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Synergistic Lewis acid and Pd active sites of
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Han-Ying Wu,a,b,c Ye-Yan Qin,a Yi-Hong Xiao,b,c Jian-Shan Chen,a Rong Guo,a

Si-Qi Wu,a,b,c Lei Zhang, b,c Jian Zhang b,c and Yuan-Gen Yao *a,b,c

Metal–organic frameworks (MOFs) have recently been applied as versatile platforms for constructing

efficient catalysts with improved performance in many fields. Herein, for the first time, we prepare a MOF

UiO-66 based catalyst showing the synergistic effect of Lewis acid and Pd(II) active sites, and it shows

highly efficient methyl nitrite (MN) carbonylation to dimethyl carbonate (DMC). Lewis acid sites were first

introduced to UiO-66 by adding different amounts of trifluoroacetic acid (TFA) and activating at different

temperatures. Pd(II) sites were then supported on UiO-66x-X to obtain the resulting Pd-UiO-66x-X (x, the

molar percentage of TFA; X, activation temperature). The Lewis acid sites not only act as the center of CO

adsorption, but affect the electron density of Pd(II) for the generation of more COOCH3* intermediates,

resulting in a higher catalytic performance. As a result, the best catalytic performance based on the DMC

selectivity based on CO (SDMC/CO) near 100%, SDMC/MN up to 67.4%, CO conversion to DMC (CCO) as high

as 68.4%, and the weight time yield (WTY) of DMC up to 2056 g kgcat
−1 h−1 was achieved by the compo-

site material Pd-UiO-66TFA-0.25-290. This work provides efficient catalysts for carbonylation of MN to

DMC and presents a significant synergistic methodology for improving the catalytic performance of MOF

materials.

Introduction

Dimethyl carbonate (DMC) is one of the promising materials
used to substitute for phosgene and other poisonous reagents,
according to the basic concept of green chemistry,1,2 and has
been widely used in polycarbonate production3 and the
lithium battery industry,4 and as a methylating agent.5 In the
past decade, several technical routes have been applied to syn-
thesize DMC involving transesterification,6–8 methanol
oxidative carbonylation,9–11 methyl nitrite (MN)
carbonylation,12–14 etc. Particularly, the carbonylation of MN to
DMC has attracted widespread attention due to its more econ-
omical and environmentally friendly characteristics, and cata-

lysts composed of active sites and supports have been used to
improve the catalytic performance.13,15,16 Accordingly, Pd(II)
species in catalysts are widely acknowledged as active sites,
and supports are usually porous and large surface area
materials including zeolites,14 activated carbon,17 metal
oxides,18 etc. To date, the states of Pd active sites (e.g. mor-
phology, dispersion), the effects of various supports, and the
interactions between promoters (e.g. Cu2+) and active sites
have been extensively studied to achieve highly efficient
performance.12,13,15 However, the effect of active sites and sup-
ports on the catalytic performance is still unclear.

Metal–organic frameworks (MOFs) as a class of crystalline
porous materials, due to their large surface area, high porosity,
and tunable structures,19–26 have become excellent supports
for accommodating highly dispersed metal centers and allow
the reactants to diffuse effectively on the catalyst to enhance
the catalytic performance.27–30 As for the carbonylation of MN
to DMC, Lewis acid sites of MOFs have been considered as an
effective way to improve the catalytic performance, and could
be designed using coordinatively unsaturated metal nodes.31

Particularly, Pd-based Lewis acid MOFs possessing both metal
active sites and Lewis acid sites have been known as represen-
tative multisite catalysts.32–36 Although the interaction between
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active sites and supports has been reported in the literature,37

the synergistic role of Lewis acid sites and Pd(II) in MOF-based
materials has not been systematically investigated for the
carbonylation of MN to DMC. Therefore, designing such cata-
lysts is of great significance and challenge, which promotes
the understanding of the whole catalytic reaction and offers a
new route to expand functional MOF-based materials for DMC
catalysts.

