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Carbon nanotubes: A thermoelectric nano-nose
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Abstract

A thermoelectric ‘nano-nose’ has been built from tangled bundles of single-walled carbon nanotubes (SWNT). The
response is specific to the details of the interaction of the adsorbed molecule with the nanotube wall; even gases such as He,
N, and H; can be easily detected. Plots of AS vs. p, are sensitive to whether oxidation or reduction of the tube wall is taking
place, and to whether the gas molecule is physisorbed or chemisorbed. © 2001 Elsevier Science B.V. All rights reserved.

A single-walled carbon nanotube (SWNT) can
be envisioned as a monolayer graphene sheet rol-
led up into a long seamless cylinder [1]. First re-
ported in the products of an electric arc in 1993 by
research scientists in NEC-Tsukuba [2] and IBM-
Almaden [3], and later produced in much more
significant quantities and higher purity by pulsed
laser vaporization at Rice University [4], these
molecular filaments are now under active investi-
gation for a variety of fundamental reasons, as
well as potential new technologies [5]. Both the
electric arc and the laser produce well-ordered,
tightly packed bundles of tubes containing tens to
hundreds of SWNTs [6,4]. Within a bundle, the
tubes are bound together by a weak van der Waals
force. If all the allowed helicities are statistically
populated, a random distribution of ~1/3 metallic
tubes and ~2/3 semiconducting tubes would exist
in a macroscopic sample [1]. For the tube diame-
ters found in our samples, previous scanning
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tunneling microscopy [7], optical absorption
spectroscopy [8,9] and theoretical calculations [10]
report that the semiconducting gap Eg,, ~ 0.6 eV.
Similar to graphite, SWNTs are amphoteric
[11,12]. That is, they can be doped by electron
donors or acceptors that attach to the tube wall,
removing or adding electrons to the carbon =
electron conduction bands.

The bundle structure of SWNTs produces at
least four distinct sites in which gas molecules can
adsorb (see Fig. 1): on the external bundle surface,
in a groove formed at the contact between adjacent
tubes on the outside of the bundle, within an in-
terior pore of an individual tube, and inside an
interstitial channel formed at the contact of three
tubes in the bundle interior. For a particular gas
molecule, some of these sites can be excluded on
size considerations alone (assuming the bundle or
tube does not swell to accommodate the adsorbed
molecule). For hydrogen, calculations ignoring
swelling have ordered the binding energy (Eg) in
these various sites (cf. Fig. 1) as Ey (channels) >
Ep (grooves) > Ep (pores) > Ep (surface) [13,14].
Access of molecules to the internal tube pores is
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Fig. 1. Schematic structure of a SWNT bundle showing the
pore, groove, channel and surface sites available for gas ad-
sorption. Dashed line indicates the nuclear skeleton of the na-
notubes. Binding energies (Ep) and specific surface area
contributions (g) for hydrogen adsorption on these sites are
indicated [13].

either through open SWNT ends, or defects (holes)
in the tube walls. Recently, values exceeding 4 wt%
hydrogen have been reported for SWNTs [15-17],
even at ambient temperature and pressure [18],
suggesting that SWNT material may have impor-
tant applications in hydrogen storage. Theoretical
calculations have had difficulty in reproducing the
large H, wt% storage in SWNT bundles at room
temperature. This underscores the necessity for
more experiments which can provide details about
gas—SWNT interactions.

The samples studied in this work were made on
lightly compacted mats of tangled SWNT bundles
(~1 mm x2 mm x 0.1 mm). The material was
obtained from Carbolex and consists of ~50-70
vol% carbon as SWNTs. No post-synthesis
chemical treatment was applied to the SWNT
material used in these studies. Transmission elec-
tron microscopy (TEM) showed that the material
consists of long bundles of SWNTs with mean
bundle diameter ~15 nm. Raman spectra, using a
variety of excitation wavelengths, were similar to

those reported earlier for arc-derived material
[1,6]. The radial mode frequency (w;) has been
found to exhibit a diameter (d) dependence of the
form w,~124+2 em™! 4224 em™! nm/d(nm) [19].
The radial mode frequencies observed for these
electric-arc-derived tubes indicate that the mean
tube diameter is close to ~1.4 nm. A small, ce-
ramic-coated resistor placed near one end of the
SWNT mat was used as a heater to induce a
temperature difference AT < 0.5 K along the
length of the mat, as measured with two, type-K
thermocouples. The corresponding thermoelectric
voltage AV was also measured, and the thermo-
electric power S = AV/AT was computed. Four-
probe ac resistance measurements used two
additional Cu wires for current leads; two of the
thermocouple arms provided the voltage leads. All
leads and thermocouples made thermal and elec-
trical contact to the mat with silver-loaded epoxy.
Details of the ‘analog subtraction’ thermoelectric
power measurement are available elsewhere
[20,21]. Gas adsorption was studied using high
purity (99.999%) gases (He, N,, H,, NH3, O,),
and wt% gas uptake measurements were made
in a turbo-pumped thermo-gravimetric analyzer
(TGA; Hiden).

