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Effect of Co-Mo catalyst preparation and CH�H 2 flow on carbon nanotube synthesis
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Supported Co-Mo catalysts with a given ratio of metals were prepared from polyoxomolybdate Mo 12 O 28 (µi-OH)n{Co(H 2 O)J 4 using impregnation and combustion methods. Effects of the type of catalyst and the ratio and flow of methane and hydrogen gases on the structure of carbon nanotubes (CNTs) synthesized by catalytic chemical vapor deposition (CCVD) method were studi ed using transmiss ion electron microsco py and Raman spectroscopy. The catalyst prepared by combustion method yielded mainly individualized CNTs, while the CNTs were highly entangled or bundled when impregnation method was used. ln both cases, addition of hydrogen to methane led to reduction of the CNT yield. The samples synthesized using two different catalysts and the same CH.JH2 ratio and flow of gases were tested in electrochemical capacitors. A higher specific surface area of the CNTs grown over impregnation-prepared catalyst caused a better performance at scan rates from 2 to 1000 mV /s.

Introduction

Chemical vapor deposition (CVD) is a multivariable process, where any synthesis parameter may influence the target carbon product. The key parameter in the catalytic CVD (CCVD) synthesis of carbon nanotubes (CNTs) is the composition of the catalyst. 1 1 1 Transition metals such as Fe, Co, Ni and their alloys or with addition of Mo are common catalysts for this process. The efficiency of the catalyst for the growth of CNTs of different morphologies depends on the choice of the catalytic support, which allows controlling the size and distribution of catalytic meta ls. 1 2 1 The most often used supports are graphite, quartz, magnesium oxide, zeolite, alumina, silicon, silica l 3 1 and less common substrates such as stainless steel, microfibrous composite materials, 1 4 1 and glass mat 1 51 have also been reported. The interaction of the support with the active metal through van-der-Waals and electrostatic forces and /or surface groups affects the mobility and sintering of the metal 1 6 1 and thus modifies its activity. 1 1 1 For example, Chai et alP 1 showed that the performance of CoO catalyst for the growth of CNTs from methane at 700 °C decreased as follows for oxide supports: A}zO 3 > CeOz> zeolite > SiOz> TiOz> CaO > MgO. The use of the MgO support for a Fe/Mo cata lyst provided the highest yield of single-walled CNTs (SWCNTs) from methane at 850 °C as compared to other supporting materials. 1 8 1 There are several methods for the preparation of sup ported catalysts and among them are sol-gel, precipitation, impregnation and combustion. The impregnation is a simple method not requiring any specific equipment, where a por ous support (MgO, CaO) is impregnated with a solution (usually aq ueous) of metal salts, such as acetates, 1 9 1 nitrates 1 10 1 and ammonium heptamolybdateY 1 1 For example, the catalyst used in the well-known CoMoCat process for the synthesis of SWCNTs is prepared by impregnation of SiO 2 by an aq ueous solution of Co(NO 3 h and (NH 4 ) 6 Mo,O 24 followed by drying in an oven at 80 °C and calcination at 500 °C. 1 12 1 Another common method is the combustion (fast thermal decomposition involving redox reactions) of a solution of metal salts with an organic reduc ing compound. Combustion of solutions of metal nitrates, ammonium heptamolybdate with citric acid or urea was used to produce the catalysts used for the synthesis of do u ble-walled CNTs (DWCNTs). 1 131

The first stage of the preparation of bi-or three-metallic catalyst is usually dissolution of metal-containing com pounds used in the required ratio in a solvent. 1 1 1 An alterna tive way is to use compounds already containing two or more of the necessary metals. An example of such com pounds is the giant polyoxomolybdate molecule with active transition metal and molybdenum atoms in a cluster core. catalysts for the synthesis of (14,4) chiral SWCNTs with a selectivity of 97%.r 17 1 Thus, metal-contain ing cluster molecules can be a source of catalysts with well controlled structures for the CCVD growth of high purity CNTs possessing a specific morphology and structure.

