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1. Introduction 

 

Nanostructured carbons (NSC) such as Carbon nanofibers (CNF) and -nanotubes (CNT) 

hold great potential in electronic applications such as displays and computer chips due to 

their physical properties which are related to their size [1-3]. In addition, nanostructured 

carbons can be used as catalyst support material or as catalyst [4- 7]. To extend their 

range of application, altering the physical-chemical properties of NSC has become an 

important topic. This can be achieved by incorporating hetero atoms, typically boron, 

nitrogen or oxygen, into the graphene layers of the CNT. For example, the chemical 

composition of the graphitic like surface can be modified by oxidative treatments. In that 

way anchoring sites are introduced which are important to deposit catalytically active 

phases on [5, 8, 9]. The incorporation of nitrogen, with its extra electron as compared to 

carbon, into the graphitic matrix of CNT may result in an n-type material which might be 

useful for electronic applications [10-12]. Moreover the nitrogen atoms might function as 

basic sites as will be discussed in this thesis. 

 The most often encountered NSC (Figure 1) are fishbone type CNF (A) [4, 13], single 

wall CNT (SWNT) (B) [14], multi wall CNT (MWCNT) (C) [4, 13] and bamboo structured 

CNT (D) [15, 16]. From this point on in this thesis multi wall carbon nanotubes are 

denoted, for brevity, as CNT. 

 

 

 

Figure 1. Structure of CNF (A), SWNT (B), MWNT (C) and bamboo CNT (D). 
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2. Synthesis of Nitrogen containing CNT 

 

Two routes exist for the synthesis of nitrogen containing CNT (NCNT), i.e. post synthesis 

modification of CNT with nitrogen containing organic molecules [17-19] or incorporation of 

nitrogen during synthesis of the CNT [20-22]. The major drawback of the first method is 

the complexity with respect to the number of synthesis steps needed. To be able to attach 

the organic amines to the CNT’s surface, functional groups such as oxides are required 

first. Thus, after synthesis, the CNT are oxidized and then reacted with organic amines to 

obtain nitrogen functional groups grafted on the CNT. For the second method, i.e. nitrogen 

incorporation during NCNT synthesis, different options are pursued, such as laser ablation 

[22, 23] or arc discharge [24, 25] of graphite in the presence of a nitrogen source. These 

techniques often require high temperatures, typically around 1300K. 

 Lower temperature synthesis, usually between 900 K and 1100 K exists as well. 

Successful examples are the pyrolysis of N-containing organo-metallic compounds 

sometimes in the presence of an additional C/N source [21, 26, 27] or chemical vapour 

deposition (CVD) of N-containing organic compounds over a supported transition metal 

based catalyst [20, 28, 29]. One of the grand challenges is to incorporate a high quantity 

of nitrogen into the graphene layers of the CNT, i.e. obtaining a high N/C ratio. With high 

temperature techniques, such as laser ablation, arc discharge and magnetron sputtering, a 

large percentage of N incorporation, up to 33 %at, has been achieved [22- 25, 30-31] 

whereas with low temperature techniques, viz. CVD and pyrolysis, up to 20 %at has been 

realized [32-44]. Although it seems that the high temperature techniques perform best in 

N incorporation, it is not expected that large quantities of NCNT on the kilogram or ton 

scale, necessary if industrial applications are considered, can be produced cost effectively 

[45]. CVD on the other hand, is known to result in high yields for undoped CNT [46, 47] 

and NCNT [29], typically 20-50 g per gram of growth catalyst. 

 It has been reported in literature that a pre-existing C-N bond in the precursor used in 

CVD positively influences the amount of nitrogen incorporated [48]. Furthermore, if the 

precursor is unsaturated the probability of NH3, N2 or amine formation during synthesis is 

decreased which facilitates the formation of NCNT. On the other hand, Ismagilov et al. 

reported on the synthesis of NCNT using a mixture of an organic precursor and NH3 over a 
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supported (bi)metal catalyst with high loading [49, 50]. Depending on the growth 

conditions, NCNT with varying N/C ratio and physical properties were obtained. 

 

 

3. Structural and Electronic consequences of N incorporation 

 

Incorporation of nitrogen into the graphene sheets of the CNT locally changes the chemical 

composition of the graphene layer which results in structural and electronic changes 

compared to the undoped material. First the structural impact is discussed followed by the 

electronic implications of N incorporation. 

In Table 1 the physical properties of carbon, nitrogen and oxygen are listed.  

 

Table 1. Physical properties of Carbon, Nitrogen and Oxygen [51] 

element Atomic radius (Å) Electron 
negativitya 

C-bond lengthb 
(Å) 

Bond type 

C 0.70 2.55 1.38 C-C (benzene) 
N 0.65 3.04 1.34 C-N (pyridine) 
O 0.60 3.44 1.36 C-O (phenol), 

aaccording to Pauling, b in aromatic compounds 
 

 

The atomic dimensions of carbon, nitrogen and oxygen as well as the bond length in 

aromatic structures do not differ very much which makes the latter two elements very 

suitable for incorporation into the graphene layers of CNT. However, the C-N bond is 

shorter as compared to the C-C and C-O bond lengths. Incorporation of nitrogen into the 

CNT may therefore distort a perfectly ordered graphitic matrix. It was shown that low 

concentrations of nitrogen, i.e., N/C < 0.17, can be incorporated in the graphene layer 

without changing the graphitic properties and tube morphology too much (Figure 2A) [31]. 

However, above this level nitrogen is incorporated in pentagons which cause the curving of 

basal planes as is illustrated in Figure 2B. 
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Figure 2. Curvature of graphene layer (grey lines C, black lines N) as consequence of N/C ratio; N/C = 

0.17 (A) and N/C = 0.40 (B) 

 

Thus nitrogen is able to release strain in the structure of the NCNT, this might be the 

reason why nitrogen is found around defects [52] and why their concentration in the inner 

layers was found to be higher than on the outer layers [28]. 

 The structural consequence of N incorporation in CNT is sometimes studied with Raman 

Spectroscopy [21, 53-56]. Specifically the ratio between the graphitic band (G-band, 1580 

cm-1) and the disordered band (D-band, 1350 cm-1) is used to reveal the presence of 

disordered domains. In Figure 3 the ID/IG ratio as function of the nitrogen content in NCNT 

is displayed which is compiled from the mentioned literature sources. From this figure it is 

obvious that an increase of N in CNT causes an increase of the ID/IG ratio although there 

seems to be a maximum. This means that there is a loss of ordering in the graphene 

layers as more nitrogen is incorporated into the aromatic rings of the graphene layers. 

 

 

Figure 3. ID/IG ratio as function of N incorporation for SWNT (�), NCNT (◊) and amorphous CNx (�). 

Data obtained from literature [21, 51-54]. 
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However, an increase in the ID/IG ratio was also observed with the increase of synthesis 

temperature with conventional CNT (Figure 4) [26]. Therefore, it is unclear which 

parameter, temperature or N/C ratio affects the ID/IG ratio. Furthermore, this result 

indicates that the ID/IG ratio alone is not a measure for the amount of nitrogen 

incorporated in the NCNT.  

 

 

Figure 4. ID/IG ratio as function of temperature for CNT (�). Data obtained from literature [26]. 

 

 

Modification of carbon materials might also influence their polarity thus their wettability 

with different solvents. This was already shown for the surface modification of CNF [57] 

and is also shown here for NCNT (Figure 5). This figure shows the distribution of NCNT 

(5A), CNF (5B) and oxidized CNF (5C) over a biphasic system of hexane and 

water/methanol. NCNT and oxidized CNF show a clear affinity for the polar solvent while 

the non functionalized CNF are better dispersed in the non polar solvent. 
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Figure 5. NCNT(A), CNF (B) and oxidized CNF (C) dispersed in a biphasic system of hexane and 

water/methanol. 

 

The introduction of nitrogen into a CNT graphene layer changes its local electronic 

environment as an extra electron is brought into the graphene matrix since nitrogen has 

five valence electrons versus four of carbon. XPS has proven to be suitable technique to 

study the electronic effect of nitrogen incorporation into graphene layers [58-61]. For 

example, Ronning et al observed in the deconvoluted C1s spectrum a shift in intensity of 

the peaks with binding energies 284.7 eV and 285.6 eV when nitrogen was incorporated in 

the graphene layers [58]. This was explained by the charge transfer from carbon to the 

more electronegative nitrogen atom. Furthermore, the ratio of those peaks matched the 

N/C ratio. Although literature reports that at least four types of nitrogen can be 

distinguished in the N1s spectrum, viz. pyridinic N (398.4 eV), pyrrolic N (400.0 eV), 

quaternary- or substitutional N (401.1 eV) and N-oxide (402.0 eV), we will focus here on 

the electronic properties of pyridinic nitrogen and quarternary nitrogen and compare the 

distribution of electrons over the chemical bonds with a molecular amine. In Figure 6 the 

electronic configuration over the atomic orbitals adapted from Ewels and Glerup [10] are 

displayed for amine, pyridine and carbon substitution by nitrogen in a graphene like 

arrangement. The nitrogen atom in amine has four sp3 hybridized orbitals of which three 

are occupied by one electron forming σ bonds with hydrogen. The two remaining electrons 

both occupy one sp3 orbital and thus form a localized electron lone pair. This is the cause 
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of the amine’s basic character as the electron lone pair can donate an electron to 

electrophilic species such as protons, thereby forming NH4
+. The three sp2 hybridized 

orbitals of pyridinic nitrogen are occupied with four electrons which means that two 

orbitals filled with one electron each are used for σ bonds with neighbouring carbon atoms 

while the two remaining electrons form an electron lone pair. The fifth electron is 

positioned in an atomic p-orbital and is used to form a π bond with an adjacent carbon 

atom. As with amine, the localized electron lone pair has electron donating properties. As 

with pyridine, the quaternary nitrogen, substituting a carbon atom of the graphitic matrix, 

has three sp2 hybridized orbitals. However, these are filled with one electron each and 

form three σ bonds with neighbouring carbon atoms. One electron fills an atomic p-orbital 

and is used to form a π bond with an adjacent carbon atom. The remaining electron cannot 

be accommodated in a bonding orbitals and ends up in a π* orbital. It is this electron that 

is delocalized over the graphitic network and is actually delocalized thereby ‘doping’ the 

graphene layer [5, 51, 62].  

 

 

Figure 6. Electron configuration of nitrogen having different hybridization [10]. 

 

It has been mentioned that nitrogen incorporated in a graphitic environment has both 

donor properties (because of the extra electron as compared to carbon) and acceptor 

properties since it is more electronegative than carbon [63]. The delocalized electrons may 

have an impact on other nitrogen atoms, for example pyridinic type, which may induce 

changes in their reactivity. 
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4. Applications of CNT with N-functional groups 

 

Incorporation of nitrogen in CNT received much attention due to enhanced conductivity as 

compared to their undoped counterparts. Several reports in literature suggest NCNT to be 

suitable as field emission devices due to the presence of donor states just above the Fermi 

level [10, 11, 35, 48, 64]. However, few reports deal with the catalytic potential of NCNT 

and only make indirect use of NCNT to enhance catalytic performance. A few catalytic 

applications are discussed below. 

 

 

4.1 Catalyst support in Fuel Cell electrodes 

The catalytic performance of the active metal may be influenced by the electronic 

properties of the NCNT on which they are deposited. For example, NCNT proved to be a 

suitable support material for Pt electrodes in Fuel Cell technology [65, 66]. In the Direct 

Methanol Fuel Cell (DMFC) methanol is catalytically oxidized with water at the anode: 

 

CH3OH + H2O  CO2 + 6H+ + 6e-  (1) 

 

The limitations of the DMFC system are attributed to the catalytic performance of the 

anode electrodes and thus an enhancement of the catalyst’s activity would be beneficial 

[65]. Pt deposited on NCNT (Pt-NCNT) showed enhanced activity in methanol oxidation as 

compared to Pt deposited on other carbon supports [66]. The current density of the fuel 

cells equipped with NCNT based electrodes was three times higher than those that were 

equipped with non N functionalized carbon electrodes. In fact, as compared to a 

conventional electrode, a tenfold higher activity with the NCNT supported electrodes was 

observed which was attributed to enhanced catalytic performance of Pt particles stimulated 

by the nitrogen functional groups [65]. Although the precise reason for the enhanced 

activity reported here has not been elucidated yet, it is believed that NCNT caused a high 

dispersion of Pt particles, strong metal-support interaction and influenced activity by N 

sites. Here the NCNT have been used indirectly to enhance the fuel cell performance. 

However, due to the localized electron density at the nitrogen sites, NCNT may be used 
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directly as electrode [67]. The activity of NCNT based electrodes was investigated in the 

Oxygen Reduction Reaction (ORR) which occurs at the Fuel Cell’s cathode: 

 

4H+ + O2 + 2e-  2H2O   (2) 

 

 It was reported that the NCNT based electrodes displayed comparable or even better 

activity than a commercial, Pt based electrode [67]. 

 

 

4.2 Emission reduction of NOx and SO2 

Emission reduction of nitrogen oxides, such as NO and NO2, is an important topic in air 

pollution control. NOx species contribute to all kinds of environmental problems like ozone 

depletion, extended green house effects and acid rain. Much effort is put into the removal 

of these species from automotive and industrial exhaust gases. A suitable method is 

Selective Catalytic Reduction (SCR) of NOx in the presence of ammonia and oxygen where 

the product are water and molecular nitrogen. 

 

4NO + 4NH3 + O2  4N2 + 6H2O (3) 

 

Carbon based catalysts doped with nitrogen were proven to be active in this reaction [68, 

69]. Although the exact mechanism has not yet been elucidated it is assumed that it 

involves the adsorption of nitrogen oxide and ammonia on respectively basic and acidic 

surface groups. The acidic NO molecule interacts with the surface basic nitrogen groups 

resulting in more reactive NO2-type species. Simultaneously, ammonia adsorbs on acidic 

oxygen functionalities, viz. phenolic or carboxylic groups, causing the formation of NH4
+ 

ions. The adsorbed species then react forming water and molecular nitrogen. It was 

reported that the increase of nitrogen groups, specifically pyridinic N, enhanced the 

catalyst activity [68]. The basic nature of pyridinic N provides an efficient adsorption site 

for acidic molecules like NO. Furthermore, it was suggested that the delocalized electrons 

of substituted N, i.e. quaternary N, could be transferred to adsorbed species making them 

more reactive. 
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As NOx contributes to acid rain formation so does sulphur dioxide. In air SO2 slowly 

oxidizes to SO3 which upon contact with water transforms into H2SO4 which is the main 

cause of acid rain. Therefore, limiting the emission of sulphur dioxide into the atmosphere 

is of great environmental concern. Several methods are used to prevent SO2 emission such 

as the use of porous materials which adsorb sulphur compounds from gases before 

burning or to remove SO2 from the flue gas by scrubbing [70]. Carbon based materials 

such as activated carbons have shown to effectively adsorb SO2 and in the presence of 

oxygen or water facilitate the formation of respectively SO3 or H2SO4 [71]. It has been 

reported that incorporation of nitrogen improved the adsorption of SO2 and increased the 

conversion to SO3 or H2SO4. It was observed that the catalytic activity depended on the 

nature of the N site. As with NOx reduction it is was concluded that in particular pyridinic N 

is the cause of the observed enhanced catalytic performance [71]. Mangun et al further 

noted that an improved SO2 adsorption characteristic was caused by the balance between 

optimal pore size distribution and nitrogen incorporation [70]. 

 

 

5. Scope and outline of this thesis 

 

Although the electronic properties of NCNT and their potential as nano-devices are 

increasingly explored, there are not many reports that systematically investigate the 

relation between synthesis parameters, physical-chemical properties and catalytic 

performance, in base catalyzed reactions, of NCNT. The aim of this thesis is to investigate 

the impact of the NCNT’s synthesis parameters on the amount and type of nitrogen 

incorporated in the graphene layers. Furthermore, their potential as solid base catalyst is 

studied and the relation between activity and chemical properties of the NCNT is 

established. Since insight in the catalyst surface properties is crucial in heterogeneous 

catalysis, characterization of the NCNT’s surface is of high importance. 

 In chapter 2 the focus is on the catalytic growth of NCNT and the influence of growth 

catalyst, precursor and synthesis temperature on the amount and type of nitrogen 

incorporated in the NCNT is investigated. Observed trends in the experimental results are 

related to the thermodynamic properties of the synthesis parameters. 
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 The characterization of the NCNT surface is addressed in chapter 3. Acid base titrations 

are used to quantitatively and qualitatively study the basic nitrogen groups on the NCNT 

surface. It is shown that a significant difference exists between XPS and titration results 

concerning the amount of nitrogen determined. 

 Chapter 4 deals with the application of NCNT as solid base catalyst where the 

Knoevenagel condensation of benzaldehyde and ethylcyanoacetate is used as a test 

reaction. The activity is studied in relation to its chemical properties, specifically the type 

of nitrogen. 

 Finally, in chapter 5 a summary of results of the preceding chapters is given and some 

conclusions are presented. 
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Tuning nitrogen functionalities in catalytically grown 

nitrogen-containing carbon nanotubes  

 

 

 

 

 

 

Abstract 

Nitrogen containing Carbon Nanotubes (NCNT) were grown from acetonitrile, pyridine or 

N,N-dimethylformamide over a supported Fe-, Co- or Ni catalyst in the temperature range 

823 – 1123 K. The physico-chemical properties of the obtained NCNT, such as the C/N 

ratio or the nitrogen type, were related to the synthesis parameters. It was found that the 

C/N ratio increased with increasing temperature which could be related to the 

thermodynamic stabilities of the metal carbides and metal nitrides. Also the type of 

nitrogen present in the graphene layer changed with increasing temperature from 

predominantly pyridinic- to quaternary nitrogen.  NCNT obtained with the Fe catalyst 

showed bamboo morphology regardless of the C/N source or growth temperature while 

straight tubes were obtained with the Co- or Ni catalyst. We propose that this difference in 

morphology can be explained by the thermodynamic stabilities of the different metal 

carbides, leading to a ‘pulsating’ growth in the case of Fe as opposed to a more continuous 

growth in the case of Co or Ni. 
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1. Introduction 

 

Altering the physico-chemical properties of Carbon Nanotubes (CNT) has become an 

important topic in nanotechnology as their possibilities for application expand, for example 

as electronic devices [1-3], catalyst support material [4-7] or solid base catalyst [8]. This 

can be achieved by changing the local electron density in these materials by introducing 

hetero atoms such as nitrogen substituting carbon in the graphene sheets that form CNT. 

