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1. Introduction

At present, platinum and its alloys supported on carbon black are used as oxygen reduction catalysts in proton exchange membrane fuel cells (PEMFC) due to their high catalytic activity and stability in fuel cell environment [1, 2]. The performances of the cathode catalysts depend substantially on characteristics of carbon support, such as porous structure, surface area, electrical conductivity, etc. [3, 4]. Recently, carbon nanostructured materials, like carbon nanofibers (CNF), have attracted great interest as suitable catalyst support materials [3-8] due to their exceptional structural and textural properties, electrophysical characteristics and chemical stability as well as progress in controlled large-scale synthesis of such materials with predetermined characteristics. Carbon nanofibers can be produced using CVD method from catalytic decomposition of hydrocarbon precursors over iron subgroup metals. It is well-known [9-14] that CNF properties can be tailored by controlling of growth conditions, such as catalyst used, feed composition, temperature. By regulating these parameters one can produce CNF with graphite planes arranged in perpendicular direction to fiber axis (‘platelet’ structure), at an angle of 45( (‘herringbone’ structure) or parallel to the axis (‘nanotubes’). The surface area of CNF ranges from 100 to 300 m2/g, depending upon the particular structural conformation. The unique structural and textural features of these materials make them possible candidates as improved supports for Pt cathode catalysts and, as it has been shown yet [5-8], application of CNF allows to increase platinum utilization as compared with commercial carbon supports.
Another type of nanocarbon materials having a considerable potential for the preparation of the active electrocatalysts is a class of amorphous microporous carbon materials (AC) because of a very high surface area – up to 3300 m2/g and large microporous volume – up to 2 cm3/g [15-17]. Our previous studies have shown that Pt cathode catalysts prepared on these supports exhibits better performance in membrane/electrode assembly (MEA) tests as compared with Pt/Vulcan XC-72R [8, 18].
However, surface of as-produced carbon supports is usually inert, making it a difficult to attach uniformly the high-dispersed metal particles. Physisorbed platinum clusters may be easily removed in a liquid medium, and also tends to agglomerate into larger particles. High dispersity of platinum on carbon achieves by interaction of metal with the surface functional groups. Therefore, presence of nitrogen sorption sites on the carbon surface improves adhesion of metal nanoparticles, leading to high dispersion of active component, more uniform distribution upon support and higher stability, resulting in high electrocatalytic mass activity of Pt nanoparticles [6, 9, 19]. Hence, the nanostructured carbon materials, such as CNF and AC, doped with nitrogen are promising catalyst supports for PEMFC. 
Moreover, enhanced electroconductivity of nitrogen-doped carbons in comparison with non-modified counterparts [20, 21] favours high electrocatalytic activity. 
On the other hand, the replacement of platinum by non-noble metal catalysts for the cathode oxygen reduction reaction (ORR) is possible. Since the 1970s, much attention has been paid to the catalysts obtained from the heat treatment at T > 600(C of carbon with a transition metal (Fe or Co) and nitrogen source [22-30]. The precursors of metal and nitrogen can be organometallic macrocycles, like porphyrins, phthalocyanines, tetraazaannulenes, and other N4-metal chelates. But the nitrogen and metal sources can be separated and active ORR catalysts are also produced by pyrolysis of Fe (or Co) salts adsorbed onto nitrogen-containing carbon support or under nitrogen-containing atmosphere (ammonia, acetonitrile, etc.). Heat treatment at high temperature of 600 – 1000(C range is required to increase the activity, selectivity and stability of the catalyst. During this treatment Met-N4 units (where Met = Fe or Co) or Met-N2 ones, depending on metal nature and pyrolysis temperature, become bound to the carbon surface. From the results of XPS and secondary ion mass spectroscopy, Dodelet and coworkers [31-33] established that, in order to obtain an active catalyst, nitrogen atoms have to be of pyridinic type in phenanthroline-like structure (Met-N2 site) or pyrrole type (Met-N4 site) similar to phthalocyanine. Activity of these non-noble catalysts increases with nitrogen content on the support surface. Thus, nitrogen content and its electronic state are important for the preparation of active electrocatalysts, and ability to finely tune these parameters on the stage of support synthesis is very desirable. 
2. Experimental
2.1. N-CNF synthesis

