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Pt and Ru nanoparticles are deposited on carbon nanotubes via 
a simple wet impregnation method using aqueous solutions of 
platinum and ruthenium salts to prepare the supported catalysts of 
Pt/CNTs (nominal load 5 wt%) and Ru/CNTs (nominal load  
10 wt%). The catalysts are characterized by XRD, XPS, BET and 
TEM data and tested for the hydrogenation of aldehyde and 
substituted acetophenone using pure water as the sole solvent. The 
reaction conditions are well optimized through the hydrogenation 
of p-methoxybenzaldehyde and acetophenone. These catalysts 
exhibit high activity for the hydrogenation of aldehydes and 
ketones. Many aldehydes and ketones can be efficiently converted 
to the corresponding alcohols in the presence of Pt/CNTs and 
Ru/CNTs. The use of water as solvent makes this catalytic system 
environmental-friendly. 
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Since green chemistry’s emergence as an environmental 
friendly field in early 1990s1, there has been a renewed 
interest in the age-old pursuit of the organic chemist to 
design and successfully apply the ideal synthesis in terms 
of efficiency, with atom2-4 and step economy4 being a 
major goal. The area of environmentally benign solvents 
has been one of the leading research areas of green 
chemistry with significant advances seen in aqueous 
(biphase) catalysis5, 6 and the use of supercritical fluids7 in 
chemical reactions. Ionic liquids8, 9 and fluorous media10 
have also been used as green solvents. 

Water bears unique characteristics that differ from 
the other solvents; it is cheap, most abundant in nature, 

and proven to have some unexpected beneficial effects 
in organic transformations.11-13 Sharpless et al.14 
demonstrated the benefits of carrying out C-C bond-
formation reactions “on water”. Xiao et al.15, 16 discovered 
that water is an excellent solvent for the asymmetric 
transfer hydrogenation of ketones. Good results  
were reported for reactions of acetophenone in water 
by Eichenseer et al.17  

Several homogeneous catalytic hydrogenation 
processes are reported in the literature for the reduction 
of aldehydes.18-23 However, in most cases catalyst 
recovery and product isolation were cumbersome. 
Therefore, heterogeneous catalyst became a better 
choice with more than 90% of the chemical 
manufacturing industries using catalysis in at least  
one step of the processes because of the intrinsic 
characteristics such as porosity and surface area which 
play a crucial role in the catalytic performances.24  

CNTs have potential applications in a wide variety 
of areas because of their unique quasi-one-dimensional 
structural features, high specific surface area,  
high conductivity, and electrochemical stability.25-32 
Application of CNTs as catalysts and/or catalyst 
supports have been reported. Oxygen-containing 
surface groups were introduced in the CNTs by 
treatment with conc. nitric acid,33 and hence the CNTs-
based catalysts could disperse in water efficiently. 

In the present study, Pt and Ru nanoparticles  
were deposited on carbon nanotubes via a simple  
wet impregnation method using aqueous solutions  
of platinum and ruthenium salts and tested for the 
hydrogenation of aldehyde and substituted acetophenone 
using pure water as the sole solvent. These catalysts 
exhibited high activity for the hydrogenation of 
aldehydes and ketones. The use of water as solvent 
makes this catalytic system environmental-friendly. 
 
Experimental 

CNTs were treated with aqueous HNO3 solution 
following a procedure adapted from the literature34. 
Briefly, 2 g of CNTs were suspended in 100 mL of 
conc. HNO3 (68 wt%) and refluxed at 140 °C in an oil 
bath for 14 h. After the mixture was cooled down to 
room temperature, it was filtered and washed with 
deionized water until the pH of the filtrate was around 
7. Then the product, carbon nanotubes with open ends 
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and no other metal residuals, was dried in vacuum at 
50 °C for 18 h. 