Various methods have been applied to incorporate nitrogen into CNT [8-25]. Among these 

are magnetron sputtering [11, 13], laser ablation [14, 15], pyrolysis of mixtures of 

organometallic- and nitrogen containing organic compounds [16-20] and Chemical Vapor 

Deposition (CVD) of nitrogen-containing hydrocarbons over a heterogeneous iron, cobalt 

or nickel catalysts [8, 21-25]. Depending on the technique used, various amounts and 

types of nitrogen in the resulting nitrogen-containing CNT (NCNT) have been found and 

different yields and morphologies of the NCNT occur. For example CNx films and/or tubes 

with nitrogen concentrations up to 26 % (atom) have been synthesized using magnetron 

sputtering [13]. However, various morphologies were found such as amorphous nitrogen 

doped carbon or NCNT on CNx films. Pyrolysis of iron-, cobalt- or nickel phtalocyanines 

between 1023 K and 1273 K produced NCNT with a rather narrow diameter distribution 

and nitrogen concentrations up to 8 % (atom). It was observed that an increase in 

temperature caused a decrease in nitrogen concentration [17]. Kudashov et al. [16] and 

Choi et al. [17] reported that the wall thickness of the tubes varied with the catalyst 

composition suggesting tunability of NCNT morphology. Kim et al. [21] reported the 

synthesis of double walled NCNT and a nitrogen concentration up to 5 % (atom) using CVD 

of ammonia and methane mixtures over a magnesiumoxide supported iron/molybdenum 

catalyst. Other CVD experiments where the type of precursor, catalyst or support was 

varied produced NCNT with diameters ranging from 10 to 80 nm and nitrogen 

concentrations up to 10 % (atom). Increasing the amount of nitrogen above 10 % (atom) 

seems to be possible but it is challenging. Several authors report the synthesis of NCNT 

with a high nitrogen concentration between 10 and 20 % (atom) [20, 25].  According to 

these authors the key to achieving a high nitrogen content in NCNT is using C/N 

precursors with non-saturated C-N bonds like acetonitrile or N,N- dimethylformamide. It 
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must be noted, however, that in some cases NCNT were obtained where only a fraction of 

the sample consisted of NCNT with high nitrogen concentration [20] or that the material 

was unstable and a loss of nitrogen occurred over time [25]. In other cases CNx thin films 

or diamond like structures, i.e. mainly sp3 hybridisation, have been synthesized with 

values of x between 0.1 and 1.3 [11, 13, 15, 26, 27]. However, the graphitic nature of the 

material decreased with increasing nitrogen content resulting in some cases in small CNx 

arrays embedded in an amorphous carbon matrix [27]. Calculations suggested that above 

a nitrogen incorporation of 20 % (atom) into the graphitic matrix the structure distorts 

and loses its stability [28, 29]. It seems that an energy barrier exists against N 

incorporation which is decreased by relaxation of the system to a non-planar structure. On 

the other hand, according to calculations of Snis et al. [30] a graphitic form of C3N4 is 

possible. 

 From all studies it becomes clear that it is rather difficult to obtain uniform NCNT with a 

high nitrogen concentration, i.e. above 20 % (atom), with conventional techniques like 

Chemical Vapor Deposition. However, to our opinion CVD is an attractive route for the 

synthesis of carbon nanomaterials since it is relatively easy to execute and allows large 

scale production of the materials [31-33].  

 

Figure 1. Types of nitrogen species found in NCNT, (A) pyridinic, (B) pyrrolic, (C) quaternary,  

(D) oxidized pyridinic 

 

At least three types of nitrogen are found in NCNT. These are pyridinic nitrogen, pyrrolic 

nitrogen and quaternary nitrogen [9, 34, 35]. The pyridinic N type is an sp2 hybridized 

nitrogen atom located at the edges or at defects of the graphene sheets (Figure 1A) [36]. 

These pyridinic nitrogen atoms have a localized electron lone pair which and are active in 

base catalyzed reactions [8]. Therefore the optimization of the amount of pyridinic 
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nitrogen is important for catalysis. The pyrrolic N type is sp3 hybridized and part of a five 

membered ring structure (Figure 1B). The quaternary N is a carbon substituted nitrogen 

atom located in the graphene sheet (Figure 1C). A fourth type has been reported and 

labeled as N-X species (Figure 1D), believed to be an oxidized type of pyridinic N [34, 35]. 

Although the different types of nitrogen present in the NCNT have been described, mainly 

the increase of the amount of nitrogen incorporated has been the focus in many studies. 

 The introduction of nitrogen in the graphene layers of the carbon nanotube takes place 

during synthesis and therefore the conditions in the catalytic growth process are 

important. In the process of NCNT synthesis three stages can be envisaged during growth, 

i.e., 1) decomposition of the precursor to surface carbon- and nitrogen atoms, 2) 

diffusion/migration of these atoms through/over the metal and 3) formation of the NCNT. 

In order to be able to tune the physical chemical properties of the NCNT one needs to 

influence one or more of the above mentioned steps. It is likely that changes in synthesis 

parameters, specifically temperature, growth catalyst and N/C-source, will affect the 

physical-chemical properties of the resulting NCNT, e.g. the graphitic character or amount 

and type of nitrogen incorporated.  For example, the decomposition rate of the C/N source 

will affect the rate of supply of carbon- and nitrogen atoms and thus be of influence in the 

NCNT growth. Diffusion/migration of carbon over/through the catalyst is determined by 

the metal and probably the temperature. In literature many reports can be found dealing 

with the solubility of carbon in transition metals connected to phase diagrams of Fe3C, 

Co2C and Ni3C [37-40]. A thorough examination of the effect of C/N precursor, catalyst 

and growth temperature on the physical-chemical properties of the NCNT, in particular 

amount and type of nitrogen incorporated, is required to be able to tune the NCNT’s 

features. Reports in literature have often focused on the effect of just one synthesis 

parameter. In this contribution several aspects of NCNT growth, i.e. the influence of the 

C/N source, catalyst and synthesis temperature, and the effect thereof on the NCNT 

morphology, amount of nitrogen incorporated and the type of nitrogen functions present 

will be related. We used three main variables in the synthesis of NCNT, i.e. C/N source, 

catalyst and temperature. As C/N source we applied acetonitrile (ACN, sp-hybridized N), 

pyridine (PYR, sp2-hybridized N) and N,N-dimethylformamide (DMF, sp3-hybridized N). As 

growth catalyst iron, cobalt and nickel were used and the growth temperature was varied 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Tuning nitrogen functionalities in catalytically grown NCNT 

 

 29 

between 823 K and 1123 K. The physical- and chemical properties of the resulting material 

are examined with appropriate characterization techniques. 

 

 

2. Experimental 

 

2.1 Catalyst preparation 

Silica or alumina supported iron-, cobalt- and nickel catalysts were synthesized using 

Homogeneous Deposition Precipitation (HDP) [41, 42]. In a double-walled precipitation 

vessel 10 g of the support, i.e. silica Aerosil 200 or alumina, was suspended in a mixture 

of 1 L demi-water, a predetermined amount of iron-, cobalt- or nickel nitrate (which would 

result in a metal loading of 20 % wt) and urea (threefold the molar amount of the metal 

nitrate). The mixture was then heated to 363 K under continuous stirring and maintained 

at that temperature for 16-20 hours. The suspension was filtered and the precipitate was 

re-suspended in demi water to remove excess urea. The precipitate was then dried at 393 

K and a sieve fraction of the pre-catalyst (150 μm ≤ x ≤ 425 μm) was calcined afterwards 

at 873 K in static air for 3 hours. 

 In addition silica supported nickel- and cobalt catalysts were prepared using the wet 

impregnation technique. Silica Aerosil 200 was heated under vacuum to 423 K, maintained 

at that temperature for two hours and cooled to room temperature in nitrogen afterwards. 

Next, a solution (7 mL•g-1 silica) of nickel nitrate hexahydrate or cobalt nitrate 

hexahydrate (to obtain a 20 wt% metal loading), dissolved in a mixture of water and 

ethanol (15/85 v/v), was added to the silica under continuous stirring. The solution was 

evaporated at room temperature for 20 h and then further dried at 333 K for 24 h. A sieve 

fraction of the pre-catalyst (150 μm ≤ x ≤ 425 μm) was calcined at 873 K in static air for 3 

hours. 

  

2.2 NCNT synthesis 

About 0.5 g of catalyst was loaded in a vertical quartz reactor and reduced between 873 

and 973 K for two hours in a 20% H2/He flow (total 100 mL•min-1). Next, the reduced 

catalyst was kept at its Tamman temperature, i.e. 905 K (Fe), 885 K (Co), 865 K (Ni), in a 
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helium flow for one hour. NCNT were grown from acetonitrile (ACN), pyridine (PYR) or 

N,N-dimethylformamide (DMF) between 823-1123 K using a helium flow (50 mL•min-1) 

saturated by bubbling through the liquid precursor at 303 K. After 16-20 hours the growth 

reaction was stopped by flushing the reactor with a helium flow (50 mL•min-1) and cooling 

to room temperature after which the amount of NCNT was determined. The yield of 

material was expessed as gram NCNT per gram of metal in the growth catalyst 

(gNCNT/gM) 

 The growth catalyst was removed by subsequent refluxing the raw product in 1M KOH 

and 25% HCl solution. The NCNT were thoroughly washed with demiwater after each step. 

The purified product was dried at 333 K in air. Samples were labeled according to metal, 

temperature and precursor; Co823ACN for example refers to NCNT grown from acetonitrile 

at 823 K using a cobalt catalyst. NCNT grown from a catalyst prepared by wet 

impregnation are denoted with the extension –WI. 

 

2.3 Characterization 

Prior to their characterization the growth catalysts were reduced in a 20% H2/He flow at 

873 (Fe and Co) and 973 K (Ni). After two hours the temperature was decreased to room 

temperature and the reducing atmosphere was first changed to He and subsequently 

O2/He (100ml/min) with the oxygen concentration increasing from 0.1-20 % for the 

Ni/SiO2 catalyst. The Co and Fe catalysts were passivated in CO2/He (5%, total flow 

100mL/min) for 20 hours. The catalyst characteristics were analyzed with X-ray Diffraction 

(XRD) and H2-chemisorption). 

 X-ray Diffractograms of powdered samples were taken using an Enraf-Nonius CPS 120 

powder diffraction apparatus with Co(Kα) radiation of 1.79 Å. Hydrogen chemisorption 

analysis was performed with a micromeretics ASAP 2010C apparatus. The growth catalysts 

were dried for 2 h at 393 K and then re-reduced at 973 K in hydrogen for 2 h with a 

heating rate of 5 K•min-1. H2 adsorption isotherms were measured at 593 K, 423 K and 

423 K for respectively Fe, Co and Ni. To determine the metal-loading of the growth 

catalysts X-Ray Fluorescence analysis was performed using a Goffin Meyvis Spectro X-lab 

2000. 
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 The N/C atomic ratio in the NCNT was determined by X-ray Photoelectron Spectroscopy 

(XPS) using a Vacuum Generators XPS system operating with Al(Kα) radiation. The raw 

data were corrected for charging using the binding energy of graphite at 284.4 eV. Peak 

areas were determined after background substraction using Shirley’s method and fitting 

the spectra with Gaussian curves. The amount of nitrogen incorporated was calculated 

from the peak areas of the C1s- and N1s peaks after correcting for differences in 

sensitivity using sensitivity factors of 0.540 and 0.972 for C and N respectively. The N1s 

peak was deconvoluted into contributions of pyridinic N (398.4 – 399.0 eV), pyrrolic N 

(400.0-400.6 eV), quaternary N (401.1-401.7 eV) and N-O species (402.0-405.0 eV) 

 The morphology of the NCNT was examined by Transmission Electron Microscopy (TEM) 

using a Tecnai20FEG electron microscope. Crushed NCNT were suspended in ethanol and a 

drop of the suspension was deposited on a copper grid and the solvent was evaporated. 

Micrographs were taken at 200 kV.  

 Elemental mapping of the NCNT was performed by energy filtered TEM conducted with 

an FEI CM200 field emission transmission electron microscope fitted with a Gatan imaging 

filter. 

 

 

3. Results 

 

For the synthesis of the NCNT growth catalyst were prepared using either homogeneous 

deposition precipitation (HDP) or wet impregnation (WI). Some of the characteristics of 

the catalysts after reduction and passivation have been compiled in Table 1.  

Table 1 shows the metal particle size of the prepared catalysts. The average particle size 

observed with TEM varies between 5 and 10 nm. XRD showed that in most cases, except 

for Ni/SiO2, that the particle size distribution was bimodal. This was inferred from the 

shape of the XRD reflection, i.e. superposition of a broad signal and a narrow signal. After 

deconvolution, the two average particle sizes were obtained. The Co and Ni catalyst 

prepared by HDP showed the smallest particles (5 nm for Ni and 3 - 9 nm for Co). 

Unfortunately the Fe particles were larger (10 - 23 nm) eventhough HDP was used as 
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preparation technique. Both the impregnated catalysts show also large particles (11 - 28 

nm) as intended. These observations were supported by the TEM results. 

 

Table 1. Catalyst Characteristics after reduction at 973 K 
Metal particle size 

catalyst 
Metal 

loading 

(% wt) 

TEM  
average size 

(nm) 

TEM 
size range 

(nm) 

XRD*  
(nm) 

Crystal structure of the metal 

Fe/Al2O3 28 10  4 – 20 10; 23 bcc 
Co/SiO2 21 5  3 – 10 3;  9 fcc / hcp 

Co/SiO2-WI 20 - - 11; 23 fcc / hcp 

Ni/SiO2 24 7  3 – 20 5 fcc 

Ni/SiO2-Wi 20 10  5 - 30 12; 28 fcc 
* bimodal distribution, left number size of small particles, right number size of large particles 

 

 

NCNT were grown using different growth catalysts, C/N-sources and temperatures. A 

comprehensive overview of the growth conditions and of the physico-chemical properties 

of the prepared NCNT is shown in Table 2. When discussing the synthesis parameters the 

quality i.e., purity of the samples is important (Table 2; purity).  

 

 

 

Figure. 2. TEM micrograph of NCNT grown from ACN (A) and NCNT plus amorphous carbon depositions 

grown from PYR (B) over Co/SiO2 at 923 K.  
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Figure 2 shows TEM micrographs of NCNT grown at 923K over Co/SiO2 either from ACN or 

PYR. Clearly the ACN sample shows only tubular materials (purity labelled as + in Table 2) 

while in the NCNT prepared from PYR next to tubular material a significant amount of 

amorphous carbonaceous material is observed (purity labelled as +/- in Table 2). For all 

samples compiled in Table 2 the purity of the sample was qualitatively judged on the basis 

of a significant amount (10-20) of TEM images. 

 

Table 2. Growth conditions, yield and properties of NCNT  

Catalys
t 

Precurs
or 

temperatu
re  

(K) 

yield  
(gNCNT/ gM) 

Purity
a 

tube 
diameterb 

(nm) 

amount Nc 

(mmol•g-

1) 

NP / NQ
d 

 

823 0     
923 23 + 12 5.6 0.9 ACN 
1023 25 + 17 5.2 1.0 

       
923 42 + 12 2.8 2.8 
1023 42 + 19 5.0 1.0 PYR 
1123 48 - - 3.2 1.0 

       
823 0     
923 4 + 14 - - DMF 
1023 0     

Fe/Al2O3 

       
823 10 + 16 7.4 2.2 
923 17 + 17 4.0 1.0 ACN 
1023 25 + 18 4.3 0.6 

       
923 8 +/- 18 7.5 2.0 
1023 6 +/- 62 7.4 1.5 PYR 
1123 5 - - 5.6 0.9 

       
823 4 + 14 1.8 0.8 
923 3 + 14 1.6 0.7 DMF 
1023 -     

Co/SiO2 

       
823 10 + 12 5.0 1.7 
923 14 + 14 4.6 1.5 ACN 
1023 6 +/- - 3.6 0.6 

       
923 4 +/- 13 7.1 1.8 

Ni/SiO2 

PYR 
1023 6 +/- - 7.1 1.3 

 1123 6 - - 6.4 1.4 
       

823 2 + 12 1.8 - 
923 0     

 
DMF 

1023 -     
a (+) pure NCNT, (+/-) NCNT and amorphous C, (-) amorphous C, b average, c,d determined from XPS data
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We will describe in detail now the influence of temperature, C/N source and metal 

separately with the focus on product yield, morphology and composition. 

 

3.1 Influence of Temperature 

For NCNT prepared from ACN it was observed that the yield of NCNT increased with 

temperature, irrespective of the metal catalyst used. For the other growth gases (DMF, 

PYR) this trend is not clear possible due to the formation of amorphous materials as listed 

for a number of cases in Table 2. 

The average diameters of the formed NCNT varied between 12 and 18 nm irrespective of 

the growth temperature, growth gas or carbon source. Only over Co/SiO2 using PYR tubes 

of 60 nm were observed. 

The amount of nitrogen incorporated in the NCNT varied between 1.6 and 7.4 mmol•g -1 

which corresponds to a C/N atomic ratio between 0.02 and 0.10. In general, the N/C ratio 

decreased with increasing growth temperature as shown in Figure 3 (please note that for 

DMF too few data points were obtained and were therefore omitted from the figure). This 

does not only hold for the pure NCNT materials but also for the less well defined (i.e. more 

amorphous) materials.  