After in situ vacuum degassing at 7 = 500 K
for ~10 h in a vacuum of 10~ Torr to remove
O,, the initial thermoelectric power Sy, of the
mat exhibits a nearly linear 7-dependence and
is large and negative at room temperature
(—45 uV/K < 8§y < =40 pV/K) [22,23]. This in-
dicates that the mat behaves thermoelectrically as
an n-type metal, and that S is dominated by the
contribution from electrons in metallic tubes that
form percolating conducting pathways through
the sample. The thermoelectric response over time
of this mat to 1 atm overpressure of He gas at
T =500 K (filled symbols) is shown in Fig. 2. The
thermopower S is seen to exponentially rise with
time (¢), saturating at ~ 12 pV/K above Sp. Re-
moving the He overpressure above the mat induces
an exponential decay of S with time (open sym-
bols). The solid and dashed lines in the figure
represent exponential fits to S(z). Interestingly, the
desorption time constant is ~3 times larger than
the adsorption time constant. The resistivity p for
this He experiment (not shown in Fig. 2) was
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Fig. 2. The time-dependence of the response of the thermo-
electric power S to a 1 atm overpressure of He gas (filled cir-
cles), and to the subsequent application of a vacuum over the
sample (open circles). The time constant for the temperature
variation is negligibly small.

found to exhibit a similar exponential rise and fall.
A ~10% increase for p was observed due to He
adsorption. These observations document a rather
remarkable sensitivity of the thermoelectric trans-
port parameters to adsorbed gases, even an inert
gas such as He. Both S and p were completely
reversible in these experiments.

In Fig. 3, we display S and p vs. P, the H, gas
overpressure (0 < P < 700 Torr), for a similar
SWNT mat at 7 =500 K (the sample had been
previously degassed as described above). Wt%
hydrogen uptake (m) of a similar mat was mea-
sured in the TGA and plotted in the figure for
comparison. All the data (m, p, S) in Fig. 3 were
collected after the samples were equilibrated at
each pressure. We discuss the P-dependence of the
wt% H, uptake first. For P < 40 Torr, the sample
mass increases rapidly with increasing pressure,
rising by ~0.5 wt% before rolling over at ~40
Torr, and thereafter increasing much more slowly
over the remainder of the pressure range to ~700
Torr. We tentatively identify this behavior with the
low-P filling of the highest energy binding site(s)
which is complete at ~40 Torr. This site(s) should
be the interstitial channel and/or the groove site(s)
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Fig. 3. Pressure-dependence (0 < P < 750 Torr) for wt% H,
uptake (m), absolute value of the thermoelectric power (|S]) and
resistivity (p) in a SWNT mat. The structure near ~30-50 Torr
in m, (|S]), p is identified with the filling of the highest energy
site in the bundle grooves or interstitial channels. The inset to
the figure shows the |S|,p data at low pressure on an expanded
scale; a clear knee or plateau is evident in the transport data
near the pressure where the wt% H, uptake first saturates.

[13]. The subsequent slow rise in the wt% with
increasing P above ~40 Torr is tentatively identi-
fied with the filling of the next higher energy site(s),
i.e., the internal tube pores or external surface sites
of the bundle. As can be seen in Fig. 3, and more
clearly seen in the low-P inset to Fig. 3, both .S and
p exhibit a distinct knee, or short plateau at the
same low pressure as m rolls over. Assuming our
interpretation of the wt% H, uptake is indeed
correct, it is clear that p and S are much more
sensitive to the filling of the second, lower-energy
site.

