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Abstract 

A chlorine-free catalyst consisting of zeolite Y modified with Pd (Pd/NaY 

catalyst) has been prepared and used in the indirect oxidative carbonylation of 

methanol to dimethyl carbonate (DMC). The activity and stability of the catalyst were 

further improved by introducing molybdenum into Pd/NaY using a top-down 

approach (Pd-Mo/NaY catalyst). The Pd-Mo/NaY catalyst exhibited higher stability 

compared to the Pd/NaY. A high CO conversion of 97% and DMC selectivity of 80% 



during a 30-hour catalytic test for the Pd-Mo/NaY were obtained. Furthermore, the 

incorporation of Mo was found to partially heal the silanols and hinder the 

aggregation of Pd in the Pd-Mo/NaY catalyst. The interactions between Mo and Pd 

increased the amount of active Pd
2+

 species and enhanced the adsorption of CO 

reactant on the Pd-Mo/NaY catalyst. The key reaction intermediate of COOCH3* was 

captured by in situ DRIFTS spectra. The stabilization of active Pd
2+

 species 

contributed to the enhanced catalytic activity of the Pd-Mo/NaY catalyst in the 

indirect oxidative carbonylation of methanol to DMC reaction. 
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1. Introduction 

Dimethyl carbonate (DMC) is an important raw chemical and intermediate due to 

its superior solubility, biodegradability and low toxicity.
1-3

 Besides the main 

application for polycarbonate synthesis, DMC can be used as an electrolyte in 

lithium-ion batteries, fuel additives, and carbonylation and methylation reagents.
4-7

 

The main routes of DMC synthesis include: (i) phosgenation, (ii) direct or indirect 

oxidative carbonylation of carbon monoxide, oxygen, and methanol, (iii) direct 

synthesis from carbon dioxide and methanol, and (iv) transesterification of ethylene 

oxide, and (v) urea methanolysis.
8-10

 Among these methods, the indirect oxidative 

carbonylation of methanol to DMC has attracted ever-growing attention due to the 



safety issue (no risk of explosion), mild reaction conditions and high atom efficiency.
2
 

In the indirect oxidative carbonylation of methanol to DMC, the common 

Pd-based catalysts as chlorine-containing and chlorine-free are used. In the case of 

chlorine-containing catalysts, the PdCl2-CuCl2/γ-Al2O3 showed an excellent initial 

DMC selectivity.
11,12

 However, the loss of chlorine element due to the formation of 

CH3OCOCl byproduct resulted in a rapid deactivation of the catalyst.
13

 Therefore, 

considerable efforts have been devoted to the development of the chlorine-free 

Pd-based catalysts for DMC synthesis.
8,9,11,12,14-17

 Tan et al. fabricated a 

high-performance Pd/NaY catalyst by using palladium acetylacetonate [Pd(acac)2] 

complex as a precursor. The acac

 ligand possibly promoted the re-oxidation of 

intermediate Pd species, and the catalytic activity of the Pd/NaY was related to the 

high oxidation state of Pd species.
14

 Ji et al. reported that a single-atom Pd1/TiO2 

catalyst contributed to significant improvement of catalytic performance. The steric 

hindrance effect of single-atom sites enhanced the DMC selectivity, as there was no 

extra Pd species resulting in the formation of byproduct.
15

 Furthermore, Tan et al. 

revealed that mononuclear-isolated Pd
2+

 sites rather than aggregated Pd
0
 centers led to 

the formation of DMC. The six-membered rings of zeolite NaY were responsible for 

isolating and stabilizing the Pd
2+

 sites.
16

 These results suggest that the catalytic 

performance is associated with the oxidation state of Pd species. 

It was demonstrated that the Pd
2+

 species were easily reduced to Pd
0
 by the CO 

reactant, and thus the Pd sintering occurred during the catalytic reaction, which led to 

the catalyst inactivation.
4,5

 To maintain the oxidation state of Pd species in the 



chlorine-free catalysts, the effects of catalyst promoters such as K, Cu and Ga have 

been investigated.
17-19

 Dong et al. found that the electron density of Pd species was 

enhanced in the presence of K promoter, and thus CO reactant was effectively 

activated due to the formation of a PdCO…K
+
 structure.

17
 Guo et al. developed a 

Cu-doped Pd/NaY catalyst with high catalytic performance. The Cu promoter 

improved the dispersion of Pd with abundant Pd
2+

 species.
18

 A series of 

Ga-substituted NaY zeolites with controllable acidity and electron density of Pd
2+ 

was 

reported by Wu et al.
19

 With the Ga incorporation, the optimal electron density of Pd
2+

 

enhanced the adsorption and activation of CO reactant and thus improved the 

formation of COOCH3* intermediate. 