Nitrogen-containing CNF were synthesized by catalytic decomposition of C2H4/NH3 mixture at 450 – 675(С and 1 bar pressure over metal catalysts. The catalysts with high (70 – 90 wt. %) loading of iron-subgroup metals were prepared by coprecipitation of active component and alumina from nitrate solution as described elsewhere [11, 30]. The following catalysts were used: 90Ni-Al2O3, 82Ni-8Cu-Al2O3, 65Ni-25Cu-Al2O3, 45Ni-45Cu-Al2O3, 90Fe-Al2O3, 85Fe-5Co-Al2O3, 62Fe-8Co-Al2O3, and 62Fe-8Ni-Al2O3. Herein and after in catalyst code, number before the element symbol indicates the metal content in initial catalyst, wt %. Alumina content equals to the rest and ranges between 10 – 30 wt. %. The initial C2H4/NH3 mixture contained 25, 50 and 75 vol. % of ammonia. Synthesis of N-CNF was carried out in a flow reactor with a fluidized catalyst bed. Catalyst loading was 0.1 g and feed flow rate – 22.5 l(h-1( gcat-1. Ethylene conversion was analyzed using a gas chromatograph with a thermal conductivity detector. Carbon yield G (gC/gcat) was calculated as a ratio of the mass of produced carbon to that of initial catalyst. 
2.2. N-AC synthesis
Microporous N-AC materials were prepared by chemical and subsequent thermal treatment of various nitrogen-containing organic compounds, like 8-oxyquinoline, o-nitroaniline, 1,2,3-benzotriazole (Fig. 1), or their equimolar mixtures. The typical synthetic procedure was based on chemical treatment of an organic precursor with concentrated aqueous solution of sodium hydroxide in ratio of m(NaOH)/m(precursor) = 1 ( 3. The mixture was heated to evaporate water and form a melt. Then the melt was subjected to carbonization at 700 – 900(C for 20 – 80 min under reductive medium of carbonization gases or in inert atmosphere. The obtained material was cooled in air, thoroughly washed with hydrochloric acid and, next, with water until neutral medium. The washed product was dried at 105 – 115(C up to constant weight.
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Fig. 1. Nitrogen-containing organic precursors of N-AC.

2.3. Physicochemical characterization

Synthesized samples were analyzed by employing XRD (HZG-4), SEM (JSM-6460, 20 kV), TEM (JEM-2010, 200 kV), N2 adsorption at 77 K (ASAP-2400). The composition of synthesized carbon materials and cobalt catalysts was determined using elemental analysis (Carlo Erba 1106) and X-ray photoelectron spectroscopy (VG ESCALAB HP). Cobalt dispersion was evaluated by XRD and CO chemisorption at room temperature (Auto Chem II 2920).
3. Results
3.1. Synthesis and properties of N-CNF
Numerous recent investigations on synthesis and characterization of N-CNF indicated that nitrogen incorporation strongly depends on synthesis conditions, such as catalyst and precursor compositions, reaction temperature, gas flow etc. [34-38]. Although a significant work was carried out with respect to the composition/structure relationship of N-CNF, the influence of preparation conditions on physicochemical properties of N-CNF is not fully understood and sometimes contradictory conclusions were drawn about these materials. Therefore, systematic information on the effect of synthesis parameters on N-CNF characteristics is very desirable to understand fundamentals of their growth on metal catalysts, formation of composition, structure, electrophysical and textural properties. This knowledge will provide a powerful tool for tuning and precise control of N-CNF characteristics for diverse applications.
Activity of different metal catalysts in N-CNF formation by decomposition of 75%C2H4/25%NH3 mixture at 550 – 625 (С for 1 h were compared on the basis of the following parameters: ethylene conversion ((C2H4), carbon yield (G) and nitrogen content in the material. It was found that 90Ni-Al2O3, 82Ni-8Cu-Al2O3, 65Ni-25Cu-Al2O3 and 45Ni-45Cu-Al2O3 catalysts are substantially more active in comparison with 90Fe-Al2O3, 85Fe-5Co-Al2O3, 62Fe-8Co-Al2O3, and 62Fe-8Ni-Al2O3 ones. The nickel catalysts are characterized by 100 % conversion of ethylene under given condition, whereas for iron catalysts (C2H4 is about 4 %. It is significant that the same iron catalysts are very active in decomposition of pure ethylene and produce high quantity of multiwalled carbon nanotubes. For example, carbon yield from 100%C2H4 on 62Fe-8Co-Al2O3 was equal to 22 gC/gcatalyst. When the 75%C2H4/25%NH3 mixture was used carbon yield decreased to 1.3 gC/gcatalyst. 

