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The temperature-dependent conductivity, magnetoresistance, magnetic susceptibility, and room-
temperature Raman scattering of carbon aerogel samples with different morphologies and various
grain sizes are studied. In particular, carbon aerogels with a polymeric morphology are studied and

compared with colloidal carbon aerogels. The conductivity exhibits an exp[—+/To/T] dependence
for all samples at low temperature. This strong localization behavior can be explained by a Coulomb-
gap variable-range hopping mechanism, and this identification has been further corroborated by the
low-temperature magnetoresistance data obtained in a magnetic field up to 15 T. Magnetic suscep-
tibility measurements suggest that carbon aerogels with a smaller grain size are more disordered, in
agreement with the conductivity data. The results suggest that the grains themselves, and not the
defects within, act as carrier localization sites in these materials.

PACS number(s): 72.20.My, 72.80.Ng, 81.35.+k

I. INTRODUCTION

Carbon aerogels are a special type of low-density
microcellular material (LDMM).! The LDMM’s combine
the low densities of materials, such as polystyrene foams,
with the ultrafine pore sizes of membranes. The organic
carbon aerogels studied in this work are derived from
the highly polymerized resorcinol-formaldehyde (RF)
aerogel.1'2 The structure and properties of these RF aero-
gels can be chemically tailored on a nanometer scale to
generate materials with low densities (0.03-0.6 g/cm?),
high porosities (> 75%), and large specific surface ar-
eas (400-1000 m?/g). The resultant carbon aerogels ob-
tained from pyrolysis of the RF aerogel retain these fea-
tures, giving rise to a unique material in terms of its
possible commercial applications and structure-property
relationships.? ™4

The microstructure of carbon aerogels consists primar-
ily of interconnected carbon grains (particles). Inside
these grains is a network of intertwined graphitic fila-
ments of width ~ 30 A. The interconnectivity and the
size of the grains are dependent on the molar ratio of
resorcinol to catalyst (i.e., Na;COj3) (R/C) used during
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the RF aerogel synthesis. Under high catalyst concentra-
tion conditions, well-connected polymeric RF aerogels are
formed (grain size 30-60 A), while low catalyst concen-
trations result in colloidal RF aerogels with grains con-
nected in a “string-of-pearls” configuration (grain diame-
ter 120-300 A).l’s After pyrolysis the grain sizes change,
as will be seen below.

Previous studies on colloidal carbon aerogels® suggest
that the primary electrical conduction mechanism is most
likely associated with the grain interconnectivity, rather
than with the disorder internal to the grains. Other stud-
ies show that heat treatment tends to partially graphi-
tize these materials, increasing their conductivity.”® The
present study investigates the effects of changing the
grain size and the microstructural morphology on the
transport mechanisms. Qur present data suggest that the
previously "observed® Coulomb-gap variable-range hop-
ping (CGVRH) (Ref. 10) conduction mechanism remains
valid despite variations in the grain size and the granu-
lar shape. Also, our data confirm that the grains, rather
than the dangling bonds present in the system, act as
carrier localization sites in these carbon aerogel mono-
liths.

In this paper, a brief description of the different aero-
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gel microstructures studied is given in Sec. II. The ex-
perimental procedures are presented in Sec. III, while
Sec. IV gives a synopsis of the experimental results ob-
tained from Raman spectroscopy, magnetic susceptibil-
ity, electrical conductivity, and magnetoresistance mea-
surements. Sec. V discusses our results as they pertain
to the CGVRH theory, while Sec. VI presents our con-
clusions.

II. AEROGEL MICROSTRUCTURE

Before discussing the issue of structural characteriza-
tion of carbon aerogels, it is instructive to understand
the structural differences between colloidal and polymeric
aerogels. Figure 1 shows the high-resolution TEM mi-
crographs of these two types of aerogels. Generally, both
classes of aerogels consist of grains with micropores be-
tween connected grains as well as inside the grains. In
addition, mesopores are formed between chains of inter-
connected grains. The grains consist of a network of in-
tertwined carbon filaments or ribbons. The grain con-
nectivity and the RF network vary for the two aerogel
types. By increasing the packing ratio of the grains, the
mass density of the carbon aerogel can be increased.

For colloidal carbon aerogels (low catalyst ratio,
R/C=300), the grains are distinct and spherical in shape,
with a fairly broad distribution (average diameter ~ 150
A), and a specific surface area of ~ 550 m?/g. The cross
section of the neck connection between the grains (see
Fig. 1) has a size much less than the grain radius. This
loose connection between the grains is exhibited in the
weak mechanical properties of this aerogel. Another type
of colloidal aerogel (R/C = 200) can be made, with fea-
tures similar to its R/C = 300 counterpart, except that
now, the grain size is more uniform within individual
samples (average diameter ~ 120 A), and the specific
surface area is ~ 650 m?/g.