 

 

Figure. 3. Temperature dependency of the amount of N in NCNT from catalyst-precursor series; Fe-

ACN (�), Co-ACN (∆), Ni-ACN (�), Co-PYR (�) and Ni-PYR (□) 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Tuning nitrogen functionalities in catalytically grown NCNT 

 

 35 

The distribution of N and C throughout an NCNT sample (Co823ACN) was determined with 

STEM-EELS. Figure 4A shows an STEM micrograph of the NCNT. In addition the elemental 

maps are displayed in Figure 4B (Carbon) and Figure 4C (Nitrogen). As can be seen from 

Figure 4C the nitrogen atoms seem to be located mainly on the outer parts of the NCNT. 

 

 

Figure 4. STEM micrographs with elemental mapping. TEM micrograph of Co823ACN (A), carbon 

distribution (B, light areas) and nitrogen distribution (C, light areas). 

 

 

Figure 5 shows typical N1s XPS spectra between 395 and 405 eV of Co823ACN and 

Co923ACN. Four different signals were fitted to these spectra representing pyridinc 

nitrogen (NP; 398 eV), quaternary nitrogen (NQ; 400 eV), pyrrolic nitrogen (NPYR; 399 

eV) and nitrogen oxides (NOX; 401-405 eV) [35, 43, 44]. As can be seen in this figure the 

N1s signal of the two NCNT samples is rather different showing the sensitivity of the 

technique for the type of nitrogen. The NP/NQ ratio is large in Co823ACN and lower for 

Co923ACN i.e., for the sample prepared at higher temperature. Table 2 shows that this is 

a general trend, with increasing growth temperature the NP/NQ ratio decreases.  
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Figure 5. XPS N1s spectrum of Co823ACN (A) and Co923ACN (B) with contributions of pyridinic N 

(NP), pyrrolic N (NPYR), quaternary N (NQ) and N-oxides (NOX). 

 

Besides pyridinic N and quaternary N two more nitrogen functionalities were found in all 

NCNT with binding energies around 400 and 403 eV which could be ascribed respectively 

to pyrrolic N and N-oxides [35]. The relative amount of the latter type was rather low for 

the NCNT grown from Co or Ni, less than 10 % of the total N1s peak area, and remained 

fairly constant in all NCNT grown between 823 and 1123 K. For the Fe grown NCNT the 

amount varied between 8-38 %. The relative amount of pyrrolic N varied between 5-42 %.  

 

 

3.2 Influence of C/N source 

From table 2 it can be seen that NCNT are obtained in good yields (10-25 gNCNT•gM-1) 

when ACN was used as precursor, irrespective of the metal and growth temperature. PYR 

shows high yields over Fe catalysts (42-48 gNCNT•gM
-1), however only at low temp (923K) 

NCNT were observed. In general with PYR a high amount of amorphous material was 

observed. The yield of NCNT using DMF was low (2-4 gNCNT•gM
-1) but the materials were 

very pure. 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Tuning nitrogen functionalities in catalytically grown NCNT 

 

 37 

 

Figure. 6. TEM micrographs of NCNT grown from Co at 923 K using PYR (A), DMF (B) and ACN (C). 

 

 

The influence of the growth gas (ACN, PYR, DMF) on the morphology of NCNT is most 

clearly seen over Co catalysts (Figure 6A-C) but the statements made here also hold for Ni 

catalysts. From ACN and DMF (figure 6A-B) tubes with a diameter of 14-16 nm were 

grown. The figure also indicates a lighter centre part of all tubes indicating a hollow 

interior. In the high resolution TEM (Figure 7) of a typical NCNT produced from DMF the 

individual graphene layers with a spacing of 3.4 Å, which is typical for graphite like 

material [45] are clearly detected.  

 

 

 

Figure 7. High resolution micrograph of NCNT graphene layers from Co923DMF 
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The morphology of the NCNT prepared using the iron catalysts were bamboo like and as 

such different as compared to the NCNT obtained with the cobalt- and nickel catalysts. 

This will be discussed in more detail in the paragraph on the influence of the metal.  

When relating the amount of N incorporated in the NCNT with the C/N-source no clear 

relation can be found. For example over the iron catalysts it seems the amount of nitrogen 

incorporation increased in the order ACN>PYR while over Co this order is reversed. Please 

note that this statement is based on taking into account all types of carbon (flagged 

respectively as +, +/- or as – in Table 2). 

 

 

3.4 Influence of growth Metal 

From Table 2 it becomes clear that the highest yields of NCNT were obtained with the iron 

catalyst, between 23 and 42 gNCNT•gM
-1 using ACN or PYR. It appeared that the order is 

Fe>Co>Ni when ACN or PYR was used. DMF resulted in a too low amount of NCNT to draw 

firm conclusions on. 

Figure 8 shows typical transmission electron micrographs of NCNT grown from ACN over 

Fe, Co or Ni catalysts at 923 K. All NCNT show tube-like material of comparable diameter 

between 12 and 17 nm. The contrast between the centre and the edge suggests hollow 

tubes, as discussed above. This was also supported by on-top views of the NCNT as 

indicated by circles and arrows. 

 Figure 8A and 8B show NCNT grown from ACN at 923 K using an Fe catalyst. From 

Figure 8B it is clear that the tubes grown from iron show compartments, these are the so 

called bamboo shaped NCNT [46, 47]. This type of morphology is typically obtained with 

the Fe catalyst, irrespective of the precursor or the growth temperature and contrasts the 

morphology of NCNT obtained over Ni and Co (Fig 8C and 8D) which comprised parallel 

tubes. The compartments appear as stacked cups with a wall thickness between 4 and 7 

nm. The NCNT grown from ACN over Co and Ni respectively, consist of multiwalled tubes, 

with a wall thickness (dark edges) between 5-10 nm. In general, the average diameter of 

NCNT prepared over the HDP catalysts is fairly constant with an average between 12 and 

19 nm for all C/N sources regardless of the catalyst used (except for CoPYR1023). The 
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diameter distribution of NCNT obtained with Ni is narrower (around 4-28 nm) as compared 

to the NCNT obtained with Fe or Co (5-62 nm). 

 

 

 

 

Figure 8. TEM micrographs of NCNT obtained from ACN at 923 K using Fe (A), detail of Fe923ACN 

showing bamboo morphology (B), Co (C) and Ni (D) as growth catalyst. 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Chapter 2 

 40 

In some cases amorphous carbon was observed (purity +/- or – in Table 2). Amorphous 

carbon can be formed either from gas phase decomposition (pyrolysis) of the precursors or 

over small metal particles that were too reactive to form a nanostructured carbon [46, 48, 

49] but became encapsulated by (amorphous) coke. To investigate the role of particle size 

Ni- and Co catalysts were prepared with large, i.e. less reactive metal particles (see Table 

1). From these catalysts NCNT were grown under conditions which resulted with the small 

particles in amorphous materials (see Figure 2B) i.e., PYR as precursor and at higher 

temperatures (>923K). Scanning Electron Micrographs of NCNT grown with the Co/SiO2-

WI catalyst are displayed in Figure 9. As can be seen in this figure, no amorphous carbon 

had been formed during growth and only NCNT with large diameter were obtained, the 

average diameter being 80 nm. This also holds for the NCNT prepared over Ni/SiO2-WI. 

 

 

Figure 9. SEM images of NCNT obtained from PYR using Co/SIO2-IW at 1023 K (A) and 1123 K (B). 

 

  

4. Discussion 

 

Depending on the reaction conditions either very pure NCNT were prepared or significant 

amounts of amorphous materials were obtained (Table 2). In this section we discuss the 

results concerning NCNT unless stated otherwise. To explain the influence of the different 

synthesis parameters on NCNT properties we first discuss the stability of metal carbides 
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and metal nitrides since we propose that these relate to the synthesis of NCNT. 

Subsequently we discuss the chemical properties of the NCNT, like the amount and type of 

nitrogen incorporated, followed by a discussion on the physical properties of the NCNT, like 

morphology and yield. 

 

4.1 Yield of NCNT 

For the growth of CNT in general three different steps can be envisioned [4, 50]. First the 

precursor decomposes on the surface of the growth catalyst resulting in surface carbides 

and nitrides. In a next step the C- and N atoms diffuse through/over the metal particle 

followed by nucleation and tube growth. 

 The stability of the different carbides and nitrides was used as a yardstick for the affinity 

of the metal for C and N, respectively. The product yield and composition could be related 

to the ΔG0
f of the respective metal carbides and –nitrides. In Figure 10 the calculated ΔG0

f 

values for Fe-, Co- and Ni-carbides and nitrides as function of temperature are displayed. 

Please note that the ΔG0
f values were calculated from standard enthalpy and entropy 

values [51, 52] using the relation ΔG0
f = ΔH0

f – TΔS0
f, where the values of ΔH0

f and ΔS0
f 

were treated as temperature independent. According to their phase diagram [53], the 

crystal structure of the metal particles (Table 1) does not change in the temperature range 

of NCNT growth, i.e. 823-1123 K, therefore very large changes of the values of ΔH0
f and 

ΔS0
f are not expected and were assumed to be constant. As can be seen from figure 10 all 

ΔG0
f values are larger than zero, i.e., for Fe3C, Co2C and Ni3C, and slowly decreases in the 

temperature range 800 - 1200 K. For the formation of (N)CNT a metastable carbide is 

required which means that the ΔG0
f is around zero. If ΔG0

f is very negative the metal 

carbide is too stable thereby preventing the nucleation of the (N)CNT. If ΔG0
f is too 

positive the interaction between carbon and the metal is too weak and hydrocarbon 

decomposition does not take place. With increasing temperature ΔG0
f approaches zero and 

the formation of (N)CNT becomes more favourable. Furthermore, with increasing 

temperature the reaction rate also increases and therefore higher yields are expected. This 

is indeed the case (Table 2, yield).  

The influence of the thermodynamic stability of the metal-nitrides seems to be of minor 

importance as (N)CNT can still be formed at high temperature (>1023 K) where the metal-
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nitrides are unstable (Figure 10). The reason for this might be found in the fact that 

nitrogen is only a minority fraction in the NCNT therefore we speculate that the stability of 

the carbides is decisive.  However, when the thermodynamic stability of the metal-carbide 

alone would be decisive for the yield no differences should be expected for the different 

C/N sources. However, the product yield from ACN is relatively high, between 10 and 25 

gNCNT•gM
-1 increasing with increasing temperature. When PYR is used, only high yields are 

obtained with iron, between 42 and 48 gNCNT•gM
-1, whereas with both cobalt and nickel, low 

yields between 4 and 8 gNCNT•gM
-1 are obtained. These results indicate that also other 

factors, either kinetic (such as decomposition rate of the precursor) or thermodynamic 

(stability of the precursor) influence the NCNT formation process and thus the yield. 

 

 

Figure 10. ΔG0
f values per mol C for Fe3C, Co2C and Ni3C (■) and per mol N for FeN, CoN and NiN (○): 

Fe (grey line), Co (dashed line), Ni (solid line). 

 

For example, it can be speculated that deactivation of the cobalt and nickel catalysts, due 

to a fast decomposition rate of PYR, is the reason for the observed low yield, which can be 

explained in terms of the activity of metal particles [48, 49]. Small metal particles are 

considered to be more active for the decomposition of the C/N precursor than large 

particles, may contribute to the fast decomposition of PYR leading to encapsulation by 
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carbonaceous material and subsequent deactivation. The less active large particles provide 

the suitable decomposition rate of PYR which may explain the increase in diameter of the 

NCNT at 1023 K, i.e. only metal particles of a minimum size sustain NCNT growth while 

smaller particles are covered with carbon to such an extent that deactivation follows. 

Experiments of NCNT growth from PYR using Co and Ni catalysts which were prepared 

using the wet impregnation method (Figure 9) pointed out that indeed NCNT can be 

formed at higher temperatures (1023 and 1123 K) when the metal particles are sufficiently 

large. This indicates that less reactive metal particles, i.e. particles that are sufficiently 

large and therefore expose to a larger extent the low index planes, are necessary for a 

controlled decomposition of a reactive C/N source as PYR in order to avoid deactivation of 

the catalyst by a too fast deposition of carbon on the metal surface. The distribution of 

diameters reflects the appropriate metal particle sizes to sustain NCNT growth. It appears 

that a size in the range of 5 to 30 nm is sufficient to initiate and maintain the growth of 

NCNT at temperatures between 823 and 1023 K when ACN is used as the C/N source. 

However, only at a low growth temperature between 823 and 923 K NCNT were obtained 

when PYR or DMF was used. At higher temperatures, i.e. 1023 K and 1123 K, only 

amorphous carbon was obtained with the Fe and Ni catalyst when PYR was used as C/N 

source. Please note that the amorphous carbon does not lead to an immediate catalyst 

deactivation since large amounts of amorphous carbon are formed. This indicates either 

that the metal particles remain accessible for the reactant or that the carbon itself 

becomes a center of decomposition [54]. 

 No significant differences between iron, cobalt and nickel were found with DMF as the 

C/N source. In this case the low yields with a maximum of 4 gNCNT•gM
-1 might be caused by 

the thermodynamic stability of the compound towards decomposition, i.e. ΔH0
f DMF (-192 

kJ•mol-1) < ΔH0
f ACN (74 kJ•mol-1) < ΔH0

f PYR (140 kJ•mol-1) [55] which means that DMF 

is thermodynamically more stable towards decomposition than PYR or ACN.  
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4.2 Amount of nitrogen in NCNT 

Elemental mapping of one of the NCNT samples (Co823ACN) showed that nitrogen was 

located on the outer few graphene layers of the NCNT (Figure 4). The amount of nitrogen 

incorporated in the NCNT, as well as the amount of nitrogen found in amorphous carbon 

decreased with increasing growth temperature (Figure 3). Either the formation of metal-

nitrides is more favourable at low growth temperatures or, alternatively, the formation of 

metal-carbides is more favourable at high growth temperatures. As can be seen in figure 

10 the ΔG0
f values for metal nitrides increase within the temperature range 500-1200 K 

while the ΔG0
f for carbides decrease. This means that indeed the formation of carbides is 

more favoured over the formation of nitrides at more elevated temperatures which might 

explain the low amount of nitrogen incorporated at higher growth temperatures. In Figure 

11 the amount of nitrogen incorporated in the NCNT is displayed as function of the ΔG0
f(N-

C) = ΔG0
f (N) - ΔG0

f (C), i.e. the difference between the stability of the metal nitride minus 

the stability of the metal carbide. With the exception of the NCNT grown from PYR over Fe, 

all NCNT show a decrease in nitrogen content with the increase of the ΔG0
f (N-C) value. 

Clearly, enhanced stability of the metal nitride relative to the metal carbide assists in the 

incorporation of nitrogen. Although the amount of nitrogen incorporated in the NCNT 

grown from PYR is in most cases higher than those grown from ACN, the trend is generally 

the same. This suggests that beside the energy differences between metal carbide and –

nitride formation also other factors are important, for example the thermodynamic stability 

of the C/N precursor and (surface) concentration of carbides and nitrides. 
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Figure 11. Amount of nitrogen in NCNT as function of ΔG0
f (N-C) = ΔG0

f (N) - ΔG0
f (C) for Fe-ACN (●), 

Fe-PYR (○), Co-ACN (▲), Co-PYR (∆), Ni-ACN (■) and Ni-PYR (□). 

 

 

4.3 Type of nitrogen in NCNT 

The type of nitrogen found in the NCNT changes with the increase of the growth 

temperature. Pyridinic N is predominantly present when NCNT are grown at a low 

temperature of 823 K while more quaternary N is found at high temperatures between 

1023 and 1123 K (NP/NQ ratio in Table 2). This trend is observed for the NCNT grown from 

ACN and PYR and is in line with other observations reported in literature for nitrogen 

containing chars [35, 56, 57]. Since in the latter studies N-containing chars were heated it 

was concluded that in the temperature range between 873 and 1073 K pyridinic N was 

converted to the more thermally stable quaternary N. However, it can be disputed whether 

the increase of quaternary N between 1023 and 1123 K in this research is also the result 

of transformation of pyridinic N into quaternary N. Because in our study quaternary N was 

found at high (1123 K) and low (823 K) growth temperatures it is possible that at least 

part of the quaternary N is formed at these directly.  
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4.4 Morphology of NCNT  

Different structures of carbon nanomaterials have been reported in literature like fishbone, 

tubes and bamboo structures [37, 45]. The reason for these differences should be found in 

details of the mechanism of CNT/NCNT growth and thus be related to metal particle shape, 

carbon diffusion or growth direction, i.e. from the tip of a metal particle separated from its 

support or from the base of a metal particle still on its support. Possibly there are several 

factors contributing to the occurrence of different structures. In this paragraph the 

difference in NCNT morphology obtained from Fe/Al2O3, Co/SiO2 and Ni/SiO2 will be 

discussed. The Fe catalyst was supported by alumina and not by silica to prevent the 

formation of iron silicates during reduction [58-60]. Despite the fact that iron is deposited 

on a different support than cobalt or nickel we believe that the iron particle is the 

determining factor for the formation of NCNT with bamboo morphology since this structure 

was obtained by various supported- and unsupported Fe catalysts [17, 18, 20, 25, 31, 47]. 

The formation mechanism of the bamboo structure is heavily debated. Both the base 

growth mechanism [22, 47] and the tip growth mechanism [23, 61] were used to explain 

this morphology. Which one occurs is believed to be determined by the strength of the 

metal-support bond [62, 63]. It has been suggested that nitrogen may enhance bamboo 

structures to be formed [64-66]. However, since straight tubes were formed when Co or Ni 

was used as growth catalyst it seems unlikely that there is an effect of nitrogen always 

causing bamboo structures.  

 A possible explanation for the structural difference in NCNT obtained with Fe and Co/Ni, 

i.e. respectively bamboo and straight tubes, may be caused by the thermodynamic 

stabilities of the metal carbides (Figure 10). From literature it is known that especially with 

iron stable carbides can be formed, e.g. Fe3C (cementite) [67, 68]. When relative stable 

iron carbide can be formed it is likely that a high carbon concentration exists at the metal 

surface as well as in the bulk. This means that the chance of forming a graphitic envelope 

around Fe is higher than for the thermodynamically less stable Co- or Ni carbides. As was 

suggested by M. Hoogenraad et al. [69] this will cause the growth of (N)CNT on an Fe 

surface to be more pulsating opposed to a more continuous growth in the case of Co- or Ni 

(Figure 12). 
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Figure 12.  Schematic representation of the NCNT growth process from Fe (A) and Ni or Co (B) 

 

The C/N source is decomposed at the metal surface into metal carbides and -nitrides. 

