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Structural transformation of graphite by passage of electric current

The passage of an electric current through graphite, or few-layer graphene, at
high temperatures can produce dramatic structural transformations. These involve
the formation of carbon structures with highly irregular morphologies, displaying
many unusual features, including nanotube—graphene junctions. A number of
studies of the transformed carbon have been carried out, but many aspects of its
structure and formation mechanism are still not understood. This paper
summarises the studies that have been made on this phenomenon, drawing
mainly on the author’s own work. It is shown, using high-tilt transmission
electron microscopy imaging, that the transformed carbon is largely flat, and not
three-dimensional as suggested in previous papers. The possible mechanism of

the transformations is discussed.

Keywords: graphite; graphene; transmission electron microscopy.

Introduction

Three papers appeared within a short time of each other in 2009 which described major
structural transformations of graphite or few-layer graphene produced by the passage of
an electric current [1 - 3]. Two of these studies involved the in situ heating of few-layer
graphite ‘‘nanoribbons’’ inside a transmission electron microscope (TEM) [1,2]. In
both cases it was found that the graphite ribbons evolved into complex structures which
largely seemed to be made up of bilayer graphene. Among the unusual features
observed in the transformed carbon were single-walled nanotubes joined to bilayer
graphene edges. The third study, by the present author, involved a TEM examination of
bulk graphite through which a current had been passed [3]. Once again, structures with
a random and complex morphology were produced, but in this case much of the
material appeared to be made up of 4-layer graphene. Bilayer nanotubes joined to the

graphene edges were observed.

Following this early work, several further studies of the phenomenon have been
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published [4 - 11], but many questions still remain. Thus, it is not clear whether the
transformations are a result of current passing through the graphite or due to
electrostatic charging of the material at high temperatures. The mechanism of the
reconstruction is also unknown, with some workers interpreting the phenomenon in
terms of the sublimation and edge reconstruction of the graphitic structures [1, 2, 8 - 11]
and others favouring a purely solid-state reconstruction mechanism [4 - 7]. A related
question is whether the structures produced by these transformations are flat or three-

dimensional.

The primary aim of this paper is to summarise the author’s own work on the
effect of an electric current on the structure of graphite. The method used to pass a
current through graphite is described, and typical TEM images of the transformed
carbon are shown. The main part of the paper will consist of a detailed description of
the structure of the carbon, gained by the application of TEM. As well as conventional
bright-field and high resolution imaging, high-tilt imaging is used to determine the
overall three-dimensional shape of the material. A brief summary of studies by other

workers is also given. The possible mechanism of the process is considered.

Experimental

The graphite used in the experiments was a commercial synthetic graphite obtained
from Quorum Technologies Ltd, UK. In order to pass a current through small samples
of graphite, a commercial arc-evaporator, which is normally used for carbon-coating
specimens for electron microscopy, was employed. In this unit the electrodes are
graphite rods, one of which is thinned to a diameter of approximately 1.4 mm at the
point of contact. Following evaporation, the thinned carbon rod was found to have

slightly shortened, and a small deposit was formed in the area where the two rods made
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contact. This was collected and ground under isopropyl alcohol, and droplets of the
suspension were pipetted onto lacey carbon TEM grids. Material collected from the
fresh graphite rods was also imaged by TEM for comparison.

Conventional imaging was carried out using a JEOL 2010 microscope, with a
point resolution of 0.19 nm, operated at an accelerating voltage of 200 kV. High-tilt
imaging was carried out on a JEOL 2100Plus, also operated at 200kV. This microscope
has the capability of recording images at tilt values up to ~ 80°. It should be noted,
however, that the full range of tilt angles is only available for parts of a specimen which
are positioned centrally in a grid square. Finding regions which were both correctly
oriented and capable of being tilted to high angles was not easy, and it did not prove
possible to carry out the kind of full tilt sequences which would be necessary in order to

produce full tomographic reconstructions.