Polymeric carbon aerogels (high catalyst ratio, R/C =
50), on the other hand, have fewer detectable spherical
grains and hence, are morphologically different. For such
aerogels, the spherical feature is smeared out as the cross
section of the connection between the grains is now on the

R/C =50

500A
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order of the grain diameter. These highly interconnected
grains form a more filamentous structure with character-
istic diameters of 70-90 A. The presence of the filaments
in this aerogel results in a more intricate morphology and
hence a larger specific surface area (~ 800 m?/g).

For the later discussion of the characterization of dis-
order, we classify disorder by its spatial extent. The dis-
order associated with granularity is termed mesoscopic
disorder. Hence, the R/C = 50 carbon aerogel is more
mesoscopically disordered than the R/C = 300 aerogel
because the former material has a smaller grain size.
Structural defects contained within a grain, such as dan-
gling bonds and other topological disorder, are collec-
tively known as microscopic disorder.

III. EXPERIMENTAL DETAILS

The carbon aerogels studied here were derived from the
pyrolysis of resorcinol-formaldehyde (RF) aerogels. RF
aerogels are, in turn, derived from a process of chemically
induced phase separation (sol-gel processing), which is
described elsewhere.!'!! The size and number of RF clus-
ters, the surface area, and the interconnectivity of the RF
aerogel can be controlled by varying the R/C molar ratio
during the aerogel synthesis. The present study focuses
on carbon aerogel samples with R/C = 50 (polymeric
aerogels) and 300 (colloidal aerogels), respectively. Com-
parisons in the transport and magnetotransport proper-
ties are made with previously studied R/C = 200 col-
loidal carbon aerogels.®:#:912 All measurements were car-
ried out on machined samples of dimension ~ 8 x 5 x 4
mm3,

Raman spectroscopy measurements were obtained in a
backscattering configuration using a 488-nm excitation
(see Ref. 6). A charged coupled device was used to
record the Raman spectrum from ~ 1100 to 1800 cm™!
for each sample. Transverse magnetic susceptibility mea-
surements were carried out in a Quantum Design magne-
tometer. Samples were mounted in drinking straws and
scanned in a 1-T field in a temperature range of 4-300
K. The 1-T field was chosen in order to obtain a linear
response in the susceptibility. For the transport mea-

R/C = 300

FIG. 1. High-resolution
TEM micrographs showing the
differences between polymeric
(R/C = 50) and colloidal
(R/C = 300) carbon aerogels.
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surements, a four-point contact electrode configuration
was used. Joule heating was minimized by keeping the
power through the samples below 107 W at all tem-
peratures. The sample conductivity ¢ was measured as
a function of temperature from 4 to 300 K over a pe-
riod of 12 h or more to ensure thermal equilibrium. We
also measured o(T) from 1.5 to 4 K via natural warm-
ing of the samples over a 2-h period to observe the large
temperature dependence of the transport properties at
these low temperatures.®®!2 Transverse magnetoresis-
tance measurements at fixed temperatures in the range
of 1.5 to 27 K were conducted in a 15-T Bitter mag-
net at the Francis Bitter National Magnet Laboratory.
All magnetoresistance measurements were taken only af-
ter the resistivities of the samples had stabilized at each
measurement temperature.

IV. EXPERIMENTAL RESULTS
A. Raman spectroscopy

A typical Raman spectrum for disordered carbons ex-
hibits a Raman-allowed E,,4, peak near 1580 cm™! (des-
ignated as the G band). The occurrence of an additional
Raman line near 1360 cm™! (the D band) has been at-
tributed to the presence of in-plane disorder. The ratio of
the integrated intensity of the disorder-induced D band
to that of the G band (i.e., Ip/I¢) is inversely propor-
tional to the in-plane microcrystallite size,'® L,. The
parameter L, often serves as a measure of the structural
order in disordered carbons.

Figure 2 shows the Raman spectra for low-density car-
bon aerogel samples with R/C = 50, 200, and 300. The
line shape of the peak near 1360 cm™! is Lorentzian,
while the line near 1580 cm™! has a Breit-Wigner-Fano
(BWF) line shape. Table I lists the parameters obtained
by fitting the scattered intensity to the BWF line shape
given by
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_ L[l +2(v - vo)/ql)?

