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Preface 

With increasing attention to the energy crisis and environmental issues, more and 

more researchers focus on catalytic methods for the efficient and clean utilization of 

abundant coal and biomass resources, causing a rapid global development of C1 

chemistry. C1 chemistry refers to the conversion of simple carbon-containing materials 

that contain one carbon atom per molecule into valuable products. As one of important 

feedstocks for C1 chemistry, syngas (a mixture of carbon monoxide and hydrogen), 

which is primarily produced from coal, natural gas or biomass, has attracted great 

attention in recent years. From syngas, high-quality liquid products can be produced via 

gas-to-liquids technology. Notably, efficient production of high value-added alcohols 

from syngas has been intensively explored owing to its academic and industrial value. 

 

Alcohols are compounds in which one or more hydrogen atoms in an alkane have 

been replaced by an -OH group. Alcohols are a kind of extremely important products, 

which can used as synthetic intermediate, cleanser, cosmetics, fuel, alcoholic beverages, 

etc. As an important class of alcohols, methanol, ethylene glycol (EG) and ethanol can 

be manufactured from syngas conversion via the following route: methanol via 

Syngas
.Natural gas

Biomass .
. Coal

Methanol

EG 
Ethanol
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low-temperature methanol synthesis; EG as well as ethanol via the hydrogenation of 

dimethyl oxalate (DMO). The production of methanol via low-temperature methanol 

synthesis route from CO2-containing syngas is proposed and developed by our lab. In 

this route, the added alcohols act as homogeneous co-catalysts and the solvent, realizing 

high one-pass conversion at only 5.0 MPa and 170 oC. This new route changes the 

normal reaction path of conventional, high-temperature methanol synthesis from 

formate via methoxy to methanol. Ethanol, as well as EG, are attractive products and 

important chemical raw material for the synthesis of various products (e.g., chemicals, 

fuels and polymers), which are mainly produced from petroleum-derived ethylene in the 

present industrial approach. On account of the diminishing fossil-fuel resources, 

developing an alternative synthesis method for EG and ethanol from syngas has 

attracted increasing attention. As one of the promising applications to C1 chemistry, the 

hydrogenation of DMO to EG and ethanol draw much attention since the mass 

production of DMO was commercially realized by the synthesis method via syngas. 

Although considerable efforts have devoted in the study of above-mentioned 

reactions, the development of nano catalyst for efficient alcohols production from 

syngas is still challenging and promising from commercial application prospect. 

In chapter 1, a novel method is developed to prepare nano catalyst (Cu-ZnO/RHA) 

directly without further reduction for low-temperature methanol synthesis. In this 

method, the low-valued by-product rice husk (RH) is not only used as the catalyst 

support precursor, but also as the reductant and fuel. The as-burnt Cu-ZnO/RHA is 

directly applied in low-temperature methanol synthesis from CO/CO2/H2 using ethanol 

as a co-catalyst and solvent. The activity of the as-burnt catalyst prepared by this novel 

method without further reduction is much higher than that prepared by a conventional 
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impregnation method which is already after 10 h reduction at 250 oC by 5% H2. 

In chapter 2, an auto-reduced nano catalyst with copper (Cu) nanoparticles 

encapsulated inside the nano-channels of carbon nanotubes (CNTs) is designed and 

prepared for the selective hydrogenation of DMO. Due to the interaction of Cu species 

with electron deficient interior surface of CNTs, calcination process of catalysts can 

directly realize the auto-reduction of Cu oxide with CNTs itself as reductant. 

Furthermore, the auto-reduction degree of Cu@CNTs catalyst can be facilely tuned by 

changing the calcination temperature. In DMO hydrogenation reaction, the auto-reduced 

Cu@CNTs catalyst without pre-reduction exhibits excellent catalytic activity, high 

target product selectivity and catalytic efficiency. 

In chapter 3, a series of boron-doped carbon nanotubes supported Cu catalysts 

(Cu/xB-CNTs) are designed and prepared by thermal treating CNTs in the presence of 

boric acid followed by post impregnation with Cu species, and their catalytic 

performances are comprehensively evaluated in the hydrogenation of DMO to ethanol. 

The structure and chemical properties of boron-doped catalysts are well characterized 

by means of various techniques, giving strong evidences for structure and performance 

modifications due to the boron doping. Significant improvements in catalytic activity 

and stability can be achieved by boron-doped Cu/xB-CNTs catalysts. 

By means of above work, a series of problems in alcohols production from syngas 

are well solved in this thesis. Novel nano catalysts for efficient alcohols production 

from syngas were successfully designed and prepared in this thesis. The catalytic 

efficiency and selectivity of expected products are greatly enhanced with these new 

fabrication and design of catalysts. 
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Chapter 1 

Functional rice husk as reductant and support to prepare as-burnt 

Cu-ZnO based catalysts applied in low-temperature methanol 

synthesis 

 

A novel method is developed to prepare metallic catalyst without 

further reduction. The whole catalyst preparation process is very easy. The 

as-burnt catalyst exhibits much higher activity. Low-valued rice husk is 

used as the support, reductant and fuel at the meanwhile. 
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Abstract 

A novel method, that the precursor is burnt in argon without further reduction to 

directly prepare metallic catalyst, is developed using low-valued by-product. Rice husk 

not only contributed as catalyst support, but also as reductant and fuel. The XRD, TPR 

and TG-DTA analysis prove that Cu phase in the as-burnt catalyst are almost reduced to 

metallic Cu0. The as-prepared catalysts exhibit higher activity and methanol selectivity 

than those prepared by a conventional impregnation method. This method may open a 

new way to prepare metallic catalysts without further reduction, especially for some 

catalytic reactions promoted by K, Ca, Mg and Mn. 

 

Keywords: Low-temperature methanol synthesis, Rice husk, Rice husk ash, Metallic 

catalysts, Reduction-free 
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1.1. Introduction 

Rice husk (RH), that is mainly composed of cellulose, lignin, pentosans and 

amorphous silica [1], is an abundant and renewable low-valued by-product in 

rice-producing countries like China, India, Brazil and US [2]. RH is usually used as 

direct fuel, pet foods fiber, building materials, and fertilizer. Recently, much attention 

has been focused on the utilization of RH because of the economic, environmental and 

social issues [3]. RH can be applied as gasification fuel [4], a kind of sustaining and 

renewable energy which contributes to the reduction of greenhouse gases. Chemically 

modified RH can also be used as low-cost adsorbents for the removal of heavy metals 

[5] and organic compounds [6] from the waste water. In an economic value-added way, 

rice husk ash (RHA) can be applied to produce advanced materials [3], such as silica [7], 

activated carbon [8], and molecular sieves [9] and so on.  

In this study, a novel method is developed to prepare metallic catalyst 

(Cu-ZnO/RHA) directly without further reduction. Here, RH is not only used as the 

catalyst support precursor, but also as the reductant and fuel. The as-burnt 

Cu-ZnO/RHA was directly applied in low-temperature methanol synthesis from 

CO/CO2/H2 using ethanol as a co-catalyst and solvent [10-13]. The activity of the 

as-burnt catalyst prepared by this novel method without further reduction is much 

higher than that prepared by a conventional impregnation method which is already after 

10 h reduction at 250 oC by 5% H2. 

The advantages of this novel method are as follows: 1) the extra cost for reduction 

energy and engineering is saved; 2) low-valued by-product RH is used as the reductant, 

the fuel and the catalyst support with functional trace elements as promoters; 3) 

nano-structured Cu-ZnO/RHA (about 15 nm Cu0) can be prepared; 4) the activity of 
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as-burnt catalyst is much higher; 5) the whole catalyst preparation process is very easy; 

6) some catalytic reactions promoted by K, Ca, Mg and Mn are especially suitable for 

this novel method to prepare their metallic catalysts, as traces of biomass-derived K, Ca, 

Mg and Mn are left in RHA. 

 

1.2. Experimental section 

1.2.1 Preparation of catalysts 

Analytical-grade Cu(NO3)2·3H2O (≥ 99%), Zn(NO3)2·6H2O (≥ 99%) and rice husk 

(Idemitsu Kosan Co., LTD.) were used as raw materials. The catalyst was prepared by a 

conventional impregnation method with an aqueous solution of copper and zinc nitrate 

(10 wt% Cu-ZnO with the molar ratio of Cu/Zn = 1/1), being impregnated on rice husk 

(noted as RH). For example, 0.9 g Cu(NO3)2·3H2O and 1.1 g Zn(NO3)2·6H2O were 

impregnated on 4.5 g rice husk. After drying at 120 oC for 12 h, the precursor (6.14 g), 

which contained copper and zinc nitrate, and RH, was put into a ceramic tube oven 

under the argon (Ar) atmosphere. The temperature was increased up to about 350 oC 

with a ramping rate of 3 oC/min and kept for 3 h and successively passivated by 1% O2 

diluted by N2 at room temperature. The as-burnt catalyst without further reduction was 

noted as CRH-350. A blank experiment was conducted in Ar to measure the weight loss of 

the precursor of CRH-350 during the calcination. 5.0 g precursor in theory was burnt under 

the above mentioned conditions, and about 2.3 g catalyst (about 0.5 g Cu-ZnO and 1.8 g 

RHA) was left. Therefore, it is calculated that the practical weight ratio of Cu-ZnO in 

CRH-350 is about 21.74%. The components (weight ratio) of CRH-350 are Cu (9.6%), ZnO 

(11.8%), SiO2 (45.3%), C (27.2%), MnO2 (1.8%), Fe2O3 (1.6%), K2O (0.8%), CaO 

(0.8%), MgO (0.6%), Al2O3 (0.2%), as well as trace of Na2O and P2O5. 
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As reference 1 [1], the catalyst CRH-350 was reduced by a flow of 5% H2 in N2 at 

250 oC for 10 h and successively passivated by 1% O2 diluted by N2, noted as 

CRH-350-Reduction. As reference 2, the catalyst with about 21.74 wt% Cu-ZnO was prepared 

by an impregnation method on RHA, which was the residues derived from the pyrolysis 

of RH in Ar at 350 oC for 3 h, noted as CRHA-350. As reference 3, the support was 

physically mixed by silica gel (Cariact Q-50, Fuji Silysia Co., specific surface area: 57 

m2/g, pore volume: 1.212 cm3/g) and activated carbon (Kanto chemical Co., specific 

surface area: 943 m2/g, pore volume: 0.432 cm3/g) with the mass ratio of SiO2/C = 5/3, 

because the main contents of RHA are silica and amorphous carbon with the mass ratio 

of SiO2/C = 5/3 calculated by TG curves. The Cu-ZnO/SiO2-C catalyst with about 21.74 

wt% Cu-ZnO was also prepared by an impregnation method on this support, noted as 

CSC-350. CRHA-350 and CSC-350 were reduced at the same condition as that of 

CRH-350-Reduction, noted as CRHA-350-Reduction and CSC-350-Reduction, respectively. 

1.2.2 Characterization 

X-ray fluorescence analyzer (XRF) was used to analyze chemical compositions of 

as-prepared catalysts (CRH-623) at 40 kV and 40 mA. 

The thermal decomposition behaviour of the precursor was characterized by 

thermogravimetric and differential thermal analysis (DTA/TGA 60, Shimadzu) at a 

heating rate of 10 oC/min from 20 to 900 oC in Ar. 

X-Ray diffraction (XRD) patterns were obtained on a Rigaku RINT 2400 X-ray 

diffractometer, using monochromatic Cu Kα radiation at 40 kV and 40 mA, scanning 2 

θ from 20 to 80°. The Cu crystalline average size is calculated by Scherrer formula: D = 

Kλ/(βcosθ), where D is the average dimension of crystallites, K is the Scherrer constant 

0.89, λ is the wavelength of X-ray (Cu Kα = 0.154 nm) and β is the width of the peak at 
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half height.  

Temperature-programmed reduction (TPR) experiments were carried out by a 

catalyst analyzer BELCAT-B (BEL, Co., Japan), using 0.03 g burnt catalysts with 5% 

H2 diluted by Ar. Before reduction, the catalysts were heated at 50 oC in flowing Ar for 

2 h. Then, the 5% H2 (30 ml/min in total) passed over the samples, and the temperature 

was linearly raised from 25 to 400 oC at a heating rate of 5 oC/min. Water, formed 

during the reduction, was trapped by 3A molecular sieves. The effluent gas was 

analyzed by GC (Shimadzu) accompanied by a thermal conductivity detector (TCD) 

with Ar as a reference. 

The surface areas of the samples were determined by N2 physical desorption at 

-196 oC, using a Micromeritics NOVA 1000 SP surface area and porosimetry analyzer. 

Samples were degassed at 200 oC prior to acquiring the adsorption isotherm. The 

surface areas were calculated according to the Brunauer-Emmett-Teller (BET) method, 

using 0.164 nm2 as the cross-sectional area of one nitrogen molecule. 

The metallic copper (Cu0) surface area (SCu) was determined by nitrous oxide 

(N2O) pulse chemisorption techniques. A catalyst sample (0.5 g) was placed in a quartz 

tube reactor and the temperature was raised to 90 oC under helium atmosphere. A pulse 

of nitrous oxide (N2O) passed over the catalyst under the same temperature. N2O can 

oxidize Cu0 to Cu2O phase. By quantifying the total amount of consumed N2O of all 

pulses, the Cu0 surface area of the catalyst can be calculated.  

SCu = (nCu × N)/(1.4 × 1019 × W)(m2/g) 

where SCu is the copper surface area per gram catalyst; nCu is molar numbers of copper; 

N is avogadro's constant; 1.4 × 1019 is copper atoms per square meter; W is the weight 

of the catalyst. 
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1.2.3 Catalytic activity tests 

A batch reactor with 85 ml inner volume and a stirrer was utilized to test the 

catalytic activity. 1.0 g catalyst and 40 ml ethanol were first poured into the autoclave. 

The air inside was purged by the reactant gases (Ar/CO/CO2/H2 = 3.13/33/5.23/58.64). 

Then, the pressure in the reactor was raised to 5.0 MPa at room temperature, and the 

reaction was operated at 180 oC for 6 h. The stirring speed was fixed at 2000 rpm to 

prevent the diffusion controlled regime. All products were determined on GC-MS 

(Shimadzu GCMS 1600). A TCD (Shimadzu GC-320) was applied to analyze gaseous 

products and a FID (Shimadzu GC-8A) was used to analyze liquid products. The mass 

balance data was calculated by carbon mole numbers. CO and CO2 were the 

C-contained reactants, methanol and ethyl formate were the C-contained products, but 1 

mole ethyl formate product only contained 1 mole C, because ethyl group was derived 

from solvent (ethanol). All the carbon mass balance data in Table 1.1 are about 96-99%. 

 

1.3. Results and discussion 

1.3.1 Catalyst characterization 

1.3.1.1 XRD analysis 

The XRD patterns of the catalysts CRH, which were burnt in the argon atmosphere 

at 250 and 300 oC for 1 h respectively, are compared in Figure 1.1. All diffraction peaks 

of the as-burnt catalysts without further reduction are indexed to Cu and SiO2 phases. 

