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Ruthenium (Ru) nanoparticles (NPs) were supported on the interior surface of carbon nanotubes (CNTs) with 

different inner diameter to study effects of CNT channel size on the cellobiose conversion. It was found that 

the reducibility and catalytic activity of Ru/CNT-in sample was enhanced with the decrease of carbon channel 

size and Ru/CNTs-in catalysts showed significantly higher catalytic activities than that of Ru/CNTs-out sample. 

The confinement effect of CNT channel was gradually enhanced with the decrease of the nanotube channe 

size (inner diameter). The encapsulation of Ru NPs inside the CNT channels improved the Ru reducibility and 

decreased the leaching of catalytic sites.  

1. Introduction 

The catalytic routes to fine chemicals and fuels from renewable 

biomass resources have attracted considerable attention over 

the last few years [1-3]. The efficient utilization of biomass has 

great potential for reducing greenhouse gas emissions. 

Attentions have been paid to the conversion of cellulose 

selectively to fuels and useful chemicals due to cellulose is the 

major component of plant biomass [4-6]. However, as cellulose 

possess robust crystalline structure composed of β-1,4-

glycosidic bonds of D-glucose, it is difficult to be directly 

utilized under mild conditions [4]. The structure of cellobiose is 

close to that of the soluble oligosaccharide released in 

hydrothermal or acidic treatments of cellulose. Therefore, 

studies on catalytic conversion of cellobiose are important for 

the basic understanding of catalyst requirements for the 

efficient utilization of cellulose [7-9].   

Supported ruthenium (Ru) catalysts are well known as 

efficient catalysts for a wide range of hydrogenation reactions 

[10], including the hydrogenation of cellobiose [9-12]. The 

catalytic support plays an important role in many reaction 

processes, determining the catalyst structure and catalytic 

performance[13-15]. Chen et al [12] reported that Ru supported 

on metal-organic frameworks (MOFs) exhibits excellent 

catalytic performance on conversion of cellobiose. This was 

resulted from the higher Ru dispersion, better hydrogenation 

capacity and higher acid site density of MOF. Carbon 

nanotubes (CNTs) have been used as good catalyst support for 

a large number of catalytic reactions due to their unique 

properties[16-21]. Recently, the active phases were reported to 

be selectively loaded on the interior or exterior surface using 

supercritical CO2, ultrasonication-assisted impregnation, and 

other methods [10,12]. Theoretical studies reveal that the 

deviation of CNT graphene layers from planarity causes p-

electron density to shift from the concave inner surface to the 

convex outer surface, leading to an electron-deficient interior 

surface and an electron-enriched exterior surface [22-25]. This 

may bring forth an unexpected and interesting performance in 

catalytic reactions. Bao et al. reported that the negligible 

activity in ammonia synthesis over Ru catalyst supported on 

CNTs interior surface results from the lower electron densities 

of CNT interior surface [25]. In our early study, Ru catalyst 

supported on CNTs inner surface showed a better catalytic 

performance on conversion of biomass [26].    

In this work, the effects of CNT channel sizes of Ru/CNT 

catalysts on the conversion of cellobiose have been 

investigated. The catalytic activity, redox ability and structure 

of catalysts with Ru nanoparticles dispersed on the interior 

surface with different inner diameters CNTs (Ru/CNTs-in-x) 

are compared to those dispersed on the exterior CNT surface 

(Ru/CNTs-out). It was found that Ru/CNTs-in catalysts showed 

significantly higher catalytic activities than those of Ru/CNTs-

out for the conversion of celloboise to sugar alcohols. 

Furthermore, the catalytic activity of Ru/CNT-in catalysts 

increased with the decrease of carbon channel sizes, indicating 

that the confinement effect, which benefits the high catalytic 

performance, decreases as the CNT diameter is increased 

 

2. Experimental section 

2.1. Catalyst Preparation.  

The CNTs with inner diameters of 3-6 nm, 4-9 nm and 6-13 nm 

were prepared by a method reported previously [27], which 
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were named as CNTs-6, CNTs-8 and CNTs-12. 1.5 g raw 

CNTs samples were refluxed in 150 ml concentrated HNO3 for 

14 h at 140 oC in an oil bath, which led to the opened and 

shortened nanotubes. The mixture was then filtered and washed 

with deionized water, followed by drying for 12 h at 60 oC. 