1+ [2(v — o)/ )

I(v)

where I(v) is the frequency-dependent intensity, vo the
center phonon position, I' the full width at half maxi-
mum intensity of the Lorentzian line, and 1/q a parame-
ter measuring the interactions between the discrete E,g,
mode and a Raman-active continuum (1/¢ = 0 for the
Lorentzian line shape).*

The in-plane microcrystallite size L, can be estimated
from Knight’s empirical formula, L, = 44(Ig/Ip).'3
The order of magnitude of L, implies that Raman spec-
troscopy is most likely probing the dimension of the
graphitic filaments within the carbon aerogel grains.
That the values of L, (see Table I) are about the same
for all the as-prepared (TyT =1050 °C) samples thus sug-
gests that the structural order internal to the grains of the
as-prepared carbon aerogels is approximately the same,
irrespective of the density and the R/C molar ratio.

Figure 3 shows that, for the same R/C = 50 molar
ratio, increasing the heat-treatment temperature (Tyr)
up to 1800 °C reduces the integrated intensity of the dis-
order peak, resulting in a larger L, (see Table I). This
behavior is also observed in the R/C = 300 samples and
is consistent with the idea that heat treatment anneals
the microscopic disorder and induces in-plane order de-
velopment in carbon aerogels.” 8

B. Electrical conductivity

In Fig. 4, showing a semilogarithmic plot of the con-
ductivity (o) versus temperature (T'), a sharp temper-
ature dependence below 30 K can be observed for all
the low-density samples. Further emphasized in the log-
log plot of o versus T (inset to Fig. 4), the strong tem-
perature dependence of o(T') at low T is indicative of a
strongly localized system. In particular, the low-density
R/C = 50 sample below 5 K has a resistance that falls
off by six orders of magnitude over a 1 K temperature

FIG. 2. Raman spectra of three low-
density as-prepared carbon aerogel samples
with various R/C molar ratios, showing the
disorder-induced (~1360 cm™') and the Ra-
man-active (~1580 cm™!) lines. Solid lines
are the fits of the data to Eq. (1). (Data for
the R/C = 200 sample were obtained from
Ref. 6.)
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range. Below 4 K, its resistance is on the order of gi-
gaohms, making low-temperature measurements on this
sample very difficult. This sharp decrease in conductivity
at low temperatures has been observed in previous stud-
ies of carbon aerogels.®#%12 The behavior of o(T) for
the low-density R/C = 50 samples is similar to that of
the low-density R/C = 200 and 300 aerogels. However,
the low-temperature conductivity for R/C = 50 samples
tends to be more strongly temperature dependent than
for the R/C = 200 and 300 samples, for a fixed mass den-
sity pm. The conductivity of all the high-density samples
shows a weaker temperature dependence.

We have observed an exp(—+/To/T) temperature de-
pendence in the conductivity, as shown in the semiloga-
rithmic plot of o vs 1/V/T in Fig. 5. Linear fits of the
data to the semilogarithmic plots of o vs (1/T)P (where
p = 1,1/2,1/3,1/4), as would be done in an analysis
for variable-range hopping systems (see Sec. V), resulted
in p = 1/2 giving the best linear fit. The p = 1/2 de-
pendence in Fig. 5 is universal for all the samples studied
and is effective only at very low temperatures (T < 10 K),
especially for the low-density samples. The p = 1/2 de-
pendence is suggestive of a Coulomb-gap variable-range

tion of the transport mechanism, the results of which
are discussed in Sec. V. The aforementioned exponen-
tial temperature behavior of o has also been observed in
granular metals (GM’s).!®

Although no low-temperature (T’ < 4 K) data are avail-
able for the low-density R/C = 50 heat-treated (Tut
=1800°C) sample, the transport mechanism associated
with the p = 1/2 behavior is likely to apply to this sam-
ple at low temperatures as well, since its conductivity
follows a trend similar to that of the as-prepared low-
density R/C = 200 and 300 samples.

The large range of magnitudes of the conductivity in
Fig. 5 also suggests that the grain size plays a role in the
transport, since by increasing the R/C molar ratio, the
electrical conductivity increases dramatically.

