
Diamond and Related Materials 12(2003) 768–773

0925-9635/03/$ - see front matter� 2003 Elsevier Science B.V. All rights reserved.
PII: S0925-9635Ž03.00082-7

The structure of negatively curved spongy carbon
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Abstract

This work reports on the production and characterization of a novel form of nanostructured carbon consisting of three-
dimensional, fully connected sp networks. This form of carbon is characterized by interconnected thin layers forming a spongy2

structure with meso- and macroporosity. The spongy carbon is produced by a pulsed microplasma cluster source in the presence
of a metal–organic catalyst and it can be deposited as a film by supersonic cluster beam deposition(SCBD). Unlike fullerenes,
nanotubes and graphite, which consist of zero-, one- or two-dimensional covalent objects held together by van der Waals’ forces,
this novel structure consists of a robust, multiply connected graphene sheet which is fully covalent in three dimensions. Theoretical
analysis indicates that such carbon sponges apparently grow as minimal surfaces and have the long-sought topological structure
of random schwarzites.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Can a crystalline or amorphous carbon structure share
a stiffness comparable to that of diamond-like carbon
with the functional properties typical of a sp -bonded2

structurew1,2x? Fullerite, nanotube bundles and graphite
can be viewed as assemblies of zero-, one- and two-
dimensional sp -bonded objects held together by van2

der Waals’ forces, which considerably limits their
mechanical robustness. To overtake this drawback, three-
dimensional sp -coordinated carbon networks have been2

suggestedw1x and a number of theoretical predictions
and conjectures have been made, in particular about
negatively curved graphite-like structures in the form of
infinite triply periodic minimal surfacesw2–4x. These
hypothetical structures have been termedschwarzites
after H.A. Schwarz who first investigated, more than a
century ago, the differential geometry of this class of
surfacesw5x. Total energy calculations carried out with
ab initio methodsw3,4x, as well as with classicalw6x and
tight-binding w7x simulations, have shown that carbon
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schwarzites are energetically more favorable than fuller-
enes of comparable absolute Gaussian curvature. This
suggests that negatively curved carbon networks may be
formed during the carbon-arc fullerene and nanotube
synthesisw3,4x, if not in a periodic crystalline form at
least asrandom (amorphous) schwarzitesw3,4x.
The presence of carbon schwarzites either in crystal-

line or amorphous forms has not been reported so far in
fullerene or nanotube soot. Here we report the synthesis
of large quantities of three-dimensional, fully connected
sp carbon foam. This was obtained by means of2

supersonic cluster beam deposition(SCBD) in which a
He supersonic beam seeded with carbon clusters was
obtained by eroding a graphite electrode in the presence
of metallic nanoclusters. A comparison between high-
resolution transmission electron microscopy(HRTEM)
images and numerical simulations of model random
schwarzites obtained from a self-affine deformation of
a three-periodic minimal surface provides good indica-
tion that random schwarzites are actually obtained.

2. Experimental

A detailed description of the cluster beam deposition
apparatus and of the working principle of the pulsed
microplasma cluster source(PMCS) used for the pro-


