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A new concept of ionic liquid mono-dispersing catalyst on nanocarbon surface is presented with 

enhanced catalytic activity.    
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A new concept of ionic liquid (IL) mono-dispersing catalyst on nanocarbon surface is 

presented. The liquid mixture of IL and model catalyst (1-octyl-3-methyl imidazolium 

phosphotungstate, OPW) on carbon nanotube is in solid state which can be easily 

characterized and give a fundamental understanding of the interaction between t he catalyst 

and the IL. The condensed IL is found to weaken the W=O bond of catalyst that favours its 

interaction with oxidizing agent, that exhibited a reaction rate of 176 times to the 

performance of single OPW during the oxidation of dibenzothiophene. D ue to the 

heterogenization of this system, the catalyst can be easily recycled by a simple gravity 

separation. 

 

 

Introduction 

In spite of their numerous benefits, many homogeneous 

processes are not used at industrial scale because of few 

obstacles, such as the separation of the products, the need for 

organic solvents, and inability for recycling of catalyst. 1, 2 Ionic 

liquids (ILs), with their ionic nature, polarity, low-volatility and 

thermal stability, have gained a lot of attraction by providing a 

liquid-liquid biphasic catalysis system to address these 

difficulties.3-7 The concept of this biphasic catalysis implies that 

the catalyst is soluble in IL phase whereas the substrates remain 

in the other phase, endowing the system with advantages of 

both homogeneous and heterogeneous catalysis.8 However, the 

IL-organic systems require large amounts of ILs, which lower 

their cost-effectiveness since ILs are too expensive. To solve 

this problem, a variety of reactions have been studied through 

the immobilization of molecular catalysts in supported IL 

phases.9, 10 Catalyst, ILs and solid supports can combine in 

various ways to reduce the amount of IL, and the combination 

makes the separation of catalyst from reaction substrates phase 

easier. In most cases supports used in the immobilization 

process are of high surface area and large pore volume such as 

porous silica gels.11, 12 The main preparation method is 

impregnation, that uses volatile organic solvent to dissolve the 

catalyst and IL.13 Then the solution is mixed with support 

materials and the volatile solvent is removed by evaporation 

under reduced pressure. Undoubtedly, the supported catalysts 

by impregnation are ideally suitable for gas phase catalysis. 

Nevertheless, catalyst can leach out of the IL phase when it is 

used under the liquid phase condition. Covalently anchored IL 

with functional groups such as –COOH, -NH2, -OH fragments 

can well improve their stability in liquid phase catalysis.14, 15 

However, compared to impregnation this method has more 

restrictions on the IL structure, such as presence of few 

functional groups that make them even more expensive. Also, 

the preparation process becomes more complicated.  

CNTs have found applications as supports in catalysis and 

have also been proved on enhancing the electron-transfer rate in 

many redox reactions.16 Recently, it is reported that 

imidazolium ILs can have a strong non-covalent interaction 

with graphitic surface of CNTs.17-20 Herein, by using the 

volatility21, 22 of ILs at low pressure, we propose a physical 

method to exfoliate ILs layer by layer and obtain a condensed 

IL phase on CNT surface. Different ILs can be condensed in 

this process to immobilize different kinds of catalysts on 

heterogeneous CNT. The catalytic reaction will homogeneously 

happen in this nano-scale condensed IL, while the IL will 

enhance the reaction rate. In addition, the thin layers of the IL 

make the mass transfer of fast chemical reactions or gas phase 

reactions unlimited. 

With this strategy, a tungsten-based polyoxometalate OPW 

([Omim]3PW12O40) was chosen as a model catalyst because of 

the wide interest of polyoxometalates in their use of redox 

reaction.23-26 Our approach is based on the non-covalent 

interaction between imidazolium IL 1-octyl-3-methyl 

imidazolium hexafluorophosphate (OmimPF6, denoted as OP) 

and high-temperature-treated highly graphitic CNT (HHT, a 

type of MWCNTs treated at 3000 oC to obtain very high 

graphitization degree that can exclude the influence of metal 

impurities, defects and oxygen functional groups on CNT 

surface). OPW was dispersed in OP at 120 oC forming a 

homogeneous mixture and then it was fabricated on the HHT 
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surface to form OPW-OP/CNT gel. Finally, the bulk IL phase 

was exfoliated layer by layer to obtain a homogeneously 

condensed OPW-OP (as shown in Figure 1). The OPW can be 

highly dispersed in the OP layer and the hydrogen bond 

network of the IL can prevent their agglomeration during the 

heating and reaction processes. Besides, the strong π-π 

interaction between CNTs is shielded by the ILs, preventing the 

detached CNTs from rebundling.27 The catalytic system was 

then applied to the oxidation of dibenzothiophene (DBT), 

providing enhanced efficiency and easy recovery.  