No other impurities are observed. These findings evidently indicate that CuO phase is 

almost reduced to metallic Cu0 at relatively low temperature (250 oC). The ZnO 

diffraction peaks cannot be clearly observed, suggesting that ZnO phase is well 

dispersed in the pores of RHA. 
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The XRD patterns of CRH-350, CRHA-350 and CSC-350, which were burnt in argon at 

350 oC for 3 h, are compared in Figure 1.2. As displayed in Figure 1.2(a), only Cu and 

SiO2 characteristic diffraction peaks are observed. However, the peaks of CRHA-350 are 

attributed to SiO2, ZnO, Cu2O and CuO phases in Figure 1.2(b), indicating that Cu2+ can 

only be partly reduced to Cu1+ but not Cu0, by the amorphous carbon left in RHA at 350 

oC. As shown in Figure 1.2(c), the peaks of CSC-350 are corresponded to SiO2, ZnO, Cu, 

Cu2O and CuO phases, suggesting that CuO phase can be partly reduced to Cu2O and 

Cu0 by activated carbon at 350 oC for 3 h. 

The XRD patterns of CRH-350-Reduction, CRHA-350-Reduction and CSC-350-Reduction, which 

were after 10 h reduction by 5% H2 at 250 oC, are shown in Figure 1.3(a-c), respectively. 

It is clear that no obvious differences are observed between Figure 1.2(a) and Figure 

1.3(a). Cu2O and CuO phases in CRHA-350 and CSC-350 are reduced to metallic Cu0 in 

CRHA-350-Reduction and CSC-350-Reduction, respectively. 

Cu crystalline sizes of the as-prepared catalysts calculated by Scherrer formula are 

presented in Table 1.1. With increasing the calcination temperature from 250 to 350 oC, 

Cu crystalline size of the as-burnt catalyst CRH gradually increases from 13 to 16 nm, 

and the ZnO phase is not clearly observed. It is inferred that higher calcination 

temperature leads to the increase of Cu crystalline sizes, but without significant change; 

ZnO phases are well dispersed on the support when this novel catalyst-preparation 

method is used. As compared in Figure 1.3 and Table 1.1, Cu crystalline size of 

CRHA-350-Reduction and CSC-350-Reduction is nearly the same (about 20 nm), but larger than that 

of CRH-350 (16 nm), indicating that the atmosphere of RH pyrolysis is the key point to 

result in the formation of smaller Cu crystalline size and amorphous ZnO phase. 
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1.3.1.2 TG-DTA analysis 

The TG-DTA curves of RH in argon and air, as well as the precursor of CRH were 

displayed in Figure 1.4. The precursor of CRH was investigated by TG-DTA 

measurements from 27 to 827 oC. TG-DTA curves of RH burnt in the argon atmosphere 

are displayed in Figure 1.4(a). It is obvious that the weight of RH starts to decrease at 

above 200 oC. The major weight decrease is observed at around 227-327 oC and about 

327-527 oC. Finally, about 40% weight of residues, which are attributed to SiO2, 

amorphous carbon and a trace concentration of impurities such as metals and metal 

oxide, are left. During the pyrolysis process at lower temperature (227-327 oC), CO, 

CO2, and H2O are the dominant gases, which come from the degradation of 

hemi-cellulose and cellulose [14]; and small amounts of H2 and CH4 are also observed 

[15, 16]. Meanwhile, the DTA curves in Figure 1.4(a) present one broad endothermic 

peak at about 327 oC, which is attributed to the water-gas shift reaction [17]. The second 

broad endothermic peak at higher temperature (327-527 oC) is corresponded to the 

carbonization process [18].  

The TG-DTA curves of RH burnt in air are exhibited in Figure 1.4(b). Compared 

with RH burnt in argon, the endothermic peak at about 327 oC is much sharper, 

indicating that the redox process is more severe and more heat is released. It is the fact 

that O2 is the exclusive oxidant in air than in argon, and increasing the content of the 

oxidant makes the redox more severe. This phenomenon is in good accordance with the 

literatures [14-16] that the reducing gases such as CO, H2 and CH4 are liberated out. 

Finally, about 25% weight of SiO2 and a trace amount of impurities are left. 

The TG-DTA curves of the precursor, which contained copper and zinc nitrate, and 

RH, of CRH are displayed in Figure 1.4(c). It is clear that the weight starts to decrease at 
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above 200 oC. The major weight loss is observed at around 227-327 oC. Compared with 

the DTA curves of RH in Figure 1.4(a), the first and the second endothermic peaks shift 

to lower temperature, suggesting that the water-gas shift reaction and the carbonization 

process are much easier to proceed, because Cu species in RH can promote the 

water-gas shift reaction and the pyrolysis of residue organics. During this pyrolysis 

process, CO and H2 are released [14-16] and act as the reducing agent, which can 

reduce Cu2+ to metallic Cu0 at relatively low temperature. During this process, the 

decomposition of Cu and Zn salts also proceeds at the mean while. It is deduced that 

during this pyrolysis process, CO and H2 are released and act as the reducing agent, 

which can reduce Cu2+ to metallic Cu0 at relatively low temperature. 

1.3.1.3 H2-TPR analysis 

H2-TPR of the burnt catalysts is compared in Figure 1.5. For CRH-350, only a small 

broad peak, which is assigned to the reduction of small quantities of CuO or Cu2O 

oxidized by 1% oxygen, is observed at about 197 oC in Figure 1.5(a). As displayed in 

Figure 1.5(b), the TPR profiles of CRH-350-Reduction, which is after 10 h reduction at 350 oC 

by a flow of 5% hydrogen and passivated by 1% oxygen, are nearly the same as those in 

Figure 1.5(a). But, the amount of the hydrogen consumption in Figure 1.5(a-b) are much 

lower than that in Figure 1.5(c-d), which is corresponded to the TPR profiles of CRHA-350 

and CSC-350. Above mentioned phenomena evidently prove that Cu phase in CRH-350 is 

almost reduced to metallic Cu0, which is in good accordance with XRD analysis in 

Figure 1.3(a). As shown in Figure 1.5(c-d), the hydrogen consumption is observed in the 

range from 167 to 277 oC, and the shapes of the TPR profiles are asymmetric with a 

shoulder, suggesting that the reduction processes are complicated with an overlapping 

of different copper species. The broad peak at about 201 oC is attributed to the reduction 
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of Cu2O [19], indicating that part of Cu2+ can be reduced to Cu1+ species in the presence 

of amorphous carbon during the calcination process. The main peaks at about 245 oC 

are derived from the reduction of well dispersed CuO [19] on the support. This finding 

is also proved by XRD analysis that CuO and Cu2O species are left in CRHA-350 and 

CSC-350. 

1.3.2 Reaction performance 

The activities of CRH-350 without further reduction, as well as CRH-350-Reduction, 

CRHA-350-Reduction and CSC -350-Reduction after 10 h reduction were conducted at 180 oC and 

5.0 MPa for 6 h in low-temperature methanol synthesis from syngas containing CO2 

using the ethanol as a co-catalyst and solvent. Characterization results of the catalysts 

and batch reaction records are compared in Table 1.1. It is obvious that the BET and the 

copper (Cu0) surface areas of the as-burnt catalysts increase with the increased 

calcination temperatures when RH is used as support and reductant, because at lower 

calcination temperature, more organic residues are left, which obviously decrease the 

BET and the copper (Cu0) surface areas. The BET and Cu0 surface areas of CRH-350 (67.2 

and 4.3 m2/g) are much larger than CRHA-350-Reduction (54.9 and 3.4 m2/g), although the 

compositions of CRH-350 and CRHA-350-Reduction are nearly the same. The BET and Cu0 

surface areas of CRHA-350 before reduction are about 56.3 and 0.1 m2/g respectively, 

indicating that almost no metallic Cu can be available if RHA is applied as the reductant. 

We consider that this novel catalyst preparation method can highly disperse Cu and ZnO, 

because both Cu and ZnO crystalline sizes of CRH-350 are smaller than those of 

CRHA-350-Reduction, as displayed in Figure 1.2. The BET surface area of CSC-350-Reduction is 

the largest, because the activated carbon support has larger BET surface areas (943 

m2/g). 
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As displayed in Table 1.1, with increasing the calcination temperature from 250 to 

350 oC in argon, the total carbon conversion of the as-burnt catalyst remarkably 

increases from 28.9 to 52.2% because of the enhanced metallic copper (Cu0) and BET 

surface areas. Meanwhile, the selectivity of methanol also significantly increases from 

12.3 to 37.4%. As stated, if the precursor were burnt at lower temperature, more organic 

residues are left in CRH, which will remarkably affect the final valence states of Cu in 

the as-burnt catalyst. The proposed mechanism [12] for low-temperature methanol 

synthesis has already proved that Cu+ and ZnO are the active sites for the formation of 

formate and ethyl formate, but only Cu0 is active for the hydrogenation of ethyl formate. 

So the methanol selectivity of the as-burnt catalysts CRH increase with the increased 

calcination temperature from 250 to 350 oC. 

As compared with those of CRH-350-Reduction after reduction, the characterization 

results and the batch reaction records of CRH-350 are nearly the same, fully proving that 

the CuO phase is almost reduced to metallic Cu0 during the pyrolysis of RH in argon. 

The total carbon conversion and the selectivity of CRH-350 are a little higher than those of 

CRHA-350-Reduction, because CRH-350 has larger copper (Cu0) surface areas and smaller Cu 

crystalline size. Cu0 is the active site for the rate-determining step in this 

low-temperature methanol synthesis. It is considered that the methanol selectivity is 

associated with the crystalline size of Cu. Smaller crystallite size of Cu is in favor of 

methanol formation, exhibiting higher hydrogenation ability. 

As compared with CSC-350-Reduction (33.8%), the total carbon conversion of CRHA-350 

(45.5%) is much higher, although CSC-350-Reduction has larger copper (Cu0) surface areas. It 

was reported [20] that K promoter had promotional effect in the formation of the 

thermodynamically stable carbonate, and K promoted copper catalyst by stabilizing the 
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Cu+ species. K is just the main impurity left in the burnt catalysts when using RHA 

[1-3] as the support. As reported [12, 13, 19], Cu+ is the active site in this 

low-temperature methanol synthesis, so K-contained support can significantly improve 

the activity of Cu-based catalysts. However, the methanol selectivity of CRH-350 is 37.4%, 

about 8.7% lower than that of CSC-350-Reduction, because some organic residues, which are 

derived from pyrolysis of rice husk, are left in CRH-350 and may affect the valence state 

of Cu during the reaction. Only Cu0 is active for hydrogenation of the ethyl formate. 

Considering the fact that no organic reagents were used in the preparation of 

CSC-350-Reduction, the methanol selectivity of CRH-350 is slightly lower than that of 

CSC-350-Reduction. 

 

1.4. Conclusions 

A novel method is developed to prepare metallic catalyst (Cu-ZnO/RHA) directly 

without further reduction. Here, rice husk is not only used as the catalyst support, but 

also as the reductant and fuel. During the calcination process in argon, CO and H2, 

which are released from the degradation of hemi-cellulose or cellulose, act as the 

reducing agent, which can reduce Cu2+ to metallic Cu0 at relatively low temperature 

(250 oC). The XRD and TPR analysis prove that Cu phase in CRH-350 is almost reduced 

to metallic Cu0. The activity and the methanol selectivity of CRH-350 are much higher 

than those of CRHA-350-Reduction prepared by a conventional impregnation method and 

reduced by 5% hydrogen for 10 h. As compared with CSC-350-Reduction, the total carbon 

convention of CRH-350 is much higher, because K promoter from RH can stabilize the 

Cu+ species, which is the active site for the formation of ethyl formate. 

The whole catalyst-preparation process is very easy and the extra cost for reduction 
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energy and engineering is saved with low-valued by-product RH as the reductant, the 

fuel and the catalyst support. The activity of as-burnt nano-structured Cu-ZnO/RHA 

(about 15 nm Cu0) without further reduction is much higher than that prepared by a 

conventional impregnation method. Some catalytic reactions promoted by K, Ca, Mg 

and Mn are especially suitable for this novel method to prepare the corresponding 

metallic catalysts, as biomass-derived traces of K, Ca, Mg and Mn are left from RHA. 
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Table 1.1 Characterization results and batch reactions for low-temperature methanol synthesis. 

 

 

Catalysts SBET 
b 

(m2/g) 

SCu 
c 

(m2/g) 

Cu d Conversion（%） Selectivity（%） Yield（%） 

Dia. 

(nm) CO CO2 CTotal 
e CH3OH HCOOC2H5 CH3OH HCOOC2H5 

CRH-250 28.4 1.9 13 25.5 50.3 28.9 12.3 87.7 3.5 25.3 

CRH-300 52.7 3.2 14 39.6 69.2 43.7 20.3 79.7 8.9 34.8 

CRH-350 67.2 4.3 16 48.6 74.9 52.2 37.4 62.6 19.5 32.7 

CRH-350-Reduction 72.4 4.4 16 47.9 74.1 51.5 35.2 64.8 18.1 33.4 

CRHA-350-Reduction 54.9 3.4 20 42.3 65.7 45.5 28.3 71.7 12.9 32.6 

CSC-350-Reduction 245.3 7.1 20 29.4 61.2 33.8 46.1 43.9 15.6 14.8 

a Reaction conditions: T = 180 oC, P = 5.0 MPa, catalyst weight: 1 g, ethanol solvent: 40 ml, stirring speed: 2000 

rpm, reaction time: 6 h, syngas: Ar/CO/CO2/H2 = 3.13/33/5.23/58.64. 
b Determined by N2 physical adsorption-desorption at -196 oC. 
c Determined from N2O pulse chemisorption. 
d Calculated by Scherrer formula. 
e CTotal = CO conv. × a/(a + b) + CO2 conv. × b/(a + b), (a, b were the contents of CO, CO2 in the feed gas). 
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Figure 1.1 XRD patterns of the catalysts CRH burnt in argon at (a) 250 oC or (b) 300 oC.
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Figure 1.2 XRD patterns of the as-burnt catalysts (a) CRH-350, (b) CRHA-350 and (c) 

CSC-350 without further reduction.
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Figure 1.3 XRD patterns of the catalysts (a) CRH-350-Reduction, (b) CRHA-350-Reduction and (c) 

CSC-350-Reduction after reduction.
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Figure 1.4 TG-DTA curves of the rice husk (a) burnt in argon and (b) burnt in air; the 

precursor of the catalyst CRH (c) burnt in argon.
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Figure 1.5 TPR profiles of the as-burnt catalysts (a) CRH-350, (b) CRH-350-Reduction, (c) 

CRHA-350 and (d) CSC-350.
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Chapter 2 

Design of an autoreduced copper in carbon nanotube catalyst to realize 

the precisely selective hydrogenation of dimethyl oxalate 

 

An auto-reduced Cu@CNTs catalyst without further reduction process 

was successfully prepared and exhibited excellent catalytic performance for 

hydrogenation of DMO. 