In the first work and subsequent investigations of pol yo xo molybdate molecules for the preparation catalysts, SiOi, /Si substrates were used for deposition of molecules that resulted in very low yields of CNTs and created difficulties for their recovery by detachment from the substrate. One more important parameter in the CCVD synthesis is the gaseous carbon source, which is typically methane, ethyl ene, acetylene or carbon monoxide.r 6 )•conversion of a reac tion gas to CNTs is always associated with the formation of various carbon by-products. Among the hydrocarbons, methane is the most thermodynarnically stable and its pyr olysis yields only carbon and hydrogen atoms. f 24 I Thus, methane is often mixed with hydrogen to control the forma tion of unwanted carbon species in gas phase. In this point of view, it is important to determine the role of H 2 in the CNT synthesis. One of the first studies on this topic was dealing with the arc-discharge synthesis process, where CNTs free of amorphous carbon were produced, but the role of H 2 was not thoroughly discussed f 25 I Later, decom position of CH 4 in an electric arc to C 2 H 2 and H 2 was reported.f 26 1 The infl uence of hydrogen was also reported for the CCVD synthesis of CNTs. Flahaut et az.r 27 I identified the optimal content of CH 4 in mixture with H 2 for the syn thesis of DWCNTs. The yield of DWCNTs increased as well as the formation of carbon nanofibers when the content of CH.i was increased from 3 to 30 mol.%. and studied the effects of the composition and rate of the gas fl ow on the structure of the carbon product. 

Experimental part

Materials

High purity Magnesium oxide MgO (analytical reagent qual ity), cobalt (II) acetate Co(OOCCH

Preparation of catalysts
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Synthesis of carbon nanotubes

Room

Results and discussion

lmpregnation-pr oduced catalyst for CNT synthesis

T yp ical TEM images of carbon materials synthesized over imp-catalyst are shown in Figure 3. Materials contained entangled and bundled CNTs free from arnorphous carbon (Figure 3). High-resolution images revealed that the bundles consisted of DWCNTs with an outer diarneter ranging from 2 to 5 nm (Figure 3d). These nanotubes were grown when the flow rate of CH 4 was 200 mL/min. The agglomerates contained individualized MWCNTs and they were formed at ail used gaseous flows. The thinnest MWCNTs with an aver age outer diameter of 5 nm grew at 200 mL/min C� flow rate (Figure 3d). A decrease in the flow rate to 100 mL/min led to the synthesis of MWCNTs with an outer diameter varying from 5 to 10 nm, with an average value of 8 nm (Figure 3b). MWCNTs with significantly larger diarneters up to 30 nm were formed when the flow rate of CH 4 was increased to 300 mL/min (Figure 3e andf). In this case, metallic nanopartides were observed within MWCNTs (Figure 3e 

Bundles of DWCNTs

Combustion-produced catalyst for CNT synthesis

TEM study of the product obtained using the comb-catalyst and C� with a fl ow rate of 200 mUmin revealed highly dispersed thin CNTs (Figure Sa). High-resolution TEM images evidenced the co-existence of DWCNTs, triple walled CNTs (TWCNTs), and MWCNTs (Figure Sb). The average outer diameter of these CNTs was 3 nm, 5 nm and 8 nm, respectively. However, MWCNTs with a larger outer diameter of ~16 nm were also observed in the sample. Note that DWCNTs were not bundled, contrary to what was obtained for the use of imp-catalyst in the synthesis (Figure 3c andd). When the rate of C� fl ow was increased to 300 mUmin, the DWCNTs formed thin bundles (Figure Sc andd). The growth of SWCNTs, DWCNTs and TWCNTs is typical for catalysts prepared by combustion method. 1 13 1 An optimal composition of the catalyst, which provides prevalence of DWCNTs in the CNT mixture is Mgo_99(Coo.1sMoo. 2 s)o.010 1 36 1 and an increase in the content of Mo leads to an increase in the number of CNT wallsP 7 1 The 1 0 /I G ratios determined from Raman spectra of carbon products varied from 0.2 to 0.8 (Figure 6a). These values are smaller as compared to those found for the CNTs synthesized over imp-catalyst (Figure 4b). Figure 6b shows CNT yields depending on the ratio and gas fl ow rates of CHJH 2 . As in the previous case, the yield decreased when methane was diluted with hydrogen. The highest CNT yield was obtained at 150 mL/min of CH 4 fl ow rate and the lowest yield was reached using CH 4 /H 2 with 50/50 mUmin. The IofI G ratio was 0.5 for the former product and 0.2 for the latter one. However, the highest 1 0 /I G ratio was observed at 300 mUmin flow rate of C�. This can be assigned to a decrease in the number of DWCNTs and an increase in the fraction of large-diameter MWCNTs (Figure Sc andd 

