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Abstract
Non-graphitising carbons are an important class of solid carbons which cannot be converted into graphite by high temperature heat treatment. They include commercially valuable materials such as activated carbon and glassy carbon. These carbons have been intensively studied for decades, but there is still no agreement about their detailed atomic structure, or the reasons for their resistance to graphitisation. The first models for graphitising and non-graphitising carbons were proposed by Rosalind Franklin in the early 1950s, and while these are broadly correct, they are incomplete. Many alternative models of non-graphitising carbons have been put forward since Franklin’s time, but none has received universal acceptance. Diffraction and spectroscopic techniques can provide important insights into the nature of these carbons, but only direct microscopic imaging can reveal their true atomic structure. Here we apply aberration-corrected transmission electron microscopy to an activated carbon prepared from waste biomass, and present evidence for the presence of pentagonal and heptagonal carbon rings. This provides support for a model of the structure of non-graphitising carbon made up of curved fragments in which non-hexagonal rings are dispersed randomly throughout hexagonal networks.

[bookmark: _Hlk90374620]1.	Introduction
Seventy years ago Rosalind Franklin published a paper in this journal entitled “Crystallite growth in graphitizing and non-graphitizing carbons” [1]. In this paper she described the effect of high temperature heat treatment on the structure of a range of carbons prepared from various precursors including polymers, coals and pitch. She found that the carbons fell into two distinct and well-defined classes. One class could be converted into crystalline graphite by heating to 3000oC, the graphitising carbons (GCs), while the other could not, the non-graphitising carbons (NGCs). The precursors which formed graphitising carbons included polyvinyl chloride and certain coals, while the materials which gave non-graphitising carbons included polyvinylidene dichloride and sucrose. Graphitising carbons are commonly known as cokes while non-graphitising carbons are chars. The physical properties of the two classes of carbons are quite different. Graphitising carbons are soft and non-porous, while non-graphitising carbons are hard, microporous, low density materials. Non-graphitising carbons are of great commercial importance. When activated by chemical treatment they can develop extremely high surface areas, and in this form are widely used in the purification of air and water supplies [2]. They are also used in methane and hydrogen storage, gold purification and as a support in heterogeneous catalysis. Another kind of application of NGCs is in lithium-ion batteries and supercapacitors [3, 4] (in these applications the team “hard carbon” is often used), while the so-called “glassy carbons” [5 – 7] have important applications as crucibles, in electrochemistry and potentially in metamaterials.

Since Franklin’s time a vast amount of research has been carried out on non-graphitising carbons, with the aim of understanding their structure, their properties and resistance to graphitisation. Diffraction and spectroscopic techniques have been extensively applied to these carbons, and have provided important insights into their nature, but do not reveal their precise atomic structure [8]. It seems that only direct microscopic imaging will enable us to determine the true structure of non-graphitising carbon. Until relatively recently, the resolution of the transmission electron microscope (TEM) was insufficient to resolve the carbon-carbon bond distance in graphitic carbons (0.142 nm). However, the development of aberration-corrected transmission electron microscopes (ACTEM) has resulted in a step-change in TEM resolution [9], enabling the direct imaging of atomic structure in both sp2 and sp3 carbons. The technique has been extensively applied to graphene [10, 11], as well as to carbon nanotubes [12, 13], but there have been very few detailed studies of microporous NGCs. Here we report an aberration-corrected TEM study of a high surface-area activated carbon, prepared from a lignocellulose-rich biomass waste. Both phase contrast TEM imaging and annular dark field imaging (ADF) in scanning mode are employed. Evidence that the structure contains non-hexagonal carbon rings is presented, and the consequences of such a structure for understanding the absorptive properties of the carbon are discussed. To begin, a brief review is given of the various structural models of graphitising and non-graphitising carbons which have been put forward.