 

 

DMO
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Abstract 

An auto-reduced Cu@CNTs catalyst with copper (Cu) nanoparticles encapsulated 

inside the nano-channels of carbon nanotubes (CNTs) was designed and prepared. Due 

to the interaction of Cu species with electron deficient interior surface of CNTs, 

calcination process could directly realize the auto-reduction of Cu oxide with CNTs 

itself as reductant. In dimethyl oxalate (DMO) hydrogenation reaction, the auto-reduced 

Cu@CNTs catalyst without pre-reduction exhibited excellent catalytic activity, high 

target product selectivity and catalytic efficiency. Furthermore, the effect of calcination 

temperature on the auto-reduction degree of Cu@CNTs and the product selectivity in 

DMO hydrogenation were investigated in detail. The reaction results disclosed that the 

auto-reduction degree could be tuned facilely by changing the calcination temperature, 

and the highest selectivity of ethanol could be obtained over the Cu@CNTs-500 catalyst. 

The findings obtained in this study will inspire the development of other auto-reduced 

catalysts whose reduction degree and catalytic performance can be tuned facilely as 

desired. 

 

Keywords: Carbon nanotubes, Auto-reduction, Copper, Dimethyl oxalate, 

Hydrogenation 
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2.1. Introduction 

Carbon nanotubes (CNTs), since being first reported in 1991, has drawn increasing 

attention for being used as novel catalyst support. [1-3] Many studies have shown the 

advantages of CNTs as catalyst support for some chemical reactions, such as ammonia 

decomposition/synthesis, Fischer-Tropsch synthesis and hydrogenation reaction. [4-7] 

This special one-dimensional carbon nanomaterial exhibits many unique features, 

including well-defined nano-channel, graphene-like tube wall and sp2 hybridized carbon 

framework, making it an intriguing catalyst support. [8, 9] As catalyst support, the 

CNTs can eliminate the intraparticle mass transfer in the reaction medium, offer strong 

metal-support interaction and promote the reducibility of the metals loaded inside its 

channels. [10-12] In addition, the well-defined nano-channels of CNTs were constructed 

by curved graphene layers. As a result, the deformed sp2 hybridization in the graphene 

walls shifts π electron density from the inner surface to the outer surface of CNTs, [8, 

13, 14] therefore changing the physical, chemical and catalytic properties of the 

CNTs-based catalysts. An interesting phenomenon arising with CNTs was that the 

transition metal oxide, such as Fe, Co, Ni, encapsulated inside the CNTs could be 

auto-reduced to its metallic state if being calcined in an inert gas atmosphere. [15-17] 

Chen et al. [15] presented direct experimental evidence of facile reduction of Fe2O3 

nanoparticles located inside the nano-channels of CNTs at 600 °C. This is the first 

example of transition metal obtained through direct reduction of metal oxide by the 

CNTs support in helium atmosphere. Recently, two Co/CNTs catalysts activated 

respectively in nitrogen atmosphere and hydrogen atmosphere were prepared and tested 

for NH3 decomposition reaction. [18] The catalytic activity of Co/CNTs catalyst 

reduced by CNTs support in nitrogen atmosphere was almost 1.2 times higher than that 
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of Co/CNTs catalyst reduced in hydrogen atmosphere. The auto-reduced behavior of the 

CNTs-based catalyst provides a facile way to reduce active metal species with lower 

cost and simplified process, which is considerably significant for many catalytic 

reactions. 

Ethanol and ethylene glycol (EG) are attractive products and versatile feedstocks 

for the synthesis of various products (e.g., chemicals, fuels and polymers), which are 

mainly produced from petroleum-derived ethylene in the present industrial approach. 

[19-21] With the decline of crude oil reserve, developing an alternative synthesis 

method for EG or ethanol from syngas via dimethyl oxalate (DMO) hydrogenation has 

attracted increasing attention (Scheme 2.1). DMO production from syngas is already 

commercialized by UBE Industries Ltd. of Japan using Pd-based catalyst and NOx. For 

DMO hydrogenation reaction, the copper (Cu)-based catalyst is extensively studied, 

since its outstanding catalytic activity and low cost if being used for industrial 

application. [22-24] Copper is a typical transition metal, and its oxides have attracted 

extensive attention in many reactions, [25-28] e.g., hydrogenation, coupling reaction, 

methanol synthesis and water gas shift reaction. Prior to application for reactions, 

almost all the Cu-based catalysts needed to be reduced in hydrogen atmosphere, since 

the catalytic active sites are generally Cu0 or Cu+. Nevertheless, this additional 

reduction step is not beneficial for industrialization from the practical viewpoint of 

reducing cost and simplifying process. Therefore, it is significant that the high 

reducibility of CNTs can be utilized to prepare an auto-reduced Cu-based catalyst. 

Moreover, although the common and effective catalysts for DMO hydrogenation were 

silica supported Cu catalysts in most researches, the silica support could be a fatal flaw 

in DMO hydrogenation process because of the leaching of the silica under the gas phase 
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reaction condition containing methanol [29]. Thus, the development of the non-silica 

catalysts for the DMO hydrogenation will have increased interests in both academia and 

industry. Many studies have shown the advantages of CNTs as catalyst support for 

some chemical reactions. However, to the best of our knowledge, CNTs-encapsulated 

Cu catalyst used for DMO hydrogenation to synthesize EG and ethanol was rarely 

reported until now. Moreover, the interaction of Cu species with electron deficient 

interior surface of CNTs during the calcination process was barely investigated, and the 

auto-reduced Cu@CNTs catalyst without pre-reduction has never been used for DMO 

hydrogenation. 

In this report, by combining the advantages of CNTs and the reduction requirement 

of Cu-based catalysts, an auto-reduced Cu@CNTs catalyst consisting of Cu 

nanoparticles encapsulated inside the nano-channels of CNTs was designed and 

prepared for the selective hydrogenation of DMO. The auto-reduction behavior and 

catalytic performance for DMO hydrogenation of Cu@CNTs catalyst were investigated. 

By changing the catalyst calcination temperature, we could facilely tune the 

auto-reduction degree of Cu@CNTs catalysts. The effect of varied calcination 

temperature on the reaction direction controlling in DMO hydrogenation reaction over 

the Cu@CNTs catalysts was studied in detail. 

 

2.2. Experimental section 

2.2.1 Catalyst preparation 

In this report, we selected two kinds of catalyst support, multiple wall CNTs (inner 

diameter: 20-30 nm; length: 1-10 μm; Chengdu, China) and activated carbon (AC, 

40-60 mesh, Kanto Chemical Co. Inc., Japan), for Cu-based catalysts preparation. In 
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order to remove the residual metals or impurities in the CNTs and AC supports, the 

CNTs was pretreated with a 65 wt% HNO3 solution at 120 oC for 14 h, and the AC was 

pretreated with a 30 wt% HNO3 solution at 60 oC for 10 h. Both supports were then 

washed with deionized water until pH = 7, followed by vacuum drying for 12 h at 60 oC. 

The obtained CNTs and AC were used for the Cu-based catalysts preparation in the 

following section. 

The auto-reduced Cu@CNTs catalyst was prepared by a convenient 

sonication-assisted impregnation method. In a typical procedure, a certain amount of 

Cu(NO3)2·3H2O was dissolved in deionized water at ambient temperature and then 

dripped into the pretreated CNTs, stirred with the assistance of ultrasonic for 30 min. 

Subsequently, a calculated amount of deionized water was dripped, sonicated for 

another 30 min. After vacuum drying for 1 h, the obtained dark product was dried 

overnight at 120 oC and then calcined at 350, 450, 500, 550 or 650 oC under argon 

atmosphere for 3 h (heating rate: 3 oC/min), respectively. The obtained catalysts were 

denoted as Cu@CNTs-x, where the “x” stands for the calcination temperature. For 

comparison, two reference catalysts, Cu/AC-350 and Cu/CNTs-350 (Cu-outside-CNTs), 

were also prepared by the same method to that of Cu@CNTs-350. For Cu/CNTs-350, a 

specific pre-filling procedure on CNTs was used before the Cu(NO3)2 solution 

impregnation process. Briefly, the CNTs was first pre-impregnated with 1 ml xylene at 

the assistance of ultrasound, inhibiting the entrance of Cu(NO3)2 solution into its inner 

wall. The Cu theoretical loading amount on all the catalysts was 15 wt%. 

2.2.2 Catalyst characterization 

Transmission electron microscopy (TEM) was performed on a JEM-2100UHR 

(JEOL) at an acceleration voltage of 120 kV. X-ray powder diffraction (XRD) spectra 
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for the calcined catalysts were recorded by a Rigaku D/max-2550 V diffractometer 

employing Cu Kα radiation (λ= 1.54 Å), 40 kV tube voltage and 20 mA current. The 

scanning rate was 0.02o/s with a scanning angle ranging from 10o to 80o. 

Thermogravimetric analysis (TG) was carried out on the TG-DTA2010SA-TD23 

(NETZSCH, Japan) using argon as the purge gas. The flow rate of purge gas was 30 

ml/min and the heating rate was 3 oC/min. N2 adsorption-desorption isotherms were 

measured on a Quantachrome NOVA 2200 sorptometer. The specific surface area was 

calculated from the isotherms through the method of Brunauer-Emmett-Teller (BET). 

The interaction of Cu oxide with CNTs support in calcination process was studied 

by a catalyst analyzer BELCAT-B-TT (BEL Japan Co. Ltd.) equipped with a thermal 

conductivity detector (TCD) and a mass spectrometry (BEL-mass). The catalyst 

precursor, without calcination process, was first pretreated in argon flow at 120 oC for 1 

h to remove the water and then cooled to 50 oC. CO and CO2 desorption were recorded 

along with heating catalyst precursor from 50 oC to 350, 450, 500, 550 or 650 oC at the 

heating rate of 3 oC/min under argon atmosphere, respectively. The desorbed products, 

CO and CO2, were detected by mass spectrometry. 

Temperature-programmed reduction (TPR) profiles of the catalysts were recorded 

using a catalyst analyzer BELCAT-B-TT (BEL Japan Co. Ltd.) equipped with a thermal 

conductivity detector (TCD). Prior to measurement, the calcined catalyst was pretreated 

with argon gas flow at 120 oC for 1 h to remove traces of water and then cooled to 50 oC. 

TPR analysis on catalyst was performed using 5% H2/Ar with a flow rate of 30 ml/min, 

and the temperature was raised from 50 to 800 oC with the heating rate of 10 oC/min. 

The metallic Cu surface area of catalyst was measured by the decomposition of 

N2O at 90 oC using a pulsed method. The consumption of N2O was detected by a TCD 
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detector, and the surface area of metallic Cu was calculated from the total consumption 

amount of N2O with 1.46 × 1019 Cu atoms per m2. 

CO chemisorption experiments were performed to quantify the surface area of Cu+ 

by using an automatic chemisorption analyzer (Quantachrome), and the CO adsorption 

stoichiometry was assumed as Cu:CO = 1:1. [43] 

2.2.3 Catalytic performance test 

The catalytic performance of catalysts was measured with a stainless steel fixed 

bed reactor. Typically, 0.125 g catalyst mixed with 3 g quartz sand was placed in the 

middle of the reactor with quartz wool packed in both sides of the catalyst bed. Then, 

the system was heated to reaction temperature and pressured to 2.5 MPa. A 15 wt% 

DMO solution (1, 4-dioxane as solvent) was continuously pumped into the reactor with 

co-feeding H2 at a H2/DMO molar ratio of 200. The liquid products were condensed in a 

cold trap and then analyzed using a gas chromatography instrument equipped with a 

flame-ionization detector, in which 2-propanol was employed as the internal standard. 

 

2.3. Results and discussion 

2.3.1 Physicochemical features of Cu@CNTs-350 and reference catalysts 

TEM is a convenient and powerful technique that provides direct information 

about the microstructure of samples. For the Cu@CNTs-350 catalyst, the TEM images 

of Cu nanoparticles encapsulated inside the nano-channels of CNTs were presented in 

Figure 2.1. The CNTs had opened tips, and majority of the Cu nanoparticles (87%) with 

the size of 10 to 20 nm dispersed well inside the nano-channels of CNTs, indicating that 

the sonication-assisted impregnation method successfully afforded a catalyst with Cu 
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nanoparticles encapsulated inside CNTs. A similar result has also been reported by 

Wang et al. [30] It can be explained by the capillary force that effectively helped to suck 

the metal salt solution into the inner channels of CNTs. For comparison, a 

Cu/CNTs-350 reference catalyst with Cu supported on the outer surface of CNTs was 

also prepared by the same method of Cu@CNTs-350, except adding a specific 

pre-filling procedure on CNTs before the Cu(NO3)2 solution impregnation process. For 

Cu/CNTs-350 reference catalyst, Cu nanoparticles had been deposited evenly on the 

outer surface of CNTs observed from TEM, as shown in Figure 2.2. Cu nanoparticles 

loaded outside of CNTs was attributed to the fact that xylene was pre-filled in the CNTs 

channels at the assistance of ultrasound, inhibiting the entrance of Cu(NO3)2 solution 

into CNTs channels. Furthermore, TEM micrographs of Figure 2.1 indicated that the 

inner diameter and wall thickness of CNTs were about 20-30 nm and 10-20 nm, 

respectively. The physicochemical properties of Cu@CNTs-350 and reference catalyst 

were listed in Table 2.1. The average pore diameter (23.4 nm) of Cu@CNTs-350 

calculated from N2 adsorption-desorption data was consistent with the TEM results. 

Since the Cu nanoparticles were encapsulated inside the nano-channels of CNTs, 

the crystal phase of Cu nanoparticles of Cu@CNTs catalyst would be changed during 

calcination process. The effect of CNTs support on the crystal phase of Cu nanoparticles 

after calcination could be confirmed by XRD. Figure 2.3 showed the XRD patterns of 

Cu@CNTs-350 and the reference catalysts, Cu/AC-350 and Cu/CNTs-350, only after 

calcination in argon atmosphere without further reduction by hydrogen. For the XRD 

patterns of Cu@CNTs-350 and Cu/CNTs-350 catalysts, a series of weak diffraction 

peaks ascribed to the CuO (JPCDS 44-0706), Cu2O (JCPDS 34-1354) and Cu phase 

(JCPDS 01-1241) were observed clearly, whereas only the peaks assigned to CuO phase 
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could be detected on Cu/AC-350 catalyst. Comparing the XRD pattern of 

Cu@CNTs-350 catalyst with that of Cu/CNTs-350 catalyst, more metallic Cu and 

monovalent Cu could be detected on the Cu@CNTs-350 catalyst. These results 

indicated that the auto-reduction of Cu nanoparticles encapsulated inside CNTs 

channels was easier to realize than those loaded outside of CNTs channels and other 

carbon materials. 