Electrochemical properties

The obtained CNTs were tested as electrode materials in electrochemical capacitors. Performances of CNTs synthe sized using comb-catalysts are illustrated in Figure S2. Samples obtained in the same synthesis conditions (200 mUmin of CH 4 ) using different catalysts were selected for a comparative analysis of their electrochemical perform ances (Figure 7). CNTs synthesized using the imp-catalyst exhibited the higher values of specific capacitance at ail used scan rates. Specific surface area (SSA) and wettability of the material have the largest impact on the capacitance at high san rates due to the lack of time for complete diffusion of electrolyte ions. The imp-cata lyst produced the CNTs 40,--------; 

  3 h-4H 2 O (analytical reagent quality, anhydrous), ammonium heptamolybdate tetra hydrate (Nfii)�o7Ü 24 •4H 2 O (>99%), acetic acid CH 3 COOH (puriss.), hydrazine sulfate N 2 �SO 4 (p.a), magnesium nitrate Mg(NO 3 h•6H 2 O (analytical reagent quality), citric aci d C 6 H 8 O 7 (analytical reagent quality), and hydrochloric aci d (puriss. spec.) were used for the synthesis of catalysts and the purifi cation of CNTs. Methane CH.i (99,95%) and hydrogen H 2 (99,9999%) were used for the growth of CNTs.

Mo 12 O

 12 2S (µ 2 -OHh 2 {Co(H 2 Oh} 4 (briefl y {Co 4 Mo !2 }) was syn thesized as described in the original work. f 35 I Shortly, Co(OOCCH 3 h-4H 2 O (11.25 g) and (NH 4 ) 6 Mo 7 O 24 •4H 2 O (3.36 g) were dissolved in diluted acetic acid (290 mL) and hydrazine sulfate (0.62 g) was added to the solution. Polyoxomolybdate {Co 4 Mo 12 } was precipitated after the heating of the solution at 65 °C for three days. The methods used for the catalyst preparation and the sche matic structure of the catalysts are illustrated in Figure 1. The preparation of catalyst by impregnation comprised the follow ing steps: an aqueous suspension of {Co 4 Mo 12 } and commercial MgO was stirred at 80 °C until the full evaporation of water. The peach-coloured {Co 4 Mo !2 }/MgO sample was dried in air at 80 °C for 12 h. Decomposition of {Co 4 Mo 12 } /MgO at 700 °C in air for 10 min produced the Co-Mo/MgO catal (z st, which struc ture was already described in details earlier. 23 1 The catalyst prepared by impregnation method is further denoted as imp catalyst. The combustion process consisted of the following steps: {Co�od (0.2 g), Mg(NO 3 h 6H 2 O (17.7 g) and citric acid (7.4 g) were dissolved in deionized water (600 mL) and the resultant solution was placed in a muffle furnace preheated at 550 °C and left until dryness. The catalyst prepared by combus tion method is further denoted as comb-catalyst We propose it bas a solid solution structure f 36 1 for MgO sirnilar to the catalysts obtained using the same procedure f 37 I where Co may be in sub stitution of MgO in the MgO lattice, but this is not possible for Mo. However, during the process, O>MoO 4 or MoO 3 can be formed, then it can be fixed on surface of MgO but the exact form and location of Co and Mo are unclear. Analysis by atomic emission spectroscopy revealed a content of Co ca. ~ 1 wt.% and Mo ca ~5 wt.% for both catalysts.

  imp

Figure 1 .Figure 2 .

 12 Figure 1. Ill ustration of impregnation and combustion methods of catal yst formation started from Mo1 2 02 8 {µ 2 OH)u{Co(H 2 0hl• cl uster mol ecules.

temperature

  The procedure for the CNT synthesis was the same for both catalysts and involved three steps shown in Figure2. A cata lyst was distributed in a cerarnic boat, which was placed in the cold zone of a quartz tube 4.5 cm in diarneter embedded in a horizonta l tubular stainless steel reactor of 1 m length. The reactor was filled with hydrogen and heated to 1000 °C. After that, the cerarnic boat was introduced into the hot zone of the reactor. The sample was flushed with hydrogen at a fl.ow rate of 150 mUmin to activate the cata lyst during 10 min. The CCVD synthesis was carried out in a gaseous mixture of hydrogen and methane with different ratios and flow rates for 30 min. Then, the reactor was flushed with hydrogen (150 mL/min) for 10 min. As a result, black pow ders were obtained.The products were treated with a concentrated aqueous solution of HCl to dissolve the MgO support as well as ail the accessible metals. Since this acid is a non-oxidizing agent, the used purification treatment does not introduce functional groups on the CNT surfaceP 8 1 Then CNTs were filtered and washed with distilled water until neutral pH. Finally, CNTs were dried in air at 80 °C for 12 h. In both catalysts, cobalt is the main active meta l for CNT growth and CNT yields were calculated as m:; 1 x 100%.

