50% for Pd@UiO-66, which
identifies Pd NPs as the reactive species in this reaction
(Table S2, entry 2). It is astonishing to find that Pd@UiO-66
exhibits high selectivity (~96%) to DMC while low
selectivity (~4%) to DMO; on the contrary, Pd/UiO-66
presents high selectivity (~89%) to DMO under the same

Scheme 1. Schematic diagram for different conversion and selectivity in
the direct CO esterification with MN over Pd@UiO-66-X (X=-H, -NO2,
-NH2) and Pd/UiO-66.

Figure 1. a) HAADF-STEM image of Pd@UiO-66, and b–d) the
corresponding elemental mapping of Zr, Pd, and the overlapping
elemental mapping of Zr, Pd, C, O. e) HAADF-STEM image of Pd/UiO-
66, and f–h) the corresponding elemental mapping of Zr, Pd, and the
overlapping elemental mapping of Zr, Pd, C, O. i) Scheme showing the
slicing up of resin-embedded Pd@UiO-66 particle by using a diamond
knife. HAADF-STEM images of j) sliced Pd@UiO-66 and k) sliced Pd/
UiO-66 (insets: size distribution of Pd NPs).
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condition (Table S2, entry 3). Given the only difference
between Pd@UiO-66 and Pd/UiO-66 lies in the Pd location
relative to the MOF particle, the above results imply that
the Pd location might play a key role in the selectivity. This
is distinctly different from the reported Pd NPs for the direct
CO esterification, all of which give very high selectivity to
DMO (Table S3). To further verify this result, the PdIM/
UiO-66 with similar Pd loading and sizes was fabricated by
impregnation method (Figure S8a), where Pd NPs in
~4.7 nm sizes are randomly deposited in the MOF pores and
on the MOF surface. The resulting PdIM/UiO-66 produces
mixture with 51% DMC and 49% DMO (Table S2, entry 4),
which might result from the mixed Pd locations. In addition,
Pd/ZrO2 was also synthesized as a control (Figure S8b), and
it gives high DMO selectivity (~90%, Table S2, entry 5),
very similar to that of Pd/UiO-66, in agreement with the
previously reported results (Table S3). The stability inves-
tigation suggests that the selectivity to DMC over Pd@UiO-
66 shows a slight decrease and reaches a plateau at ~63%
eventually, whereas Pd/UiO-66 displays extremely stable
activity and selectivity to DMO during the reaction (Fig-
ure S9). The crystallinity, structural stability and Pd sizes of
both catalysts are not changed after reaction, as confirmed
by powder XRD and TEM results (Figures S10, S11).
The above catalytic results reveal that the Pd location

relative to the MOF particle dominates the resulting
selectivity. This is an unprecedented finding on the good
selectivity to DMO over Pd NPs by incorporating them into
a MOF, possibly due to the fact that all reported Pd NPs
were on the external surface of diverse supports. To gain
deep insight into how the location of Pd NPs affects product
selectivity, the processes of oxidative addition and reductive
elimination involved in the CO esterification reaction, which
lead to a common Pd(0)/Pd(II) cycle,[13,14] have been care-
fully studied. The Pd 3d XPS spectra of as-synthesized

Pd@UiO-66 and Pd/UiO-66 display the binding energy of
Pd 3d5/2 at 335.8 and 335.7 eV, respectively (Figures S12a,
S13a), supporting the presence of Pd(0). Two new peaks of
337.5 and 337.3 eV assigned to Pd(II) are observed when
both catalysts are treated with MN (Figures S12b, S13b),
reflecting that a part of Pd(0) is oxidized to Pd(II) by MN.
These two new peaks disappear after treating the catalysts
with CO and MN (Figures S12c, S13c), manifesting the
occurrence of reductive elimination process.[14]