Although considerable attention was paid to the optimization of the active Pd
2+

 

species, the effect of silanol defects in the zeolite support have not been 

systematically discussed.
9,17-19

 A single-site Mo-containing zeolites with controlled 

silanol defects was reported recently.
20-23

 The insertion of Mo in the MFI structure 

contributed to low silanol content thus improving the hydrophobicity of the catalyst. 

In this work, a Mo-modified Pd/NaY catalyst (Pd-Mo/NaY) was synthesized and 

applied in the indirect oxidative carbonylation of methanol to DMC. The Pd-Mo/NaY 

catalyst was prepared by a top-down method. The interactions between Mo and Pd in 

the Pd-Mo/NaY catalyst were studied by kinetic experiments, a series of in situ IR 

spectroscopy, H2-TPR and XPS. The Pd-Mo/NaY catalyst exhibited excellent 

catalytic activity with CO conversion of 97% and DMC selectivity over 80% through 

30 hours’ catalytic test. 



 

2. Experimental 

2.1 Materials 

Sodium hydroxide (NaOH, 96.0 wt%) and sodium molybdate dihydrate 

(Na2MoO4·2H2O, 99.0 wt%) were purchased from Sinopharm Chemical Reagent Co., 

Ltd. Sodium aluminum oxide (NaAlO2, 98.0 wt%) was bought from Shanghai Aladdin 

Bio-Chem Technology Co., Ltd. Colloidal silica (mSiO2nH2O, 30.0 wt%) was 

obtained from Qingdao Haiwan Specialty Chemicals Co., Ltd. Tetraamine 

dichloropalladium (II) monohydrate (Pd(NH3)4Cl2H2O, 40.0 wt% Pd) was purchased 

from Macklin Biochemical Co., Ltd. All reagents were used directly without further 

purification. 

2.2 Catalysts preparation 

NaY zeolite: The NaY zeolite was synthesized according to the procedure 

previously reported.
24

 3.340 g NaOH was dissolved in 22.000 g deionized water and 

then 2.000 g NaAlO2 was added into the solution. After stirring for 4 h, 24.310 g 

colloidal silica was added dropwise into the clear solution. The mixture was aged for 

2 h at 25 °C, and then transferred into a 50 mL Teflon-lined autoclave and subjected 

to heating at 100 °C for 48 h under static condition. The solid product was collected 

by centrifugation at 5000 rpm for 10 min, purified with deionized water and dried at 

80 °C for 12 h. 



Mo/NaY zeolite: 3.000 g NaY zeolite was mixed with a solution containing 0.500 

g Na2MoO4·2H2O and 50 mL deionized water in a polypropylene bottle. The mixture 

was heated to 90 °C and stirred for 24 h. Then the suspension was centrifuged, 

purified and dried at 80 °C for 12 h. After that, the solid product was calcined at 

550 °C for 5 h in air. 

Pd/NaY and Pd-Mo/NaY catalysts: the introduction of palladium was performed 

as follow: 0.025 g Pd(NH3)4Cl2·H2O was dissolved in 4.000 g deionized water. The 

Mo/NaY zeolite suspension was prepared by mixing 1.000 g of Mo/NaY zeolite and 

96 mL deionized water in a three-necked flask and stirred for 2 h at 25 °C. After that, 

the Pd(NH3)4Cl2 solution was added dropwise into the Mo/NaY zeolite suspension. 

Subsequently, the mixture was heated to 80 °C and stirred for 6 h. The solid product 

was separated by centrifuging, washed and dried for 12 h at 80 °C, followed by 

calcination in air at 200 °C for 2 h with a heating rate of 0.5 °C min
−1

. Thus, the 

Pd-Mo/NaY catalyst was obtained. 

A reference Pd/NaY catalyst was prepared following the same procedure using 

NaY zeolite as a support. 

2.2 Characterization 

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 

diffractometer equipped with a monochromated Cu Kα radiation (40 kV, 40 mA). The 

patterns were collected in a range of 2θ = 5−60° with a scan rate of 1.2° min
1

. 

N2 adsorption isotherms of the samples were obtained at 196 °C with a 



Quantachrome Autosorb-1 analyzer. The samples were degassed under vacuum at 

300 °C for 2 h prior to the measurement. The specific surface area and microporous 

volume were calculated using the multi-point Brunauer-Emmett-Teller (BET) method 

and t-plot method. 

Scanning electron microscopy (SEM) images were taken on a JEOL JSM-7900F 

instrument equipped with an energy dispersive X-ray spectrometer (EDS). 

