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The performance of an SBA-15 supported Cu catalyst for hydrogenation of dimethyl oxalate to ethylene glycol is markedly
promoted with Au. A key genesis of the high activity of the catalyst is ascribed to the formation of Cu-Au alloy nanoparticles
which stabilize the active species and retard their agglomeration during the hydrogenation process.

The indirect synthesis of ethylene glycol (EG) from coal is a potentially promising process, which involves the gasification of
coal to syngas, followed by the coupling of CO with nitrite esters to oxalates and then the hydrogenation of oxalates to EG."?
Copper-based catalysts have been discovered to be one of the most active materials for the vapor phase hydrogenation of dimethyl
oxalate (DMO) to EG, but they has inherent problems of poor stability and short lifetime.>*® Finding a practical way to retain the
state of highly dispersed copper has been proposed to be an important strategy to improve catalytic performance. Moreover,
several recent works reveal that an appropriate Cu® and Cu" distribution is presumed to be a key in gaining excellent catalytic
activity,%®7 but more distinct evidences are highly demanded to be accumulated.

On the other hand, bimetallic catalysts have generated immense interest, since they offer a way to fine-tune the catalytic
properties of metals.®® Bimetallic Cu-Au systems are widely known to exhibit improved activity and selectivity in number of
selective catalytic reactions including low-temperature CO oxidation,’®!! selective alcohol oxidation,'?*® selective
hydrogenation.***> However, the assignment of the active species of Cu-Au catalysts for some reactions is still ambiguous and
controversial.*®*

Herein, we report that an SBA-15 supported Cu-Au bimetallic catalyst with Cu loading of 6 wt% and proper amount of Au
prepared by two-step adsorption-NaBH, reduction process (see Experimental details in ESI) exhibit remarkable activity and
thermal stability for the hydrogenation of DMO to EG. The structure-performance relationship of the catalyst is then addrssed by
means of kinetic and spectroscopic studies.

The physicochemical properties of the catalysts characterized by powder X-ray diffraction (XRD), transmission electron
microscopy (TEM) and nitrogen sorption are listed in Table 1s. The results indicated the successful synthesis of the CuAu,/SBA-
15 catalysts (Fig. 1s-3s). The vapor-phase DMO hydrogenation is comprised of DMO hydrogenation to methyl glycolate (MG),
MG hydrogenation to EG and excessive hydrogenation to ethanol. Furthermore, there were byproducts of 1,2 -propanediol (1,2-
PDO) and 1,2-butanediol (1,2-BD0)."*® As shown in Table 1, the Cu/SBA-15 catalyst with copper loading of 6 wt% gave a DMO
conversion of 71.5% and 38.2% selectivity to EG, while the 6 wt% Au/SBA-15 catalyst exhibited a much lower DMO conversion
of 5.4% and about 80% selectivity to MG under the conditions of 453 K, 3.0 MPa, H,/DMO molar ratio of 80 and weight liquid
hourly space velocity (WLHSVpuo) of 0.6 h™. When gold was introduced to Cu/SBA-15, the generated CuAu,/SBA-15 catalysts
(x stands for the atomic ratio of Au/Cu) were much more active than Cu/SBA-15 and Au/SBA-15 under similar reaction
conditions. Their hydrogenation performance passed through a volcano type improvement as a function of Au content. The
catalyst with a nominal atomic ratio of Au/Cu at 0.1 (actual ratio at 0.08) gave the highest performance of 100% conversion and
99.1% selectivity to EG. The enhancement became less apparent when the content of Au was further increased. When the
CuAug 1/SBA-15 catalyst with a total metal loading of 6 wt% was employed, it produced a 100% conversion of DMO and 97.6%
selectivity to EG. The results indicated that the Cu/Au atomic ratio has a significant effect on the catalytic behavoir of the
CuAu,/SBA-15 catalyst.