Because of the high carbon coverage of the iron surface [60, 68] and the stability of the 

bulk carbide, migration of carbon over the surface is probably a more dominant process 

than diffusion through the metal particle and as a result a carbon layer is formed on the 

iron surface. At certain carbide concentration the Fe particle pushes itself out of the carbon 

enveloppe which results in a ‘clean’ Fe surface and the whole process can repeat itself 

[69]. This causes a pulsated growth of bamboo shaped NCNT. In the case of Co and Ni, 

represented by Figure 12B, metal carbides and –nitrides are formed in the same manner 

as with Fe. However, forming thermodynamically less stable carbides than iron, NCNT are 

formed in a more continuous manner on cobalt- and nickel particles as carbon 

diffuses/migrates through/over the metal and is segregated more readily.  

 

 

5. Conclusions 

 

Nitrogen containing carbon nanotubes have been prepared by catalytic vapour deposition 

of acetonitrile, pyridine and N,N-dimethylformamide over supported iron-, cobalt- and 

nickel catalysts. The influence of the synthesis parameters, i.e. temperature, C/N source 

and catalyst, on the yield, morphology and C/N composition of the NCNT was studied. 
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Acetonitrile appeared to be most versatile for NCNT synthesis over a broad temperature 

range (823-1023 K), regardless of the catalyst used. The steady formation of NCNT can 

only be achieved when the decomposition rate of the C/N precursor, the diffusion rate of 

the carbon and nitrogen atoms over/through the metal particle and the formation of the 

tube are in balance. This is interplay between stability of the reactant, metal particle size 

and metal structure.  

 The N/C ratio of the NCNT decreased with increasing temperature for all C/N sources 

and growth catalysts used. This could be related to the difference between ΔGf
0 of the 

respective metal carbides and –nitrides; with increasing temperature the formation of 

metal carbides becomes more favorable than the formation of metal nitrides. Moreover, 

the NP/NQ ratio also decreased with increasing temperature. 

 With the cobalt- and nickel catalysts multi walled nanotubes were formed while bamboo 

type tubes were formed over iron. This difference in morphology of the NCNT was 

explained by the difference in thermodynamic stability of the metal carbides. Fe-carbides 

are more stable compared to the Ni- and Co-carbides which might result in a pulsating 

growth over Fe while Ni and Co grow in a smooth manner. 
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Determination of basic sites in  

nitrogen containing carbon nanotubes 

 

 

 

 

 

Abstract 

The basicity and nature of basic species in nitrogen containing carbon nanotubes were 

investigated by acid-base titrations and XPS. It was found that the amount of nitrogen 

based on titrations was two orders of magnitude lower as compared to the amount 

determined by XPS. This discrepancy is explained by the fact that XPS probes several 

graphene layers while titrations only probe the accessible nitrogen species. Moreover 

titrations with acid only probe basic sites while XPS reveals all N-species. Proton uptake 

curves were derived from the titration data and were used to establish the different pKa 

ranges of nitrogen species present in the different samples. Based on the evolution of the 

titration curves upon acid addition the NCNT were divided in three classes; (I) in which 

pyridinic type N are predominantly present which is characterized by a gradual decline in 

pH, (II) where amine type N are the major species which are characterized by a steep 

decline in pH and (III) basic site poor NCNTwhich are characterized by an immediate 

decline in pH. All NCNT can be regarded as being composed of organic nitrogen containing 

building blocks having different pKa values. 
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1. Introduction 

 

Carbon NanoTubes (CNT) and Carbon NanoFibers (CNF) are emerging materials which are 

suitable as catalyst [1-2], catalyst support [3, 4] or as electronic device [5, 6]. One way of 

altering both the chemical and electronic properties of nanostructured carbon materials is 

by incorporation of a hetero atom like nitrogen into the graphene sheets resulting in 

nitrogen containing CNT (NCNT) [6-9]. Recently we have shown that these NCNT materials 

exhibit activity for the base catalyzed Knoevenagel condensation [9].  

 XPS is often used to study the chemical composition, i.e. N/C ratio and the type of 

nitrogen species present in NCNT [6, 10-16]. Since the analysis depth of XPS is several 

nanometers in carbon materials and, accounting for a graphene layer spacing of about 

0.34 nm in CNT, this technique will probe several graphene sheets of NCNT. Therefore, 

XPS probes more than the outer surface nitrogen sites, the latter being important for 

catalysis. Acid-base titration on the other hand probes only the accessible sites, which are 

relevant for catalysis and provides both quantitative and qualitative information concerning 

the N-sites of the material under examination [17-20]. To get a quantitative picture based 

on the titration curves, these curves may be converted into a proton binding isotherm, 

which relates the tendency of a material to bind protons to the pH of the 

solution/suspension [20, 21]. Subsequently, the proton affinity curve can be deconvoluted 

in terms of pKa or pKb contributions.  

 Conflicting results obtained by titration techniques and XPS have been reported. For 

example, Toebes et al. [22] showed that the number of oxygen groups at the surface of 

CNF determined with acid-base titration was one to two orders of magnitude smaller than 

estimated from the O/C ratio determined with XPS. Therefore we investigated in detail, for 

NCNT, the number and type of nitrogen groups present by XPS and acid-base titrations. 

In general, XPS indicates the presence of four types of nitrogen in NCNT, i.e. pyridinic, 

pyrrolic, quaternary, and N-oxide, which is a derivative of pyridinic nitrogen (Figure 1). 

Several authors also report the possible occurrence of amine species bound to the graphite 

surface [6, 11, 16, 23] (Figure 1E), though these might be difficult to distinguish from 

pyrrolic nitrogen by XPS since the difference in binding energy of both types is only about 

0.5 eV and thus peaks may overlap. 
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Figure 1. Different N-species: Pyridinic N (A), Pyrrolic N (B), quaternary N (C), N-oxide (D) and amines 

(E) 

 

Titration curves of NCNT have been compared with those of model compounds such as 

pyridine, pyrrole and 1-(4-bromobenzyl)pyridiniumbromide, representing models for 

respectively pyridinic N, pyrrolic N and quaternary N. Also model amines like phenylamine 

and triethylamine have been included in the study. The contribution of the different 

nitrogen species to the total basicity of different NCNT will be discussed here. We compare 

qualitatively and quantitatively titration results with XPS results to describe the basic 

properties of NCNT. 

 

 

2. Experimental 

 

2.1 Catalyst preparation and NCNT synthesis 

Silica or alumina supported iron, cobalt and nickel growth catalysts with a metal loading of 

approximately 20% (wt/wt) were synthesized using Homogeneous Deposition Precipitation 

[24, 25]. About 0.5 g of the growth catalyst was loaded in a vertical quartz reactor and 

reduced at 873 K (Fe) or 973 K (Co and Ni) for two hours in a 20% H2/He flow (total 100 

mL•min-1). Next, the reduced catalyst was kept at its Tamman temperature, i.e. 905 K 

(Fe), 885 K (Co), 865 K (Ni), in a helium flow for one hour. NCNT were grown from 

acetonitrile (ACN) or pyridine (PYR) at the desired temperature (823, 923K, 1023K or 

1123K) by saturating a helium flow (50 mL•min-1) with the selected precursor at 303 K. 
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After 16-20 hours the growth reaction was stopped by flushing the reactor with helium (50 

mL•min-1) while cooling to room temperature after which the product was collected. 

The growth catalyst was removed by subsequent refluxing the raw product in 1M KOH and 

25% HCl solution. The NCNT were thoroughly washed with demiwater after each step. The 

purified product was dried at 333 K in air. Samples were labelled according to metal, 

temperature and precursor; Co823ACN for example refers to NCNT grown from acetonitrile 

at 823 K using a cobalt catalyst. 

 

2.2 Quaternairization of pyridine and pyridinic nitrogen in NCNT 

Pyridine (1.5 g) was dissolved in a solution of 4-bromobenzylbromide (7.1 g) in toluene 

(100 mL). The quaternarization reaction was performed under reflux conditions for one 

hour. During the reaction a white precipitate was formed. After the reaction, the 

suspension was cooled to room temperature and filtered. The white precipitate was 

collected, washed four times with diethylether and dried at room temperature. The product 

was analyzed with XPS. 

 Pyridinic nitrogen at the accessible NCNT surface was transformed to quaternary 

nitrogen by reacting the NCNT with 4-bromobenzylbromide. NCNT (0.65 g) were heated 

under vacuum to 423 K and maintained at that temperature. After two hours the NCNT 

were cooled to room temperature and kept under nitrogen atmosphere. Next, the NCNT 

were suspended in a 100 mL solution of 4-bromobenzylbromide (2 g) in toluene in such a 

way that the amount of reactant was two times the amount of nitrogen in the NCNT as 

determined with XPS analysis. The reaction mixture was heated to reflux and continuously 

stirred. After 24 h the suspension was filtered and the residue was washed with 

diethylether four times. The product was dried at room temperature afterwards. 

 

2.3 Characterization 

The N/C atomic ratio in the NCNT was determined by X-ray Photoelectron Spectroscopy 

(XPS) using a Vacuum Generators XPS system operating with Al(K�) radiation. The raw 

data were corrected for charging using the binding energy of graphite at 284.4 eV. Peak 

areas were determined after background substraction using Shirley’s method and fitting 

the spectra with Gaussian curves. The amount of nitrogen present in the NCNT was 
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calculated from the peak areas of the C1s- and N1s-peak after correcting for differences in 

sensitivity using sensitivity factors of 0.540 and 0.972 for C and N respectively. 

 Nitrogen physisorption analysis was conducted using a Micromeretics Tristar 3000 V 

6.01 at 77 K. Prior to the analysis the samples were dried at 403 K in a He flow for 14 

hours. 

 The morphology of the NCNT was examined by Transmission Electron Microscopy (TEM) 

using a Tecnai20FEG electron microscope operated at 200 kV. An amount of NCNT was 

crushed and suspended in ethanol. A drop of the suspension was deposited on to a holey 

carbon film and the solvent was evaporated. 

 For acid-base titrations first an electrolyte solution was prepared by dissolving KCl (7.45 

g) in 1 L deionized water. A sample of NCNT (0.1 g) was ground and subsequently dried 

under reduced pressure at 423 K for 1-2 hours to remove any adsorbed carbon dioxide. 

The sample was suspended in the electrolyte solution (70 mL) and stirred for 24 h to reach 

equilibrium. The suspension was then titrated with a hydrochloric acid solution (2•10-3 M) 

under continuous stirring and under nitrogen atmosphere. The titrations were performed 

automatically using a Titralab TIM880. The pH was recorded as a function of the amount of 

titrant added. The rate of the addition was limited to a minimum of 0.2 mL•min-1 and a 

maximum of 0.8 mL•min-1 and in such a way that the pH changes per second were in the 

interval 0.01 – 0.05. 

The proton uptake by the NCNT as function of suspension pH was calculated using formula 

1 [19]:  

 

N = V0 C0 + VaCa – (V0 + Va)•10-pH (1) 

 

Where N is the amount of protons absorbed by the NCNT in mol, V0 and Va represent 

respectively the volume of the suspension at start of the titration and the volume of acid 

added in L, C0 and Ca are respectively the concentration of protons in the suspension at 

start of the titration and concentration of the acid in mol•L-1. 

The proton uptake was plotted as function of pH and the obtained curves were 

deconvoluted with Gaussian curves of which the position of the peak’s maximum 

corresponds to the pKa value of the conjugated acid of a particular basic site on the NCNT 
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surface. The pKa value of a certain basic site was determined by taking the derivative of 

the titration curve (pH as function of titrant addition) and locating the maxima of the 

derivative curve. With the maximum the equivalence point could be found which was then 

used to find the corresponding pKa value using the following relationship: 

 

pKa = pH at V = 1/2Veq (2) 

 

The pKa values were used as starting points to fit the proton uptake curve by varying the 

peak FWHM and position of the maximum within a set limit (ΔpH = 1). 

Titration curves of pure nitrogen containing organic compounds were taken as reference. 

Pyridine (0.01 mmol), 4-methylpyridine (0.01 mmol), quinoline (0.01 mmol), benzylamine 

(0.004 mmol), piperidine (0.04 mmol) or triethylamine (0.04 mmol) were dissolved in 70 

mL of the electrolyte solution. Subsequently these solutions were titrated with hydrochloric 

acid under continuous stirring and nitrogen flow.  

 

 

3. Results 

 

Typical transmission electron micrographs of two NCNT samples, i.e., Co923ACN and 

Ni923ACN, are displayed in Figure 2A and B respectively. The significant contrast between 

the centre and edge of the material suggests tube morphology and an on-top view 

(examples indicated with arrows) further proved that the material comprised hollow tubes. 

All samples used in this study consisted of NCNT with average outer tube diameters 

ranging from 12-20 nm, the extremes within a sample lying between 5 and 50 nm. Only in 

the particular case of Co1023PYR an average outer diameter of 62 nm was observed.  
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Figure 2. Transmission Electron Micrographs of Co923ACN (A) and Ni923ACN (B) 

 

Figure 3 displays a typical N2 adsorption-desorption isotherms of an NCNT sample. As can 

be seen in this figure the isotherm is type IV according to the classification by Brunauer, 

Deming, Deming and Teller [26] which represents capillary condensation in cylindrical 

mesopores. 

 

 

Figure 3. Adsorption- and desorption isotherm of N2 at 78 K of Ni923ACN 
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Results of the N2 physisorption experiments for the NCNT samples have been compiled in 

Table 1.  

 

Table 1. N2 physisorption results of NCNT 

Calculated surface area 
(m2•g-1)e sample 

Surface Aa 

(m2•g-1) 
Pore Vb 

(cm3•g-1) 
pore Øc 
(nm) 

Outer tube 
Ød (nm) 

outer outer + 
inner 

Qualityf 

Fe1023ACN 97 0.54 21 17 145 222 + 

Fe923PYR 172 1.22 26 12 225 356 + 

Fe1023PYR 73 0.42 22 19 108 148 + 

Fe1123PYR 29 0.13 17 - - - - 

Co823ACN 147 0.57 16 16 129 178 + 

Co923ACN 132 0.67 20 17 126 178 + 

Co1023ACN 106 0.49 17 18 123 178 + 

Co923PYR 122 0.59 19 18 116 162 +/- 

Co1023PYR 28 0.34 8 62 29 34 +/- 

Co1123PYR 112 0.22 8 - - - - 

Ni823ACN 173 0.40 9 12 158 198 + 

Ni923ACN 128 0.48 15 14 146 198 + 

Ni1023ACN 148 0.52 14 20 101 137 +/- 
Ni923PYR 215 0.84 15 13 144 178 +/- 
a BET, b single point pore volume at p/p0=0.995, c average pore diameter, d TEM, e calculated from 
average tube diameter and carbon density (2.25 g•cm-3) f TEM analysis; (+) pure NCNT, (+/-) NCNT 
and some amorphous C, (-) no NCNT observed 

 

The measured BET surface area of analyzed materials varied between 28 and 215 m2•g-1. 

Based on the average outer tube diameter and the average inner tube size of about 6 nm 

the expected surface area was calculated for the different samples (Table 1). Please note 

that pore diameters found with N2-physisorption do not match those determined with TEM. 

This can be explained by the fact that with TEM only the inner tubes were probed while 

with N2-physisorption also the pores between the tubes were probed. The expected total 

surface area of NCNT was calculated using formula 3: 

 

A = 2 • ρ-1 • (ra
2 – rb

2)-1• (ra + rb) (3) 

 

Where A is the surface area in m2•g-1, ra and rb are the respective average outer- and 

inner tube radii in m and ρ is the carbon density (2250 kg•m-3). The surface area was 
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calculated for two situations: 1) only the outer surface is probed and the interior of the 

tubes is inaccessible (outer in Table 1) and 2) it is assumed that the NCNT are hollow 

tubes of which the interior is accessible (outer + inner in Table 1). In both cases it was 

assumed that the NCNT are homogeneous tubes with smooth surfaces. 

 In some cases the calculated areas of the outer surface, assuming closed tubes, agree 

well with the experimental results, e.g. Co923ACN and Co1023PYR. In other cases, e.g. 

Fe923PYR and Ni923ACN, a good agreement between experimental areas and calculated 

areas was obtained assuming accessible inner tubes.  For the Fe grown CNT a good 

agreement between experiment and calculation could not be reached.  

 Typical titration curves of NCNT samples grown from acetonitrile or pyridine over 

supported iron-, cobalt- or nickel catalysts are displayed in Figure 4. The initial pH is 

between 7 and 10 for all samples, except for Fe923ACN (Figure 4A), thus showing the 

NCNT’s mildly basic character in aqueous environment. The evolution of the pH curve as 

function of the amount of acid added is different for each sample. Some curves display a 

significant pH decline in a small interval of acid added, for example Co1023ACN in Figure 

2C and Co1023PYR in Figure 4D, while other curves like Co923PYR in Figure 4D and 

Ni923PYR in Figure 4F show a more gradual decrease. 

 The total number of accessible basic sites per gram of NCNT was calculated at pH = 7 

for all samples and has been compiled in Table 2. The amount of basic sites detected 

varied between 0.9•10-2 and 5.3•10-2 mmol•g-1 and, based on titration, decreased with the 

increase of the NCNT synthesis temperature when cobalt was used as growth metal. 

However, for Ni and Fe such a trend could not be observed. These results contrast the XPS 

results (Table 2) in two ways. First XPS showed a two orders of magnitude higher nitrogen 

amount compared to the titration results. Even if the probing depth of XPS is taken into 

account, 3 nm which roughly compares to 10 graphite layers there is still a considerable 

difference.  Second, with XPS the amount of N incorporated seems to decrease with 

growth temperature for all metals while this holds only for Co when titrations were 

considered. Therefore, by comparing the amount of NP as determined with XPS with the 

total amount of N determined from titrations only a broad relationship between the two is 

observed (Figure 5).  
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Figure 4. Titration curves of NCNT synthesized at 823 K (□), 923 K (�), 1023 K (●) and 1123 K (�). 
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Figure 5. Total amount of titrated N species at pH 7 as function of the amount of pyridinic nitrogen 

(NP) as determined with XPS 

 

Table 2. amount of N-sites determined with acid-base titration (from titration curve, pH>7) and XPS. 