The classical MOF UiO-66 is one of the most promising
supports for MN carbonylation to DMC owing to its outstand-
ing thermal stability, high tolerance for regulation, and simple
synthesis.38–40 Herein, we first prepared Pd(II)-supported
UiO-66 (Pd-UiO-66x-X) with Lewis acid sites by adding different
amounts of TFA (x, the molar percentage of TFA: 0, 0.25, 0.50,
and 0.75%) and adjusting the activation temperature (X: 250,
270, 290, and 320 °C) for the highly efficient carbonylation of
MN to DMC. As illustrated in Fig. 1, as a modifier, different
amounts of TFA were added, where terephthalic acid (BDC)
was partly substituted to obtain UiO-66x, and UiO-66x-X with
different Lewis acid sites were obtained by activating UiO-66x
to remove TFA. Afterward, Pd(II) was incorporated into UiO-66x-
X, resulting in Pd-UiO-66x-X. The NH3 temperature-pro-
grammed desorption (TPD) profiles and pyridine FT-IR spectra
proved that the concentration of Lewis acid sites increased
with the addition of TFA and the activation temperature. The
results of MN carbonylation to DMC showed that Pd-
UiO-66TFA-0.25-290 showed the best catalytic performance (DMC
selectivity based on CO (SDMC/CO) near 100%, SDMC/MN up to
67.4%, CO conversion to DMC (CCO) as high as 68.4%, and the
weight time yield (WTY) of DMC of 2056 g kgcat

−1 h−1) and that
it is a record performance among MOF based materials,
suggesting that the appropriate amount of Lewis acid sites
played a significant role in the performance. The CO adsorp-
tion diffuse reflectance infrared Fourier-transform spectra
(DRIFTS) and CO-TPD profiles indicated that besides serving
as the adsorption center of CO, Lewis acid sites also act as the
electron acceptor to Pd(II) that affected the formation of
COOCH3* intermediates, revealing the synergistic effect of
Lewis acid sites and Pd(II) in Pd-UiO-66x-X. Furthermore, the
in situ DRIFTS spectra demonstrated DMC generated on the
catalysts and COOCH3* intermediates was easily formed on
Pd-UiO-66TFA-0.25-290, which was in good agreement with the
excellent catalytic performance.

Experimental
Synthesis of UiO-66x-X supports

ZrCl4 (3.5 g, 15 mmol) and terephthalic acid (2.5 g, 15 mmol)
were dissolved in DMF (155 ml, 2 mol) and stirred for 30 min
to obtain a transparent solution. In the modulated synthesis,
TFA (molar percentage of TFA: 0, 0.25% (2.9 ml) 0.5% (5.8 ml)
and 0.75% (8.7 ml)) was added to the mixture and further
stirred for 15 min. Then the mixture was transferred into a
Teflon-lined autoclave (250 ml), which was sealed and heated
at 120 °C for 24 hours. After that, the Teflon-lined autoclave
was cooled down to room temperature naturally, and the
product was collected by centrifugation, thoroughly washed
with DMF (3 times) and methanol (3 times), and finally dried
in a vacuum oven. The powders were activated by heating at
250 °C for 12 h to obtain the resulting UiO-66x (x: molar per-
centage of TFA). The activation temperature was changed to
270 °C, 290 °C and 320 °C to obtain a series of UiO-66TFA-0.25
with different activated temperatures, which were denoted as
UiO-66TFA-0.25-270, UiO-66TFA-0.25-290, and UiO-66TFA-0.25-320,
respectively.

Synthesis of Pd-UiO-66x-X catalysts

Pd-UiO-66x-X (x: the molar percentage of TFA, X: activation
temperature) catalysts were obtained by the traditional wet
impregnation method. Typically, 5 g of UiO-66x-X was dis-
persed in 50 ml of acetone and the mixture was stirred for
30 min. After that, 0.105 g of palladium acetate (the mass ratio
of Pd to UiO-66x-X was 1%) dissolved in 10 ml of acetone solu-
tion was added to the mixture while being stirred. Then the
compound was further stirred for 20 h at room temperature.
The products were collected by centrifugation, washed with
acetone several times, and dried in a vacuum oven. Finally, the
products were calcined at 200 °C for 4 h to enhance the inter-
action between UiO-66x-X and Pd(II) to obtain the resulting Pd-
UiO-66x-X (Pd-UiO-66-250, Pd-UiO-66TFA-0.25-250, Pd-
UiO-66TFA-0.5-250, Pd-UiO-66TFA-0.75-250, Pd-UiO-66TFA-0.25-270,
Pd-UiO-66TFA-0.25-290, and Pd-UiO-66TFA-0.25-320, respectively).