It is assumed that the Lewis acid sites in MOFs may pose
crucial influence on the reaction selectivity based on
previous studies.[15] Given the Zr-oxo clusters in UiO-66 give
Lewis acid sites, when Pd NPs are incorporated in MOF
pores, the interfaces between Pd and Zr-oxo clusters would
be very rich. In contrast, when Pd NPs are on the outer
surface of UiO-66, the interfaces should be much less
between Pd and Zr-oxo clusters.[16] Therefore, the reversed
reaction selectivity might be due to the specific micro-
environment (with different levels of interface between Pd
NPs and Lewis acid sites) surrounding Pd NPs.
To prove the role of Lewis acid sites in UiO-66 in the

reaction, in situ DRIFT spectra of UiO-66 have been
collected by treating with MN and CO and then purging
with Ar gas (Figure S14). When UiO-66 is treated with MN
and CO, two peaks at 1033 and 1045 cm� 1 appear gradually,
which are assignable to the *OCH3 intermediate species
(Figure S14a).[17] These two peaks exist even after purging
with Ar gas for 40 min (Figure S14b), demonstrating that
the Lewis acid sites could activate MN and stabilize the
*OCH3 intermediate species. The two peaks are also
observed with Pd@UiO-66 and Pd/UiO-66 (Figure 3), imply-
ing that the two catalysts experience similar intermediate
processes. In addition, no peak at approximately 1209 cm� 1

can be observed on UiO-66, reflecting that the *COOCH3
intermediate species is not generated, which suggests that
the Lewis acid sites are not able to produce *COOCH3
intermediate (Figure S14). By contrast, when Pd NPs are
present, the signal of *COOCH3 intermediate can be
observed with both Pd@UiO-66 and Pd/UiO-66 (Figure 3),
demonstrating that Pd NPs are the active sites for producing
the *COOCH3 intermediate.
Inspired by the above XPS and in situ DRIFT spectra

results, a plausible mechanism can be proposed to illustrate
the high DMC selectivity of Pd@UiO-66 and DMO
selectivity of Pd/UiO-66 (Figure 4a). First, CO molecules
are preferentially adsorbed on Pd NPs, followed by the
adsorption of MN molecules on Pd NPs, generating the Pd-
NO and Pd-OCH3 intermediates. The NO* species may
desorb from Pd NPs directly,[13a] then CO molecules will
immediately insert into Pd-OCH3 to form the Pd-COOCH3
intermediate. After that, two different coupling pathways
for the intermediates might take place (Figure 4a): 1) For
Pd@UiO-66, given the presence of rich interface between Pd
NPs and Zr-oxo clusters, Pd NPs are in a microenvironment
surrounding with abundant Lewis acid sites (from Zr-oxo
clusters) that could activate MN molecules and stabilize the
*OCH3 intermediates to form Zr-oxo-OCH3, then one Zr-
oxo-OCH3 and one Pd-COOCH3 would couple to yield
DMC; 2) For Pd/UiO-66, given the lack of sufficient Lewis

Figure 2. The conversion of CO and product selectivity to DMC or
DMO in the direct CO esterification over Pd@UiO-66, PdIM/UiO-66,
and Pd/UiO-66. The selectivity and conversion are calculated based on
CO. Reaction condition: 180 mg catalyst, 130 °C, 0.1 MPa, weight hour
space velocity (WHSV)=3000 Lkgcat.

� 1 h� 1, reactant gases are com-
posed of 28% CO, 18% MN, 4% Ar, and 50% N2.
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acid sites around Pd NPs due to the limited interface
contact, the coupling between two Pd-COOCH3 intermedi-
ates would more likely take place, leading to DMO product.
The different pathways over Pd@UiO-66 and Pd/UiO-66 are
responsible for their distinctly different product selectivity.
To verify the mechanism proposed above, DFT calcu-