The excellent catalytic performance of CuAug /SBA-15 catalyst at 453 K was highly stable for over 240 h (Fig. 4s in ESI). In
contrast, the Cu/SBA-15 catalyst showed a deactivation within 30 h even if the Cu loading was increased to 10 wt%, essentially
owing to the obvious aggregation and coagulation of Cu nanoparticles (NPs) during the hydrogenation process (Fig. 5s in ESI).
The stability of CuAug 1/SBA-15 catalyst was further evidenced by the catalytic performance after a heat treatment at 623 K for
24 h. The change of EG yield over the CuAug/SBA-15 catalyst before and after heat treatment was insignificant (Table 2s in
ESI). In the case of WLHSVpywo at 0.6 h™!, the selectivity to EG over the CuAug/SBA-15 catalyst was higher than 98% at
temperatures ranging from 453 to 493 K (Fig. 6s in ESI). When the temperature was higher than 493 K, there was a main
byproduct of EtOH due to the excessive hydrogenation of EG.*® Furthermore, when the reaction temperature was set at 473 K, the
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CuAug1/SBA-15 catalyst could afford both DMO conversion and EG selectivity as high as 98% under a wide range of
WLHSVppo from 0.3 to 3.0 h™* (Fig. 7s ESI), where the highest EG yield was exceptionally larger than 1500 mg/g-cat/h.

Table 1 Catalytic performance of CuAu,/SBA-15 catalyst with different Au/Cu atomic ratio for hydrogenation of DMO

Catalyst Conversion Selectivity / % TOF?
1% EG MG EtOH Others® /ht
Cu/SBA-15 715 382 61.8 0 0 22
CuAuUo 0s/SBA-15 84.7 41.8 58.2 0 0 37
CuAug7s/SBA-15 96.6 93.1 35 0.4 3.0 73
CuAup,/SBA-15 100 99.1 0 0.8 0.1 121
CuAuo2/SBA-15 100 98.8 1.2 0 0.1 47
Au/SBA-15° 5.4 19.7 80.3 0 0 12
CuAuo1/SBA-15° 100 97.6 22 0 0.2 83

Reaction conditions: T=453 K, WLHSVpmo=0.6 h™, P (H;) =3.0 MPa, H,/DMO = 80. *TOF (turnover frequency) was obtained by controlling DMO
5 conversion below 30% (see Experimental details in ESI ). "Others include 1,2-PDO and 1,2-BDO. °Au loading=6 wt%. “Total metal loading=6 wt%.
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Fig. 1 XRD patterns of CuAu,/SBA-15 with x= (a) 0; (b) 0.05; (c) 0.075; (d) 0.1; (e) 0.2; (f) Au/SBA-15, Au loading=6 wt%.

To investigate the reason behind the improved catalyst performance, in-situ XRD, HRTEM, UV-vis, FT-IR and XPS
measurements were carried out to get detailed information about the architecture of the catalysts. The in-situ XRD patterns of
10 CuAU,/SBA-15 samples indicated that there were remarkable transformations of diffraction lines of Cu and Au species when the
reduction temperature was higher than 473 K (Fig. 8s in ESI). Further increasing the reduction temperature up to 673 K brought
about no obvious changes in the XRD pattern of CuAug,/SBA-15. There were four diffraction lines at 26=38.2°, 44.3°, 64.5° and
77.6° in the XRD pattern of Au/SBA-15 catalyst, corresponding to Au(111), (200), (220), (311) lattice planes, respectively (Fig.
1).Y Very weak diffraction peaks could be observed in the XRD pattern of Cu/SBA-15 catalyst, suggesting the formation of
maller Cu NPs on the SBA-15 support. The CuAu,/SBA-15 catalysts showed a broad XRD diffraction line at around 26=42.9°,
assignable to Cu-Au alloy species.?’ With the increase of Au content, this line slightly shifted to higher position and reached a
maximum when the atomic ratio of Au to Cu was 0.1, which indicates that the CuAu,;/SBA-15 catalyst has a highest extent of
alloying.?! As for the the UV-Vis diffuse reflection spectroscopy (Fig. 9s in ESI), the Au/SBA-15 presented a single and strong
absorption peak at 519 nm, while the Cu/SBA-15 gave a very weak absorption peak at 581 nm. For the CuAu,/SBA-15 samples,
there was an absorption band positioned between those of Au/SBA-15 and Cu/SBA-15, which suggested the formation of Au-Cu
alloy.?>?® The higher content of alloying in the CuAu,/SBA-15 catalyst resulted in a larger shift of absorption peak. The
indications of the UV-Vis diffuse reflection spectra had a same trend as that of the XRD patterns, showing that there was a
highest content of alloying in the CuAug ;/SBA-15 catalyst.