 
Figure 1. Schematic illustration of the fabrication of the OPW-

OP/HHT nanocomposites. 

 

Results and discussion 

As annealing treatment is needed for the synthesis of the 

catalyst, the thermo-stability of the IL, polyoxometalate and the 

precursor in this annealing process are important. In general, 

the mass loss of any liquid during a heating treatment may 

contain evaporation and thermal decomposition 

simultaneously.28, 29 Mostly, the decomposition is more 

sensitive to temperature, and thus decomposition (evaporation) 

may dominate the overall mass loss, if high (low) heating rates 

are used. Due to a thermogravimetric (TG) experiment is 

usually last a short period, and thus the real critical temperature 

is passed through relatively quickly without a measurable mass 

loss.30, 31 Therefore, TG only shows comparative values of 

different samples here, but not gives an exact decomposition 

temperature. TG (Figure 2a) curves of OP and OPW indicate 

that the weight loss began at 344 °C and 392 °C respectively. 

However, the mixture shows a lower decomposition 

temperature at 300 °C and a slight weight loss (3%) before 

310 °C which can be attributed to the decomposition of IL 

anion. TPD results of OPW-OP/HHT gel (Figure 2b) are 

consistent with the conclusion mentioned above. Only F+ and 

HF can be detected at 280 °C, while after 310 °C alkyl debris 

can be detected that produced by cation decomposition of the 

OPW-OP/HHT gel (Figure 2c). The decomposition of 

imidazolium cation can be attributed to OP cation (under 

yellow shadow) and OPW cation respectively. This 

demonstrates that the hybrid of OP and OPW is only 

mechanically mixed without forming a new compound, so that 

the choice of polyoxometallate positive ion is more flexible. 

The molecular interactions of pristine OP or OPW, such as 

hydrogen bond, make the decomposition of their pure material 

difficult.32, 33 The introduction and dispersion of OPW 

molecules in OP destroy the hydrogen bond network of the IL, 

leading to an easier decomposition of both OP and OPW. On 

the contrary, the strong interaction between IL and CNT, which 

has been proved as the static-assistant CH-π hydrogen bond, 

brings an obvious TG shift to higher temperature from former 

work.34, 35 The endothermic peak of polyoxometalate DSC 

curve (Figure S1) at 605 oC was generated by the 

thermogravimetric behavior of OPW anion that proved the 

stability of OPW anion before 570 oC.  

 
Figure 2. a) TG-DSC curves of pristine IL, OPW and OPW-OP 

mixture, b) TPD profiles of OPWIL/HHT gel: F element 

attribution of the anion decomposition, c) TPD profiles of 

OPWIL/HHT gel: CxHy attribution of the cation 

decomposition. 

 

The ESI-MS spectra of the negative ion of pristine IL and 

OPW-IL/HHT nanocomposites are given in Figure S2. 

Interestingly, most IL still exist as dimer or multimer even in a 

polar solvent acetonitrile because of its strong hydrogen 
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network (Figure S2a). However, with the introduction of OPW 

into the IL most of these multimers disappear (Figure S2b), 

which means OPW molecules uniformly merged into the 

hydrogen bond network of IL and reduced the ions interaction 

of IL. ESI-MS spectra of positive ions (Figure S3) show the 

slight change caused by the annealing process. Only m/z signal 

195.2 for the Omim+ cation and 535.0 for the Omim+[OmimPF6] 

cation could be detected in the pure IL; while after the 

annealing process a small amount of cation impurities were 

observed at m/z 209.2, 490.6 and 782.9. However, the amount 

of the impurities was so small that the properties of OP were 

maintained.[10a] No signal corresponding to tungsten-containing 

ion impurities signals are observed in both negative and 

positive ion spectrum of the OPW-OP/HHT nanocomposites, 

which proved that the annealing treatment has no influence on 

the OPW. 