2. Structural models and TEM studies of non-graphitising carbons
In her 1951 paper Franklin put forward simple models for graphitising and non-graphitising carbons. These models assume that the building blocks of the carbons are small domains of graphite, containing typically 4 or 5 layer planes. In the non-graphitising carbon these domains have a random arrangement and are bonded together by “crosslinks”, while in the graphitising carbon the domains are approximately aligned with each other, and joined together with weaker links. Thus the GC can be much more easily transformed into graphite than the NGC. Franklin's models represent a landmark in our understanding of solid carbons, but do not provide a full explanation of the distinction between graphitising and non-graphitising carbons, since the exact nature of the crosslinks which connect the graphite domains together is not explained.
	
By the early 1970s the resolution of the transmission electron microscope had improved to the point where the graphite interplanar spacing (0.34 nm) could readily be resolved, and this enabled much more detailed images of NGCs to be obtained than had previously been possible. Several groups interpreted these images in terms of models consisting of curved and twisted graphene ribbons enclosing irregularly-shaped pores [e.g. 5, 14]. Ribbon-type models became popular, but they have some shortcomings. In particular, it seems unlikely that the porous structure envisaged in these models would be maintained when the carbons are heated to very high temperature. This is because graphene sheets have been shown to become closely folded together when heated to high temperatures, thus eliminating the porosity [15 – 17]. 

Another school of thought on the structure of graphitising and non-graphitising carbons is that put forward by Oberlin and colleagues [e.g. 18, 19]. Drawing on extensive HRTEM and other studies, they have put forward models which can be thought of as a development of Franklin’s ideas. Like Franklin they believe that the basic building blocks for both graphitising and non-graphitising carbons are small graphitic domains with diameters of approximately  1 – 2 nm, which they call “basic structural units” (BSUs). Oberlin has described in detail how the BSUs are formed from the precursors as the non-carbon elements are removed, and how, in a graphitising carbon, they become arranged in columns and eventually form graphite as defects are annealed out [18]. In non-graphitising carbons, graphite formation is inhibited by the random orientation of the BSUs and the presence of crosslinks, which may consist of either covalent bonds or polar intermolecular interactions.

[bookmark: _Hlk74824531]All of the early models for non-graphitising carbons assumed that the atoms are exclusively bonded in hexagonal rings. However, our understanding of bonding in solid carbons has been revolutionised by the discovery [20] and bulk synthesis [21] of the fullerenes, and the production of related structures including carbon nanotubes [22]. These discoveries have shown us that carbons containing five membered rings, as well as heptagonal other non-hexagonal rings can be extremely stable. This led one of the present authors (PJFH) and S.C. Tsang in 1997 to explore the possibility that non-graphitising carbon might contain non-hexagonal rings [23]. Two non-graphitising carbons, prepared from polyvinylidene dichloride (PVDC) and from sucrose, were imaged using TEM before and after heat treatments at temperatures up to 2600oC. Before the high-temperature treatment, the NGCs had nanoporous, isotropic structures, made up of curled single carbon layers. Images of the non-graphitising carbon which had been heated to 2600oC showed a structure made up of curved and faceted few-layer graphite, enclosing randomly shaped pores. Within this rather disordered material, closed carbon nanoparticles, often hexagonal or pentagonal in shape, could quite frequently be found. Such particles resembled those which are found accompanying carbon nanotubes in arc-evaporated soot [24]. The observation of these apparently fullerene-related nanoparticles in the heat-treated carbons suggested that the fresh carbons may also have had structures containing non-hexagonal rings and led us to propose a model for non-graphitising carbons shown in Fig. 1 (a). This consists of discrete fragments of curved single-layer graphene, containing both pentagons and heptagons dispersed throughout the hexagonal network.