Calcination of Cu@CNTs precursor is vitally important in catalyst preparation 

process, which directly reflects the interaction between Cu species and CNTs support. 

In order to investigate the interaction of Cu species with CNTs support during the 

calcination process, TG and TPD-MS were used to study the thermodynamic behavior 

of the process through the thermal weight loss and desorption. 

To eliminate the interference from CNTs support, the TG curve of the pretreated 

pure CNTs calcined in argon atmosphere was shown in Figure 2.4(a). For pure CNTs, a 

18% weight loss could be detected when the sample was heated to 800 oC. A same 

temperature-rising program was also applied for TPD-MS on the pure CNTs, and the 

outlet gas was detected by mass spectrometry. Two CO2 desorption peaks at 209 and 

655 oC were observed respectively, while only one CO desorption peak could be 

detected at the temperature higher than 650 oC (Figure 2.4(b)). CO2 desorption at 209 

oC could be attributed to the decomposition of carboxyl groups chemically bonded on 

the surface of CNTs, [31] and the CO2 and CO desorption above 650 oC were ascribed 

to the decomposition of phenol, carbonyl and ether groups. [32, 33] 

To investigate the calcination process of Cu@CNTs-350, the operating conditions 

of TG and TPD-MS were identical for the calcination process of Cu@CNTs-350. The 

sample before analysis was only dried at 120 oC without calcination. The TG curve of 
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Cu@CNTs-350 under argon atmosphere was displayed in Figure 2.4(c). Compared with 

the pure CNTs, the weight loss line of Cu@CNTs-350 decreased sharply. The CO2 and 

CO desorption curves obtained from TPD-MS were shown in Figure 2.4(d). The CO2 

desorption peak around 200 oC overlapped with that of the pure CNTs (Figure 2.4(b)), 

mainly attributed to the decomposition of carboxyl groups on the surface of CNTs. Due 

to the presence of Cu oxide, the CO2 desorption became very complicated. Considering 

the fact that there was almost no CO desorption for pure CNTs below 650 oC, therefore 

the CO desorption could be utilized to investigate the interaction between Cu species 

and CNTs support. The CO desorption curve in Figure 2.4(d) exhibited three major 

desorption peaks in the range of 179-200 oC, 200-240 oC and 243-316 oC, respectively. 

It was reported that the reduction temperature of highly dispersed CuxO species was 

lower than that of bulk CuxO species due to their relatively higher exposed surface area. 

[34] Therefore, the first CO desorption peak in 179-200 oC could be attributed to the 

reduction of highly dispersed CuO to Cu2O, and the CO desorption peak at 200-240 oC 

was assigned to the partial reduction of bulk CuO to Cu2O. With increasing the 

temperature, a portion of highly dispersed Cu2O was reduced to metallic Cu, as 

suggested by the emergence of CO peak between 243 and 316 oC. Moreover, as given 

by Figure 2.4(e), there were no desorption of CO and CO2 when the temperature was 

kept at 350 oC for 3 h, indicating that the Cu species have no obvious change in this 

constant calcination process. 

The reduction of Cu oxide could be attributed to the interaction of Cu species with 

interior surface of CNTs. Due to the shift of π electron density from the inner surface to 

the outer surface of CNTs, the interior surface of CNTs was in an electron-deficient 

state. [8, 13, 14] Chen et al. have reported that the interaction between the 
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electron-deficient CNTs interior surface and the metallic oxide could lead to weakened 

bond strength of metal-oxygen and hence lower the activation energy for its reduction. 

[15] Therefore, the Cu oxide could be facilely reduced through its interaction with 

CNTs support in inert atmosphere, and the oxygen atoms of Cu oxide would react with 

carbon atoms to realize the auto-reduction of Cu@CNTs. 

The reduction of Cu@CNTs-350 catalyst in hydrogen atmosphere also revealed the 

reducibility of Cu species encapsulated inside CNTs enhanced by CNTs support. Figure 

2.5 showed the H2-TPR profiles of Cu@CNTs-350 and the reference catalysts, 

Cu/AC-350 and Cu/CNTs-350. It was reported that the lower reduction temperature 

peak was attributed to the reduction of highly dispersed CuxO, and the higher reduction 

temperature was originated from the reduction of bulk CuxO. [34] For Cu@CNTs-350 

catalyst, the both reduction peaks emerged at lower temperature than those of reference 

catalysts, demonstrating its enhanced reducibility due to the existence of close 

interaction between Cu species and CNTs support. Moreover, it is worth to be noted 

that the decreasing hydrogen consumption of the first peak on the Cu@CNTs-350 and 

Cu/CNTs-350 catalysts, compared with that on Cu/AC-350 catalyst, was observed, 

which further confirmed the partial reduction of the well dispersed CuxO by CNTs 

support during catalyst calcination process under argon atmosphere. 

2.3.2 Catalytic activity of Cu@CNTs-350 and reference catalysts 

The catalytic performances of Cu@CNTs-350, the reference catalysts of 

Cu/AC-350 and Cu/CNTs-350 for DMO hydrogenation were evaluated in a fixed-bed 

reactor at 240 oC and 2.5 MPa as in Figure 2.6. It has been reported that the main active 

sites for Cu-based catalyst in DMO hydrogenation were Cu0 and Cu+. [35, 36] Thus, a 

reduction step was supposed to be indispensable prior to catalytic test. As suggested by 
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XRD and TPD-MS measurements (Figure 2.3 and Figure 2.4), Cu oxide could be 

reduced by CNTs support under argon atmosphere in calcination process. Therefore, the 

auto-reduced Cu@CNTs-350 catalyst without any further reduction was directly used 

for DMO hydrogenation, and the same operation was adopted for the reference catalysts 

Cu/AC-350 and Cu/CNTs-350. The selective hydrogenation of DMO was based on the 

following consecutive reaction scheme: DMO hydrogenation to methyl glycolate (MG), 

then MG hydrogenation to EG, and followed by deep hydrogenation of EG to ethanol 

(Scheme 2.1). As compared in Figure 2.6, the DMO conversion and EG selectivity of 

Cu@CNTs-350 catalyst were 99.4% and 87.3% separately, obviously superior to those 

of reference catalysts. The highest catalytic performance of Cu@CNTs-350 may be 

ascribed to the existence of abundant Cu0 and Cu+ formed by auto-reduction behavior of 

CNTs support. 

The low catalytic activity of Cu/AC-350 and Cu/CNTs-350 catalysts showed in 

Figure 2.6 was mainly due to the insufficient surface area of Cu0 and Cu+ active sites 

(Figure 2.3). Therefore, the catalytic activity experiments on the Cu/AC-350H, 

Cu/CNTs-350H and Cu@CNTs-350H catalysts with addition of a conventional 

reduction step were also conducted. As shown in Table 2.2, although the DMO 

conversion of Cu/AC-350H and Cu/CNTs-350H catalysts was obviously enhanced, but 

their EG selectivity was still lower than that of Cu@CNTs-350 catalyst. These results 

also demonstrated that the auto-reduced Cu@CNTs catalyst even without pre-reduction 

exhibited excellent catalytic activity and high target product selectivity, much better 

than other reference Cu-based catalysts with or without reduction. In addition, 

considering Ag was frequently used for DMO hydrogenation, an Ag@CNTs-350 

catalyst was also prepared and utilized in DMO hydrogenation to EG. As shown in the 
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XRD pattern of Ag@CNTs-350 catalyst (Figure 2.7), the auto-reduction of Ag oxide 

could also realize in calcination process with CNTs itself as reductant. Compared with 

Cu@CNTs-350 catalyst, the catalytic activity of Ag@CNTs-350 and Ag@CNTs-350H 

catalysts was lower than that of Cu@CNTs-350 catalyst, especially for ethylene glycol 

selectivity (Table 2.3). The main product of DMO hydrogenation over Ag@CNTs-350 

and Ag@CNTs-350H catalyst at 240 oC was MG. This result was mainly due to the 

relatively weak hydrogenation property of the Ag active sites compared to Cu [37-40]. 

The catalytic efficiency of catalyst is important for selective hydrogenation of 

DMO from the practical viewpoint. Thus, the catalytic efficiency of auto-reduced 

Cu@CNTs-350 catalyst was evaluated at different LHSV and shown in Figure 2.8(a). 

Although increasing the LHSV from 0.2 h-1 to 1.6 h-1, the catalyst activity for DMO 

hydrogenation was still stable. In addition, to our surprise, the DMO conversion (99.9%) 

and EG selectivity (96.0%) were significantly higher than those reported in the literature 

even at a relatively high LHSV of 1.6 h-1. [41, 42] The high catalytic efficiency here 

could be attributed to the larger inner diameter of CNTs to some extent, which provided 

an enough reaction space for DMO hydrogenation. The channel of CNTs with special 

tubular structure could act as a microreactor. When DMO and the intermediate (MG) 

diffused through the channels of CNTs, they would be in further contact with other Cu 

active sites loaded inside the channels of CNTs to produce more EG (Scheme 2.2). 

Moreover, the stability of catalyst is of great importance besides catalytic activity 

and selectivity. The catalytic activity as a function of time on stream for the 

Cu@CNTs-350 catalyst was investigated. As demonstrated in Figure 2.8(b), the 

Cu@CNTs-350 catalyst retained its high catalytic activity even after 200 h. Therefore, 

the auto-reduced Cu@CNTs catalyst developed in this report had great potential for 
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industrial application as a highly efficient and stable catalyst for DMO hydrogenation 

without pre-reduction step. 

2.3.3 Effect of calcination temperature on auto-reduction degree of Cu@CNTs catalysts 

Since the auto-reduction behavior proceeded in the calcination process, it is 

reasonable to postulate that the auto-reduction degree of Cu@CNTs catalyst could be 

tuned by altering the calcination temperature. 

XRD characterization was carried out to investigate and compare the phase 

evolution for the auto-reduced Cu@CNTs as a function of calcination temperature 

(Figure 2.9). The characteristic diffraction peaks of CuO on the Cu@CNTs-450 catalyst 

disappeared totally, which indicated the full reduction of CuO into Cu2O and Cu by 

CNTs support at temperature above 450 oC. There was no obvious change on the 

valence state of Cu species when the calcaination temperature was increased from 450 

oC to 550 oC. However, elevating the calcination temperature from 450 oC to 550 oC 

made the diffraction peak of metallic Cu gradually stronger, while the diffraction peak 

of Cu2O became weaker, indicating the step-by-step reduction of Cu2O to Cu with 

increasing calcination temperature. Further increasing the calcination temperature to 

650 oC resulted in the complete reduction of Cu2O to Cu, as evidenced by the 

disappearance of characteristic diffraction peaks of Cu2O. This phenomenon suggested 

that the auto-reduction degree of Cu oxide strongly depended on the calcination 

temperature in argon atmosphere. Based on the XRD results, therefore, the 

auto-reduction degree of Cu@CNTs catalyst could be facilely tuned by tuning the 

calcination temperature. 

The auto-reduction degree of Cu@CNTs at varied calcination temperature was also 

investigated by H2-TPR. In Figure 2.10, the position, intensity and shape of the 
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reduction peaks of Cu@CNTs catalysts were significantly different at varied calcination 

temperature. With increasing the Cu@CNTs catalyst calcination temperature, the 

reduction temperature of Cu species shifted toward lower temperature. In addition, the 

hydrogen consumption area decreased obviously with increasing the calcination 

temperature to 550 oC, because a fraction of CuO had been auto-reduced to Cu2O or Cu 

by CNTs support. This result was consistent with the above XRD findings. For 

Cu@CNTs-650, since complete reduction of CuO or Cu2O to Cu, thus there was no 

hydrogen consumption peak on its TPR profile. The interaction between Cu oxide and 

CNTs support was believed to be responsible for the change of auto-reduction degree of 

Cu@CNTs at varied calcination temperature. The elevated calcination temperature here 

could enhance the interaction of Cu oxide with CNTs support, finally reaching higher 

reduction degree of Cu@CNTs catalyst. 

More detailed information on the interaction between Cu oxide and CNTs support 

at different calcination temperature in argon atmosphere could be further disclosed by 

TG and TPD-MS given in Figure 2.11(a) and Figure 2.11(b). A same temperature-rising 

program to that of calcination process was used for TG and TPD-MS analysis. The 

temperature was increased from 50 oC to 450, 500, 550 or 650 oC at a ramping rate of 3 

oC/min in Ar, respectively. As shown by Figure 2.11(a), the weight loss increased 

gradually with elevating the calcination temperature. Compared with Cu@CNTs-350 

catalyst, the CO desorption curve of Cu@CNTs-450 catalyst showed four major peaks. 

The emerged CO desorption peak at 316-419 oC is mainly due to the reduction of bulk 

CuO to bulk Cu2O and highly dispersed Cu2O to metallic Cu. Although no new CO 

desorption peak emerged when the temperature was gradually increased to 650 oC, the 

CO desorption curve was still in upward trend, which indicated the continuous 
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reduction of Cu2O to metallic Cu. The complete reduction of Cu2O to metallic Cu was 

accomplished at the temperature of 650 oC, which had also been demonstrated by XRD 

(Figure 2.9) and H2-TPR (Figure 2.10) analysis results. 

In DMO hydrogenation reaction, a cooperative effect between Cu0 and Cu+ of 

Cu-based catalyst played a key role on products selectivity as proposed by Gong et al. 

[43] According to our studies above, the calcination temperature of Cu@CNTs catalyst 

could effectively tune the auto-reduction degree of Cu species, which changed the 

surface area of Cu0 and Cu+ active sites. Table 2.4 illustrated the physicochemical 

features of Cu@CNTs calcined at different temperature, wherein the exposed surface 

area of Cu0 and Cu+ was determined by N2O pulse adsorption and CO chemisorptions, 

respectively. From N2O pulse adsorption results, large Cu0 surface area was exhibited in 

the auto-reduced Cu@CNTs catalysts, and the surface area gradually increased with 

increasing calcination temperature, demonstrating the higher reduction degree of 

Cu@CNTs catalyst under the higher calcination temperature. In addition, the Cu+ 

surface area first increased and then decreased with the increasing calcination 

temperature, and the largest Cu+ surface area was obtained over the Cu@CNTs-450 

catalyst. With the increase of calcination temperature from 450 to 650 oC, the Cu+ 

surface area decreased simultaneously, possibly due to the reduction of more Cu+ to Cu0 

by CNTs support under elevated temperature. These findings indicated that the 

auto-reduction degree of Cu@CNTs catalyst strongly depended on the calcination 

temperature, as also supported by the XRD (Figure 2.9), TPR (Figure 2.10) and 

TPD-MS (Figure 2.11) analysis results. In addition, the Cu loading in the calcined 

Cu@CNTs-x catalysts determined by ICP was listed in Table 2.4. The Cu loading of 

Cu@CNTs-350 and Cu@CNTs-450 was slightly lower than the theoretical value (15%), 
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which might be due to the presence of residual Cu in the solution that was not adsorbed 

by the catalysts. With increasing the calcination temperature, the Cu loading was 

increased gradually with elevating calcination temperature, due to the different weight 

loss of CNTs support in calcination processing. 