Transmission electron microscopy (TEM) images were acquired using a Thermo 

Scientific Talos F200X TEM instrument. High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images and elemental mapping 

were performed using the same instrument equipped with an energy dispersive X-ray 

spectrometer (EDS). The chemical composition of the catalysts was determined by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) on an Agilent 

720 ICP-OES. 

Thermogravimetric-mass spectrometry (TG-MS) was conducted on a NETZSCH 

STA 449 F5 instrument equipped with a QMS 403D mass spectrometer. The test was 

carried out under air atmosphere with a flow rate of 50 mL min
−1

 and a heating rate of 

10 °C min
−1

. 

X-ray photoelectron spectroscopy (XPS) analysis of samples was performed on an 

Escalab 250xi spectrometer quipped with an Al Ka radiation (1486.7 eV). 

The in situ transmission Fourier transform infrared (FT-IR) spectra of the catalysts 

were collected on a Bruker VERTEX 70V spectrometer with a resolution of 4 cm
−1

 

over 64 scans. Wafers of compressed samples (1520 mg) with a diameter of 13 mm 



were placed in an infrared cell. Prior to the measurements, all samples were activated 

in vacuum at a heating rate of 10 °C min
−1

 up to 450 °C and evacuated for 1 h at 

450 °C. After cooling to 25 °C, the samples were saturated with pyridine for 1 h at 

25 °C. Subsequently, the samples were evacuated at 150 °C to remove the excess of 

pyridine molecules and the FT-IR spectra were recorded.
8,25

 In addition, the CO 

adsorption spectra at 140 °C were recorded using the same spectrometer. The 

self-supporting pellets were inserted into the low-temperature infrared cell and 

activated at 450 °C for 1 h. After cooling to 25 °C, liquid nitrogen was added into the 

trap to cool down the connected cell. When the temperature of the cell reached 

140 °C, pure CO gas was introduced gradually (CO partial pressure from 132385 

Pa) in vacuum and the spectra were recorded at different partial pressures. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

experiments were performed using a Bruker Vertex 70V spectrometer equipped with a 

liquid N2 cooling mercury-cadmium-telluride (MCT) detector and a home-made cell 

(ZnSe windows). For reactant CO adsorbed on the catalysts, the powder sample was 

pretreated in the cell under N2 flow (50 mL min
−1

) at 150 °C for 1 h and then cooled 

down to 35 °C to collect the background. Pure CO gas was introduced at 30 mL min
−1

 

and maintained for 30 min. The sample was flushed by N2 (50 mL min
−1

) for 1 h and 

then the DRIFTS spectrum was collected at a resolution of 4 cm
−1

 over 32 scans. For 

in situ DMC synthesis, the powder sample was pretreated in the N2 flow (50 mL 

min
−1

) for 1 h at 200 °C and then cooled down to appointed temperature to record the 

background. Then a gas mixture of CO: CH3ONO: N2 (1: 6: 33; mole) was introduced 



to the reaction cell at 30 mL min
−1

 for 15 min, and flushed with N2 (30 mL min
−1

) at 

appointed temperature for 15 min. The DRIFTS spectra before and after the N2 purge 

were collected in the temperature range of 30–125 °C at a resolution of 4 cm
−1

 over 

32 scans. 

The H2-temperature programmed reduction (H2-TPR) was carried out in a Tianjin 

Xianquan TP-5080 apparatus equipped with a thermal conductivity detector. 0.100 g 

sample was pretreated in the flowing He at 200 °C for 1 h. Then the sample was 

cooled down to 30 °C and heated from 30 °C to 650 °C with a rate of 10 °C min
−1

 in a 

10 vol% H2/N2 flow of 30 mL min
−1

. The temperature programmed desorption of 

ammonia (NH3-TPD) of the samples was performed on the same apparatus used for 

the H2-TPR experiment. 0.100 g sample was loaded into a quartz tube and pretreated 

under He flow (50 mL min
−1

) for 1 h at 500 °C. Subsequently, the sample was cooled 

down to 70 °C and saturated with 10 vol% NH3/He under flow (30 mL min
−1

), 

followed by purging with He (50 mL min
−1

) for 0.5 h to remove physically adsorbed 

NH3. Finally, the sample was heated to 650 °C under He flow (50 mL min
−1

) with a 

heating rate of 10 °C min
−1

. 