In situ FT-IR measurement

In situ diffuse reflectance FT-IR spectra were recorded using a
Nicolet 6700 Fourier-transform spectrometer equipped with a
specially designed reaction cell. Each spectrum was recorded
by averaging 128 scans at a resolution of 4 cm−1. For CO
adsorption, 200 mg of the sample without diluents was placed
into the cell and pretreated under N2 (10 ml min−1) at 120 °C
for 60 min to remove water. After cooling down to 20 °C, the IR
spectrum was recorded as a reference spectrum. Then the
sample was exposed to CO–N2 (25% CO, 5 ml min−1) for
50 min, and the spectra were collected every 5 min.
Subsequently, flushing with N2 (10 ml min−1) was done for
20 min to remove CO in the gas phase. For the experiment of
monitoring the reaction process between CO and MN, 200 mg
of the sample without diluents was placed into the cell and
pretreated under N2 at 120 °C for 60 min to remove water.
Then the sample was exposed to MN–N2 (10% MN, 5 mlFig. 1 Schematic illustration of the synthesis of UiO-66x-X.
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min−1) for 50 min and purged with N2 (10 ml min−1) for
15 min to remove MN in the gas phase and the IR spectrum
was recorded as a reference spectrum. After that, CO (CO–N2

(25% CO), 5 ml min−1) was introduced into the chamber and
the DRIFTS spectra were collected every 1 min.

Catalyst evaluation

The catalytic performances for carbonylation of methyl nitrite
(MN) to dimethyl carbonate (DMC) were evaluated in a con-
tinuous fixed-bed reactor under atmospheric pressure using a
mixture gas of 50% N2, 10% CO, and 40% MN at 120 °C, and a
gas hourly space velocity (GHSV) of 3000 h−1. The reaction pro-
ducts were collected using an online gas chromatograph (GC)
(7900, Thanghai Tianmei) with an FID detector.

The weight time yield (WTY) of DMC was calculated as follows:

WTYDMCðg kgcat�1 h�1Þ ¼ mDMC ðkgÞ
mcat ðgÞ � t ðhÞ

The selectivity of DMC based on CO or MN was calculated
as follows:

SDMC=CO ð%Þ ¼ nðDMCÞ
nðDMCÞ þ 2� nðDMOÞ � 100%

SDMC=MN ð%Þ ¼
nðDMCÞ

nðDMCÞ þ nðDMOÞ þ 2� nðMFÞ þ nðDMMÞ þ nðMeOHÞ=2
� 100%

where mDMC represents the mass of DMC (kg), mcat is the mass
of the catalyst, t is the reaction time (given in hours), and

n(MeOH), n(MF), n(DMM), n(DMC), and n(DMO) represent the
molar number of MeOH, MF, DMM, DMC and DMO species,
respectively.

Results and discussion

Firstly, UiO-66x were synthesized by a solvothermal method,
with partial substitution of BDC by different amounts of TFA
(x from 0, 0.25, 0.50 to 0.75%, see the details in the ESI†). The
XRD patterns showed that all the peaks of UiO-66x were
indexed to simulated peaks (Fig. 2a), indicating that the
addition of TFA would not change the phase of UiO-66. As
shown in Fig. 2b, thermogravimetric analysis (TGA) data
showed that UiO-66 modified with TFA loses more weight than
pristine UiO-66 in the range 100–320 °C, indicating that TFA
could be removed at these temperatures.41 Besides, the struc-
ture of UiO-66 would be maintained below 450 °C.
Furthermore, the activation temperature was selected as
250 °C, and the structure of UiO-66x remained after activation
(UiO-66x-250, Fig. S1 and S2†). Then Pd species were sup-
ported on UiO-66x-250 by the traditional wet impregnation
method. The unchanged XRD patterns indicated the high
stability of UiO-66 even when Pd was loaded (Fig. 2c).
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images demonstrated that there were no dis-
tinctly aggregated Pd in UiO-66TFA-0.25-250 (Fig. S3–S5† and
Fig. 2d). The Pd loading was about 0.8 wt% determined by
ICP-OES (Table S1†). High angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and elemen-