To compare the effectiveness of nickel and nickel-copper catalysts we raised feed space velocity up to 90.0 l(h-1( gcat-1. Again, for all the catalysts the initial ethylene conversion (at 0.25 h of reaction) remained close to 100 %. However, it rapidly decreased for 90Ni-Al2O3, 82Ni-8Cu-Al2O3 and 45Ni-45Cu-Al2O3 samples, and only 65Ni-25Cu-Al2O3 catalyst reserved high activity. Apparently, this catalyst is the most stable among the studied ones. Moreover, the maximum nitrogen content was observed in N-CNF prepared using the 65Ni-25Cu-Al2O3 catalyst (Table 1). So, this catalyst was found to be the most efficient for the preparation of nitrogen containing CNF and it was selected for further detailed studies.
Table 1

Catalytic properties of Ni-Cu-Al2O3 (Cu = 0 ( 45 wt. %) catalysts in 75%C2H4/25%NH3 mixture decomposition

	Catalyst
	( 0.25 h, %
	( 1 h, % 
	G, gC/gcatalyst
	N, wt. %

	90Ni-Al2O3
	98
	0.3
	29.0
	0.5

	82Ni-8Cu-Al2O3
	100
	0.4
	37.0
	0.9

	65Ni-25Cu-Al2O3
	92
	87.9
	45.6
	1.7

	45Ni-45Cu-Al2O3
	99.8
	1.8
	19.0
	0.7


T = 550(C, catalyst loading = 0.1 g, space velocity = l(h-1( gcat-1, reaction time = 1 h.
Morphology of N-CNF samples was investigated by SEM. Figure 2 shows the SEM images of N-CNF prepared from 50%C2H4/50%NH3 mixture on 65Ni-25Cu-Al2O3 catalyst. The images reveal that the sample consists of grains of 150 – 350 (m in size. The SEM photographs indicate that only filamentous carbons were obtained and no amorphous carbon was found within the product (Fig. 2 (b)). The nanofibers form entangled nanostructures.
As shown by TEM (Fig. 3) the nanofibers are of 25 – 100 nm in diameter with a ‘herringbone’-type arrangement of graphite planes. It was found that the higher ammonia concentration in initial reaction mixture was used, the smaller diameters of nanofibers were obtained. So, the nanofibers of 20 – 45 nm in size were produced by decomposition of 25%C2H4/75%NH3 mixture. This fact may result from etching of catalytic particles by ammonia action. As is well known, the catalyst particle size determines the diameter of growing nanofibers. 
The cone-shaped graphite layers forming the nanofiber are oriented at 45 – 75° angles to the fiber axis. Such CNF arrangement is generally observed on nickel and its alloys, and the similar morphology was found with non-diluted methane and ethylene gas as precursors. According to XRD data N-CNF are graphite-like materials. The interplanar spacing d002 is varied from 0.343 to 0.347 nm depending on the synthesis conditions.
	[image: image2.png]



	[image: image3.jpg]





Fig. 2. SEM micrographs of N-CNF grown on 65Ni-25Cu-Al2O3 catalyst at 550(C from 50%C2H4/50%NH3 mixture. 
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Fig. 3. TEM image of N-CNF grown via decomposition of ethylene/ammonia mixture on 65Ni-25Cu-Al2O3 catalyst demonstrating a ‘herringbone’ structure of nanofiber.

Investigation of pore structure and textural characteristics of N-CNF showed that all materials are mesoporous with specific surface area (SBET) strongly dependent on the synthesis conditions and varying from 30 to 350 m2/g. Figure 4 presents the typical N2 sorption isotherms (Fig.4 (a)) and pore size distribution (PSD) (Fig.4 (b)) for N-CNF produced for 1 and 20 h of synthesis duration. The PSD curve of 1h sample has two maxima at 3 – 4 nm and 15 – 30 nm regions. It was found that the maximum at 15 – 30 nm shifts to the lower values of 9 – 20 nm when the duration of process is increased to 20 h. At the same time, the BET pore volume (Vpore) diminishes as it is seen from the isotherms in Figure 4 (a). Decrease of mesopore volume is probably caused by deposition of a new carbon form inside the pores on the surface of nanofibers generated in the first hours of reaction.
Specific surface area reduces when the synthesis temperature is increased (Table 3). At all studied reaction temperatures within the interval of 550 – 675(C, the SBET dependence on time reveals a maximum at 1 – 3 h. Evidently, the reaction time of 1 – 3 h is the optimum for ethylene/ammonia decomposition when nanofiber growth occurs. After that time catalytic particles, apparently, become deactivated and ethylene pyrolysis is catalyzed by CNF surface leading to formation of pitch-like carbon plugging the CNF pores initially produced. 
Investigation of reaction condition effect on nitrogen content in N-CNF showed the following observations (Table 3):