[bookmark: _Hlk74824666]The development of aberration-corrected transmission electron microscopes in the late 1990s [9] brought about a quantum leap in resolution, and as already mentioned this has had a major impact on the study of “new” forms of carbon such as graphene and carbon nanotubes [25]. However, it appears there have only been two detailed studies of non-graphitising carbon using aberration-corrected TEM. In the first of these, by one of the present authors with Z Liu and K Suenaga [26], images of a commercial activated carbon were reported. Obtaining atomic resolution images of the freshly prepared carbon was difficult, so samples of the carbon which had been heated to 2000 °C were examined. In such samples, clear evidence was found for the presence of isolated pentagonal rings, supporting the view that the carbons have a structure similar to that shown in Fig. 1 (a). In the second study, Guo et al. reported aberration-corrected TEM images of two nanoporous carbons, one prepared from wood and the other from poly(furfuryl alcohol) [27]. Their images suggested that the structure of the carbons consisted of wrinkled one-atom-thick graphene sheets which often contained defects made up of five- and seven-ring pairs, as illustrated in Fig. 1. (b). The two models shown in Fig. 1 are quite different; the aim of the present study is to obtain high quality images of a fresh microporous carbon, in attempt to obtain a clearer view of the true structure.

3. Experimental
The activated carbon studied here was prepared from a biomass waste, namely argan nut shells, as described previously [28]. Briefly, the biomass was carbonized at 700 °C under an N2 atmosphere for 1 h to produce a char. This was then impregnated with KOH by mixing, and then heated under N2 from room temperature to 850°C. The sample was held at this temperature for 1 hour, cooled to room temperature and washed with HCl and distilled water until a neutral pH was achieved. The activated carbon was finally dried at 110 °C for one day. Specimens were prepared for TEM by dispersing the carbon in iso-propyl alcohol, mixing ultrasonically and depositing onto lacey carbon support films. Imaging was performed in a dual aberration corrected JEOL ARM300CF transmission electron microscope operated at 80keV and micrographs were recorded using a Gatan OneView camera.  The 80keV accelerating voltage is below the knock-on damage threshold for carbon, thus greatly reducing the danger of beam damage. In addition to phase contrast TEM images, aberration corrected ADF-STEM images were recorded at 80keV with a convergence semi-angle of 32 mrad, inner collection semi-angle of 47 mrad and beam current of 20pA. The elemental composition of the sample was determined using energy dispersive X-ray (EDX) microanalysis using an Oxford Instruments XMAX 100 detector. 

4. Results
In the present study, unlike in the earlier one [26], it was possible to obtain atomic resolution images of the freshly prepared carbon. Figure 2 shows an aberration-corrected TEM image of a typical region of the carbon at a moderate magnification. As can be seen, it generally consists of tightly curved single layers of carbon enclosing randomly shaped pores in the approximate size range 1 – 5 nm. However, much smaller pores, in the sub-nanometre size range, exist in the spaces between these larger structures. These observations are in general agreement with the 
pore size distributions for this carbon derived from N2 adsorption isotherms [28], which showed that the most porosity is in the approximate size range 0.5 – 1 nm, but with a significant 
number of larger pores, in the range 2 – 4 nm. The structure seems to be made up of discrete curved carbon particles, rather than a continuous network. However, it is hard to estimate the exact size of the individual particles since it is unclear where they begin and end. It can be seen that there are many overlapping regions, and the contrast from such regions was difficult to interpret. We therefore aimed to image particles of carbon which protruded from an edge and as far as possible did not overlap with other particles. In such images the atomic structure could be seen directly, with white dots representing the centres of the carbon rings. 

Figures 3 - 5 are higher magnification images in which the atomic structure can be seen more clearly. In most regions, the structure had a generally hexagonal arrangement and in a few areas, small regions of flat, single-layer graphene were seen, although these were rarely larger than about 3 nm in extent. In some areas the contrast was difficult to interpret, either because the region imaged was at an oblique angle to the beam or because of overlapping particles. However, many areas showed clear evidence of curvature, either because the alignment of light spots representing the centres of hexagonal rings were curved rather than straight, or because evidence for non-hexagonal rings could be seen. Figure 3 (a) shows a region of the carbon which contains two pentagonal rings, with Fig. 3 (b) showing the area outlined in red at higher magnification. The red dots in Fig. 3 (c) show the centres of the pentagonal rings and the hexagonal rings surrounding them. The contrast from these regions is similar to that observed in other studies in which pentagonal rings have been observed [10, 12, 26], in that the bright dot in the centre of the pentagon is somewhat fainter than that in the hexagons. Figure 3 (d) is an image simulation of the structure in Fig. 3 (e). The model structure was created using the Avogadro molecular editor [29] and used to produce the simulated image using the MULTEM multislice programme [30]. There is reasonable agreement with the experimental image. In such disordered specimens, a perfect match is very difficult to obtain.