The Pt/CNTs catalyst with nominal load of 5 wt% 
Pt loadings was prepared according to a previously 
published procedure35, 36. Briefly, The CNTs (1.0 g) 
with open ends were immersed in an aqueous  
solution of H2PtCl6 (25 mL, 10.27 mmol L-1) at  
room temperature. After ultrasonic treatment for 3 h, 
the mixture was stirred for 48 h at room temperature.  
The mixture were then reduced by adding a 0.3 M 
aqueous solution of NaBH4 dropwise (molar ratio of 
BH4

-/Pt4+= 20), and the resulting solid product was 
filtered, washed with deionized water, and dried at  
60 °C for 18 h. 

For the preparation of the Ru/CNTs catalyst with 
nominal load of 10 wt% Ru loadings, the pretreated 
CNTs (1.0 g) were immersed in an aqueous solution  
of RuCl3·xH2O (25 mL, 53.03 mmol L-1) at room 
temperature. After ultrasonic treatment as above and 
stirring, the mixture was reduced by adding a 1.5 M 
aqueous solution of NaBH4 dropwise (molar ratio of 
BH4

-/Ru3+= 20). The resulting solid product was 
filtered, washed with deionized water, and dried at  
60 °C for 18 h. 

The catalysts were characterized by Fourier 
transform-infrared spectroscopy (FT-IR) on a Nicolet 
NEXUS 670 spectrometer using KBr disks in the 
scanning range of 4000-400 cm-1. Transmission 
electron microscope (TEM) measurements were made 
by a JEOL 2010 microscope. The BET-nitrogen 
isotherms were used to quantify changes in the specific 
surface area using an ASAP 2020 specific surface area 
and pore size analyzer. The X-ray diffractometer 
(XRD, D/max-2400) was used for identifying platinum 
oxides as well as their oxidation states on the outer and 
inner surfaces of the carbon nanotubes. An XPS 
instrument (Thermo VG Scientific Sigma Probe) using 
an Al-Kα radiation was used to study the surface 
compositions of the catalysts. The oxidation product 
was identified through gas chromatograph (GC) 
analyses on a Shimadzu GC-2010 equipped with a  
25 m×0.25 mm SE-54 column and a FID detector. 

The experiments on catalytic activity were carried 
out in a 50 mL stainless steel autoclave with a magnetic 
stirrer, with distilled water as the sole solvent.  
The conditions for aldehyde hydrogenation reaction 
with Pt/CNTs catalyst were as follows: 1 mmol  
of aldehyde, 0.01 g catalyst and 3 mL of water were 
taken in the autoclave. The pressure of H2 was 
maintained 3.0 MPa before five times displacing of air 

from the autoclave. The catalytic system was then 
stirred at the rate of 600 rpm at 30 °C for a set time. 
The selectivity and conversion were calculated with  
an external normalization method by GC analysis.  
The ketone hydrogenation reaction was carried out 
with Ru/CNTs catalyst similarly under the following 
conditions: 0.9 mmol of ketone, 0.01 g catalyst and  
3 mL of water. 

The hydrogenation activity of the is expressed by the 
average turnover frequency (TOF), and calculated 
based on the total number of metal atoms on the 
catalyst. The conversion used to calculate the TOF was 
lower than 30%. 
 
Results and discussion 

The morphology, size, and dispersion of Pt 
nanoparticles were examined by TEM. It can be seen 
from Fig. 1 that the tubular structure of the multi-
walled carbon nanotubes remains fairly intact even 
during the pretreatment of carbon nanotubes with conc. 
nitric acid. Pt particles with the average particle size of 
4.9 nm are mostly distributed on the external surface of 
the CNTs (Fig. 1a) and slightly aggregated (Fig. 1b). 
Statistically, the Ru nanoparticle size was calculated to 
be ~3.5 nm (Fig. 1c). Some of Ru nanoparticles are also 
aggregated (Fig. 1d), which may have occurred during 
reduction of the catalysts due to the absence of any 
protective agent in the process. 