2.3.4 Catalytic performance of Cu@CNTs-x catalysts for DMO hydrogenation 

The calcination temperature of Cu@CNTs catalyst could effectively tune the 

auto-reduction degree of Cu specie and the surface area of Cu0 and Cu+ active sites, 

which play an important role in the DMO hydrogenation. To further uncover the effect 

of calcination temperature on the catalytic performance of Cu@CNTs-x catalysts, the 

DMO hydrogenation over the auto-reduced Cu@CNTs-x was examined. DMO 

hydrogenation can be used to produce EG or ethanol, and the product selectivity are 

greatly influenced by the reaction conditions and the catalyst active sites composition. 

The catalytic activities of the Cu@CNTs-x catalysts calcinated in different temperature 

for the hydrogenation of DMO to EG were evaluated at 240 oC. As shown in Table 2.5, 

the DMO conversion and EG selectivity had almost no obvious changes over 

Cu@CNTs-x catalysts calcinated in different temperature. From thermodynamic 

perspective, the selective synthesis of products from DMO hydrogenation is primarily 

affected by the reaction temperature [44]. Therefore, it was a reasonable speculation that 

the relatively low reaction temperature (such as 240 oC) was favorable for the formation 

of EG, whereas inhibited the intramolecular dehydration of EG to ethanol which was 

thermodynamically favorable at high temperature (such as 260 oC-280 oC). This may be 

the reason why the EG selectivity almost had no obvious changes over Cu@CNTs-x 

catalysts. Ethanol formation through DMO hydrogenation involves many processes, 

such as the cleavage of C-O bonds, C=O bonds hydrogenation and subsequent 
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activation of O-H bands, which requires the catalyst owning well-optimized catalytic 

activity. Therefore, the ethanol selectivity in DMO hydrogenation can be adopted to 

evaluate the catalytic performance of Cu@CNTs-x catalysts. 

The catalytic performances of Cu@CNTs-x calcined at different temperature for 

DMO hydrogenation to ethanol were shown in Figure 2.12 and Table 2.6. All the 

auto-reduced Cu@CNTs-x catalysts exhibited excellent catalytic activity with DMO 

conversion higher than 99%. Along with the increase of calcination temperature of the 

Cu@CNTs-x catalysts, the selectivity of ethanol first increased and then decreased, and 

the highest selectivity of ethanol was obtained over the Cu@CNTs-500 catalyst. This 

result indicated that the calcination temperature of Cu@CNTs catalysts had significant 

effect on the ethanol selectivity, via tuning the surface area of Cu0 and Cu+ active sites 

to optimize the ethanol selectivity. However, no consensus has been reached on the 

precise roles of Cu0 and Cu+. In relation to the catalytic functions of Cu0 and Cu+ active 

sites in DMO hydrogenation, it is generally accepted that Cu0 sites dissociatively absorb 

hydrogen molecules and absorb intermediates through the hydroxyl group to facilitate 

the dehydration reaction, and that Cu+ sites strongly bind and activate the C-O bonds 

and C=O bonds [43, 44]. In addition, Cu+ active sites can also function as Lewis acidic 

sites to activate O-H via the electron long pair in oxygen [41]. On this account, both Cu0 

and Cu+ active sites play indispensable role in the hydrogenation of DMO to ethanol. As 

in Table 2.4 and Figure 2.12, with the increased Cu0 surface area determined by the 

increased Cu@CNTs calcination temperature from 350 oC to 650 oC, the selectivity of 

ethanol was enhanced and reached the maximum at Cu@CNTs calcination temperature 

of 500 oC. This trend means that Cu0 was not the only active sites for this consecutive 

reaction. It is referred that Cu+ acted as Lewis acid sites to catalyze EG to ethanol as 
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dehydration catalytic site, besides Cu0 site contribution. For Cu@CNTs-550 and 

Cu@CNTs-650 catalysts, both had very high Cu0 surface area but very low Cu+ surface 

area. Consequently, EG had no enough Cu+ Lewis acid sites to be converted to ethanol 

on these two catalysts, resulting in decreased ethanol selectivity. Correlating the ethanol 

selectivity and surface area of Cu0 and Cu+ active sites, we observed that the ethanol 

selectivity linearly increased with increasing Cu0 surface area from 4.6 to 18.8 m2/g, 

whereas it no longer remained this trend when the Cu0 surface area further increasing 

from 18.8 to 23.2 m2/g but primarily decreased with the decreased Cu+ surface area. 

According to the results obtained above, a hypothesis was proposed as that when the 

Cu0 surface area is below a certain value, the ethanol selectivity linearly increases with 

increasing Cu0 surface area, whereas it is primarily affected by the Cu+ surface area. 

This result is in agreement with a recent report from Ma et al., who suggested that the 

Cu0 and Cu+ active sites competed against each other to exert a dominant effect on the 

catalytic activity for hydrogenation of methyl acetate [45]. In summary, the calcination 

temperature has strong influence on the auto-reduction degree and products distribution, 

especially for ethanol selectivity, over the Cu@CNTs catalysts. 

 

2.4. Conclusions 

In this study, an auto-reduced Cu@CNTs catalyst without further reduction 

process was successfully prepared via a convenient sonication-assisted impregnation 

method and exhibited excellent catalytic performance for selective hydrogenation of 

DMO. Characterization on the Cu@CNTs catalyst disclosed that the Cu oxide 

encapsulated inside the nano-channels of CNTs could be auto-reduced by CNTs support 

during the calcination in argon atmosphere. The interaction of Cu species with the 
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interior surface of CNTs contributed to the auto-reduction of Cu@CNTs catalyst. The 

auto-reduced Cu@CNTs catalyst exhibited high catalytic activity on DMO 

hydrogenation. Varied catalyst calcination temperature had obvious effect on the 

auto-reduction degree of Cu@CNTs catalyst, by which to facilely tune the products 

distribution, especially ethanol selectivity in DMO hydrogenation reaction. The highest 

ethanol selectivity of 77.9% was obtained on the Cu@CNTs-500 catalyst which had a 

relatively high surface area of both Cu0 and Cu+. The findings in this report have great 

potential for ethanol synthesis though DMO hydrogenation and will also inspire the 

development on other auto-reduced catalysts where the reduction degree and catalytic 

performance can be tuned facilely as demanded.
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Scheme 2.1 Alternative synthesis approach for EG or ethanol from syngas via DMO 

hydrogenation.
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Scheme 2.2 DMO hydrogenation in the channel of Cu@CNTs catalyst. 
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Table 2.1 Physicochemical properties of Cu@CNTs-350 catalyst and reference 

catalysts. 

Catalyst 
Cu loading 

(wt%)[a] 

SBET 

(m2/g)[b] 

Vpore 

(cm3/g)[b] 

dpore 

(nm)[b] 

Crystallite 

size (nm)[c] 

Cu/AC-350 13.9 1075.0 0.8 1.5 13.0 

Cu@CNTs-350 14.3 142.8 0.5 23.4 16.8 

Cu/CNTs-350 14.5 135.6 0.5 21.7 18.7 

[a] The Cu loading was determined by ICP. [b] The BET specific surface area, pore 

volume and average pore diameter were determined by N2 adsorption. [c] The 

average crystallite size of Cu nanoparticles was calculated from the XRD data based 

on the Scherrer equation. 
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Table 2.2 Catalytic activity of different catalysts for DMO hydrogenation. 

Catalyst[a] Reduction[b] Conv. (%) 
Sel.(%)[c] 

Ethanol MG EG Others 

Cu/ACs-350 × 6.2 7.2 80.4 12.4 0.0 

Cu/ACs-350H √ 99.8 7.6 46.1 41.0 5.3 

Cu/CNTs-350 × 84.0 7.0 20.6 62.2 10.2 

Cu/CNTs-350H √ 98.9 4.4 8.6 76.6 10.4 

Cu@CNTs-350 × 99.4 7.9 0.9 87.3 3.9 

Cu@CNTs-350H √ 99.5 22.8 4.1 71.6 1.5 

[a] Reaction conditions: 240 oC, 2.5 MPa, LHSV = 0.2 h−1, H2/DMO = 200, reaction 

time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] Reduction conditions: the catalysts 

were pre-reduced in a 5%H2-95%N2 atmosphere at 300 oC for 3 h. [c] MG: methyl 

glycolate, EG: ethylene glycol, Others mainly consist of methyl methoxyacetate, 

methyl acetate, 1, 2-propanediol and 1, 2-butanediol. 
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Table 2.3 The catalytic performance of Ag@CNTs-350 catalysts. 

Catalyst[a] Conv. (%) 
Sel.(%)[b] 

Ethanol MG EG Others 

Ag@CNTs-350 73.1 0.7 86.6 6.6 6.1 

Ag@CNTs-350H 66.3 0.3 88.5 6.1 5.1 

[a] Reaction conditions: 240 oC, 2.5 MPa, LHSV = 0.2 h−1, H2/DMO = 

200, reaction time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] MG: 

methyl glycolate, EG: ethylene glycol, Others mainly consist of methyl 

methoxyacetate, methyl acetate, 1, 2-propanediol and 1, 2-butanediol. 
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Table 2.4 Physicochemical features of Cu@CNTs calcined at different 

temperature. 

Catalyst Cu loading (wt%)[a] SCu
0 (m2/g)[b] SCu

+ (m2/g)[c] 

Cu@CNTs-350 14.3 4.6 3.0 

Cu@CNTs-450 14.8 15.6 5.3 

Cu@CNTs-500 15.0 18.8 3.4 

Cu@CNTs-550 15.3 22.1 2.8 

Cu@CNTs-650 15.9 23.3 0 

[a] Cu loading determined by ICP. [b] The N2O pulse adsorption was employed to 

measure the exposed surface area of Cu0 (SCu
0). [c] The exposed surface area of 

Cu+ (SCu
+) was determined from CO chemisorption isotherms. 
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Table 2.5 The catalytic performance of Cu@CNTs-x catalysts for DMO 

hydrogenation. 

Catalyst[a] Conv. (%) 
Sel.(%)[b] 

Ethanol MG EG Others 

Cu@CNTs-350 99.4 7.9 0.9 87.3 3.9 

Cu@CNTs-450 99.7 8.5 1.7 89.1 0.7 

Cu@CNTs-500 99.8 9.4 0.7 89.2 0.7 

Cu@CNTs-550 99.7 8.5 1.3 89.0 1.2 

Cu@CNTs-650 99.7 8.2 2.1 88.8 0.9 

[a] Reaction conditions: 240 oC, 2.5 MPa, LHSV = 0.2 h−1, H2/DMO = 

200, reaction time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] MG: 

methyl glycolate, EG: ethylene glycol, Others mainly consist of methyl 

methoxyacetate, methyl acetate, 1, 2-propanediol and 1, 2-butanediol. 
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Table 2.6 The catalytic performance of Cu@CNTs calcined at different 

temperature. 

Catalyst[a] Conv. (%) 
Sel.(%)[b] 

Ethanol MG EG Others 

Cu@CNTs-350 99.4 7.9 1.8 87.4 2.9 

Cu@CNTs-450 99.5 34.1 2.2 61.1 2.6 

Cu@CNTs-500 99.5 77.9 0.9 17.5 3.7 

Cu@CNTs-550 99.5 34.1 3.0 60.5 2.4 

Cu@CNTs-650 99.7 28.7 1.1 66.7 3.5 

[a] Reaction conditions: 270 oC, 2.5 MPa, LHSV = 0.2 h−1, H2/DMO = 200, 

reaction time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] MG: methyl 

glycolate, EG: ethylene glycol, Others mainly consist of methyl 

methoxyacetate, methyl acetate, 1, 2-propanediol and 1, 2-butanediol. 



 
 

Chapter 2 

56 
 

 

Figure 2.1 TEM images of Cu@CNTs-350: (a) and (b) low magnification, (c) and (d) 

high magnification.
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Figure 2.2 TEM image of Cu/CNTs-350 catalyst.
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Figure 2.3 XRD patterns of (a) Cu/AC-350, (b) Cu/CNTs-350 and (c) Cu@CNTs-350. 
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Figure 2.4 TG and TPD-MS curves during calcination process of (a, b) CNTs, (c, d) 

Cu@CNTs-350 and the TPD-MS curve of (e) Cu@CNTs-350 thermal treatment at 350 
oC for 3 h.
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Figure 2.5 H2-TPR profiles of catalysts (a) Cu/AC-350, (b) Cu/CNTs-350 and (c) 

Cu@CNTs-350.
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Figure 2.6 Catalytic activities of Cu@CNTs-350 and reference catalysts. Reaction 

conditions: 240 oC, 2.5 MPa, liquid hourly space velocity (LHSV) = 0.2 h−1, H2/DMO = 

200, reaction time= 6 h.
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Figure 2.7 XRD patterns of Ag@CNTs-350 catalyst.
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Figure 2.8 Catalytic (a) efficiency and (b) stability of Cu@CNTs-350.



 
 

Chapter 2 

64 
 

10 20 30 40 50 60 70 80

★▲★▲

▲

◆
◆

In
te

n
si

ty
 (

a.
u

.)
 

2Theta (degree)

 

(a)

★▲
★

★▲

▲

(b)

 

★▲★

★

▲

▲

(c)

 

★
★

★

▲▲

◆

▲

(d)

 

■★■
★

★
■

(e)

 

 

■  C ▲ Cu2O
◆ CuO ★ Cu

 

Figure 2.9 XRD patterns of (a) Cu@CNTs-350, (b) Cu@CNTs-450, (c) 

Cu@CNTs-500, (d) Cu@CNTs-550 and (e) Cu@CNTs-650.
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Figure 2.10 H2-TPR profiles of (a) Cu@CNTs-350, (b) Cu@CNTs-450, (c) 

Cu@CNTs-500, (d) Cu@CNTs-550 and (e) Cu@CNTs-650.
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Figure 2.11 (a) TG and (b) TPD-MS of Cu@CNTs-x (x=450, 500, 550, 650).
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Figure 2.12 The catalytic performance of Cu@CNTs-x (x=350, 450, 500, 550, 650). 