 Titration XPS 

Sample 
Start 
pH 

Ntotal 
(mmolg-1) 

Ntotal 
(mmolg-1) 

Np (%) NPYR (%) NQ (%) NOX (%) NP/NQ 

Fe1023ACN 7.6 0.015 5.2 31 19 31 19 1.0 

Fe923PYR 7.3 0.009 2.8 42 5 15 38 2.8 

Fe1023PYR 7.2 0.011 5.0 36 19 37 8 1.0 

Fe1123PYR 7.8 0.015 3.2 32 19 32 17 1.0 

Co823ACN 9.1 0.035 7.4 50 19 23 9 2.2 

Co923ACN 8.3 0.031 4.0 36 23 36 5 1.0 

Co1023ACN 9.2 0.023 4.3 28 18 44 9 0.6 

Co923PYR 8.7 0.048 7.5 50 22 24 4 2.0 

Co1023PYR 8.6 0.026 7.4 40 26 27 7 1.5 

Co1123PYR 8.9 0.025 5.6 25 42 28 6 0.9 

Ni823ACN 9.0 0.029 5.0 48 15 27 10 1.8 

Ni923ACN 8.5 0.053 4.6 50 14 33 3 1.5 

Ni1023ACN 7.6 0.013 3.6 22 34 37 7 0.6 

Ni923PYR 8.2 0.051 7.1 44 27 25 5 1.8 
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Figure 6 shows a typical proton uptake curve for NCNT and its deconvolution using 

Gaussian type curves with distinct pKa values. In the show case the proton uptake curve 

has been fitted with the sum of four Gaussian curves with pKa values around 4, 6, 7 and 8. 

The pKa values of the other NCNT, derived in the same manner, are compiled in Table 3. 

The number of groups within a certain pKa interval is given for each sample. As can be 

seen in this table NCNT with the highest concentration of N sites with pKa values in the 

intervals 6-7, 7-8 and 8-9 were obtained with the Co- and Ni catalyst using ACN as 

precursor. The amounts of surface sites vary with the synthesis parameters. For example, 

when comparing NCNT grown with acetonitrile over cobalt, a decrease of sites with pKa 5-6 

is observed with increasing synthesis temperature. This is also true for NCNT grown with 

acetonitrile over nickel. On the other hand, NCNT grown with pyridine over iron show an 

increase of these sites with the increase of temperature. Apparently, the amount of 

surface sites can be controlled by the synthesis parameters.  

 

 

 

Figure 6. proton uptake curve of Ni923ACN (grey line) and the fit (dashed black line) composed of  

several Gaussian curves. 
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Table 3. pKa regions and number of groups (mmol•g-1) found in NCNT grown 
between 823 and 1123 K over Fe, Co or Ni  

ACN 823 K 923 K 1023 K 

pKa Fe Co Ni Fe Co Ni Fe Co Ni 

5-6 - 0.030 0.025  0.020 0.020 0.030 0.010 0.013 

6-7 - 0.016 - - - 0.035 0.013 0.007 0.009 

7-8 - 0.022 0.020 - 0.026 0.020 0.004 0.010 0.009 

8-9 - 0.010 0.006 - 0.013 0.029 - 0.007 - 

 

PYR 923 K 1023 K 1123 K 

pKa Fe Co Ni Fe Co Ni Fe Co Ni 

5-6 0.019 - 0.030 0.028 0.019  0.036 0.021  

6-7 0.015 0.026 0.046 0.014 0.016 - 0.034 - - 

7-8 0.004 0.029 0.029 0.009 - - 0.012 0.009 - 

8-9 - 0.019 0.035 - 0.022 - - 0.013 - 

 

 

Titration of model compounds with sp3 hybridized N atoms, i.e. triethylamine (pKa = 

10.75), benzylamine (pKa = 9.33) and piperidine (pKa = 11.12) are displayed in Figure 7 

A. The titration curves of amine compounds started at a pH>9 and displayed a steep 

decline, like strong bases, when the equivalence point was reached. Despite the fact that 

the start of the decline is different for each amine, the shape of the titration curve is the 

same for all amine compounds. Buffering by amines occurred at relatively high pH values, 

i.e. between 10 and 8, before a fast drop of pH set in.  

 Titration curves of model compounds containing sp2-hybridized nitrogen atoms, viz. 

quinoline, pyridine and 4-methylpyridine, are displayed in Figure 7B. The evolution of the 

titration curve of pyridine, starting at pH = 8, displayed a gradual decline with the addition 

of titrant as opposed to the steep pH drop in the amine titration curves. Buffering of the 

solution occurred at a lower pH value as compared to amine species but extended to a 

broad range of titrant addition. 
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Figure 7. Titration curve of sp3 hybridized N compounds (A): triethylamine (grey line), benzylamine 

(dashed line) and piperidine (black line). 

Titration curve of sp2 hybridized N compounds (B): quinoline (black line), pyridine (grey line) and 4-

methylpyridine (dashed line). 

 

Titration of a mixture of triethylamine and pyridine is displayed in Figure 8. Comparing the 

shapes of the curves with those of Figure 7A and B the contribution of each compound to 

the evolution of the pH in Figure 8 becomes clear. At high pH, i.e. between 9 and 10, 

predominantly triethylamine determined the shape of the curve. At lower pH the influence 

of pyridine was more apparent.  

 

 

Figure 8. Titration curves of TEA/PYR mixtures; 1/5 (solid line), 2/10 (dashed line), 2/20 (grey line). 
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To verify the influence of pyridinic and quarternary nitrogen on the evolution of the 

titration curves we compared the titrations curves of equimolar amounts of pyridine before 

and after quaternarization (Figure 9A). Also we compared the titration curves of NCNT, 

with all nitrogen types present and after quarternarization of the pyridinic nitrogen (Figure 

9B). As can be seen in Figure 9B quaternarization of the nitrogen atom drastically changes 

the evolution of the titration curve. While pure pyridine had an initial pH=8 and the 

solution acidity slowly increased the curve of functionalized pyridine started at pH<7 and 

then dropped to pH=4 in a small interval of titrant addition. Likewise, the pure NCNT 

sample, in which every nitrogen type was present, clearly displayed a basic character, 

starting at pH 9 and gradually being protonated by the addition of acid. The functionalized 

NCNT on the other hand, with all pyridinic nitrogens converted to quaternary nitrogens, 

showed no basic character at all. 

 

 

Figure 9. (A) titration curves of pyridine (dashed line) and 4-bromobenzylpyridinium bromide (solid 

line). (B) titration curves of NCNT (Co823ACN) pure (dashed line) and pyridinic N inhibited (solid line). 

 

 

4. Discussion 

 

4.1 CNT geometry and accessibility 

For catalysis based on CNT it is important to know whether only the outer surface of the 

tubes is accessible or the inner core is accessible for reactants too. For example, recently, 

it has been reported that the production of ethanol from syngas using a CNT supported Rh 

catalyst was enhanced when the metal particles were confined inside the tubes [27] as 
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compared to the particles supported on the outside of the tubes. The N2 physisorption 

isotherms (figure 3) that were observed (type IV) are typical for mesoporous structures 

[28]. The BET surface area varies substantially between the different samples (Table 1). 

However, it is known from literature that the surface area of CNT/CNF can cover a broad 

range, say 65-400 m2•g-1 [3, 29-32]. To determine whether this broad range in surface 

area is the result of different degrees of accessibility for the inner tubes a comparison was 

made between the experimental results obtained from N2-physisorption and calculation 

using tube dimensions found with TEM (Table 1). These results suggest that the hollow 

tubes were only partly accessible. 

 For the NCNT grown from iron the calculated area was always much larger than has 

been established experimentally. An explanation may be found in the bamboo structure of 

the tubes, i.e. the tubes have compartments which make them inaccessible. The 

accessibility of the inner tubes is of importance since titrations are used amongst others 

for base site determination. In dilute aqueous solution the hydronium ion can best be 

represented as H9O4
+, i.e. a H3O+ surrounded by three water molecules with a radius 

around 2.5 Å [32, 33]. Compared to pore sizes in the order of 10 nm it is likely that 

besides the exterior of the NCNT also the inside of the tubes is titrated. 

 

4.2 Types of nitrogen 

As has been indicated by XPS analysis there are five types of nitrogen present in the 

NCNT, viz. pyridinic N, pyrrolic N, quaternary N, N-oxide and amine N (Figure 1) [6, 10-

16]. The relative abundance and the chemical environment of these N-types are expected 

to determine the acid/base properties of the materials as revealed by the titration curves. 

Therefore it is imperative to understand the electron donor/acceptor properties of these N 

types and their chemical environment. Of these four types the sp2 hybridized quaternary 

N, substituting a carbon atom of the graphitic matrix, is under-coordinated and contributes 

one electron to the conjugated π system of the aromatic carbon matrix [3, 35, 36]. The 

result of this is the delocalization of the electrons of the nitrogen atoms. Therefore 

removing an electron from this nitrogen, i.e. the uptake of H+ by the nitrogen atom, will 

decrease the aromaticity of the system which is energetically unfavourable. Therefore 

these nitrogens are not expected to display any basic behaviour. Indeed, the material after 
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quaternarization showed no basicity any longer. This result confirms that quaternary 

nitrogen does not contribute to the basicity of the NCNT. 

 The sp3 hybridized nitrogen atom in pyrrole is also part of an aromatic network [6]. 

Protonation of the nitrogen atom requires electron donation to the H+ ion and results in a 

loss of aromaticity of the five fold ring, which is energetically unfavourable. Therefore 

pyrrole will have a more acidic character rather than a basic one as was also 

experimentally established [36].  

 The N-O species, essentially being an oxidized form of pyridinic N, have been reported 

to have acidic character [37]. pKa values below 3 were found for pyridine N-oxides and 

comparable compounds, determined from protonation experiments. 

 With its electron lone pair pyridinic nitrogen can act as both a Lewis base and a Brønsted 

base and thus can interact with a proton. Therefore, of all the N types mentioned above, 

only the pyridinic type is expected to be titrated. From Figure 5 it appears that the total 

amount of titrated groups was roughly related to the total amount of pyridinic N as 

determined with XPS. Please note that such a correlation was only found for the pyridinic 

N. Therefore, it is plausible that the titrated species are indeed pyridinic N.  

 Nevertheless, the presence of amine species cannot be ruled out. Several authors report 

on amine species found in nitrogen incorporated carbon depositions by XPS analysis with a 

binding energy around 399.4 eV [16, 23, 39, 40]. With XPS however, the amine peak is 

difficult to discern from adjacent overlapping peaks, viz. pyridinic N and pyrrolic N. 

Titration on the other hand can discern between several N types as demonstrated in Figure 

7 and revealed sites with different pKa values in NCNT (Figure 6)  

 

4.3 Comparison of XPS and titration results 

While XPS detects the nitrogen content of several graphene layers, giving an average of 

the amount of nitrogen in each layer, titration provides information about the number of 

accessible basic sites. Comparison of both numbers may help to understand the actual 

distribution of N sites in the NCNT. Table 2 shows that the number of nitrogen groups 

found with titration was about 100 times less than the groups found with XPS analysis. 

When the total amount of nitrogen found with XPS is divided by the number of graphene 

layers probed, about 10 graphene layers which is roughly 3 nm, the average number of 
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nitrogen per layer is still more than 10 times higher than the amount found with titration. 

Apparently, the graphene layer at the NCNT outer surface contained less nitrogen than the 

inner layers. On the other hand, as has been mentioned before, not all the nitrogen 

groups, viz. quaternary N, could be titrated. When it is assumed that only the pyridinic N 

type is titrated and this amount is compared to the amount of pyridinic N from XPS, it can 

be seen that it was still ten times less. Apparently there are less pyridinic N sites of the 

NCNT accessible for titration as compared to the amount from XPS. Other groups showed 

by EELS analysis of NCNT that the amount of nitrogen groups increased from the outer 

layer of the NCNT towards the inner layers of the tube by 2-4 times over 5 nm [41-44] 

which is in line with our results based on titration. The incorporation of nitrogen atoms in 

the inner layers of the graphene structure rather than in the outer layers might be caused 

by energetic reasons, for example relieve of the strain in the aromatic framework [40, 43]. 

 

4.4 Influence of environment on the properties of pyridinic N 

Here we will discuss the influence of the chemical environment of an N atom in NCNT on 

its base properties. The base properties of different nitrogen containing organic 

compounds, used as analogues, may aid in a better understanding of the base properties 

of the N atoms in NCNT. As will be explained, the chemical surrounding of the NCNT’s N 

atom is influenced by the presence of defects in the graphene structure. When NCNT 

would consist of perfectly ordered graphene layers constructed out of six membered 

aromatic rings with a random distribution of N atoms, the number of titrated species would 

be relatively low, i.e. only at the tube ends NP types would be found (encircled N atoms in 

Figure 10A) which could be titrated. The other N atoms would be of the NQ type. However, 

when there are defects around the N atoms in the graphene layers more N atoms would be 

of the NP type as represented schematically by Figure 10B. 
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Figure 10. N atoms in a perfectly ordered graphene layer (A) and N atoms in a graphene layer with 

defects (B) 

 

The incorporation of nitrogen into the graphene sheets alters the perfectly ordered 

aromatic structure which may lead to defects in the NCNT. This could affect the 

accessibility of the N-sites and thus the number of groups that are being titrated. 

Furthermore, the presence of defects around an N-site may also influence the pKa value of 

that site. In table 4 the pKa value of a number of nitrogen containing organic compounds 

have been compiled with different chemical environments around the N atom. As can be 

seen from this table an increase of aromatic groups around an sp3 hybridized N atom 

causes its pKa value to decrease, probably caused by the electron withdrawing force 

exerted by the aromatic groups. If the N atom is separated from the aromatic groups by 

alkyl chains the pKa value increases with the increasing number of CH2 units in the chain. 

In the same way the pKa value of an sp2 hybridized N atom is altered by the presence of 

aromatic groups. Using these molecules as model building blocks for the NCNT structure 

(Figure 11) it can be expected that the local chemical environment around the N atom in 

the graphene sheets of the NCNT influenced its pKa value in the same manner as it is 

influenced by the surrounding groups in the model compounds. 
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Table 4. pKa values of N containing organic compounds [45] 

Compound formula N hybridization pKa pK class 

Methyl-1-naphtylamine C11H11N sp3 3.67 3-4 

b-Naphtylamine C10H9N sp3 4.16 4-5 

Aniline C6H7N sp3 4.63 4-5 

Quinoline C9H7N sp2 4.90 4-5 

Pyridine C5H5N sp2 5.23 5-6 

Acridine C13H9N sp2 5.58 5-6 

2-methylpyridine C6H7N sp2 5.68 5-6 

3-methylpyridine C6H7N sp2 5.97 5-6 

4-methylpyridine C6H7N sp2 6.02 6-7 

Benzylamine C7H9N sp3 9.33 9-10 

Phenylethylamine C8H11N sp3 9.84 9-10 

Ethylamine C2H7N sp3 10.70 >10 

Triethylamine C6H15N sp3 10.75 >10 

Diethylamine C4H11N sp3 11.02 >10 

Piperidine C5H11N sp3 11.12 >10 

     

 

 

 

 

Figure 11. Nitrogen containing organic molecules as building blocks for NCNT. 

 

As discussed above when defects are present (Figure 10), edges have been formed thus 

more nitrogen atoms would be of the pyridinic- or amine type (as represented in Figure 
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11) which can be titrated. As NCNT with smaller diameter have a larger surface area as 

compared to thicker NCNT it can be expected that when the NCNT’s surface area is large 

more nitrogen species can be detected with titration. In that case there should be a 

relationship between the NCNT’s surface area and the number of N sites titrated. The 

amount of surface groups of the NCNT was compared to their surface area as displayed in 

Figure 12. 

 

 

Figure 12. Amount of surface nitrogen groups from titration (pH>7) as function of the NCNT surface 

area. 

 

As can be seen in this figure a broad relationship exists between the NCNT’s surface area 

and the amount of N groups probed with titration. More surface N was detected by 

titration with an increase of the specific surface area. To get more insight in the nature of 

the basic sites the samples were divided in three classes based on the shapes of the 

titration curves and their derivatives. Some typical examples of titration curve derivatives, 

characteristic of each class, are displayed in Figure 13. Please note that absolute values 

are displayed. Next these titration curves were compared to those of the model 

compounds. The titration curves of the samples in class 1 are characterized by a gradual 
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decline in pH upon titrant addition (as an example Co923PYR in Figure 4D) and have a 

derivative curve as in Figure 13A. Curves that displayed a steep decline after a small 

amount of titrant has been added are characteristic of class 2 (Co1023ACN in Figure 4C) 

with a derivative curve as in Figure 13B. Finally, curves that showed an immediate decline 

as titrant was added are represented by class 3 (for example Ni1023ACN in Figure 4E) and 

the derivative characteristics as in Figure 13C.  

 

 

Figure 13. Derivatives of titration curves characteristic for class 1 (A), class 2 (B) and class 3 (C). 

 

When comparing the evolution of the NCNT titration curve with that of model compounds 

some similarities can be found. For example class 2 curves resemble that of an amine 

(Figure 7A), i.e. a start pH of 9 and upon acid addition the pH drop is large, i.e. from 9 to 

5 in a small range of titrant addition. When the abundance of different basic sites was 

analyzed (Table 3) it became clear that the major contribution to the titration curve came 

from sites with a pKa < 7 and a small part from sites with a pKa range 8-9. Furthermore, 

sites with a pKa range 7-8 were few or lacking. Comparing these results with the pKa 

values of nitrogen containing organic compounds (Table 4) some conclusions can be made 

with respect to the NCNT surface. It is likely that the surface of NCNT with the above 

mentioned features (class 2) contained predominantly sp3 hybridized nitrogen atoms and 

hardly any of the sp2 hybridized type. Titration curves of class 1 with pKa sites in the range 

7-8 (Table 3) started at a pH around 8 and displayed a more gradual decline in pH. These 

curves showed more similarity with the titration curves of pyridine-like compounds as 

displayed in Figure 7B. Therefore, it is expected that a substantial part of the NCNT 

surface contains sp2 hybridized nitrogen. Finally, class 3 curves hardly displayed any basic 
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character at all and mostly resembled a blank titration curve. Therefore, this material did 

not contain any measurable basic sites.  

