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Effect of nitriding/nanostructuration of few layer graphene supported iron -based particles; catalyst in graphene etching and carbon nanofilaments growth

Stable, highly faceted and dispersed iron nitride particles supported on few layer graphene are obtained by ammonia decomposition on iron-based particles at the temperature commonly used for the synthesis of N-doped CNTs and graphene etching. The TEM/EELS analysis reveals nitrogen diffusion in a bulk of the particles. The resulted facet FeN x catalyst exhibits high activity in the etching of graphene, which is assisted by catalyst reorganization. The ammonia decomposition is used for the first time for graphene etching, while the highly facet catalyst has an impact on the etched channels structures. According to the shape of the active planes of the catalyst, the etching results in sharp "V" channels' ends and often "step-like" edges. The FeN x morphology proves previously reported triangularisation of arches in highly doped by N carbon nanotubes. The conditioning of the catalyst by its shaping and nitrogen incorporation is investigated additionally in the carbon nanostructures formation, for decomposition of ethane. The herringbond CNFs, "hollow" bamboo-like CNFs/CNTs or CNTs are observed effectively.

Introduction

Design of carbon nanostructures (CNTs, CNFs, graphene) with specific chemical/physical properties in view of particular applications is of high interest. Since the CCVD method allows high yield synthesis of carbon nanostructures, a tailoring of the final structures by controlling the operating conditions constitutes a large area of research, due to the impact of many parameters such as catalyst, support, carbon precursor... [1][2][3] In general, Ni is considered as an efficient catalyst for CNFs production, while Fe is for CNTs formation. 4 However even for a given metal the family of CNFs and CNTs is large and diverse as long as shape and diameter of catalyst vary. This is related to different local kinetics of carbon diffusion/precipitation and orientation of formed carbon layers -parallel to the metal catalyst surface. 5,6 The round shape, graphite supported Ni catalyst particles lead to CNTs, whereas the sharp edges ones to fishbone CNFs formation. 7 A desirable structural conditioning of catalyst remains difficult to achieve, control and observe due to the particles' easy shape reconstruction. 8,9 On the other hand, a chemical doping of CNTs with heteroatoms, such as N, results in bamboo-like structure; 3,10 where for high N content, the orientation of graphitic walls is closed to the "fishbone" CNFs 11 and arches reveal triangular cross-section 12 -suggesting the presence of faceted catalyst. Ndoped CNTs demonstrate high performance particularly in catalysis. [13][14][15][16] The most common way to synthesize nanostructures with N incorporated into the carbon matrix is "in-situ" doping/CVD growth on Fe with ammonia as nitrogen precursor. [17][18][19] It involves ammonia decomposition 20 , which is also an important reaction in energy production; first: by a nitridation 21 -activation of metals (alternative to Pt in ORR reaction), [22][23][24][25][26] second: for the production of CO x -free H 2 for PEMFCs [27][28][29] . The nitriding of iron or iron oxides particles aims also at materials with high magnetic performance. 30,31 High reactivity of Fe with carbon renders also this metal, together with Ni, a useful catalyst for etching of graphene, allowing access to planar carbon nanostructures with specific properties related to their planarity, defined size and shape (quantum dots, nanorribons). [32][33][34] Contrary to the carbon nanofilaments growth, the impact of catalyst shape in the etching of graphene was never investigated.

In the present work we report on the nitridation and faceting of few layer graphene (FLG) supported iron based nanoparticles (Fe 3 O 4 ) with ammonia at the temperature commonly applied for the etching of graphene and CVD synthesis/ N-doping of carbon nanostructures. The morphology of the treated iron-based particles is investigated by TEM/EELS technique. The impact of the nanostructurisation by faceting/nitrogen incorporation of/into the catalyst is investigated in the etching of graphene; and, by decomposition of ethane, in the growth of carbon nanostructures.

