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Particle irradiation is an effective method for manipulating properties @fithaal carbon nanotubes (CNTS).
This potential, however, remains unexplored for macroscopic as&snalb cross-linked CNTs. Here, we study
structural and electrical properties of ultralow-density cross-linke@-6aksed nanofoams exposed to ion radi-
ation at room temperature over a wide range of ion masses and fluétaresll irradiation conditions studied,
the electrical resistance of nanofoams initially increases with a rate tHas seith the number of ballistically
generated displacements. This process is attributed to the buildup ofsdefgcaphitic nanoligaments. Irradia-
tion with Ne and heavier ions leads to a decrease in the electrical resistdaagedluences, which is attributed
to radiation-induced foam densification. In addition, heavy-ion bombeand causes amorphization of CNTs
and smoothing of ligament surfaces. These results demonstrate thetdrardment can be used for tailoring
density, ligament morphology, and electrical properties of CNT-bésaus.

Monolithic nanoporous carbons are characterized by higq_ - . . .
. A TABLE I: Irradiation conditions used in this study. Also given are the
electrical and thermal conductivities and a tunable mor rojected ion rangeRp), the film thickness before irradiatiom),

phology. ) SUCh extraordinary properties ma}<e 'Fhese ,mater&e average (over the film thickness) nuclegy;magd and electronic

als promising for many energy-related applications, idelu (5, .+ stopping powers in carbon nanoligaments, the maximum flu-
ing electrochemical devicéshydrogen storag#,catalytic  ence (bmay), and the initial rate of the resistance changs) calcu-
supports, compliant electrical contacstargets for iner- lated as described in the text. In all cases, bombardment was done
tial fusion energy, and energy absorbing structufe€on-  at room temperature with the beam incident along the direction nor-
ventional carbon aerogels (CAs), derived from carbonizednal to the film surface with a constant beam flux of26m=2 s~1
resorcinol-formaldehyde polymeric gels, are prototypica with an energy of 3.8 MeV, except for H ions that were accelerated
monolithic nanoporous carbofisRecently, there have been a as dimers () with an energy of 1.9 MeV/atom. Al fluences are
number of reports on the synthesis of carbon-nanotube (CNTg\VeN in units of atoms per area.

based nanofoams with improved properties compared to those

of conventional CAs (see, for example, Refs. 5-11). In par

ticular, Worsley et af. have developed composites of CAs 100 Rp  ho  Odamage  Oionize Prmax €R
with CNTs (referred to below as “CNT-CAs”) with nanoliga- (M) (um) (vacAvion) (eV/Afion) (10 cm2) (1014 cni)
ments made of CNT bundles decorated amuss-linkedby IH x 700 11x10°5 3.2 4.4 1.7
graphitic carbon nanoparticles. As a result, such CNT-CAs 4oy 750 14x104 25 1.9 11
ha\{e }angecedented mechanical properties and low elaictric 20Ne x 120 15x 102 170 05 440
resistivity. o : 4Ar x50 45x102 210 0.2 1040
Despite a larger number of previous irradiation studies 0f129Xe « 50 50x10-1 180 12 4940