Such CNTs with opened end-caps (CNTs-in) was used to 

prepare Ru/CNTs-in catalyst. 41 mg RuCl3 dissolved in 20 ml 

acetone used as the precursor salts of Ru. Then, 980 mg  CNTs-

in was immersed into the acetonic solution to prepare 

Ru/CNTs-in catalysts. The catalyst was obtained by 

introduction of RuCl3 acetonic solution into CNT channels 

utilizing the capillary forces of CNTs assisted by 

ultrasonication for 3 h and stirring overnight. Subsequently, the 

mixture was evacuated in a rotary evaporator at 40 oC. Lastly, 

the catalyst was held in oven for 12 h at 110 °C, denoted as 

Ru/CNTs-in-6，Ru/CNTs-in-9 and Ru/CNTs-in-12 separately. 

The nanotubes with closed end-caps (CNTs-out) were obtained 

by refluxing raw CNTs in 5 M nitric acid at 110 oC for 5 h. This 

treatment removed amorphous carbon and other impurities 

while keeping the nanotube caps intact. Ru/CNTs-out-6 catalyst 

was prepared using the same impregnation procedure on the 

CNTs-out with inner diameters of 3-6 nm. The loadings of Ru 

in Ru/CNTs-in and Ru/CNTs-out catalysts were both 2.0 wt%.  

2.2. Catalyst Characterization.  

Transmission electron microscopy (TEM) images were 

obtained from a JEOL JEM-2000 FX microscope at 200 kV. 

The samples were ultrasonically dispersed in ethanol and 

placed onto a carbon film supported on a copper grid. The 

metal particle size distributions were obtained by measuring 

200 particles randomly taken from TEM images over a wide 

area of the specimen. The reducibility of catalyst was studied 

by temperature-programmed reduction in H2 (H2-TPR). H2-

TPR was performed on a Thermo TPD/R/O 1100 catalysts 

analyzer instrument. Typically, 50 mg of catalyst sample loaded 

in a quartz reactor was pretreated in Ar gas for 2 h at 200 oC, 

and then H2-TPR was performed in a 5% H2/He flow by 

heating the sample up to 850 oC at a rate of 10 oC/min. 

2.3. Catalytic reaction tests. 

The Ru/CNT catalysts were activated by reduction in a pure H2 

stream at 450 oC for 4 h before reaction. The reaction condition 

was carried out from literature [26]. The conversion of 

cellobiose was performed with a batch-type high-pressure 

autoclave reactor. Typically, the reduced catalyst (50 mg) and 

cellobiose (171 mg) were added into a Teflon-lined stainless 

steel reactor (100 ml) pre-charged with H2O (20 ml), and then 

the autoclave was heated at 185 oC for 3 h after pressurization 

with H2 to 5 MPa at RT. After the reaction, the solid catalyst 

was separated by centrifugation, and the liquid products were 

analyzed by a HPLC (Agilent, RI detector, Aminex HPX-87H 

column (10 µm, 7.8 × 300 mm), mobile phase: 12 mmol H2SO4 

aqueous solution). The conversion of cellobiose was calculated 

as follows: conversion (%) = (initial mol of C6H10O5 unit in 

cellobiose - mol of C6H10O5 unit in cellobiose after reaction) / 

(initial mol of C6H10O5 unit in cellobiose) × 100. The yield of 

sugar alcohols was calculated as follows: yield (%) = (mol of 

sorbitol and mannitol in products) / (initial mol of C6H10O5 unit 

in cellobiose) × 100. 