Fig. 2 (a) XRD patterns of UiO-66x (UiO-66, UiO-66TFA-0.25, UiO-66TFA-0.5 and UiO-66TFA-0.75); (b) TGA curves of UiO-66x; (c) XRD patterns of Pd-
UiO-66x-250; (d) HTEM image; (e) HAADF-STEM image; and (f ) the corresponding Pd, Zr, C, and O elemental mapping of Pd-UiO-66TFA-0.25-250.
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tal mapping (Fig. 2e and f) showed the higher dispersion of Pd
species on the supports, although a small amount of Pd aggre-
gated that may be Pd(II) species did not fully enter the pores
inevitably or some defects in UiO-66TFA-0.25-250 during the cal-
cination process. The N2 adsorption isotherms of
UiO-66TFA-0.25-250 and Pd-UiO-66TFA-0.25-250 (Fig. S6 and
Table S2†) demonstrated that the specific surface area of
UiO-66TFA-0.25-250 was significantly reduced after loading Pd(II)
species, indicating that a part of the pores of the MOF was
occupied by Pd(II) species, which could be corroborated with a
homogeneous distribution of the Pd element in UiO-66TFA-0.25-
250 in STEM mapping images (Fig. 2f) despite a small amount
of Pd aggregated.

Since TFA in UiO-66 could be removed by activating at a
higher temperature to form unsaturated Zr6,

42,43 NH3-TPD was
employed to investigate the Lewis acid sites in UiO-66x-250. As
shown in Fig. 3a, there were two desorption peaks in the range
50–320 °C for all supports, the first peak below 150 °C is attrib-
uted to NH3 adsorbed at weak Lewis acid sites,31,44 and the
intensity increased with the addition of TFA. The other desorp-
tion peak located between 150 and 300 °C corresponds to NH3

adsorbed at medium Lewis acid sites,31 and it shifted to
higher temperature with the addition of TFA, indicating that
the Lewis acidity of UiO-66x-250 strengthened with the amount
of TFA. To further study the Lewis acid characteristics of
UiO-66x-250, pyridine FT-IR spectroscopy was performed.
Obviously, the pyridine FT-IR spectra (Fig. 3b) exhibited two
signals at ∼1033 cm−1 and ∼1068 cm−1 for UiO-66x-250, corres-
ponding to the pyridine absorbed on Lewis acid sites.31,45,46 As
expected, the amount of Lewis acid sites increased with the
addition of TFA, which was identical to the analysis of NH3-
TPD.

To disclose the influence of Pd-UiO-66x-250 with different
additions of TFA on MN carbonylation to DMC, the catalytic
activity measurement was evaluated under 120 °C, where reac-
tant gases composed of 50% N2, 40% MN, and 10% CO were
used. Fig. 3c shows that the DMC selectivity and CO conver-
sion could be effectively modulated by modifying the catalyst
supports via changing the addition of TFA, and the Pd-
UiO-66TFA-0.25-250 catalyst showed the best performance in
terms of selectivity and conversion (SDMC/MN up to 63.4% and
CCO as high as 59.3%). The trend of the WTY of DMC (Fig. 3d)
was consistent with the DMC selectivity and CO conversion,
and Pd-UiO-66TFA-0.25-250 showed a maximum value of 1590 g
kgcat

−1 h−1. This indicated that there was an optimal concen-
tration of Lewis acid sites for achieving the best catalytic
performance.

The TFA in UiO-66x could be eliminated with activation as
observed in 19F NMR spectra. In Fig. 4, UiO-66TFA-0.25 showed
the typical signal of the –CF3 group in TFA located at
−79 ppm, which is up-field shifted relative to the physisorbed
TFA (−75 ppm) revealing that TFA coordinated with Zr.42,47

The signal of UiO-66TFA-0.25-250 showed a lower intensity, a
sharper peak shape, and a slight up-field shift to −82 ppm,
which may be due to the partial removal of TFA from the struc-
ture of UiO-66TFA-0.25 through activating at 250 °C. When the
activation temperature was up to 270 °C, the signals of 19F
almost disappeared, indicating that TFA had been removed
from UiO-66TFA-0.25 and made Zr unsaturated resulting in
Lewis acid sites. Therefore, the 19F NMR spectra also indicated
that the Lewis acid sites could be regulated via increasing the
activation temperature. Additionally, the phase of UiO-66 was
maintained when the activation temperature was below 320 °C
(Fig. S7†). Moreover, the loaded Pd could not change the
phase of UiO-66TFA-0.25-X (Fig. S8 and Table S3†), and the dis-

Fig. 4 Mass-normalized 19F NMR spectra of UiO-66TFA-0.25-X
(UiO-66TFA-0.25, UiO-66TFA-0.25-250, UiO-66TFA-0.25-270, UiO-66TFA-0.25-
290 and UiO-66TFA-0.25-320).