2.3 Reactivity tests 

The activity of the catalysts in the indirect oxidative carbonylation of methanol 

to DMC reaction was measured using a continuous-flow fixed-bed microreactor with 

a quartz tube (36 mm length by 8 mm inner diameter) under 0.1 MPa. The apparatus 

used for the reactivity tests was described elsewhere.
26

 0.100 g of catalyst was loaded 



in the center of the quartz tubular reactor and quartz wool was placed on both sides of 

the catalyst bed to hold the catalyst. The reactant gas consisting of CO, CH3ONO and 

N2 with a volume ratio of 1/6/33 was delivered at 110 °C with a gas hourly space 

velocity (GHSV) of 8,000 mL gcat.
1

 h
1

. The compositions of the reactant gas and 

outlet products were monitored by an online Agilent 7890B gas chromatography 

equipped with a thermal conductivity detector (TCD) and a flame ionization detector 

(FID). The calculations of the turnover frequency (TOF), CO conversion, CH3ONO 

conversion, DMC, methyl formate (MF) and dimethoxymethane (DMM) selectivity 

based on CH3ONO reactant were shown in Supporting Information (SI). 

  



3. Results and discussion 

3.1 Catalytic performance of Pd/NaY and Pd-Mo/NaY catalysts for dimethyl 

carbonate synthesis 

The catalytic performance of Pd/NaY and Pd-Mo/NaY catalysts in the gas-solid 

phase indirect oxidation of methanol to DMC is shown in Fig. 1. During the 30 h 

reactivity test, the Pd-Mo/NaY catalyst exhibited a higher conversion of CO and 

CH3ONO compared to the reference Pd/NaY catalyst. The Pd-Mo/NaY catalyst 

showed stable CO conversion within 30 h, while the Pd/NaY catalyst exhibited a 

remarkable decline of CO conversion from 94% to 70%, suggesting a gradual 

deactivation of Pd/NaY catalyst. The high stability of the Pd-Mo/NaY catalyst is 

attributed to the presence of Mo promoter. Furthermore, it was observed that the 

selectivity of DMC on the Pd/NaY and Pd-Mo/NaY catalysts exhibited a steady 

increase of approximately 10%. Conversely, the selectivity of DMM and MF on both 

catalysts was decreased, which was possibly attributed to the reconstruction of Pd 

active sites.
8,13

 A similar change of DMC selectivity was observed on other Pd/NaY 

and Pd/EMT catalysts.
8,11,13

 The DMC selectivity of the Pd-Mo/NaY catalyst is lower 

than that of the Pd/NaY, which is resulted from the exhaustion of CO reactant at a 

different average CO conversion (98% on Pd-Mo/NaY vs. 87% on Pd/NaY). 

 



 

Fig. 1 Conversion of CO and CH3ONO, selectivity of dimethyl carbonate (DMC), 

dimethoxymethane (DMM) and methyl formate (MF) over the catalysts (A) Pd/NaY 

and (B) Pd-Mo/NaY as a function of time on stream in the gas-solid phase indirect 

oxidation of methanol to DMC. Reaction conditions: 0.100 g catalyst, 

CO/CH3ONO/N2  1/6/33 (volume), GHSV  8000 mL gcat.
1

 h
1

, 110 °C, 0.1 MPa. 

 

To reveal the reason for the low DMC selectivity change over the Pd-Mo/NaY 

catalyst (Fig. 1), the effect of the CO/CH3ONO reactant ratio on the catalytic 

performance was investigated, and the results are shown in Fig. 2. When the 

CO/CH3ONO ratio increased from 1/6 to 3/6, the CH3ONO conversion progressively 

decreased due to the competitive adsorption of CO and CH3ONO reactants following 

the Langmuir-Hinshelwood (L-H) mechanism of DMC formation,
12,27

 while the DMC 

selectivity showed a volcanic-type variation tendency with a highest value of 86%. 

When the CO/CH3ONO ratio was set at 1/6, the higher average CO conversion of 98% 

suggested the exhaustion of CO reactant, which resulted in a low DMC selectivity of 

about 80% on the Pd-Mo/NaY catalyst (Fig. 1B). 



1/6 1.2/6 1.5/6 2/6 3/6
0

20

40

60

80

100

C
o
n
v

. 
&

 S
el

. 
(%

)

CO/CH3ONO ratio

 XCH3ONO

 SDMC

 

Fig. 2 Effect of the CO/CH3ONO ratio on the CH3ONO conversion and DMC 

selectivity over the Pd-Mo/NaY catalyst in the gas-solid phase indirect oxidation of 

methanol to DMC. Reaction conditions: 0.100 g catalyst, CO/CH3ONO/N2  1, 1.2, 

1.5, 2, 3/6/33 (volume), GHSV  800012000 mL gcat.
1

 h
1

, 110 °C, 0.1 MPa. 

