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Particle irradiation is an effective method for manipulating properties of individual carbon nanotubes (CNTs).
This potential, however, remains unexplored for macroscopic assemblies of cross-linked CNTs. Here, we study
structural and electrical properties of ultralow-density cross-linked CNT-based nanofoams exposed to ion radi-
ation at room temperature over a wide range of ion masses and fluences. For all irradiation conditions studied,
the electrical resistance of nanofoams initially increases with a rate that scales with the number of ballistically
generated displacements. This process is attributed to the buildup of defects in graphitic nanoligaments. Irradia-
tion with Ne and heavier ions leads to a decrease in the electrical resistance at large fluences, which is attributed
to radiation-induced foam densification. In addition, heavy-ion bombardment causes amorphization of CNTs
and smoothing of ligament surfaces. These results demonstrate that ionbombardment can be used for tailoring
density, ligament morphology, and electrical properties of CNT-basedfoams.

Monolithic nanoporous carbons are characterized by high
electrical and thermal conductivities and a tunable mor-
phology. Such extraordinary properties make these materi-
als promising for many energy-related applications, includ-
ing electrochemical devices,1 hydrogen storage,2 catalytic
supports,1 compliant electrical contacts,3 targets for iner-
tial fusion energy,4 and energy absorbing structures.5 Con-
ventional carbon aerogels (CAs), derived from carbonized
resorcinol-formaldehyde polymeric gels, are prototypical
monolithic nanoporous carbons.6 Recently, there have been a
number of reports on the synthesis of carbon-nanotube (CNT)
based nanofoams with improved properties compared to those
of conventional CAs (see, for example, Refs. 5–11). In par-
ticular, Worsley et al.8 have developed composites of CAs
with CNTs (referred to below as “CNT-CAs”) with nanoliga-
ments made of CNT bundles decorated andcross-linkedby
graphitic carbon nanoparticles. As a result, such CNT-CAs
have unprecedented mechanical properties and low electrical
resistivity.8

Despite a larger number of previous irradiation studies of
individual CNTs and variants of the non-cross-linked bucky-
paper (i.e., loose aggregates of individual CNTs and their bun-
dles held together by van der Waals forces),12 the potential of
ion-beam processing remains unexplored for more complex
but also more technologically relevant macroscopic assem-
blies of cross-linked CNTs, such as CNT-CAs. Understanding
radiation response of cross-linked carbon nanofoams is also
crucial for their applications in a radiation environment.

Here, we investigate the effect of ion irradiation on struc-
tural and electrical properties of CNT-CAs. We find that ion
bombardment results in an initial increase in the electrical re-
sistance. This process is controlled by nuclear energy lossof
ions. An order of magnitude increase in the electrical resis-
tance is demonstrated. Further bombardment with heavy ions
results in a reduction in the electrical resistance, attributed to
the process of ion-beam-induced foam densification that ap-
pears to be governed by electronic energy loss of energetic
ions.

The CNT-CAs studied here were synthesized as described
in detail elsewhere.8 In brief, purified single-walled CNTs
(Carbon Solutions, Inc.) were dispersed in water by sonica-
tion. Sol-gel precursors (resorcinol and formaldehyde) and

TABLE I: Irradiation conditions used in this study. Also given are the
projected ion range (Rp), the film thickness before irradiation (h0),
the average (over the film thickness) nuclear (σdamage) and electronic
(σionize) stopping powers in carbon nanoligaments, the maximum flu-
ence (Φmax), and the initial rate of the resistance change (ξR) calcu-
lated as described in the text. In all cases, bombardment was done
at room temperature with the beam incident along the direction nor-
mal to the film surface with a constant beam flux of 1012 cm−2 s−1

with an energy of 3.8 MeV, except for H ions that were accelerated
as dimers (H+2 ) with an energy of 1.9 MeV/atom. All fluences are
given in units of atoms per area.

Ion Rp h0 σdamage σionize Φmax ξR

(µm) (µm) (vac/Å/ion) (eV/Å/ion) (1016 cm−2) (10−14 cm2)
1H x 700 1.1×10−5 3.2 4.4 1.7

4He x 750 1.4×10−4 25 1.9 11
20Ne x 120 1.5×10−2 170 0.5 440
40Ar x 50 4.5×10−2 210 0.2 1040

129Xe x 50 5.0×10−1 190 1.2 4940

the polymerization catalyst (NaCO3) were added, and the
mixture gelled. Wet gels were washed with acetone, dried
with supercritical CO2, and pyrolyzed at 1050◦C under N2.
Pyrolyzed monoliths, with a density of∼ 30 mg cm−3 and a
CNT loading of∼ 50 wt.%, were machined with a cylindrical
endmill to thicknesses much smaller than projected ion ranges
(Table I) and placed on insulating substrates (either quartz or
sapphire). Conductive silver paste was used to make electrical
contacts.