The XRD pattern of Pt/CNTs is shown in Fig. 2a. 
The CNTs show typical diffraction peaks of (002) and 
(004) of graphite phase at 2 = 26.0° and 42.8° 
respectively.37 It also shows that the tubular graphite 
structure was not destroyed after conc. nitric acid 
treatment. The peaks at 2 = 40.0°, 46.2°, 67.5° could 
be assigned respectively to the (111), (200) and (220) 
diffraction peaks of crystalline planes of cubic Pt 
(JCPDS No. 65-2868). All of these signal suggest that 
Pt was successfully deposited on CNTs. The average 
size of the Pt nanoparticles was calculated by the 
Scherrer equation, D = 0.89/(cos),38 as 5.1 nm, in 
agreement with the result from TEM. For Ru/CNTs 
XRD pattern is shown in Fig. 2b. There is a distinct 
diffraction peak at 2 = 22°, which is the carbon carrier 
characteristic diffraction peak, and the diffraction 
peaks at 2 = 26.0o，42.8o corresponding to the (002) 
and (004) crystal planes of the hexagonal graphite37 
(JCPDS NO. 41-1487). These data indicate that in the 
carbon nanotubes, the graphite layered structure has 
been retained. The XRD pattern of the Ru/CNTs 
catalyst does not show any peak for ruthenium metal 
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and its compounds, which may be because the Ru 
metal nanoparticles are better dispersed on the surface 
of carbon nanotubes, or that the diameter of the 
ruthenium nanoparticles is less than the detection limit 
of XRD (4nm). 

Figure 3(a) shows the X-ray photoemission 
spectroscopy of Pt4f in Pt/CNTs. The principle peaks  
at 71.4 eV and 74.7 eV are attributed to Pt0

4f(7/2) and 
Pt0

4f(5/2), while the peaks at 72.8 eV, 76.1 eV, 75.0 eV 
and 78.2 eV are assigned to Pt2+ and Pt4+, 
respectively.39 The relative intensity of different Pt 
species in Pt/CNTs is listed in Table 1. The relative 
intensity of Pt0, Pt2+ and Pt4+ is calculated to be 51%, 
43% and 6%, respectively. From the results we can 
conclude that most of the (PtCl6)2- is reduced to  
Pt0, although Pt2+ and Pt4+, especially Pt2+ are also 
observed. The XPS diffraction pattern of Ru3p in 
Ru/CNTs is shown in Fig. 3b. The diffraction pattern 
can be divided into peak and fitted to the figure.  
The binding energy position 462.5 eV peak is 
attributed to Ru0, the binding energy at 463.9 eV peak 
to Ru3+ and the binding energy at 465.5 eV peak is 
attributed to Ru4+, which coincides with the values 
reported in literature.40 The relative intensity of the 
different Ru species in Ru / CNTs catalyst is shown in 
Table 1. It can be seen that the Ru0, Ru3+ and Ru4+ are 
respectively 39%, 34% and 27%, indicating that most 
of the precursors are reduced to Ru0, but there is still 
presence of the Ru3+ form. Compared to Pt reduction, 

 
 

Fig. 1 — TEM images of (a & b) Pt/CNTs, and, Ru/CNTs (c & d). 
 

 
 

Fig. 2 — XRD patterns of (a) Pt/CNTs, and, (b) Ru/CNTs. 
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the proportion of Pt precursors reduced to Pt0 is greater 
than the proportion of Ru0, which may be because the 
Pt reactivity is relatively weak and easily reducible. 

The XPS spectrum of C1s is given in Fig. 4a, 
showing different groups present in samples including 
the non-oxygenated ring C (C-C, 284.6 eV), the C in 
C-O bond (C-O, 286.6 eV) and the carbonyl C (C=O, 
288.5 eV).41 The relative intensity of the different 
carbon species obtained from the respective area is 
listed in Table 2, which shows that the surface 
functional groups of graphene in raw CNTs are 
changed after treatment with HNO3. Many of oxygen-
containing functional groups, e.g., hydroxyl and 
carbonyl groups, are introduced on the surface of 
CNTs, which could improve the adsorptivity of CNTs 
to the Pt nanoparticles. At the same time, the increase 