Due to their inertness, the inherent smooth graphite surface 

always results in very weak interfacial interactions between 

CNTs and the ordinary supported catalyst (like palladium and 

iridium). The active sites of carbon materials such as the 

oxygen, nitrogen functional groups or defects are always 

needed to adsorb these catalysts. Contrary to these ordinary 

supporting catalysts, the OPW was first homogeneously 

dissolved into the IL and thus did not depend much on the 

affects of carbon surface. In the synthesis process, ILs not only 

act as bridge for OPW and CNT surface, but also act as 

homogeneous media for OPW mono-dispersion. CNT is a rare 

example that can form stable IL-carbon nanocomposites with 

non-covalent force, mostly the static-assistant CH-π hydrogen 

bond.34 In Figure 2c, we can see a series of shoulder peaks that 

indicate increased interaction between the CNT surface with 

different IL layers. This provides a simple way to exfoliate IL 

on CNT surface layer by layer.  

High-resolution transmission electron microscopy (HRTEM) 

was used to reveal the structure of OPW-OP/HHT. Uniform IL 

coating about several nanometers can be intuitively observed on 

the surface of the OPW-OP/HHT (Figure 3a), while for the 

pristine HHT (Figure S4) only a smooth surface is observed. 

High angle annular dark field-scanning TEM (HAADF-STEM) 

image of OPW-OP/HHT nanocomposite (Figure S5) exhibits 

uniformly dispersed small white point of OPW molecules with 

about 1 nm diameter on the HHT surface indicating that OPW 

has mono-dispersed in the condensed IL coating. The STEM-

EDS elemental mappings (Figure 3b, c) also show that all the 

contained species such as N, P, F, W, and O are uniformly 

dispersed on the HHT surface. From the TEM results, the 

exfoliating process has no influence on OPW dispersion and the 

structure is maintained well. For the use of graphitic surface to 

form non-covalent bond with IL, the CNT can be substituted 

with other nanocarbon such as graphene, graphite, carbon 

nanofiber and so on. The IL mediator can also be extended to 

tune all kinds of other catalytic properties, due to their ability to 

dissolve many inorganic salts and diverse nature 

 

 
Figure 3. a) HRTEM, b) HAADF-STEM and c) Element 

mapping images of the OPW-OP/HHT nanocomposites (the 

mapping was obtained in white square of b). 

 

The interactions between the catalyst and IL in biphasic 

catalysis are always hard to prove due to the continuous 

movement of molecules. But the solid nature of OPW-OP on 

HHT surface makes it easy for different characterizations to 

obtain the detailed informations about their interactions. X-ray 

diffraction (XRD) of OPW is quite complicated(Figure S6) but 

no signal of OPW can be observed in the pattern of OPW-

OP/HHT, which illustrates that the polyoxometalate have 

dispersed nicely in the IL layers without aggregation of OPW 

molecules during the annealing process. The diffuse-reflectance 

infrared fourier transform (DRIFT) spectra were used to detect 

structural and bonding changes of the OPW and OP in their 

hybrid on HHT surface. In Figure S7, the spectrum of OPW 

conforms the parent PW12O40
3- Keggin structure which shows 

characteristic P–O stretching (~1083 cm-1), W–O terminal 

stretching (~987 cm-1), stretching of W–Oc–W inter bridges 

between corner-sharing WO6 octahedra (~891 cm-1) and 

stretching of W–Oe–W intra bridges between edge-sharing 

WO6 octahedra (~815 cm-1). The DRIFT spectrum of OPW-OP 

mixture shows the same result with pristine IL and OPW, 

which proves that the mixing process has no influence on their 

structures. The main peaks of the OPW in the OPW-OP/HHT 

system are maintained after the annealing treatment. The peak 

changes in the green dash area can be attributed to the slight 

decomposition of the IL. About 30 cm-1 red shift of W–O 

vibration might be caused by the condensation of IL (from 

liquid phase to the solid phase) leading to a micro environment 

change of OPW. The interaction between ILs and catalysts is 
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difficult to be determined in liquid phase. The formed catalyst-

IL/HHT powder not only can fix this problem, but also enhance 

their interaction through condensed IL.  The red shift of OPW 

can only be observed in condensed IL as shown in DRIFT 

results, which is caused by the weakening W=O bond in IL. 