In some regions, evidence for heptagonal rings was found. These were often adjacent to pentagons. An example is shown in Fig. 4. Here, the image was not sufficiently clear to enable a model structure to be built and an image simulation to be carried out. However, the arrangement of rings shown in Fig. 4 (b) and (c) is strongly suggestive of a heptagon. Defects containing pentagons and heptagons have been quite frequently imaged in sp2 carbons. The first direct image of such a defect was reported by Suenaga et al. in an AC-TEM study of single-walled carbon nanotubes [12], although in this case the defect was a 5-7-7-5 Stone-Wales type defect rather than a single 5-7 pair as reported here. Stone-Wales defects, as well as more complex 5-7 configurations have also been imaged in graphene [10]. In the AC-STEM study of nanoporous carbons by Guo et al., it appears that 5-7 pairs were the only type of defects seen and that these were often arranged in chains, as mentioned above. Such chains were not observed in the present study. It is worth mentioning that 5-7 pairs do not introduce any curvature into a hexagonal network; only individual pentagons and heptagons can do this. 

Another region containing both pentagons and heptagons is shown in Fig. 5. An individual pentagon surrounded by hexagons can be seen in the lower part of the image, while in the centre of the image there is another isolated pentagon, and a 5-7 pair. Also in this image, it is clear that the rows of hexagons are curved rather than straight, suggestive of curvature in the structure.

It is not easy to estimate the ratio of non-hexagonal rings to hexagonal rings in the carbon, as the number of micrographs which clearly show non-hexagonal rings is rather small. On the basis of the recorded images, the ratio of pentagons to hexagons is approximately 1:30 and the ratio of heptagons to hexagons approximately 1:90. 

Obtaining ADF-STEM images of the disordered carbon was significantly more challenging than recording the phase contrast TEM images primarily due the sample damaging under the high electron fluence.  Damage mainly took the form of loss of carbon atoms from the sample edge, rather than major disruption of the material structure.

An example of a raw ADF-STEM image of a single layer of the activated carbon is shown in Fig. 6 (a). A Gaussian low pass filtered image is shown in Figs. 6 (b) - (d) from which the positions of individual atoms was directly determined, something which had not been possible from the TEM images. This particular region contains two adjacent pentagon-heptagon pairs, surrounded by hexagons. (fig 6 d).Fig. 6. 	Annular dark field-STEM image of the activated carbon. (a) Raw image, (b) image after Gaussian smoothing, (c) enlarged image of region highlighted in (b), (d) image with red dots showing positions of atoms.










Energy dispersive X-ray (EDX) analysis of the carbon showed that it contained 98.4% carbon by weight, with 1.5% oxygen and 1% silicon. Oxygen-containing functional groups attached to the carbon are probably responsible for the O signal, while Si is a well-known contaminant on TEM support films.