lations have been adopted to evaluate the relative energy of
the direct CO esterification reaction over Pd@UiO-66 and
Pd/UiO-66. Given the more interfaces between Pd and Zr-
oxo clusters in Pd@UiO-66 than that in Pd/UiO-66, two
models, in which Pd NPs surrounding with six and one Zr-
oxo cluster respectively correlates with Pd@UiO-66 and Pd/
UiO-66, have been constructed and optimized. It is clear
that CO is preferentially adsorbed on Pd (� 2.29 eV)
compared with MN (� 0.51 eV), and MN is adsorbed and
activated more easily on Zr-oxo clusters (� 3.16 eV) than Pd
NPs (� 0.51 eV) (Figure S15). Therefore, the reaction proc-
ess is that the adsorption of CO followed by MN takes place
on Pd NPs, then CO inserts into Pd-OCH3 to give Pd-
COOCH3 intermediate. The relative energy for this step is
much different on Pd@UiO-66 (3.71 eV, Figure 4b) and Pd/
UiO-66 (� 3.82 eV, Figure S16), which imply that the for-
mation of Pd-COOCH3 intermediate is more difficult on
Pd@UiO-66 than Pd/UiO-66, giving rise to the less number
of Pd-COOCH3 intermediate on the Pd@UiO-66 than Pd/
UiO-66. Subsequently, for Pd@UiO-66, the relative energies
for the two Pd-COOCH3 intermediates to generate DMO
and one Pd-COOCH3 coupling with one Zr-oxo-OCH3

intermediate to afford DMC are 2.16 and 0.14 eV, respec-
tively. This well explains that the Pd-COOCH3 intermediate
is prone to couple with one of abundant Zr-oxo-OCH3
intermediates to form the DMC over Pd@UiO-66, rather
couple with another Pd-COOCH3 intermediate to DMO. By
contrast, the relative energies of generating DMO and DMC
are 0.19 and 2.73 eV, respectively for Pd/UiO-66. Therefore,
the CO esterification over Pd@UiO-66 is favorable to DMC
with high selectivity, while it tends to generate DMO on Pd/
UiO-66. From the above results, the different amounts of
interface between Pd NPs and Zr-oxo clusters in Pd@UiO-
66 and Pd/UiO-66 gives rise to the discriminated Lewis acid
microenvironment created by Zr-oxo clusters surrounding
Pd NPs, which is able to regulate the selectivity of the direct
CO esterification reaction.
To further explore the influence of the MOF functional

group on the catalytic performance, Pd@UiO-66-X (X=-H,
-NO2, -NH2) have been also examined under the specific
reaction condition that favors DMC production in the direct
CO esterification reaction (Figure 5a).[5a,13] As expected, all
Pd@UiO-66-X with diverse functional groups exhibit high
selectivity to DMC (81–99%). Strikingly, the conversion of
CO over the three catalysts follows the order of Pd@UiO-
66-NH2<Pd@UiO-66<Pd@UiO-66-NO2. To understand
the mechanism how different functional groups in Pd@UiO-
66-X affect their catalytic activity, the Bader charge by DFT
calculations has been evaluated. Results elucidate the
corresponding surface electronic states of Pd NPs and the

Figure 3. a) In situ DRIFT spectra of Pd@UiO-66 under simulated
reaction condition tending to produce DMC: 30 mg catalyst, 120 °C,
0.1 MPa, gas flow rate of 25 mL/min, reactant gases composed of 19%
CO, 45% MN, 3% Ar, and 33% N2. b) In situ DRIFT spectra of Pd/
UiO-66 under simulated reaction condition tending to produce DMO:
30 mg catalyst, 130 °C, 0.1 MPa, gas flow rate of 25 mL/min, reactant
gases composed of 28% CO, 18% MN, 4% Ar, and 50% N2.