Reaction conditions: 270 oC, 2.5 MPa, LHSV = 0.2 h−1, H2/DMO = 200, reaction time= 

6 h.
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Chapter 3 

Synergistic effect of boron-doped carbon nanotubes supported Cu 

catalyst for selective hydrogenation of dimethyl oxalate to ethanol 

 

Doping CNTs with boron is an efficient approach to improve the catalytic 

performance of CNTs based catalysts for hydrogenation of DMO to ethanol. 
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Abstract 

Heteroatom doping is a promising approach to improve the properties of carbon 

material for customized applications. Herein, a series of boron-doped carbon nanotubes 

supported Cu catalysts (Cu/xB-CNTs) were prepared for the hydrogenation of dimethyl 

oxalate (DMO) to ethanol. The structure and chemical properties of boron doped 

catalysts were characterized by XRD, TEM, N2O pulse adsorption, CO chemisorption, 

H2-TPR and NH3-TPD, which revealed that doping boron into CNTs support improved 

the Cu dispersion, strengthened the interaction of Cu species with CNTs support, 

introduced more surface acid sites and elevated surface area of both Cu0 and Cu+ sites, 

especially the surface area of Cu+ sites. Consequently, the catalytic activity and stability 

of the catalysts were greatly enhanced with boron doping. 100% DMO conversion and 

78.1% ethanol selectivity could be achieved over the Cu/1B-CNTs catalyst, whose 

ethanol selectivity was almost 1.7 times higher than that of the catalyst without boron 

doping. These results suggest that doping CNTs with boron is an efficient approach to 

improve the catalytic performance of CNTs based catalysts for hydrogenation of DMO. 

The boron-doped CNTs based catalyst with improved ethanol selectivity and catalytic 

stability will be helpful in the development of efficient non-silica materials supported 

Cu catalysts for selective hydrogenation of DMO to ethanol. 

 

Keywords: Carbon nanotubes, Boron doping, Hydrogenation, Ethanol, Copper 
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3.1. Introduction 

With dwindling petroleum resources and deteriorating global environment, 

searching for clean and renewable energy is a top priority for social sustainable 

development. Ethanol, as a form of alcohol that is combustible and can power engines 

easily, has been pushed to the center stage of clean and renewable energy. [1] Currently, 

ethanol is principally produced from microbial fermentation of agricultural feedstock 

and ethylene hydration over solid acidic catalysts, which are limited by the expensive 

biological process and shrinking oil resource. [2, 3] As an alternative route, the efficient 

production of ethanol from syngas (the mixture of CO and H2) with dimethyl oxalate 

(DMO) as the intermediate has gained increasing attention in recent years. [4] The 

successful industrialization of DMO produced from syngas makes the ethanol synthesis 

from hydrogenation of DMO a promising prospect. [5] Selective hydrogenation of 

DMO to ethanol is known to consist of several sequential reactions (Scheme 3.1): DMO 

reacting with hydrogen to methyl glycolate (MG), hydrogenation of MG to ethylene 

glycol (EG) and deep hydrogenation of EG to ethanol. [6] 

Versatile Cu-based catalysts have been known to afford excellent activity for DMO 

hydrogenation, as Cu active sites account for the selective hydrogenation of C–O bond 

and are relatively inactive for the hydrogenolysis of C–C bond. [7-8] Support materials, 

as an important component of Cu-based catalyst, have attracted increasing attention, 

because the Cu dispersion and the interaction between Cu species with support are 

strongly affected by the surface property and structure of the support material. [9-11] 

Currently, the silica supported Cu catalysts have been widely investigated for 

hydrogenation of DMO due to their high catalytic activity for DMO hydrogenation to 

ethanol. [12] Nevertheless, the usage of silica support could be a fatal flaw in the DMO 
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hydrogenation process because of the leaching of the silica under the gas phase reaction 

condition containing methanol. [13] The severe silica loss would not only result in the 

agglomeration of copper nanoparticles, but also degrade the quality of ethanol product. 

[14] Therefore, the development of non-silica support material is critical for obtaining 

highly active and stable Cu-based catalyst for DMO hydrogenation to ethanol from 

commercial application prospect. 

As one of the burgeoning and promising materials, carbon nanotubes (CNTs) have 

attracted considerable attention in the field of nanoscience and nanotechnology. In 

previous works, carbon nanotubes (CNTs) have been found to be outstanding catalyst 

support because of their unique features, including well-defined nano-channel, 

graphene-like tube wall and sp2 hybridized carbon framework. [15, 16] Moreover, 

heteroatom doped CNTs usually exhibit outstanding performance for specific purposes. 

In this contribution, the boron-doped carbon nanotubes (B-CNTs) were prepared and 

utilized as support for Cu-based catalyst. Boron (B), a heteroatom neighbouring carbon 

in the Periodic Table, differs only by one in its number of valence electrons compared to 

carbon atoms and hence doping boron into the graphitic lattice of CNTs is possible. [3] 

Doping boron atoms into the CNTs would significantly change the surface properties of 

CNTs and further introduce defect sites into CNTs lattice, which could act as the 

anchoring sites to support metal nanoparticles. [17, 18] Wang et al. [19] had reported 

that doping boron into CNTs created defect sites, resulting in the uniform deposition of 

Pt nanoparticles on B-CNTs. A theoretical study by Wang et al. [20] also indicated that 

the strong orbital hybridization between d orbitals of platinum atoms and p orbitals of 

boron atoms was believed to account for their enhanced chemical bonding. Accordingly, 

doping boron into CNTs may lead to tremendous improvements in Cu dispersion and 
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interaction between Cu species and CNTs support, which are vital for the high activity 

and stability in hydrogenation of DMO to ethanol. Moreover, boron atoms enter the 

carbon lattice by substituting the carbon atoms at the trigonal sites. [21] Because boron 

has three valence electrons, it can act as electron acceptor (Lewis acid) and tune the 

acid-base properties of B-CNTs supported Cu catalyst. [22] The acid sites over catalyst 

surface could be expected to catalyze the dehydration of hydroxyl groups and then 

metal sites could hydrogenate the unsaturated intermediates into ethanol. [23] One can 

envision that boron-doped CNTs as support can be a promising option to obtain highly 

active and stable non-silica Cu-based catalyst for DMO hydrogenation to ethanol. 

However, the CNTs, especially boron-doped CNTs, have been rarely reported as 

support of Cu-based catalyst for DMO hydrogenation to ethanol. 

In this work, a series of Cu/xB-CNTs catalysts were designed and prepared by 

thermal treating CNTs in the presence of boric acid followed by post impregnation with 

Cu species, and their catalytic performances were comprehensively evaluated in the 

hydrogenation of DMO to ethanol. In combination with systematic characterizations, 

the effect of boron doping on the Cu dispersion, interaction between Cu species and 

CNTs support, Cu0 and Cu+ distribution, as well as surface acidity of Cu/xB-CNTs 

catalysts were elucidated. Significant improvements in catalytic activity and stability 

could be achieved by boron-doped Cu/xB-CNTs catalysts. 

 

3.2. Experimental section 

3.2.1 Catalysts preparation 

Prior to doping, multi-walled carbon nanotubes (CNTs, inner diameter: 20−30 nm; 

length: 1−10 μm; Chengdu, China) were treated in a 65 wt% HNO3 solution at 120 oC 
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for 14 h and then washed with deionized water. The purpose of pretreatment was to 

eliminate the impurities and open the caps of CNTs. 

xB-CNTs supports: the boron-doped CNTs supports were prepared by thermal 

annealing of a mixture of CNTs and boric acid. Briefly, CNTs and boric acid were 

mixed with different weight ratio (boric acid: CNTs = 0.05: 1, 0.1: 1, 1: 1, 2: 1, 

respectively) and grinded for about 30 min to obtain a uniform mixture. Subsequently, 

the mixture was calcined at 1000 oC for 4 h under argon atmosphere and then refluxed 

in 3 M KOH solution to remove the unreacted boric acid after being cooled down to 

room temperature. Finally, the collected sample was washed with deionized water 

before drying at 80 oC in vacuum. The corresponding supports were denoted as 

0.05B-CNTs, 0.1B-CNTs, 1B-CNTs and 2B-CNTs, respectively. For comparison, 

CNTs support was also treated by the same thermal annealing procedure of xB-CNTs 

without adding boric acid, named as CNTs-T. 

Cu/xB-CNTs catalysts: Cu/xB-CNTs catalysts were prepared by a convenient 

sonication-assisted impregnation method with a constant Cu loading amount of 15 wt%. 

In a typical procedure, a certain amount of Cu(NO3)2•3H2O was dissolved in deionized 

water and then dripped into xB-CNTs supports, sonicated and stirred for 30 min. 

Subsequently, a calculated amount of deionized water was dripped, sonicated for 

another 30 min. All of these operations were conducted at room temperature. The 

resulting solid was dried overnight at 120 oC in vacuum and then calcined at 500 oC 

(ramping rate: 3 oC/min) under argon atmosphere for 3 h. For comparison, Cu/CNTs 

and Cu/CNTs-T catalysts with pristine CNTs and CNTs-T as supports were also 

prepared by the same synthesis procedure of Cu/xB-CNTs, respectively. 
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3.2.2 Catalysts characterization 

Field emission scanning electron microscope (FE-SEM) images were recorded 

using a JSM-6700F (Japan) instrument at an accelerating voltage of 5 kV. X-ray powder 

diffraction (XRD) measurements were conducted using a Rigaku D/max-2550 V 

diffractometer employing Cu Kα radiation (λ = 1.54056 Å) at room temperature. Data 

points were acquired by scanning with a rate of 0.02o/s from 2θ=10o to 2θ=80o. Raman 

spectra were recorded on a Renishaw inVia 2000 Raman microscope using an Ar+ ion 

laser at 514.5 nm wavelength. X-ray photoelectron spectroscopy (XPS) was conducted 

on a Thermo Fisher SCIENTIFIC ESCALAB 250Xi instrument equipped with an Al 

Kα X-ray radiation source (hv = 1486.6 eV). N2 adsorption-desorption isotherms were 

measured on a Quantachrome AUTOSORB-1. The specific surface area was calculated 

from the isotherms through the method of Brunauer-Emmett-Teller (BET). 

Transmission electron microscopy (TEM) was performed on JEOL-4010T (Japan) 

at an acceleration voltage of 400 kV. Elemental distribution in catalysts was determined 

by energy-dispersive X-ray spectroscopy (EDX) mapping technique in scanning TEM 

(STEM) mode. Prior to the TEM measurement, sample powder was dispersed in ethanol 

using a sonicator and then dripped onto a copper grid. 

The H2 temperature-programmed reduction (H2-TPR) was performed by using a 

catalyst analyzer BELCAT-B-TT (BEL Japan Co. Ltd.) equipped with a thermal 

conductivity detector (TCD). Prior to measurement, the sample was pretreated with 

helium gas flow at 150 oC for 1 h to remove traces of water. After cooling down to 50 

oC, the H2-TPR was conducted in a stream of 5% H2/Ar (30 ml/min) with a heating rate 

of 10 oC/min to 800 oC. 
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The NH3 temperature-programmed desorption (NH3-TPD) experiments were 

performed on the same equipment for H2-TPR measurement. In a typical procedure, the 

sample was pretreated with helium gas flow at 150 oC for 1 h to remove traces of water. 

After cooling down to 60 oC, a flow of NH3 gas mixture (5% in He, 30 ml/min) was 

introduced for 1 h, followed by a purge of helium gas to completely remove the 

unabsorbed NH3. Finally, chemisorbed NH3 was desorbed by heating from the 

absorption temperature up to 850 oC at a ramping rate of 10 oC/min, being monitored 

with MS signals at m/e = 17. 

In order to investigate the Cu0 and Cu+ sites, the surface area of Cu0 and Cu+ sites 

were measured by N2O pulse adsorption and CO chemisorption independently. The 

metallic Cu surface area was measured by the decomposition of N2O at 90 oC using a 

pulsed method with the equation: 2 Cu + N2O = Cu2O + N2. The consumption of N2O 

was detected by a TCD detector, and the surface area of metallic Cu was calculated 

from the total consumption amount of N2O with 1.46 × 1019 copper atoms per m2. CO 

chemisorption experiments were performed to quantify the surface area of Cu+ by using 

quantachrome automatic chemisorption analyzer, and the CO adsorption stoichiometry 

was assumed as Cu: CO = 1: 1. The CO chemisorption was conducted at room 

temperature (27 oC). 

3.2.3 Catalysts evaluation 

Catalytic evaluation of DMO hydrogenation was conducted in a continuous flow 

mode using a stainless steel fixed bed reactor. In a typical run, 0.125 g calcined catalyst 

mixed with 3 g quartz sand was placed in the middle of the reactor with quartz wool 

packed in both sides of the catalyst bed. Then, the system was heated to reaction 

temperature (300 oC), and the system pressure was precisely controlled at 2.5 MPa with 
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a back-pressure regulator. Then, a 15 wt% DMO solution with 1, 4-dioxane as solvent 

was continuously pumped into the reactor with co-feeding H2 at a H2/DMO molar ratio 

of 200. Finally, the products were condensed in a cold trap and then analyzed using a 

gas chromatography instrument (Shimadzu, GC-2014AF) equipped with a 

flame-ionization detector, in which 2-propanol was employed as the internal standard. 

 

3.3. Results and discussion 

3.3.1 Structure and surface properties of boron-doped CNTs support 

The boron-doped CNTs were prepared by thermal annealing of a mixture of CNTs 

and boric acid at 1000 oC. In the thermal annealing process, the boric acid molecules 

first melted and then decomposed to yield boron oxide with increasing temperature in 

the tubular furnace. At the same time, a part of oxygen-containing groups linked to the 

surface of CNTs were removed at high temperature. The defect and removal process of 

oxygen-containing groups provided active sites for boron doping into carbon lattice of 

CNTs. [24] Due to the excellent thermal stability, CNTs could remain its unique 

physical structure even treated by elevated temperature under inert gas. [25, 26] The 

FE-SEM images were taken to examine the morphologies of CNTs, CNTs-T and 

xB-CNTs, as shown in Figure 3.1(a-e). The CNTs-T and xB-CNTs exhibited similar 

tube structure with CNTs, indicating that the structure of CNTs did not be damaged 

during the thermal treatment and boron doping process. The similar result could be also 

obtained by XRD characterization in Figure 3.1(f). For all samples, several 

characteristic diffraction peaks for graphite structure of CNTs were presented in the 

XRD patterns. These peaks at 2θ of around 26, 43.1, 53.8 and 78.2o corresponded to the 

planes (002), (100), (004) and (110) of CNTs, respectively, [27] demonstrating that 
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CNTs-T and xB-CNTs maintained the same crystal structure as the original CNTs even 

after thermal treatment and boron doping. 

Raman spectrum is a very efficient and non-destructive tool to catch information 

about the presence of sp2-sp3 hybridization, doping and other crystal disorder of CNTs. 