Obviously, the condensed IL not only brings convenience for 

the characterization of the IL-catalyst system, but also endows 

much better catalytic ability than pristine OPW. The weakened 

W=O bond favors the formation of WO2 peroxide. 

The binding energy of the core level in the X-ray photoelectron 

spectroscopy (XPS) shifts due to the shielding effect of outer 

electrons, so the binding energy (peak position) of tungsten in 

OPW is related to its chemical environments. Figure 4a shows 

XPS spectra of the pure OPW and OPW-OP/HHT. In 

comparison to pure OPW, two peaks of W4f in nanocomposites 

shift about 0.7 eV to lower binding energy, which is most likely 

due to the high electronegativity of IL anion influencing the 

W=O bond. The lower binding energy of W makes it easier to 

react with oxidizing agent that can explain the reason for the 

high efficiency of polyoxometalates in the oxidation reaction 

with IL.36 

Figure 4b gives DBT conversion, turn over frequency (TOF) 

and mass-specific activity (MSA) of different catalysts in DBT 

oxidation process (see detail calculation information in SI). It 

shows that HHT has almost no catalytic activity for the oxidant 

H2O2. The single OPW shows 0.5*10-2min-1 MSA value due to 

its low dispersion in the reaction system. Highly dispersed 

OPW/HHT (see SI) and OPW-OP/HHT show much higher 

MSA results, about 13 and 176 times to the performance of 

single OPW, respectively. Although both of them are highly 

dispersed on the HHT surface, OPW-OP/HHT shows higher 

TOF (87.9*10-2min-1) than that of OPW/HHT (6.5*10-2min-1). 

This demonstrates the superiority of IL mediator proven by 

XPS that the condensed IL lowers the binding energy of W4f 

electron and thus making it easier to react with oxidizing agent. 

Concomitantly, the strong hydrogen bonding between OP and 

DBT37 partially destroyed the aromaticity of DBT and thus the 

oxidation takes place easily in the presence of IL.38 ILs have 

been widely proved to have promoting effect for the catalytic 

efficiency, but their amount is always large.36 For the DBT 

conversion in other reported works, 1 ml to 3 ml IL is necessary 

for 5 ml solvent to achieve a deep oxidation. Herein, only 20 

mg OPW-OP/CNT system can achieve the same results 

indicating that the condensed IL (lower than 1% IL in liquid 

phase) on CNT surface possess much more positive influence 

than the bulk liquid IL. CNT also favors the introduction of the 

reactant into the IL reactor due to the π-π interaction between 

CNT and DBT. During the course of oxidation process using IL 

the unwanted “contamination” of the solvent with OP was 

investigated. After the reaction, no IL was detected in the 

solvent with HPLC indicating the stability of formed catalyst 

system during the reaction. Figure S8 displayed the influence of 

the reaction temperature and time on the DBT conversion in the 

IL mediator. The activity of catalytic system improved with the 

increasing of temperature from 30 oC to 60 oC. The results 

demonstrate that the catalyst can work more efficiently with 

H2O2 at higher temperatures. For the lower temperature, the 

DBT conversion still could reach a high level by prolonging the 

reaction time.  

 

 
Figure 4. a) W4f XPS spectra of pure OPW and OPW-

OP/HHT nanocomposites, b) DBT conversion with same 

amount of catalysts, TOF and MSA of different catalyst 

systems. Experimental conditions: T = 60 oC, V (H2O2) = 24 μL, 

m (catalyst) = 20 mg, t = 40 min. TOF value was based on the 

<30% conversion, and given in mole of conversion of reactant 

per mole of OPW in the catalyst per hour. c) Cycling stability 

of the heterogeneous system. Experimental conditions: 5 mL 

model oil, T = 60 oC, t = 40 min, V (H2O2) = 24 μL, m (catalyst) 

= 20 mg. 
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The regeneration and subsequent recycling of the catalyst 

are of vital importance for the industrial application of IL. The 

recyclability of liquid IL system is naturally less attractive. 

Figure 4c shows that the polyoxometalate in the IL phase are 

not aggregated of lost during the reaction process and therefore, 

the catalyst exhibits very good stability in recycling 

experiments. The heterogeneous CNT and the IL mediator 

favors the desorption of the oxidative products due to its high 

polarity, 31 leaving enough space for the absorption of fresh 

reactant. Density of the heterogeneous catalyst system is much 

higher than n-octane, therefore it settle down easily and can be 

separated through decantation. Fresh H2O2 and model oil were 

added into the original reaction kettle for the next run. 