Fig. 3 (a) NH3-TPD of UiO-66x-250. (b) FTIR-spectra of pyridine chemi-
sorption on UiO-66x-250; the catalytic performance of MN carbonyla-
tion to DMC on (1) Pd-UiO-66-250, (2) Pd-UiO-66TFA-0.25-250, (3) Pd-
UiO-66TFA-0.5-250 and (4) Pd-UiO-66TFA-0.75-250. (c) DMC selectivity
based on CO (SDMC/CO), DMC selectivity based on MN (SDMC/MN) and CO
conversion (CCO), and (d) WTY of DMC.
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tribution states of Pd in UiO-66TFA-0.25-X are shown in
Fig. S9–S11.†

The Lewis acid characteristics of UiO-66TFA-0.25-X were
further investigated using NH3-TPD and pyridine FT-IR. As
expected, the NH3-TPD profiles and pyridine FT-IR spectra of
UiO-66TFA-0.25-X (Fig. 5a and b) showed that the amount of
Lewis acid sites increased with activation temperature.
However, the amount of Lewis acid sites over UiO-66TFA-0.25-X
only slightly increased from 270 to 320 °C because TFA had
been removed substantially as the activation temperature rose
to 270 °C. Fig. 5c and d show that when the activation temp-
erature rose from 250 to 290 °C, SDMC/MN increased from 63.4
to 67.4%, CCO increased from 59.3 to 68.4%, and the WTY of
DMC increased from 1590 to 2056 g kgcat

−1 h−1 for the
UiO-66TFA-0.25-X supported Pd. However, when the temperature
continued to rise to 320 °C, SDMC/MN, CCO, and the WTY of
DMC decreased. This demonstrated that the catalytic perform-
ance of MN carbonylation to DMC could be regulated by
adjusting the activation temperature, and there was an optimal
activation temperature for achieving the best catalytic perform-
ance. A long-term stability test was carried out for the Pd-
UiO-66TFA-0.25-290 catalyst. As shown in Fig. S12,† it was found
that CCO, SDMC/MN, SDMC/CO, and the WTY of DMC were not sig-
nificantly decreased with the increase of reaction time, indicat-
ing that the catalyst had higher stability. The unchanged XRD
pattern of the catalyst after the reaction (Fig. S13†) indicated
that the structure of the catalyst was stable during the process.

Moreover, the microstructure of the catalysts was analyzed
in detail. N2 adsorption experiments of UiO-66x-X were carried
out at 77 K, which showed that the BET surface areas increased
with the amount of Lewis acid sites in UiO-66x-250 (Fig. S14

and Table S4†). Besides, UiO-66TFA-0.25-X also showed a similar
change in BET surface areas (Fig. S15 and Table S5†). The
Lewis acid site was generated by removing TFA from the struc-
ture of UiO-66x-X, and more open sites were formed to absorb
more N2. In addition, the pore size distributions of UiO-66x-X
(Fig. S16 and S17†) revealed that the pore sizes did not change
significantly with the amount of Lewis acid sites. On the other
hand, the IR spectra (Fig. S18–S24†) showed that the peak at
∼1654 cm−1 disappeared after activating at 250 °C, proving
that the DMF solvent had been completely removed.48,49

Interestingly, as the amount of Lewis acid sites increased, the
signal of u3-OH (480 cm−1) decreased while the signal of u3-O
(553 cm−1) increased,50,51 suggesting that the concentration of
Lewis acid sites affected the removal of hydroxyl groups, which
resulted in the decomposition of MN. The UV-vis spectra of
UiO-66x-X showed that the absorption edge had a slightly blue-
shift with the increase of the amount of Lewis acid sites
(Fig. S25 and S26†), indicating the presence of weak Zr–O,
which enhanced the interaction between O and Pd.52

Inevitably, the UV edge showed a red-shift and broadening
after Pd species were supported on UiO-66x-X, indicating the
interaction between Pd(II) and Zr–O (Fig. S27 and S28†).52,53 As
expected, the edge exhibited a red-shift with the concentration
of Lewis acid sites, suggesting that Lewis acid sites were ben-
eficial for strengthening the interaction of Zr–O–Pd.