C. Magnetic susceptibility

Figure 6 shows the magnetic susceptibility x(7') as a
function of 1/T for high- and low-density carbon aerogels.
In the low-temperature regime, the data can be fit to a
Curie-like behavior given by

hopping mechanism (see Sec. V). We have conducted =y + Nup} (2)
magnetoresistance studies to corroborate this identifica- X = Xo 3kgT
TABLE I. Raman parameters for carbon aerogels (see text).
R/C* 50 50 50 50 200 200 300 300 300 300
Density (g/cm®)| 0.182] 0.672| 0.170] 0.190] 0.123°| 0.670°| 0.117] 0.801] 0.78] 0.66
Tur (°C) 1050 | 1050 1500| 1800 1050 1050 1050 | 1050 1500| 1800
Viseo (cm™1) 1350 1355| 1350| 1348 1349 1350 1350 | 1354 | 1354| 1349
T'1360 ‘(cm_l) 141 128 63 50 143 123 150 133 62 59
V1580 (cm™1) 1609 1614 1599| 1586 1604 1607 1604| 1613 | 1599| 1596
I'iss0 (cm™?) 82 77 61 50 86 73 83 77 62 61
I1360/I1580 1.8 1.8 1.4 1.1 1.5 1.6 1.7 2.0 1.4 0.97
La (A) 24 24 31 40 29 27 25 23 31 | 45

*Resorcinol/catalyst molar ratio.
®Data from Ref. 6.
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FIG. 4. Plot of log,, 0 versus T for the
carbon aerogels studied. The inset shows
the corresponding log,,-log,, plot of o ver-
sus T, thereby emphasizing the low T be-
havior. o: R/C = 300, p»=0.801 g/cc; [
R/C = 50, pm=0.672 g/cc; v: R/C = 200,
pm=0.670 g/cc; A: R/C = 300, prmn=0.117
g/cc; x: R/C 200, pm=0.123 g/cc; O:
R/C = 50, pm=0.182 g/cc; x: R/C = 50,
1 pm=0.190 g/cc; Tpr=1800°C. (Data for the
R/C = 200 sample were obtained from Ref.
6.)
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The number of spins per gram is denoted by N, up is the
Bohr magneton, kg is Boltzmann’s constant, and X, is
the temperature-independent diamagnetic offset at high
temperatures, observable in all the samples studied and
typical of graphitic materials. The peak at high tem-
peratures in the susceptibility curves for the as-prepared
low-density R/C = 50 and 300 samples in Fig. 6 is due
to the presence of oxygen impurity in the magnetome-
ter, but this peak does not disguise the observed linear
1/T dependencies at low temperatures. To get a measure
of the microscopic disorder in these aerogel systems, we
choose to look at the susceptibility on the per-unit-weight
basis and not per-unit-volume basis because dangling
bonds and other structural defects are present only in
the grains and not in the mesopores. Generally, the sam-
ples with R/C = 50 exhibit a stronger low-temperature
dependence, and hence a larger number of unpaired spins
per gram (see Table II) than their R/C = 200 and 300

Temperature (K)

300

counterparts for the same sample density, suggesting that
these samples are more microscopically disordered.

By comparing the conductivities and the susceptibil-
ities for all the carbon aerogel samples, we can obtain
the relationship between the microscopic disorder and
the observed conductivities. On the one hand, we see
from Fig. 5 and Table II that the as-prepared low-density
R/C = 50 sample, with the highest value of N (and hence
the most microscopic disorder), has the lowest conduc-
tivity among all the carbon aerogel samples studied. On
the other hand, comparing the as-prepared high-density
R/C = 50 and the heat-treated low-density R/C = 50
samples, we observe that the conductivity decreases as
the microscopic disorder (V) decreases. These contra-
dictory trends suggest that there is no direct correlation
between the observed microscopic disorder and the sam-
ple conductivity.

FIG. 5. Semilogarithmic plot of log;, o
. versus (1/T)/? of the carbon aerogel sam-
ples in Fig. 4.
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FIG. 6. Susceptibility versus 1/7 for high- and low-density
carbon aerogels with different R/C ratios. (Data for the
R/C = 200 sample were obtained from Ref. 6.)

D. Transverse magnetoresistance

The transverse magnetoresistance was measured at
temperatures ranging from 1.5 to 27 K for the high-
density R/C = 50 and the low-density R/C = 50 and
300 as-prepared samples. Figures 7(a)—(c) show the mag-
netoresistance [p(H) — p(0)]/p(0) = Ap/p as a func-
tion of magnetic field (H) for various values of measure-
ment temperature for the low-density (p,, = 0.117 g/cc)
R/C = 300, the low-density (p, = 0.182g/cc) R/C = 50
and the high-density (p,, = 0.672 g/cc) R/C = 50 sam-
ples, respectively. The magnetoresistance for all the sam-
ples studied is positive and large in comparison with
other disordered carbon materials.!® Similar behavior in
Ap/p as a function of field has been observed for the
R/C = 200 samples.® The magnetoresistance is temper-
ature dependent, with the largest Ap/p occurring at low
temperatures (T < 4K). .