in the amount of oxygen-containing groups would 
improve dispersity of Pt/CNTs in water. Figure 4b 
shows the XPS diffraction pattern of C1s in Ru/CNTs 
catalyst. The position of the binding energy peak  
at 284.5 eV is attributed to C-C, while the peak  
at 285.8 eV peak is attributed to C-O and that at  
288.3 eV peak to C=O. The relative intensity of the 
different carbon species obtained from the respective 
area is also listed in Table 2. It can be found from  
Table 2 that C-C, C-O and C=O contents are 
respectively 68%, 17% and 15%. This shows that the 
surface functional groups of carbon nanotubes are 
altered, which improves the adsorption capacity of 
carbon nanotubes for Ru, making it easier to form Ru 
supported on carbon nanotubes. 

The nitrogen adsorption-desorption isotherm of 
Pt/CNTs is shown in Fig. 5a. The surface area, the  

 
 
Fig. 3 — XPS spectra of Pt 4f in (a) Pt/CNTs, and, (b) Ru 3p in Ru/CNTs.

 

Table 1 — Relative intensity of different Pt species as observed 
from Pt4f and Ru 3p spectra of Pt/CNTs and Ru/CNTs 

Pt species Rel. intensity (%) Ru species Rel. intensity (%) 

Pt0 51 Ru0 39 
Pt2+ 43 Ru3+ 34 

Pt4+ 6 Ru4+ 27 

 

 
 

Fig. 4 — XPS spectra of C1s in (a) Pt/CNTs, and, (b) Ru/CNTs. 
 

Table 2 — Relative intensity of C species as observed from  
C1s spectra of Pt/CNTs and Ru/CNTs 

C speciesa Rel. intensity 
(%) 

C speciesb Rel. intensity 
(%) 

C-C 74 C-C 68 
C-O 15 C-O 17 
C=O 11 C=O 15 

aPt/CNTs. bRu/CNTs. 
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pore volume and the average pore diameter of  
Pt/CNTs are 108.65 m²/g, 0.26 cm3/g and 9.64 nm, 
respectively. From Fig. 5a we can see that the  
isotherm can be classified as type IV hysteresis loop 
according to IUPAC classification. In relation to the 
raw CNTs (outer diameter 20-30 nm), the surface area 
as well as the pore volume became smaller after the 
supporting of Pt nanoparticles. This may be due to the 
fact that some carrier pores are blocked after coating Pt 
metal salt.42 Figure 5b depicts the Ru/CNTs catalyst 
nitrogen adsorption-desorption isotherm. The surface 
area, the pore volume and the average pore diameter  
of Pt/CNTs are 109.54 m²/g, 0.31 cm3/g and 8.65 nm, 
respectively. The pore volume is smaller than that  
of the pristine carbon nanotubes (181 m²/g),  
which may be due to the loading of some Ru 
nanoparticles into the lumen of carbon nanotubes. 
Figure 5b shows the isotherm to be classified as  
the H4 type hysteresis loop.  

The reusability of Pt/CNTs and Ru/CNTs were also 
investigated through the catalytic hydrogenation of  
p-methoxybenzaldehyde and acetophenone. After the 

first cycle of the hydrogenation was completed, the 
catalyst was filtrated out and washed with ethanol and 
deionized water for several times and dried in vacuum  
at 60 °C and used for the second cycle. Based on the 
conversion and selectivity results, it may be concluded 
that the catalyst exhibited promising reusability.  
There is no obvious loss of activity after each  
cycle. After the fourth cycle, the conversion of  
p-methoxybenzaldehyde and acetophenone remained 
relatively high, while there was no change in the 
selectivity (Supplementary data, Fig. 1). 

In summary, carbon nanotubes supported Pt, Ru 
nanoparticles catalyst was prepared through an easy 
impregnation method. It is demonstrated that Pt/CNTs 
and Ru/CNTs are highly active and chemoselective 
catalysts for the aqueous-phase hydrogenation of 
aldehydes and substituted acetophenones. The use of 
water as the reaction medium makes these catalytic 
systems environmentally friendly. 
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