Results and discussion

Morphology of ammonia treated iron based particles

The FLG supported spherical Fe 3 O 4 particles with the average diameter of (8 2 nm) 35 , (Fig. 1A), are treated by NH 3 /Ar at 800°C for 2h. Despite high temperature, the treatment results in coalescence of the particles with maximum final size of 50 nm, while an amount of particles remains at their initial size (Fig. 1B, Fig. 5). The etching of FLG is additionally systematically observed (Fig. 1B). According to the TEM analysis the overall dispersion of particles remains very high, while the spherical shape of particles changes into the polygonal (hexagonal, rectangular and, punctually triangular) with more or less visible sharp edges. TEM analysis depicts the existence of three main types of particles; i.e. core-shell in majority, homogeneous and semi-core-shell particles located at the edges of graphene (SI). The strong variation in the particles morphology is the result of partial coalescence which depends on localization on the FLG surface, distance between particles, ramping and local temperature. The similar morphology distribution was observed in our previous study for the iron based particles after treatment with hydrogen, although the particles remained spherical. 
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The element mapping performed, by HR-TEM/EELS technique, on the core shell particles of  50 and 35 nm, (Fig. 2) reveals that oxygen appears in the same region than iron -suggesting the existence of iron oxide species (Fig. 2A); or only in the shell (Fig. 2 B). The detected oxygen can partially or totally originate from the oxygenation once the particle is exposed to air 37 (highly reductive conditions) and induces observed disorder in the shell structure. The analysis reveal the presence of nitrogen, and contrary to oxygen the nitrogen appears exclusively in the core of particles with average diameter of c.a. 25 and 22 nm, respectively (Fig. 2D). In general, a detection of carbon by TEM/EELS is difficult due to the carbon background from the support, although a very thin carbon layer at the surface can be detected for the core-shell particles suspended over transparent etched channels (Fig. 3). This indicates very low dissolution of carbon in iron particles; carbon which could originate from FLG support or from CH 4 formed during the FLG etching. The low dissolution of carbon from FLG is at first linked up with high graphitization degree of FLG. The second group of particles exhibits highly defined shape with sharp edges and more homogenous redistribution of elements, including nitrogen (Fig. 4). Rarely, these particles exhibit very weak signals from nitrogen (oxygen) which could suggest quasi purely iron composition (Fig. 4B). This might be an effect of lower local ammonia concentration; 38 or the analytical noise insufficiency due to the low nitrogen concentration caused by its high distribution within the particles. The presence of nitrogen in Fe particles reveals adsorption and bulk diffusion of nitrogen originating from ammonia decomposition:

(1) Since the XRD pattern confirms the formation of FeN x (SI), a detailed crystallographic structure will not be defined in this work due to its diversity, which can be related to the existence of different morphology/composition of particles. However, the preliminary data from electron diffraction analysis suggest the contribution of Fe 16 N 2 (SI), which is in agreement with earlier reported single phase ''-Fe 16 N 2 , observed for ammonia treated spherical core-shell nanoparticles. 31 The presence or absence of oxygen-rich disordered shells in the formed here particles could be linked to different oxidation potential of nitrides and pure iron, and related formation of passive layer. The oxidation potential of nitrides increases also with a percentage of N. 39 

Stability of FeN x /FLG system

The shape retransformation of particles, when NH 3 /Ar is switched to Ar during the cooling step, does not happen. Curiously, the spherical like particles can be punctually observed, but the FeN x core of particles is highly faceted. Highly stable and well dispersed FeN x phase containing particles is a combined effect of nitrogen diffusion, faceting and interaction with support. The additional experiments reveal that the faceting is less pronounced when the particles are treated under H 2 /Ar gas (Fig. 5); and in turn, the faceted but highly coalesced big particles are observed when NH 3 /Ar treatment is applied for the particles supported on Al 2 O 3 (Fig. 6).

The relatively high dispersion of the particles treated with ammonia is prevented by faceting of particles, where higher content of atoms is exposed in the basal plane to interact with the support. The additional stabilizing factors are the edges of graphene. Due to the faceting of particles, a dispersion of particles remains quite high over the FLG surface despite a treatment in highly reductive atmosphere (2h at 800°C) and etching of the support. Similar stabilization of metal on the FLG support by faceting of particles and the edges of graphene we have observed in our previous study for in-situ TEM heated Pt particles, but only up to 700°C. 40,41 

FLG etching

Apart from nitrogen, a decomposition of ammonia (1) produces hydrogen. The presence of the latter can result into a gasification of carbon to methane (2) and, in the case of highly graphitized carbon support, the etching of support by Fe and the formation of channels in a direction defined by the crystallographic orientation of graphene.
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Such etching of the FLG support is presently observed. The ammonia decomposition over iron based particles does a nitridation of metal and etches the graphene surface. Here, due to the faceted catalyst, the "ends" of the graphene channels are sharp. The figure 7 presents the carbon maps of the particles described above, i.e. of the core-shell particle from fig. 2A (Fig. 7A) and of homogenous particles from Fig. 4A (Fig. 7B). It is evident that the shape of etched channels' ends corresponds to the edge shape of the homogenous particles or to the faceted core of core-shell particles with disordered shells. Moreover, the edges' ends of the channels always depict a "V" shape, with apexes localized symmetrically or not (Fig. 7A,B).