 

3. Results and discussion 

3.1 Morphology of the CNT and Ru/CNT samples 

TEM micrographs of the synthesized CNTs with different inner 

diameters are shown in Fig. 1. The inner diameter distributions 

were obtained by measuring 200 nanotubes randomly taken 

from TEM images over a wide range of the specimen. It can be 

seen from images that the samples CNTs-6, CNTs-8 and CNTs-

12 shows high purity, uniform nanotubes, indicating the CNT 

samples with high aspect ratios [28]. Their inner diameters vary 

between 3-6 nm, 4-9 nm and 6-13 nm, respectively. 
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Fig. 1 TEM images of CNT samples with different inner 

diameters. a: CNTs-6, b: CNTs-8, c: CNTs-12 

The morphologies of Ru nanoparticles in the reduced 

Ru/CNT catalysts were displayed in TEM images (Fig. 2). The 

dark spots represented Ru metal particles are well dispersed on 

the interior or exterior surface of nanotubes. As displayed in the 
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Fig. 2a, 2b and 2c, most of Ru particles are located inside the 

tubes of Ru/CNTs-in-6, Ru/CNTs-in-8 and Ru/CNTs-in-12, 

which is attributed to the tubular morphology of opened end-

cap carbon nanotubes prepared by concentrated nitric acid 

treatment. The capillary forces were induced during the 

impregnation process [29]. The Ru particles have almost the 

same distributions from 2-4 nm, indicating that the CNT 

channel diameter is not a crucial factor for the Ru particle sizes. 

Ru particles of Ru/CNTs-out-6 are homogeneously dispersed 

on the exterior surface of nanotubes (Fig. 2d) due to RuCl3 

solution can only contact with the outside surface of nanotubes 

with the closed end-caps.  

  

  

Fig. 2 TEM images of Ru based catalysts supported inside the CNTs 

with different inner diameters, a: Ru/CNTs-in-6, b: Ru/CNTs-in-8, c: 

Ru/CNTs-in-12, and outside the CNT. d: Ru/CNTs-out-6 

3.2 Reducibility of the Ru/CNT catalysts 

The reducibility of Ru/CNT catalysts was analyses by TPR, as 

shown in Fig. 3. It can be seen that the blank CNTs yield almost no 

H2 consumption below 350 °C. An intense H2 consumption peak 

appears at the temperature range of 150-300 °C for all the Ru/CNTs 

catalysts. The peak can be attributed to the reduction of Ru3+ to Ru0 

species [25, 30, 31]. It is noteworthy that the reduction temperatures 

of Ru/CNTs-in catalysts increased with the carbon channel sizes, i.e. 

the reduction peaks of Ru/CNTs-in-6, Ru/CNTs-in-8 and Ru/CNTs-

in-12 showed at 195 oC, 215 oC and 221 oC, respectively. The 

reduction temperatures of Ru species in Ru/CNTs-in are lower than 

that of Ru/CNTs-out i.e. 230 °C, in well agreement with those 

reported in literatures [25, 29, 32]. The interior surface of CNTs is 

electron-deficient while the exterior surface is electron-enriched. 

This electron density loss can be partially compensated through the 

interaction with the encapsulated metals [28], which would 

destabilize metal nanoparticles and facilitate the reduction. However, 

the confinement effect of CNT channels was gradually weakened 

with the increase of nanotube diameters, resulting from a decrease of 

interactions between the encapsulated metal and CNT surface. It 

could be the reason behind the change of reduction temperatures.  
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Fig. 3 TPR patterns of Ru based catalyst supported inside the CNTs 

with different inner diameters. a: blank CNTs, b: Ru/CNTs-in-6, c: 

Ru/CNTs-in-8, d: Ru/CNTs-in-12, e: Ru/CNTs-out-6 

 

3.3 Catalytic Performances of Ru/CNT Catalysts in Conversion of 

Cellobiose 

The catalytic performance of Ru supported on CNTs with 

different channel sizes were analysed in the conversion of cellobiose 

to sugar alcohols. The reaction scheme in the carbon-nanotube 

reactor with Ru active sites was proposed in Figure 4. In this 

hypothesis, cellobiose diffuses into the CNT channel and 

interacts with Ru active sites to produce sugar alcohols (sorbitol 

and monitol) [33].  