To further investigate the effect of Pd(II) on supports, X-ray
photoelectron spectroscopy (XPS) was carried out. As shown in
Fig. S29 and S30,† there were four peaks of Pd 3d + Zr 3p in all
samples, belonging to Zr 3p1/2 (346.7 eV), Zr 3p3/2 (333.1 eV),
Pd2+ 3d3/2 (∼343.2 eV) and Pd2+ 3d5/2 (∼337.2 eV),
respectively.54–56 In the XPS spectra of Pd-UiO-66x-X, the
binding energies of Pd 3d and Zr 3p had partial overlap. To
clearly compare the binding energies of Pd 3d in different cata-
lysts, the peaks were fitted and the signal of Pd 3d was
extracted as shown in Fig. 6a and b. Fig. 6a shows that the
peaks of Pd2+ 3d moved to higher binding energy with the
addition of TFA, revealing that the electron density of Pd2+

decreased with the amount of Lewis acid sites. Similarly, for
the Pd-UiO-66TFA-0.25-X catalysts (Fig. 6b), with the increase of
activation temperature from 250 to 320 °C, the binding energy
of Pd5/2

2+ increased from 336.97 to 337.42 eV, and the binding
energy of Pd3/2

2+ slightly increased from 342.9 eV to 343.15 eV,
indicating that there exists monotonicity between the electron
density of Pd(II) and the amount of Lewis acid sites. This
suggested that the Lewis acid sites could serve as electron
acceptors to Pd species and form Pd(II) electron-deficient, pro-
moting the catalytic reaction to generate DMC.
Electrochemical impedance spectra (EIS) were recorded to
further study the electron transfer between the active sites of
Pd(II) and supports. Fig. 6c and d show that the Nyquist plot
semicircle became smaller with the amount of TFA increasing
from 0 to 0.75%, and the Nyquist plot semicircle was also
smaller with the activation temperature, indicating that the
amount of Lewis acid sites enhanced the electron transport
between Pd(II) and supports. Therefore, the more Lewis acid
sites, the stronger ability to accept electrons, ensuring that

Fig. 5 (a) NH3-TPD of UiO-66TFA-0.25-X. (b) FTIR-spectra of pyridine
chemisorption on UiO-66TFA-0.25-X; the catalytic performance of MN
carbonylation to DMC on (2) Pd-UiO-66TFA-0.25-250, (5) Pd-
UiO-66TFA-0.25-270, (6) Pd-UiO-66TFA-0.25-290 and (7) Pd-
UiO-66TFA-0.25-320. (c) SDMC/CO (i), SDMC/MN (ii), and CCO (iii), and (d) WTY
of DMC.
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Pd(II) possesses a lower electron density for enhancing DMC
product generation.

As the Pd(II) electron density and Lewis acid sites will influ-
ence CO adsorption, the DRIFTS measurement was performed.
The CO adsorption spectra (Fig. 6e and f) of the Pd-UiO-66x-X
catalysts were recorded at 20 °C after exposing to CO (5 mL
min−1) for 50 min and purging with N2 (10 mL min−1) for
20 min to remove CO in the gas phase, and a single absorption
peak was observed at 2120 cm−1 corresponding to linear CO
adsorbed on the surface of catalysts.57–59 Accordingly, the
linear CO adsorbed on Pd-UiO-66x-250 increased with the
addition of TFA (from 0 to 0.25%) reaching the maximum
value for Pd-UiO-66TFA-0.25-250 (Fig. 6e). However, on further
increasing the amount of TFA (from 0.25 to 0.75%), the linear
CO adsorption was weakened. Similarly, the linear CO
adsorbed on Pd-UiO-66TFA-0.25-X catalysts (Fig. 6f) increased
with the activation temperature until 290 °C. As CO could be
absorbed on Lewis acid sites, CO adsorption increased with
the amount of Lewis acid sites. Interestingly, in this system, in
addition to serving as sites to adsorb CO, the Lewis acid sites
also affect the electron density of Pd(II). Pd species are recog-
nized as the adsorption sites of CO, whose electron density
plays a vital role in CO adsorption. Combined analysis of XPS
and EIS proved that with the amount of Lewis acid sites, the