Figure 7. The carbon maps corresponding to the: (A) core-shell particle from fig. 2A and (B) to the homogenous particle from Fig. 4A. "V" shape of etched channels' ends with symmetrically (A) and non-symmetrically localized apex (B).

Statistical TEM/EELS analyses display the highest concentration of nitrogen in the active part of particle: near the "V" ends of channels, which indicates the high catalytic activity of the FeN x phase and reorganization of the catalyst with displacement of FeN x phase/core (Fig. 2A, SI).

The edges of the etched channels reveal often "steps-like" shape (Fig. 8), however many edges are straight lines as long as the particle does not turn, which suggests the equally active facets of catalyst particle (SI). A direction of cutting, which starts from the graphene edges, follows crystallographic directions of graphene, similarly as it was the case of HOPG etched with Ni nanoparticles (SI). 33 Fig. 8A features a 2D-projection TEM image of the etched channel by the active core-shell particle with hardly exhibited facets. The 3D mode analysis (Fig. 8B) performed on the same zone at the graphene surface level, in longitudinal xy direction, clearly evidences three sharp edges in the particle.

The observed "step-like" edges shape of channel suggests a 2D rotation and "creep" movement of particle, which may results from competition between the most active facet and the preferential orientation of etching -defined by graphene lattice. The final turning of particles might be caused by 

Carbon nanofilaments structure

The sharp edges of FeN x catalyst have not only an impact on the structurization of graphene channels.

The polygonal and punctually triangle shape of FeN x core/particles (SI), observed here, together with the "V" shape of the channels "ends", confirms a contribution of FeN x phase in the earlier reported triangularisation of nitrogen rich arches in bamboo-like CNTs. 12 Presently, the impact of catalyst shape and nitrogen incorporation on the growth of carbon nanofilaments is investigated by performing a decomposition of ethane. A decomposition of the hydrocarbon is preluded by faceting (and reduction) step of the FLG supported Fe 3 O 4 with H 2 /Ar, at first, and NH 3 /Ar in the second experiment.

The C 2 H 6 decomposition on the H 2 /Ar faceted catalyst results in the growth of CNFs with specific herringbone-type structure, in which graphene sheets are packed perpendicularly to the longitudinal fibers axis, and suggests quasi same diffusion/precipitation of carbon at base/slanting planes of catalyst (Fig. 9A). A similar structure was observed exclusively for the small Ni particles ( 15 nm), as a secondary product of acetylene decomposition. 5 Despite highly faceted catalyst, a decomposition of ethane on iron nitride results in "hollow" bamboolike CNFs/CNTs structures with arches, and conical or parallel to longitudinal axis orientation of external walls (Fig. 9 B). (The impact of catalyst diameter on the formation of "hollow" structures can be here omitted, as curiously, a diameter of ammonia treated particles is slightly lower (20-35 nm) than the one of hydrogen treated particles (35-45 nm)). According to the literature, the "hollow" structure suggests that carbon diffusion hardly happens in the bulk (or basal plane). This indicates the contribution of FeN x species, where the introduction of nitrogen causes the increase of bulk density. 3 We suggest also that the observed above high activity of the FeN x phase in the etching of graphitized carbon may be considered in the growth of doped carbon nanostructures. Depending on the applied conditions during the growth of N-doped carbon nanostructures, such etching of the precipitated carbon layers might occur. The conical shape of the walls, including external ones, in bamboo-likes CNFs depicts faster precipitation of carbon at the slanting planes of catalyst compare to the herringbond CNFs originated from H 2 /Ar treated particles. This indicates that the sharp edges faceted catalyst acts. 5 In some bamboo-likes filaments, however, the orientation of the external walls is parallel to a longitudinal axis, which uncovers rather CNTs morphology and suggests different faceting /nitrogen content in the bulk and at the surface of catalyst (the parallel external walls were found also for triangular aches CNTs 12 ). We have assigned this carbon structure to the punctually observed spherical like particles with highly facet FeN x core, detected even by standard TEM analysis (Fig. 10). For this reason we call them bamboo-like CNTs and not CNFs. To complete the investigation on the catalystgrown nanofilaments structure relation, a decomposition of ethane is performed additionally on the reduced at 400°C (not faceted), spherical iron catalyst. Adequately, it results in the formation of typical hollow carbon nanotube structure (SI).