 As shown in Fig. 5, both yields to sugar alcohols and 

conversions of cellobiose for all the Ru/CNTs-in catalysts are 

significantly higher than that of Ru/CNTs-out catalyst, as reported in 

[34, 26]. The enhancement of catalytic activity of Ru/CNTs-in 

should be attributed to the confinement of Ru nanoparticles inside 

the CNTs to avoid leaching of activity sites and the lower electron 

densities of CNT interior surface. It is noteworthy that the activities 

decreased with the CNT channel diameters. The conversions of 

cellobiose for Ru/CNTs-in-6 Ru/CNTs-in-8, Ru/CNTs-in-12 are 

57%, 49%, and 45% separately. That means the confinement effect 

of CNT channels was gradually weakened with the increase of 

nanotube diameters, as mentioned in the previous part, probably 

resulting from the decreases of interactions between the encapsulated 

metals and CNT surface and electron densities between CNT interior 

and exterior surfaces [25].  
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Fig. 4 Schematic diagram showing sugar alcohols production from 

cellobiose inside Ru-loaded carbon nanotubes. 
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Fig. 5 Sugar alcohol yields in the conversion of cellobiose over 

different catalysts. Reaction conditions: cellobiose, 0.50 mmol; 

catalyst, 50 mg; H2O, 20 ml; H2, 5 MPa; temperature, 185 
o
C; time, 3 

h.   

3.4. Characterization of Ru/CNT catalysts after reaction 

 Dispersion and size range of Ru particles in Ru/CNT-in catalysts 

with different CNT diameters before and after reaction were 

determined by TEM. As shown in Fig.6, 70% of the particles in 

Ru/CNTs-in-6 before reaction fall in the range of 1.5-3.5 nm (Fig. 

6e), while those of Ru/CNTs-in-12 before reaction are in the range 

of 2-4 nm (Fig. 6f). The mean sizes of Ru particles in the Ru/CNTs-

in-6 and Ru/CNTs-in-12 before reaction are almost same, as 2.2 nm 

and 2.4 nm respectively. This indicated that CNT diameters have 

little effects on Ru particle sizes confined in the CNT channel. After 

the reaction of cellobiose hydrogenation, the Ru particles in 

Ru/CNTs-in-6 and Ru/CNTs-in-12 (Fig. 6b and 6d) are still 

homogeneously dispersed on the interior surface of CNTs. More 

than 70% Ru particle sizes for both Ru/CNTs-in-6 and Ru/CNTs-in-

12 (Fig. 6e and 6f) keep in the range of 2-4 nm, which display the 

similar distribution with those before the reaction. As shown in Fig. 

6e and 6f, the mean diameters of Ru/CNTs-in-6 before and after 

reaction are 2.2 nm and 2.6 nm, while those of Ru/CNTs-in-12 are 

2.4 nm and 2.7 nm respectively. The results indicated that Ru 

particles did not suffer severe agglomeration, which may be due to 

the spatial restriction of CNT channels, low reaction temperature and 

the liquid phase reaction environment investigated, suggesting that it 

is not the particle size but the confinement which makes the 

difference on Ru reducibility and catalytic performance. 

  

  

 

Fig. 6 TEM images and the Ru particle size distributions of the 

catalysts before and after reaction. (a), (b) and (e): Ru/CNTs-in-6; 

(c), (d) and (f): Ru/CNTs-in-12.   

4. Conclusions 

In summary, the investigation on effects of CNT channel sizes of 

Ru/CNT catalysts in conversion of cellobiose reaction shows that the 

reducibility of Ru and catalytic activity of Ru/CNT-in increased with 

the decrease of carbon channel sizes. All the Ru/CNTs-in catalysts 

showed significantly higher catalytic activities than that of 

Ru/CNTs-out. The confinement effect of CNT channel was 

gradually enhanced with the decrease of nanotube diameters, which 
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could be the reasons behind the catalytic performance of Ru/CNTs-

in catalysts varied with CNT channel sizes.  
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Graphical abstract: 

 

 

  The catalytic activity of Ru/CNT-in sample was enhanced with the decrease of 

CNT inner diameter and it was much higher than that of Ru/CNTs-out.  
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