electron density of Pd(II) decreased, which decreased the back-
donation of electrons from Pd(II) to the 2π* antibonding orbi-
tals of CO, leading to the reduction of CO adsorption and the
weakening of the activation of the C–O bond. Hence, it showed
the synergistic effect between Lewis acid sites and Pd(II) active
sites, and there exists an optimal amount of Lewis acid sites
for achieving the best CO chemisorption. It is widely accepted
that CO chemisorption is beneficial for generating COOCH3*
intermediates in the catalytic reaction of MN carbonylation to
DMC. The MN carbonylation to DMC could be divided into
two processes: non-catalytic MN decomposition to CH3O* and
NO (eqn (1)), and the catalytic reaction of CH3O* and CO* on
the catalyst surface to produce DMC (eqn (2) and (3)).
However, there existed side reactions in which CH3O* species
reacted with proton-bearing substances on the catalyst surface
(eqn (2)) or CH3O* undergoes a self-disproportionation reac-
tion (eqn (3)) to form methanol by-products. Moreover, when
CH3O* lost protons, it formed CH2O* and CHO*, and contin-
ued to react with CH3O* to form two other by-products,
dimethoxymethane (DMM) and methyl formate (MF).
Therefore, the reaction between CH3O* species and CO*
species to generate COOCH3* intermediates plays a vital role
in the selectivity of DMC based on MN. Due to the CO chemi-
sorption being conducive to generating the COOCH3* inter-

Fig. 6 Pd 3d XPS spectra of (a) Pd-UiO-66x-250 and (b) Pd-UiO-66TFA-0.25-X. EIS spectra of (c) Pd-UiO-66x-250 and (d) Pd-UiO-66TFA-0.25-X at an
overpotential of −1 V. DRIFTS spectra of CO adsorbed on (e) Pd-UiO-66x-250 and (f) Pd-UiOTFA-0.25-X after exposing to CO at 20 °C for 50 min and
the cell was purged with N2 for 20 min. CO-TPD profiles of (g) Pd-UiO-66x-250 and (h) Pd-UiO-66TFA-0.25-X. (i) In situ DRIFTS spectra of Pd-
UiO-66TFA-0.25-250 pre-adsorbed with MN at 120 °C as a function of CO.
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mediates, there should be a positive correlation between the
SDMC/MN and the amount of CO chemisorption on catalyst sur-
faces, which is well consistent with the result of SDMC/MN in
the tests of catalytic performance.

CH3ONOðgÞ ! CH3O � þNO ð1Þ

CH3O � þCO� ! COOCH3� ð2Þ

COOCH3 � þCH3O� ! ðCH3OÞ2CO ðDMCÞ ð3Þ

CH3O � þH� ! CH3OH ð4Þ

CH3O � þCH3O� ! CH3OHþ CH2O ð5Þ

CH3O � �H� ! CH2O� ð6Þ

CH2O � þCH3OH ! CH3OCH2CH3O ðDMMÞ ð7Þ

CH2O � �H� ! CHO� ð8Þ

CH3O � þCHO� ! HCOOOCH3 ðMFÞ ð9Þ
To further analyze the influence of Pd(II) electron density

on CO adsorption and desorption on the catalysts, CO-TPD
was performed. The CO-TPD profiles (Fig. 6g and h) showed
that there were two CO desorption peaks for Pd-UiO-66x-X cata-
lysts. The CO desorption peak at a lower temperature (located
at ∼100 °C) could be assigned to the weak interaction of linear
Pd–CO, while the signal at ∼167 °C was related to the stronger
interaction of linear Pd–CO.60 The CO desorption peak areas
were computed to compare the amount of linear CO, and the
results are listed in Table S6.† It revealed that there was no
monotonicity between the desorption peak areas of CO chemi-
sorption and the amount of Lewis acid sites, and Pd-
UiO-66TFA-0.25-290 had the best CO chemisorption, which was
well consistent with the results of the CO adsorption DRIFTS
spectra. Besides, the starting temperature of the stronger inter-
action of the Pd–CO signal had a significant shift with
different amounts of Lewis acid sites on the Pd-UiO-66x-X cata-
lysts. As for Pd-UiO-66x-250, the Pd-UiO-66TFA-0.25-250 catalyst
possessed the lowest starting temperature. With the activation
temperature, the starting temperature continued to decrease
until the activation temperature was up to 290 °C. It likely con-
tributed to the synergistic effect between Lewis acid sites and
Pd(II), which accounted for the best catalytic performance in
MN carbonylation to DMC over Pd-UiO-66TFA-0.25-290.