 

The kinetics of catalysts was investigated after eliminating the influence of inner 

and outer diffusion (details provided in SI).
13,28

 The apparent activation energies and 

turnover frequency (TOF) for the indirect oxidative carbonylation of methanol to 

DMC are shown in Table 1 and Fig. 3. The Pd-Mo/NaY catalyst exhibited a TOF of 

0.019 s
1

 at 110 °C, and Pd/NaY had a TOF of 0.005 s
1

. The difference of TOF is 

related to the introduction of the Mo promoter in the Pd-Mo/NaY catalyst. Pd/NaY 

and Pd-Mo/NaY catalysts show the activation energies of 72 kJ mol
1

 and 87 kJ mol
1

, 

respectively. The comparable activation energies indicate that the reaction pathway 

and/or the rate-determining step are similar on the two catalysts.
8,29
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Fig. 3 Arrhenius plot for the DMC synthesis on the Pd/NaY and Pd-Mo/NaY catalysts 

(Ea, apparent activation energy). Reaction conditions: mixture of 0.010 g catalyst and 

0.090 g α-Al2O3 (diluent), CO/CH3ONO/N2  1/6/33 (volume), GHSV  80,000 mL 

gcat.
1

 h
1

, 0.1 MPa. 

 

Table 1 Physicochemical properties and catalytic performance of the Pd/NaY and 

Pd-Mo/NaY catalysts. 

Catalyst Status 

S
BET

 

(m
2
 g

1
)
a 

V
mic

 

(cm
3
 g

1
)
a 

TOF 

(s
1

)
b
 

Ea 

(kJ mol
1

)
c
 

Pd/NaY Fresh 887 0.33 0.005 72 

Pd/NaY After 30 h test 863 0.32   

Pd-Mo/NaY Fresh 857 0.32 0.019 87 

Pd-Mo/NaY After 30 h test 794 0.30   

a
 Specific surface area measured by BET method and the micropore volume 



determined by the t-plot method. 

b
 Measured at 110 °C according to the CO conversion and Pd atoms (details provided 

in SI). 

c
 Apparent activation energy calculated from the Arrhenius plot in Fig. 3 (details 

provided in SI). 

 

3.2 Properties of fresh and used Pd/NaY and Pd-Mo/NaY catalysts 

The XRD patterns of Pd/NaY and Pd-Mo/NaY catalysts before and after the 

catalytic test are presented in Fig. 4. The characteristic diffraction peaks of NaY 

zeolite are clearly observed at 6.2°, 15.6°, 20.3°, 23.4°, 27.0° and 31.3° 2Theta in all 

patterns.
13,16,19

 The structure of the zeolite is well preserved after both the Mo 

incorporation and the catalytic test. In the enlarged XRD patterns presented in Fig. 4B, 

no diffraction peaks corresponding to palladium metal and palladium oxide are 

observed. This is due to the high dispersion and/or low content of Pd.
8,13

 

 

Fig 4. (A) XRD patterns in the range of 3-50° 2Theta and (B) enlarged patterns in the 

range of 30–45° 2Theta: (a) fresh Pd/NaY, (b) Pd/NaY after 30 h catalytic test, (c) 



fresh Pd-Mo/NaY, (d) Pd-Mo/NaY after 30 h catalytic test, and (e) NaY zeolite. 

 

The textural properties of the catalysts were examined by N2 adsorption at 

196 °C (Fig. S1 and Table 1). The adsorption profiles exhibit the Ⅰ-type isotherm 

typical for microporous materials.
30,31

 The Pd/NaY and Pd-Mo/NaY samples before 

and after the catalytic test have similar specific surface areas of 794887 m
2
 g

1
 and 

micropore volumes of 0.30–0.33 cm
3
 g

1
. The similar micropore volumes suggest that 

the incorporation of Mo species has no effect on the zeolite structure. The N2 

adsorption-desorption results confirm that the textural properties of Pd/NaY and 

Pd-Mo/NaY catalysts do not affect their catalytic activity. 

The weight loss of used Pd/NaY and Pd-Mo/NaY catalysts after 30 h catalytic 

test was measured by TG-MS analysis (Fig. S2). The amount of physically adsorbed 

water and residual reaction species in both catalysts were similar; no carbon was 

deposited on both catalysts. The results indicate that the deactivation of the Pd/NaY 

catalyst is not due to the residual reaction species or carbon deposits. 

The morphology of both Pd/NaY and Pd-Mo/NaY catalysts is shown in Fig. S3. 

Both catalysts have an average crystal size of about 1.1 μm and similar morphology. 