2. 4 .

 4 Instrumental methods Transmission electron microscopy (TEM) images were obtained using a JEOL-2010 microscope operated at 200 kV. Raman spectra were reco rded on a LabRAM HR Evolution HORIBA spectrometer using 514 nm Ar + laser radiation. CNTs were tested as working electrodes in a three electrode cell to investigate their electrochemical properties. The method of preparation of the electrodes consisted in a homogenization of a CNT sarnple (5 mg) with a 62 wt. % solution of Teflon F-4D binder in aqueous solution followed by rolling of the mixture in ethanol (a few drops) to form a filin. Platinum foil and Ag/ AgCl electrode were used as current collector and reference electrode, respectively. The platinum counter electrode and the working electrode were separated with pol yp ropylene membrane impregnated with a 1 M H 2 SO 4 aqueous solution. Cyclic voltammetry (CV) curves were recorded using a Biologie SP-300 instrument in a potential window from O to 1 V at scan rates from 2 to 1000 m V /s. The specific capacity of the electrodes was determined using the formula C = A/(V. xm), where A is the area under the positive curve, v. is the scan rate and m is the mass of carbon material.

Figure 3 .

 3 Figure 3. Low resolution (a, c, e) and high resolution (b, d, f) TEM images of CNTs synthesized using imp catalyst with a flow rate of CH4 100 mUmin (a, b), 200 mUmin (c, d) and 300 (e, f).

-Figure 4 .

 4 Figure 4. (a) Raman spectra of CNTs obtained with imp catalyst at 100, 150 and 200mUmin total CH.JH 2 flow rates. (b) Influence of ratio and gas flow rates of CH.JH 2 on CNT yield and lo/l G values (shown by bold numbers). The direction of the arrows indicates a decrease in CNT yiel d when CH4 was diluted with H2 (for a given total flow rate). evidenced at 150 mL/min and 300 mL/min total fl ow rates of CHJH 2 . At other fl ow rates, there was no effect of H 2 addition on the disorder of the CNT structure. Ohashi et al. proposed that the addition of H 2 to CH 4 is the necessary condition to synthesize CNTs free from amorphous carbon and an optimum concentration of H 2 in C� was about 1:1.l 45 l Reynolds et al. 1 46 1 obtained the highest CNT yields when 700 sccm of C� were mixed with 200-300 sccm of H 2 . In our experiments, H 2 performed two main roles for CNT formation. One of them was dilution of methane that led to decreasing the CNT yield, and the other was the stabilization effect of CH 4 during the decomposition which promoted a decreasing density of defects in CNTs.

  ) due to deviation of the synthesis conditions from the stationary state, similarly to what was also observed with the imp-catalyst. Rao et al. 1 47 1 reported that H 2 did not affect the yield of SWCNTs at 800 °C, however, the yield increased when the ratio of H 2 /C� was equal to one at 900 °C. Usually, SWCNT synthesis does not occur without H 2 , which is needed to decrease the decomposition rate of CH 4 and hence to prevent catalyst encapsulation with carbon. Our Raman data show that the ratio and flow-rates of CHJH 2 had an effect on the diameter distribution of SWCNTs and DWCNTs, with radial breathin f modes (RBMs) that appeared from 80 to 300 cm 1 . 1 48 Positions of RBMs are listed in Table Sl and these data indicate the formation of both SWCNTs and DWCNTs independently on the CHJH 2 ratio and flow rate. The use of C� without H 2 provided narrower distributions of CNT diameters which were espe cially characteristic of low flow rate of CH 4 • We assume that CH 4 bas enough reduction ability for the formation of metal partides with a size acceptable for the DWCNT growth. Addition of H 2 to C� increases reduction ability, which leads to the formation of a larger number of catalytically active metal partides, but with a different size distribution. Thus, various SWCNTs and DWCNTs are produced, but the yield of CNTs is decreased due to dilution of C�. However, there are opposite examples in the literature. Orbaek et al. l 49 l identified that an increase in the partial pressure of CH 4 higher than 60% in CHJH 2 promoted the carbonization of catalytic partides and decreased the effi ciency of the reduction of the catalyst.