Results

A TEM image of the fresh graphite is shown in Fig. 1a. As expected, this consists
mainly of flat crystallites, ranging from a few 100nm to about 5 pm in size, containing
up to 100 layers. The carbon collected from the graphite rods following passage of a
current contained some “normal” graphite, but this was accompanied by many regions
which had a very different morphological appearance. A typical transformed area is
shown in Fig. 1b. As can be seen, the outline of the structure of the material is more
irregular than in the fresh graphite, with many curved and unusually-shaped features. A
higher resolution image of the transformed carbon is shown in Fig. 1c. Two fringes can
be seen along the edges of the particles in this image. This suggests that the particles are
either three-dimensional, hollow, structures bounded by bilayer graphene, or flat

structures with 4 graphene layers.
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Among the interesting structural features observed in the transformed carbon
were nanoparticles or nanotubes apparently encapsulated inside larger structures. An
image of an encapsulated bilayer nanoparticle is shown in Fig. 2a. This indicates that
the larger structure must be hollow, at least near the edge. Also commonly observed
were nanotubes seamlessly connected to the larger regions, as shown in Fig. 2b. A
detailed analysis of these nanotube-graphene junctions has been carried out [12].
Transmission electron micrographs showed that the junction angles were not random
but fell close to multiples of 30 degrees. It was demonstrated that connections with
these angles are the only ones which are consistent with the symmetry of the hexagonal
lattice, and molecular models showed that a continuous lattice requires the presence of
large carbon rings at the junction.

High-tilt imaging of the transformed carbon was carried out in order to
determine its overall three-dimensional shape. A typical tilt series is shown in Fig. 3.
This shows that the region is essentially flat. However, it is clear that there are regions
along the margins of the flattened particles where the graphene layers have become
separated. These regions can hardly be seen in images where the flat area is
perpendicular to the beam (tilt angle +20°), but become visible as the particle is tilted.
In the image recorded at a tilt angle of -60° the flattened particle is parallel to the beam,
and the separated layers near the edge can be seen (arrowed). The phenomenon of
expanded edges has been observed previously [6], and higher resolution images show
how the 4-layer graphene sheets are opened to produce structures bounded by bilayer

graphene, as in Fig. 4.
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Work by other groups

As already mentioned, a number of other groups have studied the effect of the passage
of an electric current on graphite or few-layer graphene [1, 2, 8-11]. In almost all cases
these studies have involved the in sifu heating of few-layer graphite specimens inside a
transmission electron microscope. Examples of the resulting structures are shown in
Fig. 5. As in the case of the material produced from bulk graphite, we have structures
with randomly-shaped edges. Short nanotubes attached to larger regions (Fig. 5(a)), or
bridging two larger structures (Fig. 5(b)) can be seen. Despite the similar morphology,
however, there is an important difference between these structures and those produced
from bulk graphite, namely that in the former case the edges have a single fringe, while
the latter generally have two fringes. If we assume that most of the material in the
transformed carbons is flat, this means that the material produced in sifu is largely
bilayer (with single-layer nanotubes attached), while the bulk material is largely 4-layer
(with bilayer nanotubes attached). It should also be noted that the nanotubes in the
carbon produced by in sifu heating are smaller in diameter (typically 0.8 — 1.5 nm) than
those in the bulk material (3 - 4 nm). The possible reasons for the differences between

the carbons produced in the different ways are discussed below.

Discussion

The passage of an electric current, or the application of an electrostatic charge, has been
widely used to modify the structure of carbon materials [13]. This paper has
concentrated specifically on the remarkable structural transformations which can be
produced by passing an electric current through graphite, or few-layer graphene. It has
been shown, using high-tilt TEM imaging, that the transformed carbon is largely flat,
and not three-dimensional as suggested in previous papers [e.g. 6]. However, three-
dimensional structures are present, including nanotubes seamlessly connected to the flat
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regions. Discrete nanotubes and nanoparticles are observed supported on the larger
structures. It has also been shown that separated, or opened, regions occur along the
margins of the flat particles.

Different theories have been put forward to explain the structural
transformations described here. A number of authors have suggested that the changes
involved sublimation and edge reconstruction of graphene [e.g. 1, 2]. An alternative
explanation is that the transformation primarily involves a restructuring of the graphite
rather than sublimation. It seems clear that the restructuring is promoted by the electric
current passing through the material, or by the build-up of electrostatic charge, since
simple heating of graphite to high temperatures does not produce such transformations
[14]. How does the electric current, or field, induce the extreme fluidity of the carbon,
which can be seen graphically in the videos which accompany reference [2]? We do not
have a clear answer to this question at present. However, it is possible that the
phenomenon may be related to the observation of superplasticity in nanotubes reported
by Huang and colleagues in 2006 [15]. In this work, it was shown that applying a stress
to single-walled carbon nanotubes (SWCNTs) through which a current is being passed
can result in a remarkable elongation of up to 280%. This experimental set-up is not the
same as those described in this paper, in that the SWCNTs were under stress, but
nevertheless it seems that the electric current helped to promote the plasticity of the
carbon in a way which may be relevant to the transformations discussed here.