The Pd nanoparticles are invisible in both Pd/NaY and Pd-Mo/NaY fresh catalysts by 

TEM (Fig. S4). After 30 h catalytic test, an abundant amount of Pd nanoparticles with 

an average size of 10.2 nm are observed on the external surface of the used Pd/NaY 

catalyst (Fig. 5). This is in a good agreement with the previous observation reported 

on Pd sintering that occurred during the synthesis of DMC.
8,13

 Interestingly, the used 



Pd-Mo/NaY catalyst showed a homogenous Pd distribution with an average size of 

2.3 nm (Fig. 5). This observation is further confirmed by the SEM-EDS 

characterization of the Pd-Mo/NaY catalyst. The surface of the Pd/NaY catalyst 

contains randomly distributed Pd species (0.93.1 wt%) while the surface of the 

Pd-Mo/NaY catalyst is covered by homogenous Pd species (0.50.9 wt%) (Fig. 6). In 

accordance with the TEM, HAADF-STEM results indicate that sporadic Pd 

nanoparticles of about 6 nm are formed and most of them are highly dispersed (Fig. 

S5). HAADF-STEM-EDS elemental mapping revealed the high dispersion of Mo 

with a content of 0.3 wt%. The ICP-OES analysis confirmed the presence of Mo in 

the Pd-Mo/NaY catalyst of about 0.1 wt%. These results suggest that the addition of 

Mo hinders the aggregation of Pd species in sample Pd-Mo/NaY during the catalytic 

test, thus improving the stability of the catalyst. 

 

Fig. 5 TEM images of used catalysts after 30 h catalytic test: (a1, a2) Pd/NaY and (b1, 

b2) Pd-Mo/NaY. Insets: particle size distribution of Pd nanoparticles in samples 

Pd/NaY (a1) and Pd-Mo/NaY (b1) determined by measuring of about 200 



nanoparticles. 

 

 

Fig. 6 SEM images and EDS elemental mapping of (a) Pd/NaY and (b) Pd-Mo/NaY 

used catalysts after 30 h catalytic test. 

 

Additionally, the silanol groups in the catalysts were characterized by FT-IR 

spectroscopy; the OH stretching vibration region is depicted in Fig. 7. The band at 

3734 cm
−1

 is originally assigned to the presence of isolated silanols.
21,32-34

 The strong 

band at 3634 cm
−1

 in both spectra of samples Pd/NaY and Pd-Mo/NaY is 

corresponded to the acidic bridging hydroxyl groups.
35-37

 The formation of Si(OH)Al 

is attributed to the Na
+
 exchange by the NH4

+
 originated from the Pd(NH3)4

2+
 

precursor.
38-40

 The intensity of the band at 3634 cm
−1

 in the spectrum of sample 

Pd-Mo/NaY is lower than that in sample Pd/NaY, suggesting that the amount of 

bridging hydroxyl groups decreased with the introduction of Mo in the Pd-Mo/NaY 

sample. The incorporation of Mo into the Pd-Mo/NaY inhibits the formation of the 

bridging OH sites. Besides, the surface acidity of both Pd/NaY and Pd-Mo/NaY 



catalysts was investigated using pyridine probe molecule followed by FT-IR 

spectroscopy (Fig. S6) and NH3-TPD (Fig. S7). The FT-IR results reveal that the 

amount of Brønsted acidic sites was decreased in the Pd-Mo/NaY catalyst (Fig. S6). 

The NH3-TPD results suggest that the acidity in the Pd-Mo/NaY is weaker than of the 

Pd/NaY catalyst (Fig. S7). The FT-IR and NH3-TPD results confirmed that the 

introduction of Mo modified the properties of the Pd-Mo/NaY catalyst, especially the 

acidity. 
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Fig. 7 FT-IR spectra of samples (a) NaY, (b) Pd/NaY, (c) Mo/NaY and (d) 

Pd-Mo/NaY in the OH stretching vibration region (34003800 cm
1

). 

 

Further the properties of both catalysts in comparison to the zeolite support were 

studied by adsorption of CO followed by FT-IR spectroscopy. The CO with a partial 

pressure of 132385 Pa was adsorbed at 140 °C on all samples NaY, Mo/NaY, 

Pd/NaY and Pd-Mo/NaY (Fig. 8). The bands at 2167 and 2169 cm
1

 are assigned to 

the OHCO, Na
+
CO or Mo

+
CO (46) species, and the band at 2123 cm

1
 is 



attributed to physically adsorbed CO.
33,41-43

 As the CO partial pressure increased from 

132 Pa to 385 Pa, the intensities of the bands gradually enhanced. The intensities of 

the band at 2167 cm
1

 at the different CO concentrations in the spectra of Mo/NaY are 

higher than in the NaY (Fig. 8C); similarly, the Pd-Mo/NaY was higher than Pd/NaY 

(Fig. 8F). This difference is due to the presence of Mo in both Mo/NaY and 

Pd-Mo/NaY samples. 