As in Figure 3.2, the spectra of CNTs, CNTs-T and xB-CNTs showed two characteristic 

peaks located at around 1343 cm-1 (D band) and 1568 cm-1 (G band), which 

corresponded to the disordered carbon and in-phase vibration of the graphite lattice, 

respectively. [28, 29] The CNTs structure was retained after thermal treatment and 

boron doping, because there was no obvious shift or line broadening of Raman spectra, 

which was in accordance with the results of FE-SEM and XRD. The defect level in 

CNTs can be clearly reflected by the relative peak intensity ratio of the D band to G 

band (ID/IG). After calcined at 1000 oC for 4 h without doping boron, the ID/IG ratio of 

CNTs-T decreased from 0.726 of CNTs to 0.682. The decrease could be attributed to 

the fact that the thermal treatment removed a part of surface oxygen-containing 

functional groups and thus increased the order degree. Nevertheless, it is noticed that 

the ID/IG ratios for xB-CNTs were larger than that of CNTs, indicating the introduction 

of more defects and imperfections into xB-CNTs after boron doping. From the Raman 

spectra of xB-CNTs, the ID/IG ratios exhibited the following order: 

1B-CNTs>0.1B-CNTs>0.05B-CNTs, indicating that the defects increased with the 

enhanced weight ratio of boric acid to CNTs. Furthermore, compared with other CNTs 

analogues, the G band of 1B-CNTs exhibited a 13 cm-1 blue-shift, which might be due 

to the weaker B-C bonds and lighter boron atoms. [30] 

The XPS characterization was carried out to confirm the presence and chemical 

states of the doped boron. The XPS survey spectra of CNTs, CNTs-T and xB-CNTs 
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were illustrated in Figure 3.3(a). For CNTs and CNTs-T, no B1s peak was detected due 

to the absence of boron source. Besides the peaks of C 1s and O 1s, a small peak of B 1s 

was detected in the spectra of xB-CNTs, demonstrated the successful doping of boron. 

In addition, surface characterization by nanoscale elemental STEM-EDX mapping 

(Figure 3.4) was also used to determine the distribution of B species in the 1B-CNTs 

support. The distribution domain of B species was clearly located on the wall of CNTs, 

demonstrating that the B species were successfully doped into the outer and inner wall 

of 1B-CNTs support. More details of the doped boron could be achieved from the 

deconvoluted B 1s spectrum as compared in Figure 3.3(b-d). The B 1s spectrum was 

accordingly deconvoluted into three peaks with the binding energies of 190.2 (magenta 

line), 190.8 (olive line) and 191.8 eV (blue line). The peak at 190.2 eV corresponded to 

the B-C bonds in BC3 structure, [31] and the high-energy peaks at 190.8 and 191.8 eV 

could be ascribed to the B-O band in BC2O and BCO2 structure, respectively. [27, 32] 

The boron doped in CNTs could break the hexagonal lattice of graphitic shell and 

introduce more defects, and thus led to the increased ID/IG ratio in Raman spectrum 

(Figure 3.2). 

The content of each element calculated from the XPS survey spectra was 

summarized in Table 3.1. The boron contents of 0.05B-CNTs, 0.1B-CNTs and 

1B-CNTs obeyed the following order: 1B-CNTs>0.1B-CNTs>0.05B-CNTs, 

demonstrating that tunable boron content could be obtained by thermal annealing boric 

acid and CNTs with the varied weight ratio. Furthermore, the decrease of oxygen 

content on CNTs-T strongly suggested that most of surface oxygen-containing 

functional groups were removed by thermal treatment. This is in agreement with the 

result of Raman spectrum in Figure 3.2. Interestingly, the oxygen content increased 
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steadily with increasing boron content. This phenomenon was considered to be induced 

by the strong interaction of boron with oxygen-containing species, which had a 

relatively high affinity for electrons. The possible effects from this interaction on the 

chemical properties of boron-doped Cu/xB-CNTs catalysts will be discussed in detail at 

the following part. 

3.3.2 Structure and surface properties of boron-doped CNTs supported Cu catalysts 

As mentioned above, doping boron into CNTs introduced defect sites into CNTs 

lattice, and further significantly changed the surface properties of CNTs. Accordingly, 

doping boron into CNTs may realize remarkable improvements in the structure and 

chemical properties of boron-doped CNTs supported Cu catalyst. To investigate the 

effect of boron doping on copper species of catalysts, XRD patterns of boron-free and 

boron-doped CNTs supported Cu catalysts thermally treated in argon atmosphere at 500 

oC were collected and presented in Figure 3.5. 

The strong diffraction peak around 26o could be attributed to the graphite-like 

structure of CNTs. [33] For Cu/CNTs catalyst, the appearance of peaks from Cu2O and 

metallic Cu diffraction could be distinguished easily. The obvious Cu2O and metallic 

Cu peaks indicated that the facile reduction of copper species by CNTs support took 

place even in the absence of hydrogen. [34, 35] In contrast, the intensity of metallic Cu 

peaks of Cu/CNTs-T decreased sharply, because thermal treatment removed most 

surface oxygen-containing functional groups of CNTs, leading to the decrease of the 

reducibility of CNTs. [34] For Cu/xB-CNTs catalysts, due to the strong interaction of 

boron with oxygen-containing species, part of oxygen-containing functional groups 

were retained on the surface of xB-CNTs (Figure 3.3 and Table 3.1). Therefore, the 

reducibility of xB-CNTs was enhanced and the metallic Cu peaks were more obvious 
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than those of Cu/CNTs-T catalyst. It is worth noting that, with increasing amount of 

doped boron, the intensity of metallic Cu peaks of Cu/1B-CNTs decreased, probably 

because the electron-deficient boron doped in CNTs hindered the reduction of Cu2O to 

Cu. Theoretical calculations indicated that boron doping enhanced the interaction of 

positive-valence Cu species with CNTs support, which thus resulted in a relatively 

difficult reduction of Cu2O. [31, 36] Therefore, from XRD results, it is reasonable to 

conclude that boron doping could affect the reduction of Cu species by changing the 

interaction of copper species with CNTs support. The influence of boron doping on the 

interaction of Cu species with CNTs support could be further investigated by H2-TPR as 

in Figure 3.6. 

Compared with Cu/CNTs catalyst, Cu/CNTs-T catalyst displayed a higher 

reduction temperature (218 oC) than that of Cu/CNTs (145 oC), indicating that the 

reducibility of Cu species supported on CNTs-T support was lower. This difference 

should have the following reasons: the average size of Cu species increased from 16.1 

nm of Cu/CNTs catalyst to 19.2 nm of Cu/CNTs-T catalyst as in Table 3.3, which 

caused the Cu species to be reduced more difficultly. [34] The Cu/xB-CNTs catalysts 

with boron doping showed much higher reduction temperature and the reduction peak 

gradually shifted to higher temperature with increased boron amount. As an 

electron-deficient element, boron doped in the graphitic structure of CNTs could 

strengthen the interaction of positive-valence Cu species with CNTs support. [37] 

Therefore, boron doping hindered the transformation of the positive-valence Cu species 

to metallic Cu to some extent, and the positive-valence Cu species increased with 

increasing boron amount for the Cu/xB-CNTs catalysts. The higher reduction 
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temperature also demonstrated the strong interaction between Cu species and CNTs 

support, which could improve the stability of Cu species on the catalyst during reaction. 

Furthermore, dual peaks appeared in the H2-TPR patterns of Cu/xB-CNTs catalysts 

with high boron content, indicated that at least two different Cu+ species existed. Highly 

dispersed Cu species on supports were well documented to be more readily reduced 

than bulk Cu species. [38] Thus, the dual reduction peaks should be attributed to the 

reduction of highly dispersed Cu+ (left peak) and bulk Cu+ (right peak), respectively. 

With increasing boron content, the amount of highly dispersed Cu+ species increased 

gradually based on the proportions of the two peaks. These findings confirmed that 

boron doping could not only enhance the interaction of Cu species with CNTs support, 

but also control the valence distribution of copper species. In addition, the H2 

consumption peak at around 650 oC was attributed to the gasification of 

oxygen-containing functional group on the surface of CNTs support due to the 

reduction action of H2 at high temperature. [39, 40] 

Furthermore, the boron atoms entered the carbon lattice by substituting carbon 

atoms at the trigonal sites, which could act as electron acceptor, Lewis acid, in catalysts. 

Because the acidic sites were beneficial to deep hydrogenation of EG to ethanol, surface 

acidity played a critical role on ethanol selectivity in DMO hydrogenation. The 

NH3-TPD measurement was taken to evaluate the strength and quantity of acidic sites 

on Cu/CNTs, Cu/CNTs-T and Cu/xB-CNTs catalysts and the obtained profiles were 

compared in Figure 3.7. In order to eliminate the interference of other gaseous products，

the TPD-MASS was used to monitor the desorption of NH3 with MS signals at m/e = 17. 

No obvious NH3 desorption peak could be observed on Cu/CNTs and Cu/CNTs-T 

catalysts, whereas Cu/xB-CNTs catalysts exhibited multiple peaks corresponded to acid 
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sites of weak and medium strength, indicating that the doped boron was responsible for 

the surface acidity of Cu/xB-CNTs catalysts. The variation of surface acidity, induced 

by boron doping with varied amount, could exert great influence on ethanol selectivity 

of Cu/xB-CNTs catalysts for DMO hydrogenation to ethanol. 

3.3.3 Boron-doped CNTs supported Cu catalysts for DMO hydrogenation 

In order to investigate the effect of boron doping on the catalytic performances, 

DMO hydrogenation reactions catalyzed by boron-free and boron-doped catalysts were 

conducted under identical reaction conditions. DMO conversion and product selectivity 

over the series of catalysts were listed in Table 3.2. DMO conversion was close for all 

catalysts, while the best ethanol selectivity of 78.1% was obtained over the 

Cu/1B-CNTs catalyst. The catalytic activity for DMO hydrogenation versus 

Cu/xB-CNTs with different boron content was plotted in Figure 3.8. Under the given 

reaction conditions, although the DMO conversions of Cu/CNTs catalyst (99.8%) and 

Cu/1B-CNTs catalyst (100%) were so close, the selectivity of ethanol increased 

obviously from 46.4 to 78.1%. This result indicated that boron doping on Cu/xB-CNT 

catalysts had remarkable influence on the enhanced ethanol selectivity of DMO 

hydrogenation reaction. Furthermore, the catalytic performance of Cu/1B-CNTs catalyst 

was evaluated at different LHSV and shown in Figure 3.9. As the LHSV increasing 

from 0.2 h-1 to 1.0 h-1, the DMO conversion was still stable, with no significant changes, 

and the ethanol selectivity was gradually decreased from 88.8% to 65.2%. The XRD 

and TPR of spent catalysts have conducted and displayed in Figure 3.10. The results 

indicate that the Cu+ species can partly be reduced under reaction conditions. 

It is worth noting that although the catalytic activity of Cu/xB-CNTs catalysts 

could be gradually enhanced with weight ratio of boric acid with CNTs increased from 
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0.05 to 1, this trend could not proceed when the weight ratio greater than 1. As shown in 

Table 3.4, DMO conversion and ethanol selectivity of Cu/2B-CNTs catalyst were 100.0% 

and 75.8% respectively, which were very close to that of Cu/1B-CNTs catalyst (DMO 

conversion of 100.0%, ethanol selectivity of 78.1%). This result could be attributed to 

the fact that the content of boron doped into CNTs by thermal annealing did not 

increase constantly with weight ratio of boric acid to CNTs, and had a maximum value. 

[27] To confirm this reason, XRD and XPS were carried out to investigate the crystal 

structure and doped boron of 2B-CNTs support. From XRD patterns (Figure 3.11), the 

characteristic diffraction peaks of 2B-CNTs support were the same with those of CNTs, 

indicating that thermal treatment of CNTs with elevated boric acid amount did not 

affect the crystal structure of CNTs. Subsequently, the presence and chemical states of 

the doped boron were confirmed by XPS (Figure 3.12), and the content of doped boron 

was summarized in Table 3.5. Apparently, the boron content of 2B-CNTs support 

prepared with higher weight ratio of boric acid to CNTs was same as that of 1B-CNTs 

support (Table 3.1). This finding disclosed that although tunable boron content could be 

obtained by thermal annealing CNTs and boric acid with varied weight ratio, it was 

more difficult to implant more doped boron atoms into the framework of CNTs. 

Therefore, Cu/2B-CNTs catalyst exhibited the similar catalytic performance with 

Cu/1B-CNTs catalyst. 

To further clarify the effect of boron doping on long-term catalytic performance, 

the catalytic activity as a function of time on stream over the boron-free Cu/CNTs and 

boron-doped catalysts was investigated as in Figure 3.13. The catalytic activity was 

measured first at 300 oC for 120 h and then raised the temperature to 450 oC under N2 

for 12 h. Subsequently, the catalytic activity was evaluated at 300 oC after heat 
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treatment. At the initial stage, there was no obvious change of the DMO conversion and 

ethanol selectivity for both catalysts. However, the catalytic performances of two 

catalysts after a 12 h thermal treatment were different. The ethanol selectivity of 

Cu/CNTs catalyst decreased from 46.4 to 26.3%, whereas that of Cu/1B-CNTs catalyst 

decreased slightly from 78.1 to 69.2%. This result suggested that boron-doped 

Cu/1B-CNTs catalyst exhibited a higher stability than boron-free Cu/CNTs catalyst. 

The improved stability could be attributed to the enhanced interaction between Cu 

species and CNTs support by the doped boron, which might reduce the sintering of Cu 

to some extent. The XRD characterization of spent Cu/CNTs and Cu/1B-CNTs catalysts 

was conducted and displayed in Figure 3.14. After long-term test, the particles size of 

Cu/1B-CNTs catalyst increased from 11.9 to 16.4 nm, whereas that of Cu/CNTs catalyst 

increased obviously from 19.1 to 33.7 nm. This result demonstrated the stabilizing 

effect of the doped boron on the particles size of Cu via strong interaction. 

In view of above characterizations, boron doping could tune the surface properties 

of CNTs support, thus alter the structure and chemical properties of boron-doped 

catalysts. Firstly, the doping of boron was beneficial for improving the dispersion of Cu 

species and enhancing the interaction between Cu species and CNTs support. In general, 

as for hydrogenation reaction catalyzed by Cu species, the particle size, dispersion and 

interaction of Cu species with CNTs support were always considered vital parameters 

that greatly promoted the catalytic performance. [41, 42] Calculated by the Scherrer 

formula based on the (111) diffraction of XRD patterns (Figure 3.5), the average sizes 

of metallic Cu particles and monovalent Cu particles were listed in the Table 3.3. As 

expected, the size of copper nanoparticles followed the order Cu/CNTs-T > Cu/CNTs > 

Cu/0.05B-CNTs > Cu/0.1B-CNTs > Cu/1B-CNTs. The TEM images also displayed the 
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similar result and the average size of Cu nanoparticles was about 19.2 nm on 

Cu/CNTs-T, 16.1 nm on Cu/CNTs, 15.0 nm on Cu/0.05B-CNTs, 12.3 nm on 

Cu/0.1B-CNTs and 10.9 nm on Cu/1B-CNTs, as shown in Table 3.3 and Figure 3.15. 