A striking aspect of the transformed carbon is the presence of expanded
structures around the edges of the flat regions, as shown in Fig. 4. These are typically 10
— 20 nm in width. Sometimes nanotubes or nanoparticles are found encapsulated in
these expanded regions (see Fig. 2a). It is well established that that the planes in fresh

graphite often have ‘closed’ edges, so that the layers resemble folded sheets [e.g. 16,
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17]. The effect of the passage of an electric current seems to be to expand these closed
edges. Recently, the present author and colleagues have attempted to model this
phenomenon [18]. Density functional theory calculations were performed on a single
folded graphene nanoribbon, applying an electric field perpendicular to the layers. We
found that this resulted in electrons moving from one layer to the other, in the opposite
direction to the electric field. This might result in negative charge accumulating in the
bottom layer and positive charge in the top layer, These atomic charges in turn create a
local field in the opposite direction of the external one, and the net forces on the atoms
tend to pull the oppositely charged layers apart.

Finally I consider the possible reasons for the differences between the carbon
produced by in situ heating of few-layer graphite specimens inside a transmission
electron microscope and that produced from bulk graphite. It has been noted that
material produced in situ is largely bilayer, while the bulk material is largely 4-layer.
The key to these differences may lie in the nature of the starting materials. In the in situ
work the starting materials were either few-layer graphene nanoribbons, generally
produced by chemical vapor deposition, or thinned HOPG (highly orientated pyrolytic
graphite). For the bulk studies the starting material was a commercial synthetic graphite.
It may be that the nature of folding in these forms of graphite are different, and that this
explains the differences in the transformed structures. For example, the folding in the
few-layer graphene may involve single layers rather than multiple layers, as in bulk
graphite. More work is needed to establish if this is the case.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

(a) Transmission electron micrograph of carbon from fresh graphite rod. (b)
Region with disordered structure following passage of current. (¢) High
resolution image of transformed carbon showing double fringes along the edges

of the particles.

Unusual structures in graphite transformed by exposure to an electric field. (a)
Apparently hollow structure with bilayer nanoparticle inside, (b) bilayer
nanotube joined to larger graphene structure. Reproduced with permission from

ref [7].

TEM images of transformed graphite at a range of tilt values. Arrow at top right

shows direction of tilt. Arrow in -60° image shows expanded region at edge.

HRTEM image showing structure of expanded edge in transformed graphite.

Structures produced by in situ passage of current through graphitic nanoribbon
inside a TEM. (a) Images from the work of Huang et al. [2]. The numbers 4 and
5 in this figure indicate regions which the authors believe to contain 4 and 5
bilayers, respectively. The hexagon marks the orientation of the 6 equivalent

{1100} planes. (b) Images from the work of Qi et al. [9].
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Fig. 1

(a) Transmission electron micrograph of carbon from fresh graphite rod. (b) Region with disordered
structure following passage of current. (c) High resolution image of transformed carbon showing double
fringes along the edges of the particles.
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Unusual structures in graphite transformed by exposure to an electric field. (a) Apparently hollow structure
with bilayer nanoparticle inside, (b) bilayer nanotube joined to larger graphene structure. Reproduced with
permission from ref [7].
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TEM images of transformed graphite at a range of tilt values. Arrow at top right shows direction of tilt. Arrow
in -60° image shows expanded region at edge.
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Structures produced by in situ passage of current through graphitic nanoribbon inside a TEM. (a) Images

from the work of Huang et al. [2]. The numbers 4 and 5 in this figure indicate regions which the authors

believe to contain 4 and 5 bilayers, respectively. The hexagon marks the orientation of the 6 equivalent
{1100} planes. (b) Image from the work of Qi et al. [9].
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