(i) Increase of the synthesis temperature from 550 to 675(C results in decrease of nitrogen content. This finding was obtained for C2H4/NH3 mixtures of different composition. So, for 25%С2Н4/75%NH3 mixture an increase of decomposition temperature from 550 to 675°C leads to decrease of nitrogen content in N-CNF from 7 to 4 wt. %;

(ii) Increase of reaction duration from 15 min to 1 h leads to rise of nitrogen concentration. Further increase of the reaction time up to 20 h does not result in increase of the nitrogen content, on the contrary, it tends to go down by 10 – 20 %;

(iii) Rising of ammonia concentration in the feed from 25 to 75 vol. % leads to growth of nitrogen content from 1.3 – 1.7 to 3.9 – 7.0 wt. %, depending on the reaction temperature.
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Fig. 4. N2 sorption isotherms (a) and pore size distribution (b) for N-CNF formed on 65Ni-25Cu-Al2O3 catalyst from 50%C2H4/50%NH3 mixture at different synthesis duration.
Table 3

Effect of precursor composition, temperature and duration on properties of N-CNF synthesized on 65Ni-25Cu-Al2O3 catalyst
	#
	Precursor 
	T, (C
	t, h
	N, 

wt. %
	Textural characteristics

	
	
	
	
	
	SBET, m2/g
	S( a, m2/g
	Vpore, cm3/g
	V( b, cm3/g 

	1
	75%C2H4/25%NH3
	550
	1
	1.58
	282
	33
	0.51
	0.02

	2
	75%C2H4/25%NH3
	675
	1
	1.27
	199
	0
	0.31
	0

	3
	50%C2H4/50%NH3
	550
	1
	3.13
	287
	32
	0.82
	0.02

	4
	50%C2H4/50%NH3
	550
	20
	2.44
	112
	0
	0.37
	0

	5
	25%C2H4/75%NH3
	550
	1
	7.00
	191
	0
	0.71
	0


a Micropore surface area
b Micropore volume
3.2. Synthesis and properties of N-AC
It was found that use of equimolar mixtures of organic precursors for N-AC synthesis produces the improved nitrogen content and higher surface area of the materials as compared with individual nitrogen-containing organic compounds. The best results were attained using binary mixtures of 8-oxyquinoline, o-nitroaniline and 1,2,3-benzotriazole. To formation of N-AC with high nitrogen content up to 8 wt. % the lower values of NaOH/precursor ratio (< 2), carbonization temperature (700(C) and pyrolysis duration (< 40 min) are required (Table 4). Under severe conditions – high NaOH/precursor ratio, high temperature (900(C) or long duration of carbonization – the materials with the high specific surface area (SBET) attaining 3100 m2/g and large micropore volume (V() up to 1.88 cm3/g are produced. However, the inverse relationship for nitrogen content and textural properties (SBET and V() of N-AC was found (Fig. 5). The surface area and the micropore volume are always lower in the samples with a higher N content. Therefore, it can be concluded that the conditions leading to high values of SBET and V( result in a loss of nitrogen.
The TEM studies of N-AC showed that the material consists of disordered bended graphite layers placed at an average distance of 1 nm from each other. The N-AC structure is similar to that on non-doped amorphous carbon materials [15, 16].
Table 4

Effect of synthesis conditions on nitrogen content and textural properties of N-AC 
	#
	Precursor
	m(NaOH)/

m(precursor)
	T, (C
	t, min
	N,
wt. %
	Texture

	
	
	
	
	
	