The TEM images revealed that the metal particles were uniformly dispersed on the SBA-15 support (Fig. 2, Fig. 3s and 10s in
ESI). With the increase of Au/Cu atomic ratio from 0.05 to 0.2, the average particle size slightly increased from 2.8 to 3.7 nm, all
of which were smaller than the gold particle size of 4.9 nm in Au/SBA-15. The HRTEM images showed that the crystal spacing
measured is 0.236 nm, which can be equal to the spacing of Au(111) lattice planes 0.2355 nm; the crystal spacing measured 0.210
nm in figure b can be good compliance with the Cu(111) lattice planes 0.2087 nm. However, different from either the Au/SBA-15
or Cu/SBA-15, the HRTEM image of CuAug /SBA-15 catalyst in Fig. 2 indicated that the two intervals of 0.227 nm and 0.195
nm between the corresponding two lattice fringes were smaller than the (110) and (220) lattice spacings of gold in the Au/SBA-15
catalyst, but larger than the (111) and (200) lattice spacings of copper in the Cu/SBA-15 catalyst, respectively. The included angle
around 52° of the two facets in the CuAu, 1/SBA-15 is very close to the theoretical value of 54.7° between the (111) and (220)
facets of facial center cubic structure, implying that the exposed crystal planes of the CuAu, 1/SBA-15 catalyst were dominated by
(111) and (220) facets of Au-Cu alloy. The indications again suggested the formation of Au-Cu alloy in the CuAu,/SBA-15
catalysts.
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Fig. 2 TEM images of CuAug1/SBA-15.

Figure 3 displays the IR spectra of CO absorption on as-reduced CuAu,/SBA-15 catalysts. The adsorption of CO on Au/SBA-
15 was very weak at room temperature.'” The intensity of the IR band at 2122 cm™ detected in CuAu,/SBA-15 catalysts varied as
s the Au/Cu ratio but did not change significantly under the continuous evacuation at room temperature. Assignment of CO
absorptions onto Cu®, Cu* and Cu?* surfaces has been well documented in previous work.”? %" The stretching frequency of CO
species absorbed onto cupreous surfaces follows the sequence Cu?*-CO > Cu*-~CO > Cu°-CO, and the CO adsorption onto Cu®
and Cu?" sites is predominantly weak and reversible at room temperature, while CO linearly bonded with a surface Cu™ site has
higher thermal stability than Cu?*~CO and Cu’~CO species. According to these assignments, the CO absorption peaks at 2122
1 cm™! observed on the reduced CuAu,/SBA-15 catalysts should be assigned to Cu*™-CO species. As can be seen from the Fig. 3,
with the introduction of gold into the Cu based catalysts, the amount of Cu® increased obviously compared with that of the
Cu/SBA-15 catalyst, which may result from the formation of Cu-Au alloy. However, with the increase of gold, the amount of Cu*
decreased gradually, which could be ascribed to the increase of Cu-Au alloy amount on the catalyst surfaces. The presence of Cu°
and Cu* was further evidenced by the Cu XPS and LMM XAES spectra of the catalysts in situ treated in 90 kPa H, (5%)-Ar (95%)
s at 623 K for 4 h (Fig. 11s and 12s in ESI). From the deconvolution results (Table 3s), the presence of gold considerably affected
the surface Cu* and Cu® distributions. More Cu* species were present at Au/Cu=0.05-0.1. The smaller value of Auger parameter
(AP) for Cu® than the bulk value was attributed to the strong interactions among Cu*, SBA-15 and Au. It is reported that when
copper species in +2, +1, and 0 valences are highly dispersed states and in intimate contact with the supports, AP value can be 2-3
eV lower than the bulk ones.? The results demonstrate that the coexistence of Cu* and Cu® species on the catalyst surfaces is
20 indispensable for the hydrogenation of DMO to EG.
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Fig. 3. In-situ FT-IR spectra of CO absorption on 623-K reduced CuAu,/SBA-15 catalysts followed by evacuation for 30 min at 298 K.

In summary, we have found that with the introduction of small amount of gold to Cu/SBA-15, the derived CuAug/SBA-15
catalyst exhibited remarkably enhancement in the catalytic performance for the hydrogenation of DMO to EG. This catalyst was
25 Very active and robust at temperatures ranging 453-493 K and could provide exceptionally EG vyield of larger than 1500 mg/g-
cat/h. The Cu-Au alloy NPs were formed on the catalyst surface, which are believably beneficial for stabilizing the Cu® and Cu*
distribution and retarding the surface transmigration of Cu species during the hydrogenation process.
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