Experimental

Ammonia treatment of Fe 3 O 4 /FLG was performed in a tubular quartz reactor at 800°C for 2 h, using the gas mixture of NH 3 :Ar (50:50 cc). The cooling step was performed under NH 3 :Ar (50:50 cc) mixture or pure Ar. 
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The synthesis of carbon nanostructures (CNFs, bamboo-like CNFs/CNTs and CNTs) were performed under ethane decomposition at 800°C for 1h in the presence of H 2 / Ar with the ethane: H 2 :Ar ratio of 100:10:100 cc, respectively. The synthesis of bamboo-like CNFs and CNFs were preluded by faceting of FLG-supported Fe 3 O 4 particles with NH 3 /Ar (above) and H 2 /Ar (same procedure) respectively. The synthesis of CNTs was preluded by 2h reduction step with H 2 /Ar, 50:50 cc at 400°C. For the TEM analyses, a drop of suspension containing the FLG (Al 2 O 3 ) supported iron-based NPs nanoaggregates was deposited on a TEM grid covered by a holey carbon membrane. The energy filtered images of the tilt series were obtained using a JEOL 2100F (FEG) TEM/STEM electron microscope operating at 200 kV, equipped with a TRIDIEM post-column imaging filter of the Gatan Company. The images acquired on a 2048*2048 pixel cooled CCD detector were hardware-binned to 512*512 pixels. The three-window method was used to acquire EFTEM images with a monotonic dependence of the chemical signal as a function of concentration.

Conclusions

The new important aspects linked up with the conditioning of iron based catalyst by nitridation/faceting; and its reactivity with carbon are reported:

-A decomposition of ammonia with the formed active FeN x catalyst may be a way to etches graphene with required nanostructuration of graphene tranches and potential decoration of etches by nitrogen; -An observed bulk diffusion of nitrogen into the iron-based particles and interaction of the particles with FLG condition the particles' faceting and stability; -The punctually observed facet triangle FeN x catalyst explains a triangularization of arches in highly CNTs highly doped by N; -The influence of the shape/nitridation on the variable carbon layers orientation and carbon diffusion/precipitation in the grown carbon nanofilaments is presented for the first time within a given catalytic system.

-The FeN x morphological investigations contribute to the knowledge on the catalyst for ammonia decomposition, an important reaction in energy production.
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Electronic Supplementary Information (ESI) available: Additional data dealing with the crystallographic structure and reorganization of FeN x particles (XRD, HR-TEM, TEM) complementary description of carbon nanotubes growth.
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Figure 1 .

 1 Figure 1. The TEM images of Fe 3 O 4 /FLG hybrid before (A) and after ammonia treatment (B).
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Figure 2 .

 2 Figure 2. Representative TEM micrographs and elemental mapping (TEM/EELS) of iron base coreshell particles with nitrogen rich core and oxygen contained core-shell (A) or shell (B).

Figure 3 .

 3 Figure 3. TEM and carbon/nitrogen elements micrographs of core-shell nanoparticle obtained after ammonia treatments.

Figure 4 .

 4 Figure 4. TEM micrographs and C/Fe/N mapping of two homogenous-type particle (A) and (B)

Figure 5 .

 5 Figure 5. TEM micrographs showing dispersion of NH 3 /Ar (A) and H 2 /Ar (B) treated Fe 3 O 4 particles supported on FLG.

Figure 6 .

 6 Figure 6. TEM micrographs showing extremely low dispersion of NH 3 /Ar treated Fe 3 O 4 particles supported on Al 2 O 3 .

  the graphene surface, e.g. higher local defects concentration. The later is also responsible for the formation of the observed large void in the graphene surface due to the uncontrolled gasification reaction.

Figure 8 .

 8 Figure 8. Micrographs of the active in carbon etching, iron nitride particle with hardly exhibited facets by TEM projection (A) and visible facets by longitudinal xy direction at the graphene surface level analysis (B). The step-like edges of channel are visible on the (A, B) micrographs.

Figure 9 .

 9 Figure 9. (A) Herringbone-type CNFs grown on H 2 /Ar faceted catalyst. (B) "Hollow" bamboo-like CNFs/CNTs grown on NH 3 /Ar faceted catalyst.

Figure 10 .

 10 Figure 10. TEM micrographs of hollow bamboo-like CNFs (A) and CNTs (B) and related to the CNTs catalyst particle.

Acknowledgment

The authors would like to acknowledge the project FreeCats (NMP3-SL-2012-280658) for financial support.