individual CNTs and variants of the non-cross-linked bucky
paper (i.e., loose aggregates of individual CNTs and their b
dles held together by van der Waals forcEsthe potential of
ion-beam processing remains unexplored for more complex
but also more technologically relevant macroscopic assenthe polymerization catalyst (NaGPwere added, and the
blies of cross-linked CNTSs, such as CNT-CAs. Understandingnixture gelled. Wet gels were washed with acetone, dried
radiation response of cross-linked carbon nanofoams @ alswith supercritical CQ, and pyrolyzed at 1050C under N.
crucial for their applications in a radiation environment. Pyrolyzed monoliths, with a density f 30 mg cn® and a
Here, we investigate the effect of ion irradiation on struc-CNT loading of~ 50 wt.%, were machined with a cylindrical
tural and electrical properties of CNT-CAs. We find that ion €ndmill to thicknesses much smaller than projected ioneang
bombardment results in an initial increase in the eledtriza  (Table 1) and placed on insulating substrates (either quaart
sistance. This process is controlled by nuclear energydbss Sapphire). Conductive silver paste was used to make elaltri
ions. An order of magnitude increase in the electrical resiscontacts.
tance is demonstrated. Further bombardment with heavy ions Table | gives the details of the irradiation experiments
results in a reduction in the electrical resistance, atte to pen‘ormecﬂ3 lon ranges and stopping powers were calculated
the process of ion-beam-induced foam densification that apyith the TRIM code (version SRIM-2011.08%-16 The elec-
pears to be governed by electronic energy loss of energetigical resistance of films was measured after each fluence in-
ions. crement while the sample remained under vacuum. Following
The CNT-CAs studied here were synthesized as describedradiation to the maximum fluences (also given in Table 1),
in detail elsewher&.In brief, purified single-walled CNTs the samples were examined by scanning electron microscopy
(Carbon Solutions, Inc.) were dispersed in water by sonica(SEM) in a JEOL 7401-F microscope operated at 2 kV and by
tion. Sol-gel precursors (resorcinol and formaldehydej an bright-field transmission electron microscopy (TEM) in a FE
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FIG. 1: (Color online) lon fluence dependences of the change in the|G. 3: (a),(b) SEM and (c),(d) TEM images of (a),(c) the as-
electrical resistance of CNT-based nanofoams. The details of irradisynthesized CNT-based nanofoam and (b),(d) a nanofoam irrddiate

ation conditions are given in Table I.
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with 3.8 MeV Xe ions to a fluence of.2x 10° cm™2. The scale
bars are Jum and 50 nm for SEM and TEM images, respectively.

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

AR AZRD )
Ry A+&P’

whereA is a constant reflecting the maximusiR/Ry value
for large dosesir is the initial rate of resistance change, and
@ is ion dose. Despite the fact that saturatiomAatas not
been experimentally observed in either our (Fig. 1) or mesi
studiest’~1°the above equation can still be use to fit fluence
dependences in order to evaluate the initial rate of theresi
tance changetg). Table | and Fig. 2 show the dependence of
&r on the nuclear stopping power of ions in full-density carbon
nanoligaments. Itis clearly seen tlgatis governed by the nu-

FIG. 2: (Color online) The initial rate of the change of the electrical Clear (elastic) energy loss processes. The dash line in2Fig.
resistancedr) of CNT-based nanofoams as a function of the nuclearshows a linear fit in double logarithmic coordinates, demon-
stopping power of ions in full-density carbon nanoligaments. Hori-strating that thég rate depends on the nuclear stopping power
zontal error bars represent the stopping power variation through thglightly sublinearly, following a power law with an exporen
film thickness. Dash line is a fit, revealing a power law with an ex-of 0 76+ 0.02. The electrical resistivity of carbon nanoliga-

ponent of 076+ 0.02.

TF-20 Tecnai microscope operated at 200 kV.

ments depends on the number of ion-beam-produced defects
that are expected to result in a slight increase in the cencen
tration of free carriers and a strong decrease in the carrier
mobility.1” The combined effect is a continuous increase of

Figure 1 shows a summary of ion fluence dependences dhe electrical resistivity with increasing irradiation éhcet’

the fractional change in the electrical resistance, defased
(R—Ry)/Ro = AR/Ry, whereRy andR are sample resistances
before and after irradiation, respectively. It is seen fieim 1
that, for all the ion species studied, irradiation inityalesults
in a monotonic increase IAR/Ry. A similar resistance be-
havior has been reported for full-density graphite expdsed
neutron irradiation in a reactéf.This suggests that, at the ini-
tial stage of irradiation, the electrical resistance of GDIAs

is related to irradiation-induced changes in the eledtresis-

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

Figure 1 also shows that, for irradiation with Ne and heav-
ier ions, the ion fluence dependenceé\&¥/ Ry 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® Ry maxima are
~7x 10" Ne cnr?, ~ 2x 10 Arcm—2, and~ 1 x 10'° Xe
cm 2. Such peak fluences do not scale with the electronic,
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nuclear, total (electronic and nuclear combined) energy deinduced foam densification appears to proceed via a decrease
posited in the film (Table I). in the effective aspect ratio of ligaments rather than via a