Table I gives the details of the irradiation experiments
performed.13 Ion ranges and stopping powers were calculated
with the TRIM code (version SRIM-2011.08).14–16 The elec-
trical resistance of films was measured after each fluence in-
crement while the sample remained under vacuum. Following
irradiation to the maximum fluences (also given in Table I),
the samples were examined by scanning electron microscopy
(SEM) in a JEOL 7401-F microscope operated at 2 kV and by
bright-field transmission electron microscopy (TEM) in a FEI
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FIG. 1: (Color online) Ion fluence dependences of the change in the
electrical resistance of CNT-based nanofoams. The details of irradi-
ation conditions are given in Table I.
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FIG. 2: (Color online) The initial rate of the change of the electrical
resistance (ξR) of CNT-based nanofoams as a function of the nuclear
stopping power of ions in full-density carbon nanoligaments. Hori-
zontal error bars represent the stopping power variation through the
film thickness. Dash line is a fit, revealing a power law with an ex-
ponent of 0.76±0.02.

TF-20 Tecnai microscope operated at 200 kV.
Figure 1 shows a summary of ion fluence dependences of

the fractional change in the electrical resistance, definedas
(R−R0)/R0 = ∆R/R0, whereR0 andRare sample resistances
before and after irradiation, respectively. It is seen fromFig. 1
that, for all the ion species studied, irradiation initially results
in a monotonic increase in∆R/R0. A similar resistance be-
havior has been reported for full-density graphite exposedto
neutron irradiation in a reactor.17 This suggests that, at the ini-
tial stage of irradiation, the electrical resistance of CNT-CAs
is related to irradiation-induced changes in the electrical resis-

(a)

(c) (d)

(b)

FIG. 3: (a),(b) SEM and (c),(d) TEM images of (a),(c) the as-
synthesized CNT-based nanofoam and (b),(d) a nanofoam irradiated
with 3.8 MeV Xe ions to a fluence of 1.2× 1016 cm−2. The scale
bars are 1µm and 50 nm for SEM and TEM images, respectively.

tivity of nanoligaments. Primak and Fuchs18 have described
this behavior empirically by a hyperbola

∆R
R0

=
AξRΦ

A+ξRΦ
, (1)

whereA is a constant reflecting the maximum∆R/R0 value
for large doses,ξR is the initial rate of resistance change, and
Φ is ion dose. Despite the fact that saturation atA has not
been experimentally observed in either our (Fig. 1) or previous
studies,17–19 the above equation can still be use to fit fluence
dependences in order to evaluate the initial rate of the resis-
tance change (ξR). Table I and Fig. 2 show the dependence of
ξR on the nuclear stopping power of ions in full-density carbon
nanoligaments. It is clearly seen thatξR is governed by the nu-
clear (elastic) energy loss processes. The dash line in Fig.2
shows a linear fit in double logarithmic coordinates, demon-
strating that theξR rate depends on the nuclear stopping power
slightly sublinearly, following a power law with an exponent
of 0.76±0.02. The electrical resistivity of carbon nanoliga-
ments depends on the number of ion-beam-produced defects
that are expected to result in a slight increase in the concen-
tration of free carriers and a strong decrease in the carrier
mobility.17 The combined effect is a continuous increase of
the electrical resistivity with increasing irradiation fluence,17

as revealed by Fig. 1 for the early stage of irradiation for all
the ion species studied.

Figure 1 also shows that, for irradiation with Ne and heav-
ier ions, the ion fluence dependence of∆R/R0 exhibits a peak,
and the resistance decreases at large fluences. For the maxi-
mum doses used here, the resistance is, however, not fully
recovered. The fluences corresponding to∆R/R0 maxima are
∼ 7×1014 Ne cm−2, ∼ 2×1014 Ar cm−2, and∼ 1×1015 Xe
cm−2. Such peak fluences do not scale with the electronic,
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nuclear, total (electronic and nuclear combined) energy de-
posited in the film (Table I).