In Fig. 8, in which Ap/p is plotted vs H at 4.3 K for
both high- and low-density aerogels with various R/C
molar ratios, we see that Ap/p is more a function of sam-
ple density than R/C ratio. This implies that the trans-
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port mechanism inherent to the polymeric and colloidal
aerogels is related to the packing ratio of the grains. We
also observe that the low-density R/C = 50 aerogel ex-
hibits the largest Ap/p (121% at 15 T). This is consistent
with the large temperature dependence of the conductiv-
ity exhibited by this sample at low temperature in the
semilogarithmic plot of o(T) versus T (see Fig. 4). The
magnetoresistance and conductivity data suggest that of
all the samples studied, this low-density R/C = 50 sam-
ple is the most mesoscopically disordered.

The transverse magnetoresistance follows a quadratic
form at low fields as shown in Fig. 9, in which Ap/p
is plotted vs H? for the high-density R/C = 50 sample
in Fig. 7(c). This quadratic behavior was observed in
all of the three samples studied and becomes suppressed
(saturated) at high magnetic fields, with the saturation
field decreasing with decreasing temperature. Further
discussion of the temperature and the magnetic field de-
pendences of the magnetoresistance is given in Sec. V.

V. DISCUSSION

Fung et al.® have observed an exp[—(Ty/T)?] tempera-
ture dependence (p = 1/2) in the conductivity of R/C =
200 colloidal carbon aerogels. They attributed this be-
havior to variable range hopping (VRH) in a Coulomb-
gap in the density of states. As noted in Sec. IVB, we
also observed the same p = 1/2 behavior in the con-
ductivity data for our colloidal and polymeric carbon
aerogels, which is consistent with a Coulomb-gap VRH
mechanism. It is noted that the determination of the p
value by plotting log,q0 vs (1/T)? for different p values
is somewhat ambiguous because of the finite tempera-
ture range for which the (1/7)/2 plot is linear. It is also
possible that the observed p = 1/2 behavior is not due
to the CGVRH mechanism. Since the CGVRH model
also predicts a unique temperature dependence for the
magnetoresistance, we can confirm the findings from our
conductivity study by measuring the magnetoresistance
as a function of temperature.

The presence of a positive magnetoresistance is sug-
gestive of a hopping conductivity mechanism. When a
Coulomb gap is present in the density of states, the mag-
netoresistance in the VRH regime is given by!°

(5] (= o

where A = ,/ch/eH is the magnetic length, ¢ the local-

TABLE II. Susceptibility parameters for carbon aerogels.

R/C* 50 50 50 200 200 300 300
Density (g/cm?) 0.182 0.672 0.190 0.123° 0.670° 0.117 0.801
Tur (°C) 1050 1050 1800 1050 1050 1050 1050

N (10'® spins/g) 21 8.8 1.6 2.8 3.3 2.3 5.9
Xo (107 emu/g) -2.1 -1.3 -0.27 -2.3 -1.0 -0.71 -1.1

*Resorcinol/catalyst molar ratio.
®Data from Ref. 6.
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FIG. 7. [p(H) — p(0)/p(0)
versus H for carbon aerogels of
(a) low density (pn = 0.117
g/cc) and R/C = 300, (b) low
density (pm = 0.182 g/cc) and
R/C = 50, and (c) high den-
sity (pm = 0.672 g/cc) and
R/C = 50, at various measure-
ment temperatures.

ization length, T the same characteristic temperature as
in Eq. (6), p = 1/2 and ¢ = 0.0015 for a three-dimensional
system. Equation (3) is valid in the weak field regime,
i.e., for A > £. By fitting the low-field linear regime in a
plot of In[p(H)/p(0)] versus HZ, a value for M as a func-
tion of T' can be obtained. A log-log plot of M vs T gives
the p dependence in Eq. (3). Thus, an observed value
of p = 1/2 would be consistent with both the observed
conductivity and the CGVRH mechanism.