Figure 4. a) The proposed catalytic mechanism of the direct CO
esterification reaction with selectivity to DMC (represented by grey and
red arrows) and DMO (represented by grey and blue arrows),
respectively. b) The calculated relative energies in potential pathways
for the direct CO esterification reaction over Pd@UiO-66.
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calculated numbers of electron transfer from Pd clusters to
UiO-66-NO2, UiO-66, and UiO-66-NH2 are 3.58, 2.89, and
2.55e, respectively (Figure 5b), indicating the Pd electron
densities follow the order of Pd@UiO-66-NO2<Pd@UiO-
66<Pd@UiO-66-NH2.

[8a] To further illustrate the influence
of different Pd electron densities on catalytic activity,
DRIFT spectra of CO adsorption are adopted to detect the
adsorption behavior of CO molecules on Pd@UiO-66-X
(Figure S17). The main CO adsorption peaks of Pd@UiO-
66-X fall into the range of 1900–2000 cm� 1, which are
assigned to the C� O vibrations of bridged CO adsorption on
Pd NPs.[14a] The similar adsorption mode of CO over the
three samples implies that Pd NPs in Pd@UiO-66-X are of
the same structure.[8a] The obvious red shift of the main CO
adsorption peak for the three catalysts indicates that the Pd
electron density follows the trend of Pd@UiO-66-NH2>
Pd@UiO-66>Pd@UiO-66-NO2, which is in good agreement
with the above calculated results. The relationship between
the red shift of CO adsorption peaks and Pd electron density
can be explained by that, when Pd NPs are electron-rich,
more electrons are injected into the 2π* orbitals of CO

(electron backdonation), giving rise to stronger Pd-CO
adsorption and weakened C� O bond. Therefore, the elec-
tron density of Pd species is linearly correlated with CO
adsorption intensity. Given that the strong adsorption of CO
is not conducive to the direct CO esterification according to
the previous reports,[14b] the above analyses can well explain
the activity trend for Pd@UiO-66-X, highlighting that the
activity of the CO esterification can be improved by ration-
ally modulating the microenvironment and electron density
of Pd NPs by pore wall functionalization of the MOF.
The stability investigation for Pd@UiO-66-X indicates

that the catalytic activity and high DMC selectivity can be
well maintained (Figure S18). The Pd@UiO-66 keeps the
high selectivity to DMC (>95%) even extending the
reaction time to 30 h (Figure S19). Powder XRD patterns
and TEM observations for Pd@UiO-66-X after reaction
suggest the retained MOF crystallinity and Pd sizes in the
catalysis (Figures S20, S21). The similar XPS spectra of
Pd@UiO-66-X before and after the CO esterification
support that the existing form of Pd NPs in these samples
could be maintained after reaction (Figure S22).

Conclusion

In summary, Pd NPs of ~2 nm are encapsulated into UiO-
66-X with different functional groups to afford Pd@UiO-66-
X, which exhibits high selectivity to DMC (up to ~99%) in
the direct CO esterification. This is an unprecedented
finding for the CO esterification over Pd NPs that always
gives high DMO selectivity in all previous reports, as also
supported by Pd/UiO-66 with Pd NPs on the MOF particles
in this work. Moreover, the Pd electron density can be
rationally regulated based on microenvironment modulation
by altering the MOF functional groups in Pd@UiO-66-X
(X=-H, -NO2, -NH2), leading to optimized activity. Both
experimental and DFT calculation results suggest that,
microenvironment of Lewis acid site number surrounding
Pd NPs, being associated with the interface level between
Pd and Zr-oxo cluster, is found to play a critical role in the
resulting selectivity, where abundant Lewis acid sites inter-
facially contacted with Pd NPs in Pd@UiO-66 are beneficial
to high DMC selectivity, while Pd/UiO-66 with less interface
and less Lewis acid sites surrounding Pd NPs, following a
different reaction pathway, affords DMO product as always
reported. This work not only provides significant insights
into the optimized electronic state and activity of metal NPs
by modulating their microenvironment, but also opens up a
new avenue to selectivity regulation by controlling the
location of active metal sites relative to porous supports in
heterogeneous catalysis.
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