 

5. Conclusions 

 

NCNT, synthesized at various conditions were successfully characterized by XPS and acid-

base titrations. The amount of N in NCNT determined with XPS i.e., 3-8 mmol•g-1, 

contrasted the results found with titrations, 0.01-0.05 mmol•g-1. This is explained by the 

fact that the latter technique probed only the accessible basic sites while XPS probed 

several graphene layers of the sample.  

 Deconvolution of proton uptake curves, derived from titration data, revealed that NCNT 

consisted of various N sites with pKa values between 5 and 9 which vary with the synthesis 

parameters of the NCNT. The presence of sites with different pKa values could be explained 

by visualizing an NCNT as being constructed of organic basic building blocks each having a 

specific pKa value. 

 From the evolution of the titration curves three classes were distinguished which were 

interpreted in terms of abundance of pyridinic- or amine type N present in NCNT. 
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Abstract 

The catalytic activity of Nitrogen containing Carbon Nanotubes (NCNT), grown from 

acetonitrile or pyridine over a supported Fe-, Co or Ni catalyst at various conditions, was 

tested for the base catalyzed Knoevenagel condensation of benzaldehyde and 

ethylcyanoacetate. All NCNT displayed activity for the reaction with initial activities 

between 9•10-3 and 5•10-2 s-1, comparable with initial activities displayed by activated 

carbon and rehydrated hydrotalcite. Furthermore, the initial activity of the NCNT was 

related to the amount of pyridinic type nitrogen in the NCNT. The reaction rate decreased 

after one hour and was explained by competitive adsorption between reactants and 

product. The reaction rate could be described using Langmuir-Hinshelwood type kinetics 

including adsorption of products. 
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1. introduction 

 

Base-catalyzed chemical conversions are important industrial processes for the production 

of drugs, fragrances and chemical intermediates [1, 2]. Of special importance are C-C 

coupling reactions such as Aldol condensation, Michael reaction and Knoevenagel 

condensation [3-5]. Conventionally, almost stoichiometric amounts of homogeneous bases 

like hydroxides or methoxides are used for this purpose [6-10]. In such systems several 

difficult issues arise of which isolation of the products, the corrosive nature of the reaction 

mixture and formation of large amounts of waste (salts) are the most important ones. The 

amount of waste can be as high as 5-50 kg for fine chemicals and 25-100 kg for 

pharmaceuticals per kg of desired product [9]. Therefore improved synthesis routes in 

terms of product purity, yield and minimal waste formation are highly desirable. 

 One of the major advantages of using heterogeneous base catalysts is the absence of 

salt formation potentially leading to reusable and environmentally benign processes [6, 7, 

9, 11]. Examples are (metal) oxides like MgO, Al2O3 or SiO2, hydrotalcites, ALPON, alkali 

doped zeolites and immobilized amines such as aminopropyl silica [12-16]. 

 Beside their potential for electronic applications [17-19] nanostructured carbon, such as 

carbon nanofibers, have the required physical properties for the use as catalyst (support), 

such as inertness for various solvents and mechanical strength [20-25]. Nitrogen 

incorporation in carbon nanotubes (NCNT) is expected to result in base catalysts with the 

favourable properties of a nanostructured carbon. The basic character of the NCNT 

originates from the presence of pyridinic like nitrogen (NP), located at the edges of the 

graphene layers [26, 27]. Other nitrogen types present are quaternary N (NQ), pyrrolic N 

(NPYR) and oxidized pyridinic N (NOX) [28-30] but the role of the latter three in base-

catalysis seems to be limited [31].  

 The NCNT used in this study were prepared by chemical vapour deposition of C- and N-

containing precursors (acetonitrile, pyridine) over a supported metal catalyst, viz. Co or Ni 

supported on SiO2 [32-34]. As test reaction to analyse the NCNT’s catalytic activity we 

chose the Knoevenagel condensation (Scheme 1) of benzaldehyde (BA) with 

ethylcyanoacetate (ECA) resulting in ethyl-α-cyanocinnamate (ECC). In the current study a 

relation between the type of basic N-species and the catalytic activity is established. 
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Scheme 1. Knoevenagel condensation; benzaldehyde reacts with ethylcyanoacetate to form ethyl-α-

cyanocinnamate. 

 

 

2. Experimental 

 

2.1 NCNT synthesis 

Silica-supported Ni and Co catalysts with a metal loading of 20 wt% for the growth of 

NCNT were prepared via Homogeneous Deposition Precipitation (HDP) using Ni-nitrate or 

Co-nitrate as described before.[36, 36] For NCNT growth 0.5 g of the calcined catalyst was 

loaded into a vertical quartz reactor and heated (5 K•min-1) in He (100 mL•min-1) to 973 K 

followed by reduction at that temperature in 20% H2/He (100 mL•min-1) for 2 hours. Next, 

the temperature of the reactor was adjusted to the desired temperature (5 K•min-1) for 

NCNT growth (823-1123 K) while keeping the catalyst in He (50 mL•min-1). Subsequently, 

a He gas stream saturated at 303 K with the desired hydrocarbon (acetonitrile or pyridine) 

was fed to the reactor. After 16 hours the growth reaction was terminated, the reactor was 

cooled to room temperature in He and the product, i.e. NCNT together with the growth 

catalyst, was collected. The product was refluxed in a 1 M potassium hydroxide solution for 

one hour to remove the silica and, after washing, refluxed in concentrated hydrochloric 

acid for two hours to remove the exposed metal [37, 38]. Finally, the material was washed 

with an NH4OH solution to remove any salts formed between the basic sites in the NCNT 

and the acid. The NCNT were rinsed thoroughly with de-ionized water, dried at 333 K and 

stored for further use.  
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2.2 Catalysis 

The catalytic activity of the NCNT was tested in the Knoevenagel condensation of 

benzaldehyde (BA) with ethylcyanoacetate (ECA) to form ethyl-�-cyanocinnamate (ECC). 

The NCNT (1 g) were heated to 423 K under vacuum and kept at that temperature for one 

hour. All further handling was carried out in a nitrogen atmosphere. BA (0.01 mol) and 

ECA (0.01 mol) were dissolved in 50 mL ethanol (p.a. grade) and any dissolved carbon 

dioxide was removed using the freeze-thaw method. Subsequently, the reaction mixture 

was added to the NCNT and the suspension was stirred vigorously and heated to reflux 

temperature. Samples of the reaction mixture were taken regularly for GC analysis. For 

reference, a blank reaction of only BA and ECA in 50 mL ethanol (p.a. grade) was 

performed. 

 For comparison the Knoevenagel condensation was performed using a number of other 

solid bases. The type of material, pre-treatment and reaction conditions are summarized in 

Table 1. 

 The Knoevenagel condensation was performed with these materials in the same manner 

as the NCNT except for the HT where THF was used as the solvent to prevent the reaction 

of the HT with ethanol. 

 

 

Table 1. reference materials used in the Knoevenagel condensation, pre-treatment and reaction 
conditions 

Solid base material reference Pre-treatment Material amount / solvent 

HT Rehydrated hydrotalcite 39 Vacuum, 2h, RT 0.6 g / THF 

AC-SA-super Activated carbon Norit BV 
Vacuum, 2h, 423 

K 
1 g /EtOH 

AC-SX2 Activated carbon Norit BV 
Vacuum, 2h, 423 

K 
1 g /EtOH 

CNF-OX 
Oxidized carbon 

nanofibers 
38 

Vacuum, 2h, 423 
K 

1 g /EtOH 

CMK-ACN 
Nitrogen containing 
Ordered mesoporous 

carbon 
40 

Vacuum, 2h, 423 
K 

1 g /EtOH 
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2.3 Characterization 

The N/C atomic ratio in the NCNT was determined by X-ray Photoelectron Spectroscopy 

(XPS) using a Vacuum Generators XPS system operating with Al(K�) radiation. The raw 

data were corrected using the binding energy of graphite at 284.4 eV. Peak areas were 

determined after background subtraction using Shirley’s method and fitting the spectra 

with Gaussian curves. The amount of nitrogen incorporated was calculated from the peak 

areas of the C1s- and N1s peak after correcting for differences in sensitivity using 

sensitivity factors of 0.540 and 0.972 for C and N respectively. The N1s peak was 

deconvoluted into contributions of pyridinic N (398.4 – 399.0 eV), pyrrolic N (400.0-400.6 

eV), quaternary N (401.1-401.7 eV) and N-O species (402.0-405.0 eV) 

 The amount of active sites at the NCNT surface was determined with acid-base titration, 

using a titralab TIM880 automatic titration setup with a combined pH electrode and 

automatic burettes. The NCNT (0.1 g) were grinded and heated to 423 K under vacuum, 

maintained at that temperature for 2h and stored under nitrogen atmosphere at room 

temperature afterwards. Next, the NCNT were suspended in a 0.1 M KCl solution and 

subsequently titrated with 2 mmol•L-1 HCl solution. The pH of the suspension was recorded 

as a function of titrant added. A proton uptake curve was derived from the titration curve 

(described in chapter 3) which was deconvoluted to determine the amount of surface 

groups. 

 The yield of ECC formed in the Knoevenagel condensation was analyzed with gas 

chromatography. Aliquots of 1 mL were taken regularly from the reaction mixture and 

analyzed with a Chrompack CP9001 GC provided with a Chrompack CP9050 autosampler. 

To investigate the role of diffusion limitation on the catalytic activity the Weisz-Prater 

number was calculated for each of the NCNT samples for a 1st and 2nd order reaction. The 

Weisz-Prater number was calculated with formula 1; 

 

Φ = ρp • rv, obs • dp
2 • (36 • Deff • Cs)-1 • (½ n + ½) < 0.15 (1) 
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3. Results 

 

Figure 1 displays both medium and high resolution TEM micrographs of a typical NCNT 

sample. Uniform NCNT were observed with an average tube diameter of 25 nm. The 

medium magnification micrograph displayed a significant contrast between the centre and 

edge of the material suggesting tube morphology and an on-top view (examples indicated 

with arrows) further proved that the material comprised hollow tubes. High resolution TEM 

(Figure 1, inset) showed that the prepared materials consisted of multiwall tubes with an 

average graphene sheet spacing of 3.4 Å. Some physico-chemical properties of the NCNT 

that have been used for catalytic testing are given in Table 3. NCNT samples are denoted 

according to the growth catalyst, growth temperature and C/N source. For example, NCNT 

grown over a cobalt catalyst at 823 K from acetonitrile has been denoted as Co823ACN. 

Table 2.  parameters used to calculate Weisz-Prater numbers (Φ) for BA, ECA and ECC for the 
Knoevenagel condensation at 353 K [41]. 

parameter Co823ACN Co923ACN Co1023ACN Co1023PYR Ni823ACN Ni1023
ACN 

ρP (kg•m-3) 1100 1100 1100 1100 1100 1100 

Rv, obs (mol•kgcat
-

1•s) 
40•10-4 13•10-4 8•10-4 8•10-4 18•10-4 5•10-4 

dP (m) 5•10-4 5•10-4 5•10-4 5•10-4 5•10-4 5•10-4 

Deff BA (m2•s) 2.7•10-9 2.7•10-9 2.7•10-9 2.7•10-9 2.7•10-9 2.7•10-

9 

Deff ECA (m2•s) 2.5•10-9 2.5•10-9 2.5•10-9 2.5•10-9 2.5•10-9 2.5•10-

9 

Deff ECC (m2•s) 1.8•10-9 1.8•10-9 1.8•10-9 1.8•10-9 1.8•10-9 1.8•10-

9 

Cs BA (mol•m-3) 200 200 200 200 200 200 

Cs ECA (mol•m-3) 200 200 200 200 200 200 

Cs ECC (mol•m-3) 120 120 120 120 120 120 

N 1-2 1-2 1-2 1-2 1-2 1-2 
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Figure 1. TEM images of Co923ACN. Arrows indicate the on-top view of the tubes. The inset is an 

HRTEM image of an NCNT showing parallel graphene layers. 

 

Table 3. Physico-Chemical properties of solid bases 

sample N/Ca NP / NX BET Surface Active sitesb TOF Initial activityc 

 at/at  m2•g-1 mmol•g-1 •10-3 s-1 mmol•g-1
CAT•h-1 

Co823ACN 0.10 0.65 147 0.074 52.5 14 

Co923ACN 0.06 0.56 132 0.068 19.7 4.8 

Co1023ACN 0.05 0.51 106 0.037 22.5 3.0 

Co1023PYR 0.10 0.55 28 0.051 15.3 2.8 

Ni823ACN 0.06 0.66 173 0.065 28.3 6.6 

Ni1023ACN 0.05 0.35 148 0.057 8.9 1.8 

CMK-ACN 0.09 0.42 - 0.248 11.1 9.9 

CNFOX - - 186 0.430d 0.8 1.2 

AC-SX2 - - - 0.117 10.8 4.6 

AC-SA-super - - - 1.26 2.2 10 

HTe - - - 0.160f 44.2 25 

Reaction conditions: 10 mmol ECA, 10 mmol BA, 50 mL EtOH, 353K. a XPS data, b at surface 
(titration), c determined from yield vs time plot, d acidic sites e THF used as solvent, f determined 
with CO2 adsorption 

 

The N/C atomic ratios were determined with XPS (Table 3) and varied between 0.05 and 

0.10 which equals respectively 3.7 and 7.9 mmol N per gram NCNT. The amount seemed 

to decrease with increasing growth temperature for a given growth catalyst and C/N 

source. Further analysis of the N1s spectrum revealed the presence of different types of 
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nitrogen species in the NCNT graphene sheets, i.e., pyridynic, quaternary, pyrrolic and N-

oxides. The fraction of pyridinic nitrogen, NP/NT in Table 3 where NT denotes pyridinic-, 

pyrrolic- and oxidic N species, varies between 0.35 and 0.65 and is an indication of the 

relative amount of basic N. 

 The amount of basic sites at the surface of the samples was calculated from titration 

data and were in the range 0.037-0.074 mmol•g-1 for the NCNT. Here we determined the 

total amount of surface sites by deconvolution of proton uptake curves which were derived 

from titration curves. This technique provides more detailed information about surface 

sites than can obtained from titration curves alone as was done before [27]. The site 

density of the NCNT is an order of magnitude lower compared to the site density of AC-SA-

super samples and, although acidic, the site density of CNFOX with respectively 17-34 and 

6-12 times more sites at the surface than the NCNT.  

 In Table 3 the results of the catalytic testing of all samples, corrected for blank activity, 

have been compiled. All NCNT displayed activity for the Knoevenagel condensation of BA 

and ECA. Figure 2 displays some typical catalytic results of NCNT in which the yield of ECC 

was plotted as a function of time. As can be seen in this figure, most of the conversion 

occurred in the first half hour. After that the curve levels off and little increase of the ECC 

yield is observed. From Figure 2 it can also be concluded that a high initial rate (Table 3) 

does not necessarily lead to a high ECC yield after prolonged time.  

For example, the yield after 4 hours obtained with Ni823ACN, which had an initial rate of 

6.6 mmol•gcat•h-1, is similar to the yield obtained with Co1023ACN, which had an initial 

rate of 3.0 mmol•gcat•h-1. 

 To get an impression of the reusability of the catalysts, Co823ACN was after the first 

test experiment filtered off, washed with ethanol, pre-treated as before and used for a 

second run. The activity of that run (data not shown) was comparable to that of the first 

one indicating that irreversible deactivation was limited. 
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Figure 2. Knoevenagel condensation with Co grown NCNT (A) and Ni grown NCNT (B) at 823 K (�), 

923 K (●)and 1023 K (□). 

 

The catalytic activity of the NCNT was compared with other solid bases. In Figure 3 the 

yield of ECC as function of reaction time is displayed for AC-SX2, AC-SA-super, CMKACN 

and HT. Also the activity of oxidized Carbon Nanofibers (CNFOX) has been added for 

comparison. As was observed with the NCNT the conversion of reactants to ECC occurred 

in the first half hour after which the yield did not increase significantly. The yield of ECC 

obtained with the HT was rather high, 8.5 mmol•gcat
-1. The yield obtained with AC-SA-

Super, 4.5 mmol•gcat
-1, was comparable to that obtained with one of the NCNT. However, 

as can be seen in Table 3 the site density on AC-SA-Super is an order of magnitude higher 
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than that of the NCNT. Thus when the activity per site of the catalysts is compared the 

performance of the activated carbon is rather poor. Furthermore, the yield over AC-SA-

super decreased after 1 hour which suggests that absorption of the product or secondary 

reactions might occur. The same was observed for AC-SX2. The acidic CNFOX hardly 

displayed any activity with an ECC yield of 0.6 mmol•gcat
-1. 

 

 

Figure 3. Yield of ECC plotted as function of reaction time for the Knoevenagel condensation with HT 

(♦), AC-SA-super (■), AC-SX2 (●), CMKACN (▲) and CNFOX (□). 

 

 

To investigate the possibility of internal diffusion limitation the Weisz-Prater number was 

calculated for reactants and product for all NCNT samples. The parameters used and the 

results have been compiled in Table 4. 

 As can be seen there were no internal diffusion limitations for any sample in case of a 1st 

order reaction. If the reaction was 2nd order only slight diffusion limitations occurred in 

ECC with the Co823ACN sample. 
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Table 4. Weisz-Prater numbers (�) for BA, ECA and ECC for the Knoevenagel condensation at 353 K. 

sample Co823ACN Co923ACN Co1023ACN Co1023PYR Ni823ACN Ni1023ACN 

Reaction 
order (n) 

1         2 1       2 1       2 1       2 1       2 1       2 

ΦBA 0.06    0.08 0.02   0.03 0.01   0.02 0.01   0.02 0.03   0.04 0.01   0.01 

ΦECA 0.06   0.09 0.02   0.03 0.01   0.02 0.01   0.02 0.03   0.04 0.01   0.01 

ΦECC 0.14   0.22 0.05   0.07 0.03   0.05 0.03   0.04 0.07   0.10 0.02   0.03 

 

 

4. Discussion 

 

The Knoevenagel condensation between ECA and BA in homogeneous media is considered 

to proceed in three steps and is displayed in Figure 4: 

 

Figure 4. Mechanism of the Knoevenagel condensation of ECA and BA by a homogeneous base (B). 