Figure 10 shows a log-log plot of the slope M versus
T for the three measured carbon aerogel samples. The
resultant slope corresponds to the value for 3p in Eq. (3).
For both the high-density R/C = 50 sample and the low-
density R/C = 300 sample, the data in Fig. 10 show that
p ~ 0.5. Since the magnetoresistance for the low-density
R/C = 50 sample could not be measured at very low
temperatures, no good estimate for p could be obtained

for this sample. The approximate value of p = 0.7 in-
dicated by the four points in Fig. 10 is, therefore, an
overestimate for p for this sample, since the onset of the
p = 1/2 behavior occurs around 4 K for this sample.
The value of p = 1/2 obtained from Fig. 10 confirms the
value of p obtained from the plot of log, o versus 1/v/T
in Fig. 5, and suggests that CGVRH is indeed possible
in polymeric as well as colloidal carbon aerogels.

It is interesting to understand how VRH is possible in
carbon aerogels with varied morphologies. We do this
by first reviewing how the CGVRH mechanism mani-
fests itself in a disordered system and then adapting this
mechanism to the carbon aerogel system.

In an amorphous system, as the temperature is low-
ered, the conduction mechanism is by hopping between
states with energies lying close to the Fermi level. For
a nonvanishing constant density of states at the Fermi
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level, the conductivity follows Mott’s law!”

o = ogexp[—(To/T)?] (4)
with p = 1/(n + 1) for an n-dimensional system. The
hopping distance is temperature dependent, unlike the
case of nearest-neighbor (NN) hopping; hence the Mott’s
law behavior is referred to as VRH conduction. When
electron-electron interactions are taken into account,
Efros and Shklovskiil?!® have shown that a quasigap ap-
pears in the density of states at the Fermi level, and that
the resulting conductivity exhibits a CGVRH conduction
mechanism given by

o =0y exp[—(To/T)l/z], (5)

where

2

o = ﬂL, (6)
kkp€

with k being the dielectric constant, £ the localization
length, kg Boltzmann’s constant, and 8 = 2.8 for a
three-dimensional system.!® This p = 1/2 dependence
has been observed in both amorphous semiconductors!®
and granular metals (GM’s),!® although the origin of this
dependence is not well established in the latter system.

The GM material consists of metallic grains of some
average size d, randomly dispersed in an insulating ma-
trix with an average separation s between the grains.
The aerogel system is similar to the GM material in its
structure of grains and pores. However, unlike the GM,
the grains in the carbon aerogel system are necessarily
closely connected in order to maintain the solid struc-
ture, resulting in a granular separation s much less than
the grain size d.

Various studies have been done on the transport prop-
erties of GM’s in order to explain the p = 1/2 de-
pendence of the conductivity. Studies have shown that
this dependence was possible under the assumption of
s/d =constant.'®2° However, this assumption is not al-

ways experimentally verified in all systems, including car-
bon aerogels. For uncorrelated distributions of s and d
(with s ~ d), the critical path method?':?? results in
an approximate p = 1/2 dependence in the intermediate
regime between VRH and tunneling.

The idea of VRH in GM’s has not been widely adopted
since the electron wave function decays rapidly in the in-
sulating gap between neighboring grains. The study of
Fung et al.® has addressed the issue of how VRH could
occur in carbon aerogels with their connected-grain mor-
phology. The grains and the insulating gaps between the
grains can present barriers of height ¢4 and ¢,, respec-
tively. If the wave function decays rapidly across the gaps
and s ~ d, then NN hopping should dominate over VRH
because the probability of locating an electron beyond a
NN grain decreases almost exponentially with distance.
However, because of the fluctuations in the grain energy
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FIG. 10. Logio-logio plot of M in Eq. (3) versus T for three
as-prepared carbon aerogel samples (see text). The slopes of
the curves in this figure give the values of 3p in Eq. (3).
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due to the surrounding random disorder potential (see
below), the wave function decay over the grain could be
larger than that between the grains, especially for s < d,
as is the case for carbon aerogels.® When an image force
is taken into account, ¢, could be significantly lowered,
further reducing the wave function decay in the gaps be-
tween neighboring grains, leaving ¢4 as the only effective
means for carrier localization.

Adkins?® proposed that fluctuations in the charging
energy E. of the grains are caused by a random disorder
potential near each grain. The charging energy is defined
as the energy required to move a charge from infinity onto
a neutral conducting grain and is given by

Ec"‘" 7
3 (7

where e is the charge, k the effective dielectric constant
of the medium through which the charge is moving, and
d the size of the grain. As E. can only change in the
presence of the random disorder potential by an amount
of 2E,. without discharging, the energy of the system as
a whole forms a band of localized states between Ep +
2E,, where Ep is the Fermi energy. The average effective
barrier height ¢4 is then on the order of the fluctuations
of E,, i.e.,

¢d ~ 2Ec . (8)

With the introduction of the fluctuations in the grain
energy, we can replace the localization length £ with an
effective wave function decay length (xe_ﬁl) within the
grains, given as a function of the effective barrier height

¢d7

2m*¢gq
Xeff = 72 (9)

in which m* is the effective mass of the carriers.