 

Fig. 8 FT-IR spectra of CO adsorbed at 140 °C on samples (A) NaY, (B) Mo/NaY, 

(D) Pd/NaY and (E) Pd-Mo/NaY. (C) The band areas at 2167 cm
1

 versus the CO 

partial pressure. (F) The band areas at 2169 cm
1

 versus the CO partial pressure. The 

spectra were collected at the equilibrium CO partial pressure of (a) 132 Pa  (g) 385 

Pa. 

 

On the basis of the above results, the high performance of Pd-Mo/NaY catalyst is 

initially explained by the introduction of Mo. 



3.3 Inhibition of Pd sintering through Pd-Mo interactions 

The adsorption of CO on the catalysts further was studied by DRIFTS. The 

DRIFTS spectra of CO adsorbed on both Pd/NaY and Pd-Mo/NaY used catalysts after 

2 h and 6 h catalytic tests are shown in Fig. 9. The bands at 2119, 2094 and 2069 cm
1

 

are assigned to the CO adsorbed on the Pd
2

 and Pd
0
 species, respectively.

39,44-46
 And 

the band at 1988 cm
1

 is attributed to the bridged CO adsorbed on Pd
0
 species.

8,47
 The 

intensities of CO adsorption bands on the used Pd-Mo/NaY catalyst are much higher 

than that on the Pd/NaY after the catalytic test (2 h and 6 h). The enhanced CO 

adsorption on the Pd-Mo/NaY catalyst is associated with the high dispersion of Pd 

species, while the weak CO adsorption on the Pd/NaY catalyst is attributed to the 

aggregation of Pd species. This observation is consistent with the TEM results (Fig. 5). 

Thus the Mo promoter is found to inhibit the Pd sintering. The high dispersion of Pd 

species and the enhanced adsorption of CO are considered as key descriptors of the 

high stability of the catalysts.
47

 

 

Fig. 9 DRIFTS spectra of CO adsorbed on used Pd/NaY catalysts after (a) 2 h and (b) 

6 h catalytic test, and on used Pd-Mo/NaY catalysts after (c) 2 h and (d) 6 h catalytic 



test recorded at 35 °C. 

 

To investigate the redox properties of Pd/NaY and Pd-Mo/NaY catalysts, 

H2-TPR experiments were conducted. As shown in Fig. 10, in comparison with 

Pd/NaY catalyst, the Pd-Mo/NaY catalyst exhibited two additional peaks at 448 and 

506 °C associated with the reduction of Mo
6+

 to Mo
5+

 and Mo
5+

 to Mo
4+

.
48-50

 The high 

reduction temperature at 448 and 506 °C confirmed the presence of Mo. In addition, 

the peaks below 400 °C are assigned to the reduction of Pd
2+

 to Pd
0
.
40,49

 After Mo 

modification, the main reduction peaks are shifted from 133 °C to 170 °C and from 

371 °C to 348 °C in the sample Pd-Mo/NaY. This shift of the reduction peaks of Pd 

species can be attributed to the Mo promoter through Pd-Mo interactions. 

 

Fig. 10 H2-TPR profiles of fresh (a) Pd/NaY and (b) Pd-Mo/NaY catalysts. 

 

The state of Pd and Mo species was further studied by XPS (Fig.11). The binding 

energies at about 337.4 and 342.6 eV are ascribed to the Pd
2

 species, and the binding 

energies at 335.8 and 341.0 eV are attributed to the Pd
0
 (Fig.11A).

47,51,52
 The 



proportions of Pd
2

 and Pd
0
 species are listed in Table 2. The peak area ratio of the 

Pd
2

/Pd
0
 is 1.6 for the Pd-Mo/NaY and 1.2 for the Pd/NaY catalysts. In the 

Pd-Mo/NaY catalyst, abundant Pd
2

 species result from the presence of Mo promoter 

through the Pd-Mo interactions. The binding energies at 235.1 and 231.8 eV are 

assigned to Mo
6+

 species, and the binding energies at 233.5 and 230.3 eV are 

attributed to Mo
5+

 species in the Pd-Mo/NaY catalyst (Fig. 11B). No peaks 

corresponding to Mo species are detected in the spectrum of Pd/NaY catalyst. 

 

Fig. 11 XPS spectra of (A) Pd 3d and (B) Mo 3d regions of used catalysts (a) Pd/NaY 

and (b) Pd-Mo/NaY. 

 

Table 2 The peak areas of Pd
0
, Pd

2
, and Pd

2
/Pd

0
 area ratio of the used catalysts 

Pd/NaY and Pd-Mo/NaY determined by XPS.
a
 

Catalyst Area of Pd
0
 Area of Pd

2
 Pd

2
/Pd

0
 ratio 

Pd/NaY 1367a 1640a 1.2 

Pd-Mo/NaY 1524a 2437a 1.6 

a
 Peak areas of Pd

0
 at 335.8 eV and Pd

2
 at 337.4 eV based on XPS spectra. 