 

Step 1 involves the abstraction of a proton by a base from ECA, thus forming an enolate 

anion. Nucleophilic addition of the anion to BA occurs in step 2 where an ECC intermediate 

is formed. In step 3 the ECC intermediate abstracts the proton from the protonated base 

with the concomitant formation of water and ECC. General agreement exists on the fact 

that the 2nd step is rate determining [42-44] on which reaction rate models are generally 

based. Since some conversion is achieved without a catalyst the acidic hydrogen atom of 

ECA must have a sufficiently weak bond to allow the C-C bond between ECA and BA to be 
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formed. Similar to the use of a homogeneous base, a heterogeneous base like NCNT 

enhance the rate of proton removal for which a minimal basic strength of the N sites is 

required. Although for heterogeneous bases the same mechanism as for a homogeneous 

base is often used to explain the role of the solid base catalyst some differences must be 

taken into account. Most importantly, by using a homogeneous base a certain freedom of 

motion of all reactants, including the catalyst, in the solvent is apparent. However, for 

solid bases an interaction between reactant and catalyst surface is required, i.e. the 

reactant must be in close proximity of the catalyst surface which is not soluble and 

therefore has restricted motion. It has been reported in literature that charge separation of 

the anion and the protonated base affects the coupling of reactants [45]. In this view the 

bond of the hydrogen atom and the reactant’s carbon atom is weakened by the attraction 

of the proton by a base, here the NP in NCNT. The result is the polarization of species, i.e. 

the NCNT’s nitrogen atom gains positive charge while the carbon atom in the reactant 

gains negative charge (Figure 5). The extend of polarization might vary depending on the 

strength of the base. The latter may vary within a given NCNT as a pKb range is 

appropriate rather than one specific pKb value [31]. This might explain the differences in 

initial reaction rates observed for different NCNT. For solid catalysts it has been proposed, 

moreover, that acid-base pairs are important. While the base sites interact with H+, the 

conjugated base of the reactant will be stabilized by an acid site [46, 47]. 

 

 

Figure 5. Separation of charge through proton attraction by pyridinic N on NCNT surface. 
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Reactant conversions between 10% and 50% to ECC were obtained within the first hour 

after which little increase in yield (figure 2) was observed. Please note that ECC was the 

only product observed in all experiments. However the final yield is different for all 

samples even though the reactions conditions were the same in all experiments. Therefore 

the yield is not limited by the thermodynamic equilibrium of the reaction.  Thus we 

conclude that the active sites are deactivated by the adsorption of (one of) the products. 

Therefore, we evaluate the catalytic activity of the materials by its initial reaction rate. 

 The amount of basic N, as determined with acid base titration, is roughly related to the 

NCNT’s initial activity in the Knoevenagel condensation as displayed in Figure 6. An 

increase in the number of N groups leads to an increase in the initial activity.  

 

 

Figure 6. Relation between the amount of active N sites in NCNT and the initial activity in the 

Knoevenagel condensation. 

 

However, this increase could be caused by any of the basic N types, amine or pyridinic N. 

Therefore the possibility that the increase in initial activity is related to the increase of a 

specific N type was investigated. For each sample of NCNT the total number of surface N 

groups was determined by titration. Then the ratio Ntype/NT was determined for each of the 

N types, i.e. amine N, pyridinic N and oxidized N, from XPS data where NT is the sum of all 
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the mentioned N types. This ratio was then taken to estimate the number of surface 

groups of a specific N type and used as correction factor for Figure 6. Please note that it 

was assumed that the ratio of each N type determined with XPS was constant throughout 

the whole NCNT. It turned out that the initial activity in the Knoevenagel condensation 

increased with increasing amount of NP (Figure 7), which indicated that this type of 

nitrogen is (part of) the active site for the reaction. No relation could be found between 

the other nitrogen species and activity. 

 

Figure 7. Relation of pyridinic nitrogen and initial activity 

 

To investigate the order of the reaction we plotted in figure 8 the concentration of BA as 

function of reaction time. As can be seen from this figure the conversion of BA is fast at 

start and then decreases as can be expected for a batch reactor. The experimental data 

were compared with a 2nd order rate model, thus assuming that the C-C bond formation is 

the rate determining step (Figure 4, step 2). Please note that if proton abstraction is the 

rate determining step a first order equation would be appropriate [44]. However, the data 

could not be fit with a second order rate equation as is illustrated in Figure 8. As can be 

seen in Figure 8 the fit matches the experimental data only at start for Co823ACN and 

Co923ACN but not beyond half an hour. Only a good fit is observed with Co1023ACN. A 
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mismatch between experimental data and the rate model was also observed with the other 

NCNT. 

 

Figure 8. BA conversion as function of reaction time by Co823ACN (◊) and fit (solid line), Co923ACN 

(∆) and fit (dotted line), Co1023ACN (○) and fit (dashed line). 

 

As can be concluded from Figure 8 the predicted conversion is much higher than is 

achieved in reality. This may indicate that active sites are deactivated over time as more 

BA and ECA have reacted and more ECC is formed. This might be explained by inhibition of 

the active sites by reactants or products, in the latter case either ECC or water. Since the 

concentration of reactants is relatively high at the start of the reaction and the activity of 

the catalyst decreases as more product is formed, the latter option seems more plausible.  

Langmuir-Hinshelwood type kinetics including product inhibition would be needed for an 

improved model. The appropriate rate equation is of the form: 

 

r = (k[BA][ECA])•(1 + ka[BA] + kb[ECA] + kc[ECC])-1 (1) 

 

where k, ka, kb and kc are reaction rate constants. Here we used the simplified expression: 

 

r = (k[BA][ECA])•(1 + kc[ECC])-1    (2) 
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with the assumption of a single site and product inhibition. The reactant and product 

concentration can be written in terms of conversion (x) and since equimolar amounts BA 

and ECA are used the following expressions are derived: 

 

[BA] = [BA]0• (1-x)  (3) 

[ECA] = [BA] = [BA]0•(1-x) (4)  

[ECC] = [BA]0•x   (5) 

 

where [BA]0 is the BA concentration at start of the reaction. Equation 2 can be written as a 

differential equation: 

 

[BA]0dx/dt = ( k[BA]0
2•(1-x)2 )•( 1 + kc[BA]0•x )-1  (6) 

 

By solving the integral and using equation 3-5 we arrive at an expression for the 

concentration of [BA] as function of time with variables k and kc: 

 

[BA] = ( kc[BA]0 + 1 )•( k•t + [BA]0
-1 – kc• {ln(1-x)-1} )-1 (7) 

 

 

Figure 9. Experimental BA conversion as function of reaction time fit with a Langmuir-Hinshelwood 

kinetic model. (A) Co823ACN (◊), Co923ACN (♦) and Co1023ACN (∆). (B) Ni823ACN (■), Ni1023ACN 

(○) and Co1023PYR (□). 
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The results of fitting the experimental data with a Langmuir-Hinshelwood type equation 

are shown in Figure 9. As can be seen from this figure the experimental data can be 

described fairly accurate with the Langmuir-Hinshelwood model. The corresponding k, kc 

and correlation coefficients are tabulated in Table 5. 

 

Table 5. k, kc and R2 values of NCNT for the observed 
data and the Langmuir-Hinshelwood rate model. 

sample k (Lmol-1h-1) kc (Lmol-1) R2 
Co823ACN 15 50 0.992 

Co923ACN 7 150 0.998 

Co1023ACN 2 10 0.996 

Co1023PYR 3 30 0.999 

Ni823ACN 10 100 0.997 

Ni1023ACN 4 40 0.990 

 

From the correlation coefficients in Table 5 it can be concluded that the rate model agrees 

well with the experimental data and that the Knoevenagel condensation with NCNT follow 

Langmuir-Hinshelwood type kinetics. As predicted by the proposed equation (2) the 

reaction rate decreases as more product, i.e. ECC, is formed which means that competitive 

adsorption occurs between reactants and products. The calculated k-values showed a 

linear dependency with the amount of pyridinic N in the NCNT. Therefore, the k-value can 

be regarded as being composed of the real k value and the concentration of pyridinic N: 

 

k = kreal•[NP]α  (8) 

 

with [NP] the concentration of pyridinic N and α the reaction order. Since a quadratic 

relationship exists between [NP] and k, α should be 2. By plotting k as function of [Np] 

(Figure 10) and calculating the coefficients of the quadratic fit the value of kreal was 

determined to be 5500 L3mol-3h-1. No relationship between kc and [NP] was observed. The 

second order relationship of k and [NP] suggests a dual site mechanism for the NCNT 

catalyzed knoevenagel condensation. 
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Figure 10. Relationship between the calculated k values and the pyridinic N concentration at the NCNT 

surface. 

 

The activities of reference materials i.e. activated carbons, hydrotalcite and oxidized CNF, 

were rather diverse. Relatively high yields of ECC were obtained within one hour with the 

HT and AC-SA-Super. However, the activity of the latter per active site of the material is 

rather low (Table 3). The decline in ECC yield with the latter after one hour may be 

explained by adsorption of product or consecutive reactions. Since no other product 

besides ECC was observed the first explanation is more plausible especially when it is 

taken into account that the AC materials were designed as absorbance for organic 

molecules. Since the used activated carbons (AC materials) are microporous it likely that 

the condensation reaction is diffusion limited. This further proves that NCNT being a 

mesoporous material are very suitable for the Knoevenagel condensation if site inhibition 

can be prevented. 

 In Figure 11 a comparison of activities in the Knoevenagel condensation of ECA and BA 

with different solid bases is displayed. Please be aware that the catalytic data from the 

literature were obtained at a variety of conditions. Therefore only the order of magnitudes 

of activities can be compared. The initial activities per gram of NCNT are comparable with 

some other mildly basic materials [42, 43, 48, 49] like fluoro- and hydroxy appatites and 

aluminophosphate oxynitrides. 
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Figure 11 activities of solid bases in the Knoevenagel condensation of ECA and BA. 

 

The higher activities observed with the other types of solid bases may be caused by the 

number or accessibility of the active site. The highest activities were observed with 

alkaline exchanged zeolites which had active sites with pKa values between 10 and 13. A 

strong base is not necessarily an advantage since side reactions might occur as well which 

lead to low product concentration. NCNT prove to be efficient catalysts for condensation 

reactions which require mild solid bases. Further study about the incorporation and 

accessibility of nitrogen at the CNT surface may enhance their catalytic performance. 

 

 

5. Conclusions 

 

We succeeded in preparing a new solid base catalyst that consists of nitrogen-containing 

CNT. The activity of these materials seems to be determined by the concentration of 

pyridinic nitrogen present in the catalyst. The observed deactivation of the catalysts was 

explained by inhibition of the active sites by the formed products. The reaction rate could 

be described by a Langmuir-Hinshelwood type kinetic model. Calculations showed that the 

mesoporous NCNT did not suffer from diffusion limitation which is an advantage of these 

materials over existing microporous basic materials. 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Chapter 4 

 98 

References 

 1 G. J. Kelly, F. King, M. Kett, Green Chem. 

2002, 4, 392-399 

 2 K. Tanabe, W. F. Hölderich, Appl. Catal. A: 

Gen. 1999, 181, 399-434 

 3 J. Weitkamp, M. Hunger, U. Rymsa, 

Micropor. Mesopor. Mat., 2001, 48, 255-270 

 4 R. A. Sheldon, Pure Appl. Chem., 2000, 

72(7), 1233-1246 

 5 A. Zapf, M. Beller, Top. Catal., 2002, 19 

(1), 101-109 

 6 F. King, G. J. Kelly, Catal. Today, 2002, 73, 

75-81 

 7 H-U. Blaser, Catal Today, 2000, 60, 161-

165 

 8 M. Poliakoff, J. M. Fitzpatrick, T. R. Farren, 

P.T. Anastas, Science, 2002, 297, 807-810 

 9 R. A. Sheldon, J. Molec. Catal. A, 1996, 

107, 75-83 

10 G. J. Kelly, F. King, M. Kett, Green 

Chemistry, 2002, 4, 392-399 

11 F. Winter, V. Koot, A.J. van Dillen, J.W. 

Geus and K.P. de Jong, J. Catal. 2005, 236, 

91-100 

12 Y. Ono, J. Catal, 2003, 216, 406-415 

13 H. Hattori, Appl. Catal. A., 2001, 222, 247-

259 

14 K. Tanabe, W. F. Hölderich, Appl. Catal. A., 

1999, 181, 399-434 

15 J. H. Clark, D. J. Macquarrie, Org. Process 

Res. Dev., 1997, 1 (2), 149-162 

16 Y. Ono, T. Baba, Catal. Today, 1997, 38, 

321-337 

17 R. H. Baughman, A. A. Zakhidov, W. A. de 

Heer, Science 2002, 297, 787-792 

 

18 P. Avouris, Chem. Phys. 2002, 281, 429-

445 

19 F. Kreupl, A. P. Graham, G. S. Duesberg, 

W. SteinHögl, M. Liebau, E. Unger, W. Hönlein, 

Microelectron. Eng. 2002, 64, 399-408 

20 Patent application, PCT/NL2005/000274 

 

 

21 M.K. van der Lee, A.J. van Dillen, J.W. 

Geus, K.P. de Jong, J.H. Bitter, Carbon 2006, 

44, 629-637 

22 K. P. de Jong, J. W. Geus, Catal. Rev.-Sci. 

Eng. 2000, 42(4), 481-510 

23 P. Serp, M. Corrias, P. Kalck, Appl. Catal. 

A: Gen. 2003, 253, 337-358 

24 J. H. Bitter, M. K. van der Lee, A. G. T. 

Slotboom, A. J. van Dillen, K. P. de Jong, Cat. 

Let. 2003, 89 (1-2), 139-142 

25 R. Czerw, M. Terrones, J. C. Charlier, X. 

Blasé, B. Foley, R. Kamalakaran, N. Grobert, 

H. Terrones, D. Tekleab, P. M. Ajayan, W. 

Blau, M. Rühle, D. L. Carroll, Nano Lett., 2001, 

1 (9), 457-460 

26 P. Burg, P. Frydrych, D. Cagniant, G. 

Nanse, J. Bimer, A. Jankowska, Carbon, 2002, 

40, 1521-1531 

27 S. van Dommele, K. P. de Jong, J. H. 

Bitter, Chem. Commun., 2006, 4859-4861 

28 E. Raymundo-Piñero, D. Cazorla-Amorós, 

A. Linares-Solano, J. Find, U. Wild, R. Schlögl, 

Carbon, 2002, 40, 597-608 

29 J. R. Pels, F. Kapteijn, J. A. Moulijn, Q. 

Zhu, K. M. Thomas, Carbon, 1995, 33 (11), 

1641-1653 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Activity of NCNT In Base Catalyzed Knoevenagel Condensation 

 99 

30 F. Kapteijn, J. A. Moulijn, S. Matzner, H. P. 

Boehm, Carbon, 1999, 37, 1143-1150 

31 S. van Dommele, K. P. de Jong, J. H. 

Bitter, chapter 3, submitted to J. Phys. Chem. 

32 C. Tang, Y. Bando, D. Goldberg, F. Xu, 

Carbon 2004, 42, 2625-2633 

33 M. Nath, B. C. Satishkumar, A. Govindaraj, 

C. P. Vinod, C. N. R. Rao, Chem. Phys. Lett. 

2000, 322, 333-340 

34 S. van Dommele, A. Romero-Izquirdo, K. 

P. de Jong, J. H. Bitter, Carbon, 2008, 48, 

138-148 

35 Bezemer, G.L., P.B. Radstake, V. Koot, A.J. 

van Dillen, J.W. Geus, K.P. de Jong, J. Catal., 

2006, 237, 291 

36 M.K. van der Lee, A.J. van Dillen, J.H 

Bitter, K.P. de Jong, J. Am. Chem. Soc., 2005, 

127, 13573 

37 M. L. Toebes, J. H. Bitter, A. J. van Dillen, 

K. P. de Jong, Catal. Today, 2002, 76 (1), 33-

42 

38 M. L. Toebes, J. M. P van Heeswijk, J. H. 

Bitter, A. J. van Dillen, K. P. de Jong, Carbon, 

2004, 42 (2), 307-315 

39 K. K. Rao, M. Gravelle, J. S. Valente, F. 

Figueras, J. Catal., 1998, 173, 115-121 

40 A. H. Lu, W. C. Li, W. Schmidt, W. Kiefer, 

F. Schuth, Carbon, 2004, 42, 2939-2948 

41 B. E. Poling, J. M. Prausnitz, J. P. 

O’Connell, The properties of gases and liquids, 

McGRaw-Hill professional, 2000, 5th ed 

42 J. de D. López-González, A. López-Peinado, 

R. M. Martin-Aranda, M. L. Rojas-Cervantes, 

Carbon, 1993, 31 (8), 1231-1236 

43 A. Corma, V. Fornés, R. M. Martin-Aranda, 

H. García, J. Primo, Appl. Catal., 1990, 59, 

237-248 

44 X. Zhang, E. S. M. Lai, R. Martin-Aranda, 

K. L. Yeung, Appl. Catal. A-Gen, 2004, 261, 

109-118 

45 Y. Goa, P. Wu, T. Tatsumi, J. Catal., 2004, 

224, 107-114 

46 K. Tanabe, T. Yamaguchi, Catal. Today, 

1994, 20(2), 185-197 

47 K. Tanabe, W. F. Hölderich, Appl. Catal. A-

Gen., 1999, 181, 399-434 

48 N. Elazarifi, A. Ezzamarty, J. Leglise, L-C 

de Ménorval, C. Moreau, Appl. Catal. A-Gen, 

2004, 267, 235-240 

49 A. Massinon, J. A. Odriozola, Ph. Bastians, 

R. Conanec, R. Marchand, Y. Laurent, P. 

Grange, Appl. Catal. A-Gen, 1996, 137, 9-23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Chapter 4 

 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 

 101 

5a 
Summary and Conclusions 

 

 

 

 

 

Nitrogen containing Carbon Nanotubes (NCNT) are receiving more and more attention due 

to their altered physical- and chemical properties with respect to polarity, conductivity and 

reactivity as compared to conventional carbon nanotubes. Up to now the amount of 

nitrogen introduced in NCNT seem to be limited to about 10 at%. Therefore, increasing the 

nitrogen content in NCNT has been an important topic. Various methods were put forward 

in literature to realize this aim, e.g. evaporation of carbon in a nitrogen atmosphere using 

high temperature techniques such as laser ablation or arc discharge or lower temperature 

techniques such as decomposition of a C/N source using a catalyst. However, fundamental 

studies addressing the amount and type of nitrogen incorporated in the NCNT graphene 

layers and the consequences for their physical- and chemical properties are limited. When 

studied, most attention was focussed on the electronic consequences of nitrogen 

incorporation since nitrogen doping in CNT creates donor states near the Fermi level. 