From the above discussion, the finite grain size does
not prevent one from observing VRH in the Coulomb-
gap regime. Fung et al.® suggested that 8 (=2.8) is un-
changed in Eq. (6) for the aerogel morphology. From
the p = 1/2 dependences in the magnetoresistance and
the conductivity data, the CGVRH mechanism, as previ-
ously applied to explain the low-temperature conduction
in carbon aerogel samples with R/C = 200, is seen to be
retained, despite changes of grain size ranging from ~70

to 150 A.

Table III lists values of Ty, x, xe_ffl and m* as obtained
from the CGVRH model. These values were obtained
from experiment as follows. A fit of the conductivity
curves (Fig. 5) to Eq. (5) resulted in values of Tp. The
curves were fit in a temperature range corresponding to
an onset of the p = 1/2 behavior at low temperature.
The T, values were then used along with the values of
the slope M [from Eq. (3)] to obtain x.s. The values
for k were then obtained from Eq. (6) and used, along
with Xeg, to procure values of m* from Eq. (9). The lack
of low-temperature data for the low-density as-prepared
R/C = 50 sample resulted in an underestimation of Ty,
and hence the unphysically small values of m* in Ta-
ble III. Since the grain size d is not uniform within the
R/C = 50 aerogel, a range of possible values for m* re-
sults, as shown in Table III. Previous work® done on
R/C = 200 aerogels has shown that an average effective
mass of m* ~ 0.1mg has consistently resulted in reason-
able grain sizes. Using this value of m* results in the
grain sizes listed in parentheses in Table III. These grain
sizes, as obtained from the CGVRH model, are consis-
tent with the average grain sizes measured with high-
resolution TEM.24

Table III suggests that the wave function decay length
(x_g) is correlated with the mass density. The high-
density samples have larger x;ﬁ} than the low-density
samples, in accordance with the closer packing of the
grains and hence the observed increase in «. This trend in
X;'ﬁl has been previously observed in R/C = 200 aerogels
with varied densities.® We can estimate the hopping dis-
tance, given approximately by x;ﬁ} (To/ T)l/ ? and com-
pare this with the grain sizes obtained using an effective
mass of 0.1mg. From Fig. 5, the p = 1/2 dependence of
logyo0 is valid for T < 20 K and T < 16 K for the high-
density R/C = 50 and the low-density R/C = 300 car-
bon aerogels, respectively. Using values for Ty and x_g
from Table III, we obtain minimum hopping distances of
149 A and 315 A for the R/C = 50 and 300 samples, re-
spectively. These distances are approximately two times
the average grain sizes, suggesting that not only is VRH
possible, but that the carbon grains, and not the dangling
bonds, act as localization sites. This is further corrobo-
rated by the magnetic susceptibility results as discussed
below.

Despite the smearing of the grains in the R/C = 50
samples, the magnitude of L, in Table I suggests that

TABLE III. CGVRH parameters for carbon aerogels.

R/C* 50 50 200 200 300
Density (g/cm?®) 0.182 0.672 0.123° 0.670° 0.117
Tar(°C) 1050 1050 1050 1050 1050
To (K) 1849 45 2100 30 502
K 6.5 105.4 6 110 16.6
d (R) 70-90 70-90 (70) 120° 120° 150 (160)
Xz (A) 39 99 35 140 56
m” (units of mo) 0.04-0.05 0.10-0.13 0.08 0.09 0.10

®Resorcinol/catalyst molar ratio.
*Data from Ref. 6.
°Grain size based on m*=0.1mo.



50 MORPHOLOGICAL EFFECTS ON THE TRANSPORT AND. ..

the structure internal to a grain in carbon aerogels is
independent of both the R/C ratio and the mass den-
sity. The magnitude of L, is in good agreement with
the size of the carbon filaments within the grains, as ob-
served by high-resolution TEM.2* With heat treatment,
L, increases slightly and the microscopic disorder in the
system also becomes annealed, both effects being shown
by the Raman scattering measurements.