Combined with the in situ DRIFTS CO adsorption spectra
and the CO-TPD profiles, it was confirmed that the synergistic
effect between Lewis acid sites and Pd(II) played a dominant
role in linear CO adsorption. There is an optimal synergistic
effect between Lewis acid sites and Pd(II) for achieving the best
adsorption of CO, which is beneficial for the generation of
COOCH3* intermediates, affecting the catalytic performance in
terms of SDMC/MN, CCO, and WTY of DMC. Moreover, the syner-
gistic effect of Lewis acid sites and Pd(II) affected the CO de-
sorption and ultimately affected the stability of Pd species in
the reaction. It demonstrated that Pd-UiO-66TFA-0.25-290 had
the largest CO adsorption areas and the lowest starting temp-

erature of linear CO desorption for achieving the best catalytic
performance in MN carbonylation to DMC.

Furthermore, the reaction process between CO and MN on
the Pd-UiO-66x-X catalysts was monitored by in situ DRIFTS.
The baseline was obtained after exposing to MN at 120 °C for
50 min and purging with N2 for 15 min. The in situ DRIFTS
spectra of Pd-UiO-66-250, Pd-UiO-66TFA-0.25-250, and Pd-
UiO-66TFA-0.25-290 showed the increased signals from 0 to
60 min under exposure to CO at 120 °C (Fig. S31 and S32† and
Fig. 6i). The bands at 1189 cm−1 and 1724 cm−1 were assigned
to the C–O and CvO stretching mode, respectively, of
COOCH3* intermediates.14,61 The signal (1780 cm−1) could be
attributed to the stretching vibrations of DMC, indicating that
the DMC product increased with the passing time.14 Besides,
the absorption band at 1857 cm−1 was ascribed to the gaseous
NO that could be generated during this process.14,61

Significantly, a new peak (1316 cm−1) appeared assigned to the
stretching vibration of DMO, indicating that a part of Pd(II)
had been reduced to Pd (0) after exposing to CO for 60 min at
120 °C.61 Besides, the signals of COOCH3* intermediates had
a remarkable difference in these three catalysts for different
exposure times (2 min, 30 min, and 60 min) (Fig. S33–S35†).
Accordingly, the stronger signals of COOCH3* appeared for the
Pd-UiO-66TFA-0.25-290 catalyst, indicating that the COOCH3*
species could be easily generated on Pd-UiO-66TFA-0.25-290.
Meanwhile, the Pd-UiO-66TFA-0.25-290 catalyst showed the
strongest absorption of DMC, further demonstrating that the
catalyst had the best catalytic performance for DMC.

Conclusions

In summary, we successfully prepared UiO-66 supported Pd(II)
with different amounts of Lewis acid sites as catalysts for MN
carbonylation to DMC. The concentration of Lewis acid sites had
a significant influence on the catalytic performance. The optimal
concentration of Lewis acid sites appeared on the Pd-
UiO-66TFA-0.25-290 catalyst, which showed excellent catalytic
activity: SDMC/CO was near 100%, SDMC/MN was up to 67.4%, CCO

was as high as 68.4%, and the WTY was 2056 g kgcat
−1 h−1. The

CO adsorption DRIFTS and CO-TPD profiles demonstrated that
there existed a synergistic effect of Lewis acid sites and Pd(II) in
Pd-UiO-66x-X. In addition to being CO adsorption sites, Lewis
acid sites also affected the electron density of Pd(II) for the gene-
ration of COOCH3* intermediates and finally contributed to the
catalytic performance. Besides, the in situ DRIFTS spectra proved
that the easiest formation of COOCH3* intermediates and the
strongest signal of DMC appeared on the Pd-UiO-66TFA-0.25-290
catalyst. This work provides an in-depth understanding of the
mechanism of reaction, and offers a new route for designing
highly efficient MOF-based catalysts to synthesize DMC.
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