Therefore, NCNT are interesting for application in electronic (nano)devices. Reports about 

their potential as heterogeneous catalyst are few. Mostly, the use of NCNT as catalyst 

support and the effect of nitrogen on the catalytic performance are studied. In this thesis 

the incorporation of nitrogen in the graphene layers of CNT by varying the synthesis 

parameters, the physical/chemical consequences thereof and their potential as solid base 

catalyst are described. 
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 In chapter 2 it was shown that NCNT can be grown from acetonitrile, pyridine or N,N-

dimethylformamide over a supported Fe-, Co- or Ni catalyst at temperatures between 823 

and 1123 K. The influence of the synthesis parameters on the physical- and chemical 

properties of the obtained NCNT were discussed and could be related to thermodynamic 

stability of the metal-carbide/nitride. Thermodynamics indicated that with increasing 

temperature the ΔGf
0 of metal carbides decreased while the ΔGf

0 of metal nitrides 

increased which indicated that with increasing temperature the formation of metal-carbide 

species is more favourable than the formation of metal-nitride species. This was also 

experimentally observed, i.e. at higher temperature less nitrogen was incorporated in the 

NCNT. Furthermore it was shown that the type of nitrogen formed in the NCNT is 

temperature dependent. At low growth temperatures between 823 and 923 K, the pyridinic 

type nitrogen, i.e. nitrogen located at edges or defects in the graphene layers, was 

predominant in the NCNT whereas at higher growth temperatures between 923 and 1123 

K the formation of quaternary type nitrogen, i.e. nitrogen substituting a carbon atom in 

the graphene layer, was favourable. Investigation of the NCNT morphology showed that 

multiwalled carbon nanotubes were obtained with the Co- and Ni catalyst while bamboo 

structured NCNT were obtained with the Fe catalyst, regardless of the C/N precursor or 

growth temperature. To explain this difference in NCNT morphology two growth 

mechanisms were proposed based on the thermodynamic stability of the metal carbides. 

Iron carbides are more stable compared to Ni and Co carbides. As a result of that the 

chance of formation of graphitic envelopes around the iron particle increases which at a 

certain c-concentration bursts open to release the bare metal again. This results in a 

pulsating NCNT growth resulting in bamboo type NCNT. The less stable Co- or Ni carbides 

allow better diffusion of the carbon atoms through or migration over the metal particle 

thus resulting in a continuous growth of NCNT. 

 The number and nature of the basic sites in NCNT were investigated in chapter 3 using 

acid-base titrations and XPS. It was shown that the amount of nitrogen determined with 

titrations was about two orders of magnitude lower as obtained with XPS. This was 

explained by the fact that XPS probes several graphene layers while titrations only probe 

the accessible nitrogen species. Moreover not all the nitrogen sites in NCNT displayed base 

properties and could therefore be titrated, thus lowering the amount of nitrogen observed 
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with titration. From the titration data proton uptake curves were derived which, after 

deconvolution, revealed that the NCNT surface consisted of various N sites with different 

pKa ranges. The presence of N sites with different pKa values could be explained by 

envisioning NCNT as being constructed from organic nitrogen containing building blocks 

having different pKa values. Furthermore, the NCNT could be arranged in three classes, 

based on the evolution of the titration curves upon acid addition. The first class of NCNT 

contains predominantly pyridinic type N, and its titration curve is characterized by a 

gradual decline in pH upon titrant addition. To the second class belong the NCNT with 

amine type N with titration curves characterized by a steep decline in pH. The third class 

of NCNT is deficient of basic sites and its titration curve is characterized by an immediate 

decline in pH. 

 The potential of NCNT as solid base catalyst is addressed in chapter 4. The catalytic 

activity of the NCNT was tested for the base catalyzed Knoevenagel condensation of 

benzaldehyde with ethylcyanoacetate. All NCNT displayed activity for the reaction with 

initial activities up to 14 mmol•g-1
cat•h-1, comparable to the initial activities displayed by 

activated carbon (10 mmol•g-1
cat•h-1) and rehydrated hydrotalcite (25 mmol•g-1

cat•h-1). The 

initial activity of the NCNT related to the amount of pyridinic type nitrogen in the NCNT. It 

was thus concluded that pyridinic type nitrogen is part of the active sites in NCNT for the 

Knoevenagel condensation. The reaction rate decreased with time which was, based on 

reaction rate modelling using Langmuir-Hinshelwood kinetic, explained by a competitive 

adsorption between reactant and product. Based on the results of the catalytic testing 

NCNT can be categorized as mild solid base comparable to other mild bases like fluoro- 

and hydroxyl apatites and aluminophosphate oxynitrides.  

 It has been shown in this thesis that NCNT hold potential to be used as mild solid base 

catalyst. The presence of pyridinic type nitrogen, present at the edges of the graphene 

layers or at defects in the NCNT structure is key in obtaining a highly active material. This 

can be realized by carefully tuning the synthesis parameters such as growth gas, type of 

growth catalyst and growth temperature.  
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5b 
Samenvatting en conclusies 

 

 

Steeds meer aandacht wordt besteed aan stikstof bevattende koolstof nanovezels, in 

wetenschappelijke literatuur Nitrogen containing Carbon Nanotubes genaamd en afgekort 

tot NCNT, vanwege hun veranderde fysische- en chemische eigenschappen zoals polariteit, 

geleidbaarheid en reactiviteit ten opzichte van conventionele CNT. De hoeveelheid stikstof 

die op het ogenblik ingebouwd kan worden lijkt gelimiteerd to zijn tot 10 atoom%. Daarom 

is in de literatuur veel aandacht besteed aan het verhogen van de stikstof concentratie in 

NCNT. Verschillende methoden zijn gebruikt om dit doel te verwezenlijken bijvoorbeeld het 

verdampen van koolstof in een stikstof atmosfeer met een hoge temperatuur techniek 

(>1500 K) zoals laser ablatie of vonk ontlading of via lage temperatuur routes (800-1200 

K) zoals de decompositie van een C/N bron door middel van een katalysator. Echter, er is 

een beperkt aantal fundamentele studies die de hoeveelheid en type stikstof die is 

ingebouwd in de grafitische lagen van NCNT en de fysische- en chemische consequenties 

daarvan behandelen. In het bijzonder zijn de elektronische consequenties onderzocht 

vanwege het feit dat stikstof dotering in CNT electron donor eigenschappen nabij het Fermi 

niveau veroorzaakt. Vanuit dit oogpunt zijn NCNT interessante materialen voor applicatie 

in elektronische (nano-schaal) apparatuur. Het aantal publicaties ten aanzien van hun 

potentie als heterogene katalysator zijn gering. In veel gevallen is het gebruik van NCNT 

als katalysator drager bestudeerd evenals het effect van de aanwezigheid van stikstof in 

de drager op de katalytische prestatie. Dit proefschrift beschrijft het effect van de 

synthese parameters op het inbouwen van stikstof in NCNT, de consequenties voor de 

fysische- en chemische eigenschappen en de potentie van NCNT om als vaste base 

katalysator te worden gebruikt. 
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 In hoofdstuk 2 werd aangetoond dat NCNT vervaardigd kunnen worden uit acetonitril, 

pyridine of N,N-dimethylformamide over een gedragen Fe-, Co- of Ni katalysator bij een 

temperatuur tussen 823 en 1123 K. De invloed van de synthese parameters op de 

fysische- en chemische eigenschappen van de verkregen NCNT werd bediscussieerd en 

kon gerelateerd worden aan de thermodynamische stabiliteit van het 

metaalcarbide/nitride. De thermodynamica toonde aan dat met toenemende temperatuur 

de ΔGf
0 van de metaalcarbiden daalde terwijl de ΔGf

0 van de metaalnitriden steeg wat 

aantoonde dat met de temperatuur stijging de formatie van katalysator oppervlakte 

gebonden koolstof deeltjes gunstiger was dan de formatie van oppervlakte gebonden 

stikstof deeltjes. Dit werd ook experimenteel vastgesteld, namelijk dat bij een hogere 

synthese temperatuur minder stikstof werd ingebouwd. Bovendien kon worden 

aangetoond dat het type stikstof dat in de NCNT werd opgenomen temperatuur 

gerelateerd was. Bij een lage synthese temperatuur werd vooral pyridinisch type stikstof 

gevonden, dit is het soort stikstof die gelokaliseerd is aan randen of defecten van 

grafitische lagen. Bij een hoge synthese temperatuur was meer van het quaternaire type 

stikstof aanwezig, het type dat een koolstof atoom in grafitische lagen vervangt. 

Onderzoek naar de morfologie van de NCNT toonde aan dat meerwandige CNT verkregen 

werden met de Co- en Ni katalysator terwijl NCNT met een bamboe structuur verkregen 

werden met de Fe katalysator, ongeacht de C/N bron of de synthese temperatuur. Om dit 

waargenomen verschil te kunnen verklaren werd een voorstel gedaan voor twee 

verschillende groei mechanismen welke gebaseerd waren op de thermodynamische 

stabiliteit van metaalcarbiden. IJzer carbiden zijn stabieler ten opzichte van cobalt- en 

nikkel carbiden. Daarom is er een verhoogde kans dat rond het ijzer deeltje grafitische 

omhulsels worden gevormd welke bij een bepaalde concentratie open breken waardoor het 

metaal weer vrij komt. Dit resulteert in een gepulseerde NCNT groei welke de bamboe 

structuur veroorzaakt. De minder stabiele Co- of Ni katalysatoren staan een betere diffusie 

door of migratie over het metaal deeltje toe en daarom kan NCNT groei bij deze 

katalysatoren als een meer continu proces worden beschouwd. 

 Het aantal en soort basische sites in de NCNT werd onderzocht in hoofdstuk 3 door 

middel van zuur-base titraties. De resultaten die met deze techniek waren verkregen 

werden vergeleken met de resultaten verkregen met XPS en toonden aan dat de 
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hoeveelheid stikstof bepaald met eerstgenoemde techniek twee grootte orden lager was 

dan de hoeveelheid bepaald met laatstgenoemde techniek. Dit verschil werd verklaard met 

het feit dat XPS meerdere grafitische lagen detecteerd terwijl met titraties slechts de 

toegankelijke stikstof kan worden gedetecteerd en dat bovendien niet ieder type stikstof 

basische eigenschappen bezit. Een proton opname curve kon worden afgeleid van de 

titratie data die, na deconvolutie, onthulde dat de het NCNT oppervlak uit verschillende 

stikstof sites bestaat met zekere pKa breedten. De aanwezigheid van stikstof sites met 

verschillende pKa waarden kon worden verklaard door NCNT te beschouwen als zijnde 

opgebouwd uit stikstof bevattende organische bouwstenen ieder met verschillende pKa 

waarden. Verder bleek het mogelijk om de NCNT onder te verdelen in drie klassen, 

gebaseerd op het verloop van de titratie curve bij toevoeging van titrant. De eerste klasse 

bevat voornamelijk het pyridinische type stikstof en de bijbehorende titratiecurve wordt 

gekarakteriseerd door een geleidelijke pH daling bij titrant additie. Tot de tweede klasse 

behoren de NCNT met amine-achtige stikstof groepen met titratiecurven die gekenmerkt 

worden door een sterke daling in pH. De derde klasse wordt gevormd door NCNT die 

basische site deficiënt zijn en titratiecurven hebben waarbij een onmiddellijke daling in pH 

wordt geconstateerd. 

 De mogelijkheid om NCNT als vaste base katalysator te gebruiken werd behandeld in 

hoofdstuk 4 waarin de katalytische activiteit van NCNT werd onderzocht in de 

Knoevenagel condensatie van benzaldehyde en ethylcyanoacetate. Al de geteste NCNT 

vertoonden activiteit voor deze reactie waarbij de initiële activiteit vergelijkbaar was met 

die van geactiveerde koolstof en gerehydrateerde hydrotalciet. Tevens werd aangetoond 

dat de initiële activiteit gerelateerd was aan de hoeveelheid pyridinische stikstof die in de 

NCNT was ingebouwd. Om deze reden werd geconcludeerd dat dit type stikstof deel 

uitmaakt van de actieve sites in NCNT. Ook was waargenomen dat de reactie snelheid 

afnam in de tijd wat verklaard kon worden door uit te gaan van een competitieve adsorptie 

tussen reactanten en product. De reactie snelheid kon worden beschreven door Langmuir-

Hinshelwood type kinetiek met betrekking van actieve site deactivering. Met dit model kon 

worden aangetoond dat door produkt formatie de deactivering van de actieve sites van 

NCNT werd veroorzaakt. Naar aanleiding van de katalytische test resultaten kon NCNT 
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geclassificeerd worden als milde vaste base vergelijkbaar met andere milde basen zoals 

fluoro- en hydroxyl apatiet en aluminofosfaat oxynitriden. 

 Uit dit proefschrift is gebleken dat NCNT de potentie hebben om als milde vaste base te 

worden benut. Een belangrijk aspect is de aanwezigheid van toegankelijke oppervlakte 

sites met basische eigenschappen. Deze worden voornamelijk gevormd door het 

pyridinische type stikstof, aanwezig aan de randen van de grafitische laag of rond defecten 

in de NCNT structuur. De formatie van pyridinische stikstof is daarom van essentieel 

belang ten einde actieve groepen op het NCNT oppervlak te verkrijgen. Dit kan worden 

gerealiseerd door een zorgvuldige afstelling van de synthese parameters. Het is 

waarschijnlijk dat verder onderzoek naar dit opkomende materiaal zal resulteren in de 

beschikbaarheid van NCNT met een vooraf bepaalde N/C ratio en pyridinische/quaternaire 

N ratio welke in een groeiend aantal applicaties toegepast kunnen worden. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Dankwoord 

 109 

List of publications and presentations 

 

publications 

Nitrogen-containing carbon nanotubes as solid base catalysts  

Dommele, S. van, K.P. de Jong and J. H. Bitter, Chem. Commun. (2006) 4859–4861 

 

Tuning nitrogen functionalities in catalytically grown nitrogen-containing carbon nanotubes 

van Dommele, S., A. Romero-Izquirdo, R. Brydson, K.P. de Jong and J.H. Bitter, Carbon 

46 (2008) 138-148 

 

Synthesis of heterogeneous base catalysts: nitrogen containing carbon nanotubes 

Dommele, S. van, K.P. de Jong, A. Romero-Izquirdo and J.H. Bitter, Stud. Surf. Sci. Catal. 

162 (2006) 29-36 

 

Determination of basic sites in nitrogen containing carbon nanotubes 

S. van Dommele, K. P. de Jong, J. H. Bitter, Submitted to J. Phys. Chem. 

 

Presentations 

Nitrogen containing carbon nanofibers,  S. van Dommele, K. P. de Jong, J. H. Bitter, 

NCCC IV 2003, Noordwijkerhout, poster presentation 

 

Basic, nitrogen containing carbon nanofibers, S. van Dommele, K. P. de Jong, J. H. Bitter, 

NCCC V 2004, Noordwijkerhout, oral presentation 

 

Nitrogen containing carbon nanotubes as base catalyst, S. van Dommele, A. Romero-

Izquierdo, K. P. de Jong, J. H. Bitter, NCCC VI 2005, Noordwijkerhout, oral presentation 

 

Nitrogen containing carbon nanotubes as solid base catalysts 

19th North American Catalysis Society Meeting 2005, Philadelphia (USA) oral presentation 

 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Dankwoord 

 110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S. van Dommele, Nitrogen containing CNT, synthesis, characterization and catalyisis 
Dankwoord 

 111 

Dankwoord 

 

Mijn studietraject aan de universiteit van Utrecht is misschien wel te vergelijken met een 
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de vakgroep en tijdens de NCCC conferenties. De uiteenlopende gesprekken die we 

hebben gehad, van wetenschappelijke aard tot het delen van het geluk van het 

vaderschap, heb ik zeer gewaardeerd. Kaisa Kervinen, aannemende dat je inmiddels de 

Nederlandse taal voldoende beheerst, wil ik je bedanken voor de tijd die we mochten 

delen op de kamer en voor de verrijking die je bracht met de Finse cultuur. Heiner 

Friedrich, ik heb jou als laatste kamergenoot mogen meemaken terwijl je heel wat werk 

had met het verkrijgen van mooie beelden met de elektronenmicroscoop. Ik hoop dat alles 

nu goed werkt en wens je veel succes bij je onderzoek. De labruimte heb ik mogen delen 

met Rudy Wagemans, Rudy, bedankt voor al je hulp bij het sleutelen aan opstellingen en 

op orde krijgen van de werkplek. Toen je begon met pyrolyse van acetonitril kwamen onze 

onderzoeken even dicht bij elkaar. Dank je wel voor het CMKACN sample dat ik heb 

kunnen testen. Wat is een onderzoek zonder mogelijkheden tot karakterisatie? 

Verschillende technieken heb ik mogen gebruiken om inzicht te krijgen in de materialen en 
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