The specific surface area increases with decreasing
R/C, and this manifests itself in a large concentration
of unpaired spins, as can be seen from the values of N
in Table II. It is noted that the increase in the specific
surface areas (SSA’s) from R/C = 300 to 50, quoted
in Sec. II from results of gas adsorption measurements,
could not account for the much larger increase in N in the
low-density R/C = 50 carbon aerogel, probably because
part of the actual SSA is inaccessible to the vapor used
in the adsorption measurement. However, the increase
in N can be explained by the SSA increase calculated
from the average grain sizes listed in parentheses in Ta-
ble III, suggesting that the grain size calculated from the
CGVRH model is indeed correct, and that the SSA avail-
able for charge storage might be more accurately mea-
sured by transport and capacitance measurements than
by adsorption methods.

There is no clear correlation between the spin concen-
tration (as denoted by N) and the conductivity. For
example, in Table II, the number of unpaired spins per
gram for the low-density heat-treated (Tt =1800°C)
R/C = 50 aerogel, which also exhibits a strong local-
ization behavior (see Sec. IV B), is smaller than that for
the high-density as-prepared R/C = 50 aerogel. From
Fig. 5, the high-density as-prepared R/C = 50 sam-
ple has a larger conductivity than the low-density heat-
treated R/C = 50 sample, seemingly suggesting that the
conductivity increases with increasing microscopic disor-
der. However, by comparing the low-density as-prepared
and heat-treated R/C = 50 aerogels, we observe that the
conductivity now decreases with increasing microscopic
disorder. This suggests that the low-temperature con-
duction mechanism is more related to the density than
to the unpaired spin concentration, since with increasing
density, there is always an increase in the conductivity.
Since the density is correlated with the packing ratio of
the grains, it is likely that the grains, rather than the de-
fects, act as the carrier localization sites in the CGVRH
process.

For the low-density R/C = 200 and R/C = 300 as-
prepared samples, although the mass density and the
unpaired spin concentration in both systems are simi-
lar (i.e., equal microscopic disorder), their conductivities
are very different. The only variable is the grain size.
Once again, the unpaired spins do not correlate with
the observed conductivities, thus further supporting our
CGVRH model in which the grains are the localization
sites and the grain size (i.e., the granularity or mesoscopic
disorder) is an important parameter in determining the
sample resistance.

The colloidal and polymeric aerogels not only differ in
grain size but also in the distinction of individual grains.
Despite the morphological differences, we see that col-
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loidal and polymeric aerogels exhibit similar transport
behavior. This tends to suggest that polymeric and col-
loidal aerogels do not represent two structural extremes,
as also pointed out in a previous high-resolution TEM
study.® The synthesis process for both types of aerogels
should follow similar pathways, except that under high
catalyst concentrations (i.e., R/C = 50), the process of
cluster (grain) formation is short lived because growing
RF chains are quickly being connected to other RF chains
nearby, resulting in smaller grain sizes in the polymeric
carbon aerogels. Though obscured in a high-resolution
TEM micrograph by the presence of highly branched car-
bon filaments, these small grains should constitute the
insulated conducting regions (and localization sites for
charge carriers) in polymeric aerogels, as suggested by
the transport results. Finally, it is worth mentioning that
the structural links between neighboring grains are not
necessarily electrically conducting. As such, more non-
conducting regions (defects) would be expected in poly-
meric carbon aerogels, leading to lower electrical conduc-
tivity at a given density as compared to colloidal carbon
aerogels. These data are still consistent with the supe-
rior mechanical properties of polymeric carbon aerogels
since the nonconducting defects can support mechanical
loads.?®

VI. CONCLUSION

By adjusting the molar ratio of the resorcinol and cat-
alyst concentrations during the carbon aerogel synthe-
sis, the grain size can be varied from approximately 70
to 150 A. The increased surface area presented by the
aerogels with the smaller grain size leads to more de-
fects in the system. These defects can be seen in an in-
crease in the unpaired spin concentration, but the change
cannot be consistently correlated with the conductivity
data. Results show that the variation in grain size does
not affect the transport mechanism, which is seen to be
variable-range hopping in a Coulomb gap in the density
of states. The mass density and the R/C molar ratio
play a more important role in the electrical conductivity
than the concentration of unpaired spins, indicating that
the conduction mechanism is dominated by the carriers
localized by the grains and not by the carriers trapped in
the defect states. Since polymeric aerogels also exhibit
the same variable-range hopping conduction mechanism
as colloidal aerogels, the morphological structure of car-
bon aerogels does not seem to be an important factor
in their transport behavior, as long as the conducting
elements are electrically insulated from each other and
effectively localize the carriers. The grain size and the
mass density can thus be treated as useful parameters
for the characterization of electrical transport in carbon
aerogels.
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FIG. 1. High-resolution
TEM micrographs showing the
differences between polymeric
(R/C = 50) and colloidal
(R/C = 300) carbon aerogels.