5. Discussion
[bookmark: _Hlk90302218]The structure of carbon materials has been studied using diffraction techniques for over a century, but only relatively recently has it been possible to image the atomic structure directly using electron microscopy. There is huge potential for applying the technique to well-established forms of carbon, such as char, glassy carbon and carbon black, as well as to new and more “fashionable” carbon materials. Here, AC-TEM has been used to study the atomic structure of a non-graphitising carbon, specifically an activated carbon prepared from argan nut shells. Although it was not possible to obtain true atomic-resolution images in phase contrast TEM mode, the images recorded provided clear evidence for the presence of both pentagonal and heptagonal carbon rings, as well as hexagons. Images showing curved rows of hexagons were also recorded. In ADF-STEM mode true atomic-resolution was achieved, and confirmed that pentagons and heptagons were present. These results suggest that the carbon has a structure related to that of the fullerenes, in which curvature results from the presence of non-hexagonal carbon rings, an idea first put forward 25 years ago [23, 31]. Figure 1 (a) shows a representation of the original fullerene-related model for NGC. The results presented here suggest that the model needs to be modified. A structure which more closely mimics the images reported in this paper is shown in Fig. 7. It is important to note that this is simply an illustration, showing the structures of the individual fragments rather than a three-dimensional model. In the three-dimensional structure the fragments would be more tightly packed together, and overlapping with each other. In the modified model the fragments are much larger than in the original model shown in Fig. 1 (a) and, as in the experimental images, there are two types of pores. The fragments themselves enclose relatively large ones, around 2 – 3 nm in size, while much smaller ones in the sub-nanometre range, exist in the spaces between the fragments. As already noted, this agrees with data from N2 adsorption measurements. There is some uncertainty about the edge structure of the individual fragments. In some cases these would undoubtedly be terminated with oxygen-containing functional groups. The presence of a small amount of oxygen in the sample studied here has already been noted. There may also that sp and sp3-bonded carbon atoms at the edges [32]. We believe that the fragments are primarily held together by van der Waals forces analogous to those which bind C60 molecules together in fullerite crystals. 

As mentioned in the Introduction, a shortcoming of Franklin’s model of non-graphitising carbon was that the nature of the crosslinks between the individual graphitic fragments was not described. Such crosslinks must be extremely strong, since they cause  the carbon to resist graphitisation, even at temperatures as high as 3000°C. In models such as that shown in Fig. 7 it is the pentagons and heptagons that impede graphitisation. It has already been noted that heating non-graphitising carbon to very high temperatures can result in the formation of
fullerene-related structures. This was reported in the original Harris-Tsang paper [23] as well as more recent work [33, 34] Thus, pentagons and heptagons can survive extremely high temperatures. The extraordinary stability of fullerene-related carbons, even though they are theoretically less stable than graphite has been established in many other studies. For example, it has been demonstrated that arc-synthesised carbon nanotubes, which contain pentagons and heptagons in their caps, are stable to temperatures above 3000°C [35]. 

The question arises of the possible origin of non-hexagonal rings in non-graphitising carbon. The answer may lie in a consideration of the chemistry of the carbon’s precursors. Franklin’s work established that carbonisation of oxygen–containing precursors tends to produce non-graphitising carbons. It has been argued that the removal of oxygen from O-containing precursors might result in the formation of pentagons [36, 37]. However, there is as yet no direct evidence for this and in general carbonisation remains a poorly understood process.

If the structure shown in Fig. 7 is correct it has consequences for understanding the properties of microporous carbons. Whether they are employed as adsorbents or in other applications such as lithium-ion batteries and supercapacitors, the properties of the carbons depend critically on the size and shape of the pores [38, 39]. A very common assumption in modelling studies of microporous carbons is that the pores are slit-shaped, i.e. narrow slabs bounded by flat graphene walls [e.g. 40, 41]. However, the validity of this model has been questioned [42, 43], and the results presented in this paper suggest that most pores do not have a slit-like shape. Instead, they would generally be three-dimensional, with random shapes. To date, relatively few theoretical studies of the adsorptive and other properties of microporous carbons have employed fullerene-like structures. The most extensive programme of work in this area has been carried out by Terzyk, Furmaniak and colleagues [e.g. 44 - 46], who have used models similar to that in Fig. 1 (a). Their work showed that fullerene-like models can replicate reasonably well the densities, particle size distributions and adsorption isotherms observed experimentally. Further studies of this kind, perhaps using more realistic models like that shown in Fig. 7, would be welcome.
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