 

Furthermore, in situ DRIFTS experiments were conducted to investigate the 



DMC synthesis over Pd/NaY and Pd-Mo/NaY catalysts. In Fig. 12A and 12B, the 

bands at 2963 and 2842 cm
1

 are attributed to the anti-symmetric and symmetric C-H 

stretching vibrations;
12,19

 The band at 2151 cm
1

 corresponds to the linearly adsorbed 

CO species on the CH3ONO-oxidized Pd
2+

 active sites;
12

 The bands at 1780 cm
1

 and 

1322 cm
1

 are assigned to the stretching vibrations of the C=O and CO bonds 

belonging to DMC product;
14,53,54

 The band at 1748 cm
1

 is associated with the C=O 

stretching vibration of the reaction intermediate of COOCH3*.
16,19

 The multiple bands 

in the range of 1688–1612 cm
1

 are assigned to the N=O vibrations of CH3ONO 

reactant.
12,55

 The band at 1461 cm
1

 was assigned to C–H deformation vibrations of 

the CH3.
14,16,53

 The bands at 1780 cm
1

, 1748 cm
1

, 1461 cm
1

 and 1322 cm
1

 appear 

in the spectrum recorded at 70 °C (Fig. 12A and 12B), suggesting the formation of 

DMC. As the temperature increases from 70 to 125 °C, the intensity of these bands 

gradually enhances due to the increased reaction rate. 



 

Fig. 12 In situ DRIFTS spectra of CO and CH3ONO reactants on (A) Pd/NaY and (B) 

Pd-Mo/NaY catalysts, and the corresponding surface species on the (C) Pd/NaY and 

(D) Pd-Mo/NaY catalysts after parching with N2 recorded at different temperatures: 

30, 50, 70, 90, 110 and 125 °C. 

 

Additionally, the Pd/NaY and Pd-Mo/NaY catalysts were purged with N2 for 15 

minutes to analyze the adsorbed surface species after being exposed to CO and 

CH3ONO reactants (Fig. 12C and D). As the temperature increases from 70 to 125 °C, 

the intensity of the bands at 1780 cm
1

, 1748 cm
1

, 1461 cm
1

 and 1322 cm
1

 

increases significantly, due to the increased reaction rate (Fig. 12A and B). The 

DRIFTS result confirms the existence of COOCH3* reaction intermediate and 

demonstrated the similar reaction pathway and/or the rate-determining step on the 



Pd/NaY and Pd-Mo/NaY catalysts. Moreover, it is worth noticing that the intensity of 

these bands at 2963 cm
1

, 2842 cm
1

, 2151 cm
1

, 1780 cm
1

 and 1748 cm
1

 on 

Pd-Mo/NaY is higher than that on Pd/NaY catalyst (Fig. 12 and Fig. S8). This 

suggests better catalytic activity of the Pd-Mo/NaY catalyst, which is consistent with 

the results of catalytic evaluation (Fig. 1). 

The above results, i.e., the H2-TPR, DRIFTS of CO adsorption and XPS results 

suggested that the Mo promoter tuned the Pd active sites on the Pd-Mo/NaY catalyst. 

The Pd-Mo interactions inhibited the sintering of Pd species and maintained the Pd
2+

 

active sites. This should be responsible for the high stability of Pd-Mo/NaY catalyst in 

the indirect oxidation of methanol to DMC reaction. 

 

4. Conclusions 

In this study, we have developed a high-performance catalyst by modifying 

Pd/NaY with Mo, resulting in stable catalytic activity. The CO conversion on the 

Pd-Mo/NaY catalyst remained consistently high at 97% throughout a 30-hour test, 

while on the reference Pd/NaY catalyst, the CO conversion decreased from 94% to 

70%. The turnover frequency on the Pd-Mo/NaY catalyst was 0.019 s
1

, significantly 

surpassing the Pd/NaY catalyst's rate of 0.005 s
1

. The in situ DRIFTS experiments 

verified the existence of COOCH3* reaction intermediate and revealed the similar 

reaction pathway and/or the rate-determining step on the Pd/NaY and Pd-Mo/NaY 

catalysts. Our findings further demonstrate that the incorporation of Mo partially 



healed silanols and inhibited the sintering of Pd species. The interactions between Pd 

and Mo species, along with the increased Pd
2+

 active sites, contributed to an enhanced 

adsorption of CO reactant on the Pd-Mo/NaY catalyst. The stabilization of active Pd
2+

 

species was responsible for the high performance of the Mo-promoted Pd-Mo/NaY 

catalyst. 
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