Figure 5 .

 5 Figure 5. Low resolution (a, c) and high resolution (b, d) TEM images of DWCNTs, lWCNTs and MWCNTs synthesized using comb catalyst with CH. flow rate of 200 mUmin (a, b) and 300 ml\min (c, d).

Figure 6 .

 6 Figure 6. (a) Raman spectra of CNTs obtained using comb catalyst at different CH.{H 2 ratio and flow rates. (b) CNT yields depending on ratio and gas flow rates of CH.{H 2 • The direction of the arrows indicates decreasing of yields when CH. is diluted with H 2 •

Figure 7 . 9 1 2

 792 Figure 7. Specific capacitance as a function ri scan rate ri CNTs obtained with romb prepared catalyst and imp prepared catalysts at 200 ml/min ri CH. flow rate.

1 14 1 The first compound from this family used for the synthesis of CNTs was Keplerate, containing Fe and Mo C ONTACT Egor V. Lobiak S lobiakev@niic.sbras.ru � Nikolaev lnstitute of lnorganic Chemistry SB RAS, 3 Acad. Lavrentiev Ave., 630090 Novosibirsk, Russia. [H x PM0 12 O 40 Cfii MonFe3-0(CH 3 COO) 15 O 254 (H 2 0) 9 s J . f 15I The size of this molecule is 3 nm f 16 1 and each molecule should on the principle produce a single metal nanoparticle for the growth of a CNT of a given structure. However, SWCNTs synthesized from methane at 900 °C exhibited a distribution of diametersY 5 1 The goal of selectivity was �� � using Na 15 [Na 3 C{Co(H 2 O) 4 } 6 {WO(H 2 O)h(P 2 W 12 O 48 h), which gave W 6 Co 7

  

f 15 • 18 • 19 1 Edgar et al. for the first time distributed various Fe-containing poly oxomolybdates on MgO and Al 2 O 3 supports and obtained mixtures of SWCNTs and multi-walled CNTs (MWCNTs) from methane at a temperature of 1000 °c.f 2 0J Sirnilar results were achieved using the Keplerate with the Al 2 O 3 support f 21 1 and MgO support. f 22 1 Well-graphitized MWCNTs were obtained from C i HJH 2 at 900 °C using e-Keggin-type poly oxomolybdate clusters Mo 12 O 28 û12.-OH) i2 {Ni(H 2 Oh} 4 and Mo 12 O 2 s(µi-OH) !2 {Co(H 2 Oh} 4 on MgO supports.r 23 I The use of supported polyoxomolybdates for the synthesis of CNTs is however still far from having been fully exploited

  

Xiong et az.rz s J syn thesized DWCNTs on Fe-Mo/MgO catalyst when they diluted CH 4 with H 2 . This effect of H 2 was related to the slowing of the processes of decomposition, diffusion, and precipitation of carbon atoms. Biris et al.r 29I showed similar effect of H 2 on the growth of SWCNTs and they proposed a decrease in the size of metal catalyst in hydrogen environ ment as the explanation. There is no doubt about a signifi cant role of hydrogen in improving the structural quality of CNT walls, as described in the many works devoted to this effect. f 30 -3 4 l In the present work, the Mo 12 O 28 (µ 2 -OH) 12 {Co(H 2 Oh} 4 cluster molecule with a Co 4 Mo 1 2 core was chosen as a pre cursor of MgO-supported catalysts. We compared the cata lysts prepared by impregnation or combustion methods for the CCVD growth of CNTs from a mixture of CH 4 and H 2

  

Acknowledgments

We are grateful to Mr. B.A. Kolesov for the Raman analysis and Mr. P. Lonchambon for the help in the combustion synthesis of catalysts.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by the Russian Foundation for Basic Research (grant N!i 18 33 01053). Mrs V.R. Kuznetsova thanks grant N!i 004 HCr 19 from Novosibirsk State Technical University.

Supplemental file

Effect of Co-Mo catalyst preparation and CH4/H2 flow on carbon nanotube synthesis
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Figure S1.

Figure S2.

Table S1. RBM positions of CNTs synthesized using comb-prepared catalyst at different CH4/H2 ratios and flow rates.