Moreover, from XRD results, it had been deduced that boron doping could affect the 

reducibility of Cu species by changing the interaction of copper species with CNTs 

support. Subsequently, the enhanced interaction between Cu species and CNTs support 

had been demonstrated by H2-TPR results (Figure 3.6). These results indicated that 

doping boron into CNTs support played a very important role in promoting the 

dispersion of copper species and enhancing the interaction between Cu species and 

CNTs support. Secondly, the high surface area of Cu0 and Cu+ sites and synergy 

between Cu0 and Cu+ of Cu-based catalyst both played a key role on the extent of 

hydrogenation proposed by Gong et al. [4] In relation to the role of Cu0 and Cu+ in 

DMO hydrogenation, a reasonable interpretation suggested that the Cu0 species 

activated H2 and adsorbed intermediates (methoxy and acyl species), and the Cu+ 

species acted as the stabilizer. [23] Accordingly, the activity of DMO hydrogenation to 

ethanol greatly depended on the surface area of Cu0 and Cu+ sites, and synergy between 

Cu0 and Cu+ sites. Here, to distinguish the surface Cu0 and Cu+ site, N2O pulse 

adsorption and CO chemisorption were conducted, respectively. As shown in Table 3.3, 

both the Cu0 surface area and Cu+ surface area increased gradually with increased boron 

content. This phenomenon could be attributed to the following reasons: 1) the boron 

doping into the CNTs could improve the dispersion of supported Cu species, resulted in 

large Cu exposed surface area; 2) the doped boron could strongly interact with 

positive-valence Cu species, keeping highly dispersed Cu+ sites simultaneously. 

Furthermore, the boron-doped catalysts exhibited different Cu+/(Cu0+Cu+) ratios. The 
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Cu+/(Cu0+Cu+) ratio increased gradually from 0.15 over Cu/CNTs catalyst to 0.42 over 

Cu/1B-CNTs catalyst. Meanwhile, the selectivity of ethanol was enhanced steadily with 

Cu+/(Cu0+Cu+) ratio, from 46.4% over Cu/CNTs to 78.1% over Cu/1B-CNTs catalyst. 

Therefore, the optimal ethanol selectivity over Cu/1B-CNTs catalyst was attributed to 

the high surface area of both Cu0 and Cu+ sites, as well as appropriate Cu0 and Cu+ 

distribution. 

Otherwise, the synthesis of ethanol from DMO hydrogenation also lies in the 

cooperative effect of metal and acid sites, which can be explained by the acid sites 

catalyzing the dehydration while metal sites acting as an active phase for hydrogenation 

process. [43, 44] Therefore, variation of the surface acidity on the Cu/xB-CNTs 

catalysts, induced by different boron doping amount, was responsible for the high 

ethanol selectivity. [45] The quantitative estimation of acid sites according to their 

desorbed amount of ammonia from NH3-TPD results was summarized in Table 3.3. It 

was easy to find that the total acid amount of Cu/xB-CNTs catalysts increased along 

with increasing boron doping amount, suggesting that boron doping was responsible for 

the increased surface acidity of Cu/xB-CNTs catalysts. Surface acidity was beneficial to 

deep hydrogenation of EG to ethanol, demonstrated by the decreased EG selectivity as 

shown in Figure 3.8 and Table 3.2. Thus, the observed notable increase of ethanol 

selectivity could also be partially attributed to the presence of surface acidity in the 

Cu/xB-CNTs catalysts. 

 

3.4. Conclusions 

In summary, boron-doped CNTs supported Cu catalysts exhibited superior 

catalytic performance in the hydrogenation of DMO to ethanol. The Cu/1B-CNTs 
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catalyst achieved the highest ethanol selectivity and DMO conversion, which could be 

attributed to high copper dispersion, enhanced interaction of Cu species with CNT 

support, appropriate Cu0 and Cu+ distribution and suitable surface acidity. By boron 

doped into CNTs, the dispersion of Cu species increased and the particle size of Cu 

species was gradually decreased with the enhanced boron amount. A high copper 

dispersion of Cu-based catalyst was believed to be a prerequisite in obtaining excellent 

catalytic activity for DMO hydrogenation. Also, N2O pulse adsorption and CO 

chemisorption revealed that surface area of Cu0 and Cu+ increased as the boron doping 

amount increased, and the reducibility of Cu+ was minimized due to the strong 

interaction with boron. Additionally, the suitable surface acidity induced by doped 

boron could further promote the deep hydrogenation of DMO to ethanol. Therefore, 

boron doping is an effect approach to improve the catalytic performance of CNTs based 

catalyst for hydrogenation of DMO. 
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Scheme 3.1 Alternative synthesis approach for ethanol from DMO hydrogenation. 



 
 

Chapter 3 

93 
 

 

Table 3.1 Content of C, B and O of CNTs, CNTs-T and xB-CNTs. 

Sample C (at%) B (at%) O (at%) 

CNTs 91.2 -- 8.8 

CNTs-T 98.1 -- 1.9 

0.05B-CNTs 95.9 0.8 3.3 

0.1B-CNTs 95.3 1.1 3.6 

1B-CNTs 93.9 1.8 4.3 
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Table 3.2 DMO hydrogenation to ethanol over Cu/CNTs, Cu/CNTs-T and 

Cu/xB-CNTs catalysts. 

Catalyst[a] Conv. (%) 
Sel.(%)[b] 

Ethanol MG EG Others 

Cu/CNTs 99.8 46.4 4.6 47.7 1.3 

Cu/CNTs-T 97.8 44.8 14.1 37.3 3.8 

Cu/0.05B-CNTs 99.9 62.7 6.0 25.0 6.3 

Cu/0.1B-CNTs 100.0 68.2 5.7 18.3 7.8 

Cu/1B-CNTs 100.0 78.1 3.7 13.6 4.6 

[a] Reaction conditions: 300 oC, 2.5 MPa, LHSV = 0.4 h−1, H2/DMO = 200, reaction 

time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] MG: methyl glycolate, EG: ethylene 

glycol, Others mainly consist of methyl methoxyacetate, methyl acetate, 1, 

2-propanediol and 1, 2-butanediol. 
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Table 3.3 Physicochemical properties of Cu/CNTs, Cu/CNTs-T and Cu/xB-CNTs catalysts. 

Catalyst 
Cu loading 

(wt%)[a] 

SBET 

(m2/g) [b] 

SCu
0 

(m2/g)[c] 

SCu
+ 

(m2/g)[d] 

acid amount 

(mmol/g)[e] 

dCu
0 

(nm)[f] 

dCu
+ 

(nm)[f] 

dCu 

(nm) [g] 
Cu+/(Cu0+Cu+) 

Cu/CNTs 15.3 126.9 18.8 3.4 -- 19.1 23.6 16.1 0.15 

Cu/CNTs-T 14.3 124.6 13.3 2.3 -- 20.2 25.7 19.2 0.15 

Cu/0.05B-CNTs 14.7 129.6 23.4 9.5 0.3 15.5 18.2 15.0 0.29 

Cu/0.1B-CNTs 14.6 134.2 28.4 16.7 0.6 13.9 16.6 12.3 0.37 

Cu/1B-CNTs 14.5 141.2 32.5 23.4 1.0 11.9 13.8 10.9 0.42 

[a] Cu loading determined by ICP-OES analysis. [b] BET specific surface area. [c] Cu metal surface area determined by N2O pulse 

adsorption. [d] Cu+ surface area determined by CO chemisorption. [e] Amount of acid sites estimated by NH3-TPD. [f] Average 

diameter of particle size calculated from the XRD data based on Scherrer equation. [g] Average diameter of particle size calculated 

based on statistical results of TEM images. 
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Table 3.4 Catalytic performance of Cu/2B-CNTs catalyst. 

Catalyst[a] Conv. (%) 
Sel.(%)[b] 

Ethanol MG EG Others 

Cu/2B-CNTs 100.0 75.8 3.0 15.3 5.9 

[a] Reaction conditions: 300 oC, 2.5 MPa, LHSV = 0.4 h−1, H2/DMO = 200, reaction 

time= 6 h, 15 wt% DMO/1, 4-dioxane as feed. [b] MG: methyl glycolate, EG: ethylene 

glycol, Others mainly consist of methyl methoxyacetate, methyl acetate, 1, 

2-propanediol and 1, 2-butanediol. 
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Table 3.5 Content of C, B and O of 2B-CNTs. 

Sample C (at%) B (at%) O (at%) 

2B-CNTs 94.0 1.8 4.2 
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Figure 3.1 FE-SEM images of (a) CNTs, (b) CNTs-T, (c) 0.05B-CNTs, (d) 0.1B-CNTs, 

(e) 1B-CNTs and (f) XRD patterns of all samples. 
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Figure 3.2 Raman spectra of (a) CNTs, (b) CNTs-T, (c) 0.05B-CNTs, (d) 0.1B-CNTs 

and (e) 1B-CNTs.



 
 

Chapter 3 

100 
 

1200 1000 800 600 400 200 0

(a)

1B-CNTs

0.1B-CNTs

0.05B-CNTs

CNTs-T

In
te

ns
it

y
 (

a.
u

.)

Binding energy (eV)

B 1s
O 1s

C 1s

CNTs

196 194 192 190 188 186

BCO
2

BC
2
O

In
te

n
si

ty
 (

a.
u

.)

Binding energy (eV)

(b) B 1s

BC
3

 

196 194 192 190 188 186

In
te

n
si

ty
 (

a.
u

.)

Binding energy (eV)

(c) B 1s

BC
3

BC
2
O

BCO
2

196 194 192 190 188 186

Binding energy (eV)

In
te

n
si

ty
 (

a.
u

.)

(d) B 1s

BC
3

BC
2
O

BCO
2

 

Figure 3.3 XPS survey spectra of (a) all samples and high-resolution B 1s spectra of (b) 

0.05B-CNTs, (c) 0.1B-CNTs and (d) 1B-CNTs. 
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Figure 3.4 STEM-EDX images of 1B-CNTs support. 
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Figure 3.5 XRD patterns of (a) Cu/CNTs, (b) Cu/CNTs-T, (c) Cu/0.05B-CNTs, (d) 

Cu/0.1B-CNTs and (e) Cu/1B-CNTs. 
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Figure 3.6 H2-TPR patterns of (a) Cu/CNTs, (b) Cu/CNTs-T, (c) Cu/0.05B-CNTs, (d) 

Cu/0.1B-CNTs and (e) Cu/1B-CNTs. 
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Figure 3.7 NH3-TPD of (a) Cu/CNTs, (b) Cu/CNTs-T, (c) Cu/0.05B-CNTs, (d) 

Cu/0.1B-CNTs and (e) Cu/1B-CNTs. 
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Figure 3.8 The correlation of catalytic activity with Cu/xB-CNTs with different boron 

content. 
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Figure 3.9 The catalytic activity of Cu/1B-CNTs catalyst at different LHSV.
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Figure 3.10 The (a) XRD and (b) TPR profiles of boron-free Cu/CNTs and 

boron-doped Cu/1B-CNTs catalysts after 6h reaction.
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Figure 3.11 XRD patterns of (a) CNTs and (b) 2B-CNTs.
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Figure 3.12 XPS survey spectra of 2B-CNTs (inset: high-resolution B 1s spectra). 
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Figure 3.13 The catalytic activity as a function of time on stream over Cu/CNTs and 

Cu/1B-CNTs catalysts. 
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Figure 3.14 XRD profiles of boron-free Cu/CNTs (a) and boron-doped Cu/1B-CNTs 

(b) catalysts after long-term test.
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Figure 3.15 TEM images of (a) Cu/CNTs, (b) Cu/CNTs-T, (c) Cu/0.05B-CNTs, (d) 

Cu/0.1B-CNTs, (e) Cu/1B-CNTs and (f) average particles size of all catalysts.
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Chapter 4 

Summary 

Owing to the energy crisis and environmental issues, consideration attentions have 

been paid to the efficient production of high value-added alcohols from syngas. This 

amazing C1-route can make full use of abundant coal, natural gas and biomass 

resources, attracting great interest of researchers in recent years. In this thesis, we focus 

on the production of methanol via low-temperature methanol synthesis and production 

of ethylene glycol (EG) as well as ethanol via DMO hydrogenation. Catalysts which 

enable more products to be created with limited amounts of starting chemicals and in a 

limited time span, play an extremely important role in the catalytic reaction. By means 

of above work, a series of problems in alcohols production from syngas are well solved 

in this thesis. Novel nano catalysts for efficient alcohols production from syngas were 

successfully designed and prepared in this thesis. The catalytic efficiency and selectivity 

of expected products are greatly enhanced with these new fabrication and design of 

catalysts. 

As mentioned in Chapter 1, a novel method is developed to prepare nano catalyst 

(Cu-ZnO/RHA) for low-temperature methanol synthesis from syngas. This new 

catalyst-preparation method is very easy and the extra cost for reduction energy and 

engineering is saved. During the calcination process in argon, CO and H2, which are 

released from the degradation of hemi-cellulose or cellulose, act as the reducing agent, 

which can reduce Cu2+ to metallic Cu0 at relatively low temperature (250 oC). Then, the 

as-burnt nano catalyst is directly applied in the low-temperature methanol synthesis 

without further reduction. The result revealed that the activity of Cu-ZnO/RHA catalyst 
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is much higher than that prepared by a conventional impregnation method. In addition, 

some catalytic reactions promoted by K, Ca, Mg and Mn are especially suitable for this 

novel method to prepare the corresponding nano catalysts, as biomass-derived traces of 

K, Ca, Mg and Mn are left from RHA. 

As mentioned in Chapter 2, an auto-reduced Cu@CNTs catalyst without further 

reduction process was successfully prepared for selective hydrogenation of DMO. The 

characterization on the Cu@CNTs catalyst reveal that the Cu oxide encapsulated inside 

the nano-channels of CNTs can be auto-reduced by CNTs support during the calcination 

in argon atmosphere. Therefore, the interaction of Cu species with the interior surface of 

CNTs is comprehensively investigated by TG and TPD-MS. In DMO hydrogenation 

reaction, the auto-reduced Cu@CNTs exhibited high catalytic selectivity for EG and 

ethanol. And more importantly, the products distribution, especially ethanol selectivity 

in DMO hydrogenation reaction can be facilely tuned with varied catalyst calcination 

temperature. The findings in Chapter 2 have great potential for EG and ethanol 

synthesis though DMO hydrogenation and will also inspire the development on other 

auto-reduced catalysts where the reduction degree and catalytic performance can be 

tuned facilely as demanded. 

As mentioned in Chapter 3, we investigated the synergistic effect of boron-doped 

CNTs supported Cu catalyst for selective hydrogenation of DMO to ethanol. Firstly, a 

series of Cu/xB-CNTs catalyst are prepared by thermal treating CNTs in the presence of 

boric acid followed by post impregnation with Cu species. By boron doped into CNTs, 

the dispersion of Cu species increased and the interaction of Cu species with CNT 

support enhanced. These two factors are believed to be the prerequisite in obtaining 

efficient ethanol production from DMO hydrogenation. Additionally, surface area of 
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Cu0 and Cu+, as well as surface acidity, are increased after boron doping. Then, the 

boron-doped Cu/xB-CNTs catalysts are applied in the hydrogenation of DMO to 

ethanol and these catalysts exhibited superior ethanol selectivity and catalytic stability. 

These results indicate that boron doping is an effect approach for efficient ethanol 

production from DMO hydrogenation. 
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