Although IL is very expensive for commercial application its 

exfoliation and solidification brings huge superiority for 

recycling experiments (Even after recycling 16 times, the 

system can reach high efficiency at par with its first use.). 

Meanwhile, the lower dosage of IL makes the use of 

polyoxometalate-IL system possible in industry applications. 

Conclusions 

In summary, we have developed a novel heterogenization 

process with IL as mediator on CNT surface. OPW in the 

condensed IL can be easily characterized thus giving a 

fundamental understanding of the interaction between the 

catalyst and IL. The condensed IL phase not only provides a 

homogenous reaction micro-envirment but also lowers the 

binding energy of W4f electron leading to an easier reaction 

with oxidant. The catalyst in the condensed IL exhibits 

excellent oxidative activity for DBT oxidation, about 176 times 

MSA value to that of single OPW. Moreover, the catalyst in the 

IL mediator also shows high stability and the whole 

heterogeneous catalyst system can be regenerated by gravity 

separation (much easier and cheaper than filtration and 

centrifugation). With low dosage of IL and the superiority in 

catalytic redox reaction, this novel heterogenization process 

sheds a light of research on catalyst-IL interaction and goes a 

further step to bridge homogeneous-heterogeneous catalysis. 

 

Experimental 

Synthesis of OPW-OP/HHT 

The OPW-OP/HHT was prepared as the following: 2.5 g IL 

([Omim]PF6, purchased from Alfa Aesar) and 0.2 g 

polyoxometalate (OPW, synthesized by the reported procedures) 

were mixed together and heated at 120 oC to disperse the 

polyoxometalate in IL phase. Then 0.23g HHT (a highly 

graphitic multi-walled CNT) was added into the mixture and 

ultrasonic treated for 50 minutes to disperse HHT in the 

mixture. The mixture was centrifuged at 9500 r/min. A 

transparent liquid phase, identified as the mixture, was 

separated from a black lower gel phase containing both mixture 

and CNTs. The black gel phase was removed to small quartz 

boats which were placed in the center of a larger alumina tube 

running through the center of a furnace. Temperature 

programmed annealed processes were carried out according to 

the following procedures: annealing the IL and CNT gel from 

room temperature to 300 oC (10 Pa, 5 oC/min), maintaining for 

60 min (10 Pa); then cooling it down to the room temperature in 

2 h (10 Pa).  The final products were obtained from the inside 

of the quartz boats after the annealing process. The oxidative 

procedure was run as follows: catalysts, 30% H2O2 and DBT 

(purchased from Sigma-Aldrich; solvent is n-octane, 500 ppm) 

were added into the two-neck kettle in turn, respectively. The 

mixture was then stirred under appropriate conditions. After the 

reaction, the kettle was cooled to room temperature and the oil 

was removed for further analysis via gas chromatography flame 

ionization detection (GC-FID) (Agilent 7890A, HP-5 column, 

30 m long * 0.32 mm inner diameter (id) * 0.25 mm film 

thickness) (tetradecane as internal standard). The process 

started at 100 oC and the temperature was increased to 200 oC at 

a rate of 15 oC min-1. 

Surface and structure analysis 

The TEM images and STEM-EDS elemental mapping were 

observed on a FEI Tecnai G2 F20 microscope operated at 200 

kV. Thermogravimetric (TG) analysis was carried out using a 

NETZSCH STA 449 F3 under a flow of air (50 mL min-1) with 

a heat ramp of 5 oC min-1. XPS characterization was performed 

on an ESCALAB 250 instrument with Al Kα X-rays (1489.6 

eV). IR studies were conducted with a Thermo Nicolet iZ10 

FTIR system using a diffuse reflectance infrared Fourier-

transform (DRIFT) cell that has been extensively modified to 

allow in situ treatments up to 500oC under flowing gases. The 

spectra were recorded in the 650-4000 cm-1 wavenumber range 

with 128 scans at a resolution of 4 cm-1. X-ray diffraction 

(XRD) measurements were performed on a D/max 2400 

diffractometer (JEOL Ltd., Japan) at a scanning rate of 4 o/min, 

with graphite monochromatized Cu Ka radiation (I = 0.1506 

nm).  
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