The complex behavior &R/Ry for heavy ions revealed by growth of nanoligament diameters (as is, for example, the we
Figs. 1 and 2 can be understood by noting that the electgeal r known case of thermally-induced densification of nanopsrou
sistance of nhanoporous materials is determined by two fundaglasses driven by total energy minimization).

mentally different contributions: (i) by the resistivity wano- Figures 3(c) and 3(d) compare TEM images of CNT-CAs
ligaments that depends on the concentration and type matt pefore and after irradiation with Xe ions, respectively. Id/a

defects present and (i) by the monolith density and the geomy; cnTs are clearly visible in nanoligaments of virgin CNT-
etry and connectivity of nanoligaments (i.e., the way of howcag [Fig. 3(c)]. Bombardment with Xe ions results in lat-
the nanoligaments are interconnected into a three-dimeaki  tice amorphization: no CNT walls are visible in ligaments
mgcroscoplc_assembly)._ We _have found that hea_1vy-|on tradiog the Xe-ion-irradiated CNT-CA [Fig. 3(d)]. Such an amor-
ation results in the densification of CNT-CAs, evidenced as Bhization is consistent with a number of previous reports of

change in the film thic.knes:s resulting i|j thg appearance of Bn-induced amorphization of CNT&.More importantly, a
surface step between irradiated and unirradiated (i.esketh comparison of TEM images such as shown in Figs. 3(c) and

dgring irradiation) regions of the film. For example, the film 3(d) reveals that irradiation results in smoothing narelig
thickness reduces fromv 50 to ~ 10 um as a result of 3;'8 ment surfaces. We attribute this smoothing to the process of
'\"e}/z)z(g-‘ ion irradiation to the maximum fluence o< 10" pyjisic sputtering of nanoligaments with material reosip

cm == Such densification is expected to decrease the elegjon on surfaces of adjacent nanoligaments. Such a sputter-
trical resistance since _the elec_trlcal resistivity of (_:(SIZRS ing/redeposition process is expected to reduce the rosghne
depends on the monolith density super-linearly with an exyf jigament surfaces since the ballistic sputtering yielales

8
ponent of~ 1.6.° In fact, the fluence dependences/8/Ry \yith the area of the surface formed by the overlap of the bal-
from Fig. 1 can be described quantitatively by a simple analy |istic collision cascade with the ligament surface.

ical model that combines (i) the empirical hyperbolic fluenc

dependence of the resistivity of carbon nanoligaments1kg.
(ii) foam densification (assumed to be exponential with a sa
uration at a density limited by the full-density of grapbitiar-
bon), and (iii) a power law dependence of the film electrical
resistance on the monolith densftydowever, such a model
has very limited predictive capabilities since more worgls

In conclusion, we have demonstrated that ion bombard-
tment 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-lshse
nanofoams. Results suggest that radiation-induced cBange
in the electrical resistance are dominated by two competing

rently needed to understand the physics behind the emipiricRrocesses: (i) the defect production governed by nuclear en
hyperbolic law (Eq. 1) and the behavior of radiation-indiice €r9Y 10Ss according to a sublinear power law dependence with
densification of CNT-CAs. an exponent of @6+ 0.02 and (ii) foam densification that
Figures 3(a) and 3(b) compare SEM images of CNT-CA4S more_complex and does not scalg with either nuclear or
before and after irradiation, respectively, with Xe iongtie ~ €l€ctronic energy loss. More work is currently needed to
maximum fluence studied. These figures reveal that, despitelftter understand radiation damage processes in CNT-based
pronounced irradiation-induced densification observeti@t Mmacroassemblies.
macroscale, the morphological structure of CNT-CAs, con- This work was performed under the auspices of the U.S.
sisting of a network of randomly interconnected large-aspe DOE by LLNL under Contract DE-AC52-07NA27344. Elec-
ratio nanoligaments, is essentially indistinguishableuioir-  tron microscopy experiments were conducted at the National
radiated and irradiated samples. Such negligible morgholo Center for Electron Microscopy, Lawrence Berkeley Natlona
ical changes have also been confirmed by SEM imaging fotaboratory, which is supported by the U.S. Department of En-
all the irradiation conditions studied (Table I). Hencen-io ergy under Contract No. DE-AC02-05CH11231.
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