	SBET, m2/g
	S(, m2/g
	Vpore, cm3/g
	V(, cm3/g

	1
	o-nitroaniline/

1,2,3-benzotriazole
	1.25
	700
	20
	8.02
	472
	465
	0.25
	0.22

	2
	o-nitroaniline/

1,2,3-benzotriazole
	1.50
	700
	25
	4.66
	1643
	1588
	0.81
	0.75

	3
	o-nitroaniline/

1,2,3-benzotriazole
	2.50
	700
	25
	1.94
	2352


	1766
	1.59
	1.00

	4
	8-oxyquinoline/

1,2,3-benzotriazole
	1.75
	700
	45
	1.74
	2401
	2242
	1.31
	1.14

	5
	8-oxyquinoline/

1,2,3-benzotriazole
	2.00
	900
	25
	1.42
	2458
	2418
	1.24
	1.20

	6
	8-oxyquinoline/

1,2,3-benzotriazole
	2.50
	700
	80
	0.92
	3436
	3183
	2.16
	1.88

	7
	8-oxyquinoline/

1,2,3-benzotriazole
	3.00
	700
	30
	1.47
	3002
	2536
	1.97
	1.50

	8
	o-nitroaniline/ 

8-oxyquinoline
	1.55
	700
	35
	5.29
	840
	840
	0.40
	0.40

	9
	o-nitroaniline/ 

8-oxyquinoline
	2.00
	700
	30
	2.11
	2559
	2507
	1.42
	1.26
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Fig. 5. Correlation between nitrogen content and textural properties of N-AC (surface area SBET and micropore volume V().

3.3. Electronic state of nitrogen atoms in N-CNF and N-AC
Figure 6 shows N 1s spectra for N-CNF samples with different content of nitrogen. The spectra consist of two main components centered at 398.5 eV (pyridinic nitrogen, NPy) and 400.8 eV (quaternary nitrogen, NQ). The relative intensity of NPy band grows from 1.1 to 1.7 with increase of total nitrogen content from 1 to 7 wt. %, indicating that pyridinic functionalities become predominant.

Similarly to N-CNF the N 1 s spectrum of N-AC sample contains the peaks at 398.5 and 400.8 eV corresponded to pyridinic and quaternary nitrogen, respectively. Additionally, a new signal at 400.0 eV, not observed previously in the N-CNF spectra, appears. This peak is dominating in the spectrum and may be assigned to pyrrolic nitrogen. 
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Fig. 6. N 1s spectra of N-CNF samples with different nitrogen concentrations: 1, 3 and 7 wt.%.
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Fig. 7. N 1s spectrum of N-AC sample containing 5.3 wt. % of nitrogen (N-AC#5 in Table 5). 
Conclusions

In summary, nanostructured nitrogen-containing carbon supports, namely carbon nanofibers and microporous amorphous carbon, were synthesized and characterized. It has been demonstrated that it is possible to regulate the structure, texture and nitrogen content of the materials by the synthesis conditions.
Catalytic synthesis way produces the mesoporous filamentous carbon material formed by chaotically entangled nanofibers which have a well-ordered graphitic structure. Amorphous microporous carbons with very high surface area (up to 3436 m2/g) are generated by carbonization of organic precursors. It was found that nitrogen content in both types of nanocarbon is determined by specific synthesis parameters. Increase of temperature and duration results in decrease of nitrogen in the materials. The higher concentration of nitrogen in the precursor, i.e. ammonia percentage in C2H4/NH3 mixture or amount of nitrogen atoms in organic molecule, leads to higher nitrogen content in resulted material. So, carbon supports with nitrogen content up to 8 wt. % were prepared. 
Two main electronic states of nitrogen corresponding to pyridinic (BE 398.5 eV) and quaternary (BE 400.8 eV) species were observed in N-CNF by XPS. The ratio between these forms was shown to depend on reaction time and ammonia concentration in the feed. The study of nitrogen electronic state in N-AC showed that pyridinic and quaternary nitrogen also exist, but pyrrolic state at 400.0 eV prevails in N 1s spectrum of N-AC.

Dependences of textural properties on synthesis parameters are absolutely different for N-CNF and N-AC. So, milder conditions (lower temperature ( 550(C and duration < 3 h) are needed for larger surface area of N-CNF. However, severe conditions of carbonization (high temperature, 900(C, and duration > 40 min) favour the high surface area of N-AC.

Thus, the systematic investigation of synthesis of N-CNF and N-AC allowed us to determine parameters for tailored synthesis of N-containing carbon materials with desired surface area, pore structure, content and electronic state of nitrogen.
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