The complex behavior of∆R/R0 for heavy ions revealed by
Figs. 1 and 2 can be understood by noting that the electrical re-
sistance of nanoporous materials is determined by two funda-
mentally different contributions: (i) by the resistivity of nano-
ligaments that depends on the concentration and type of lattice
defects present and (ii) by the monolith density and the geom-
etry and connectivity of nanoligaments (i.e., the way of how
the nanoligaments are interconnected into a three-dimensional
macroscopic assembly). We have found that heavy-ion irradi-
ation results in the densification of CNT-CAs, evidenced as a
change in the film thickness resulting in the appearance of a
surface step between irradiated and unirradiated (i.e., masked
during irradiation) regions of the film. For example, the film
thickness reduces from∼ 50 to ∼ 10 µm as a result of 3.8
MeV Xe ion irradiation to the maximum fluence of 1.2×1016

cm−2.20 Such densification is expected to decrease the elec-
trical resistance since the electrical resistivity of CNT-CAs
depends on the monolith density super-linearly with an ex-
ponent of∼ 1.6.8 In fact, the fluence dependences of∆R/R0
from Fig. 1 can be described quantitatively by a simple analyt-
ical model that combines (i) the empirical hyperbolic fluence
dependence of the resistivity of carbon nanoligaments (Eq.1),
(ii) foam densification (assumed to be exponential with a sat-
uration at a density limited by the full-density of graphitic car-
bon), and (iii) a power law dependence of the film electrical
resistance on the monolith density.8 However, such a model
has very limited predictive capabilities since more work iscur-
rently needed to understand the physics behind the empirical
hyperbolic law (Eq. 1) and the behavior of radiation-induced
densification of CNT-CAs.

Figures 3(a) and 3(b) compare SEM images of CNT-CAs
before and after irradiation, respectively, with Xe ions tothe
maximum fluence studied. These figures reveal that, despite a
pronounced irradiation-induced densification observed atthe
macroscale, the morphological structure of CNT-CAs, con-
sisting of a network of randomly interconnected large-aspect-
ratio nanoligaments, is essentially indistinguishable for unir-
radiated and irradiated samples. Such negligible morpholog-
ical changes have also been confirmed by SEM imaging for
all the irradiation conditions studied (Table I). Hence, ion-

induced foam densification appears to proceed via a decrease
in the effective aspect ratio of ligaments rather than via a
growth of nanoligament diameters (as is, for example, the well
known case of thermally-induced densification of nanoporous
glasses driven by total energy minimization).

Figures 3(c) and 3(d) compare TEM images of CNT-CAs
before and after irradiation with Xe ions, respectively. Walls
of CNTs are clearly visible in nanoligaments of virgin CNT-
CAs [Fig. 3(c)]. Bombardment with Xe ions results in lat-
tice amorphization: no CNT walls are visible in ligaments
of the Xe-ion-irradiated CNT-CA [Fig. 3(d)]. Such an amor-
phization is consistent with a number of previous reports of
ion-induced amorphization of CNTs.12 More importantly, a
comparison of TEM images such as shown in Figs. 3(c) and
3(d) reveals that irradiation results in smoothing nanoliga-
ment surfaces. We attribute this smoothing to the process of
ballistic sputtering of nanoligaments with material redeposi-
tion on surfaces of adjacent nanoligaments. Such a sputter-
ing/redeposition process is expected to reduce the roughness
of ligament surfaces since the ballistic sputtering yield scales
with the area of the surface formed by the overlap of the bal-
listic collision cascade with the ligament surface.

In conclusion, we have demonstrated that ion bombard-
ment can be used to tailor the electrical resistance, the
monolith density, as well the crystallinity and geometry of
nanoligaments of ultralow-density cross-linked CNT-based
nanofoams. Results suggest that radiation-induced changes
in the electrical resistance are dominated by two competing
processes: (i) the defect production governed by nuclear en-
ergy loss according to a sublinear power law dependence with
an exponent of 0.76± 0.02 and (ii) foam densification that
is more complex and does not scale with either nuclear or
electronic energy loss. More work is currently needed to
better understand radiation damage processes in CNT-based
macroassemblies.

This work was performed under the auspices of the U.S.
DOE by LLNL under Contract DE-AC52-07NA27344. Elec-
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Center for Electron Microscopy, Lawrence Berkeley National
Laboratory, which is supported by the U.S. Department of En-
ergy under Contract No. DE-AC02-05CH11231.
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