The thermoelectric response (S, p) of a bundle
of SWNTs to a variety of gases (He, N,, H,, O,
and NH;) can be understood in terms of the
change in the thermoelectric power of the metallic
tubes due to either a charge-transfer-induced
change of Fermi energy (i.e., molecule donates an
electron to the conduction band) [24] or to the
creation of an additional scattering channel for
conduction electrons in the tube wall. This scat-
tering channel is identified with impurity sites as-
sociated with the adsorbed gas molecules. We
briefly develop the equations necessary to under-
stand this point of view. We have argued earlier
that the metallic behavior of the SWNT mat
thermopower (S o< 7) is a consequence of the
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percolating pathways through the metallic tube
components in the mat [23]. According to the Mott
relation, the thermoelectric power associated with
the diffusion of free carriers in a metal can be
written compactly as a logarithmic energy deriva-
tive of the electrical resistivity (p) [25]

5 = CT S {inp(E)}y,, 1)

where C = (n%k}/3le|), kg is Boltzmann’s constant,
T is the temperature, p(E) is the energy-dependent
resistivity, |e| is the charge on the electron; the
derivative is evaluated at the Fermi energy Er. We
next make a formal separation of the contributions
to the total bundle resistivity from: (1) the scat-
tering mechanisms pre-existing in the bundle be-
fore gas adsorption (p,), e.g., from phonons and
wall defects, and (2) the extra impurity scattering
due to the adsorbed gas (p,)

P = po+ P (2)
Eq. (2) expresses Matthiessen’s rule, which is
equivalent to the additive nature of independent
scattering rates. It is usually understood that
po > p,, le., the intrinsic resistivity is much
greater than the additional resistivity due to im-
purities. This is certainly the case here, as verified
by experiment. Substituting (2) into (1), and ap-
proximating 1/p ~ py' (1 — p,/p,), we find

S = S0+ (Pa/ o) (Sa = S0); (3)

where S; = CTd/dE(Inp;),, for j=(0,a), S, and
S, are, respectively, the contributions to the ther-
mopower from the host resistivity p,(E) and the
additional impurity resistivity p,(E) associated in
the adsorbed gas. Eq. (3) was actually developed
some time ago to discuss the thermoelectric be-
havior of Au and Ag alloys, and is known as the
Nordheim—Gorter (N-G) relation [25]. If isother-
mal data S vs. p, is linear, then Eq. (3) requires
that the band structure and Er of the host (Au),
must be unaffected by the doping (Ge). That is S,
and S, must be constant. The spirit of the appli-
cation of Eq. (3) to thermoelectric transport in
nanotube bundles ‘doped’ with gas molecules is
therefore clear. If the particular molecules under
study are physisorbed, i.e., van der Waals bonded
to the tube walls, they will induce only a small
perturbation on the SWNT band structure, and an

almost linear N-G plot should be obtained. If, on
the other hand, the N-G plot for a particular ad-
sorbed gas on SWNTs is strongly curved, this non-
linearity would indicate that the molecules are
chemisorbed onto the tube walls. Chemisorption,
of course, has a much more profound effect on the
host band structure and/or the value of Ef, and
thus (S, — Sp) must then depend on gas coverage
or storage and the linearity of Eq. (3) with p, is
lost. N—G plots, therefore, should be very valuable
in identifying the nature of the gas adsorption
process in SWNTs.

In Fig. 4, we display the N-G plots (S vs. p,)
for isothermal adsorption of He, N,, and H, in
SWNTs at 500 K. As can be seen in the figure, the
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Fig. 4. N-G plots (S vs. p) showing the effect of gas adsorption
on the electrical properties of the mat. Wt% gas stored in the
bundle increases to the right, tracking the increase in p. A linear
N-G plot indicates that physisorption is taking place (see text).
For the H, data, the open circles are from the time dependent
response to 1 atm of He at 7 = 500 K, and the closed circles are
from a pressure study at 7 = 500 K. The intercepts on the
S-axis of the data are different because S, varies slightly from
sample to sample. The inset shows the N-G plots for O,
(electron acceptor) and NHj (electron donor). The data in the
inset are strongly curved indicating chemisorption is taking
place.
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data are linear for these three gases, indicating that
these molecules physisorb on the SWNT surface.
In the inset to Fig. 4, we display N-G plots for
NH; and O»; these are strongly curved, indicating,
as discussed above, that these molecules must
chemisorb on the tube walls. From past experience
in carbons and polymers, NH; and O, act, re-
spectively, as an electron donor and acceptor.
Large changes in S and p [22,23] and FET channel
conductance [24] have recently been reported for
SWNTs exposed to O,, and this has been identified
with chemisorption [22-24]. Our N-G plot in Fig.
4 (inset) certainly confirms this point of view.
Furthermore, recent theoretical calculations by
Louie and co-workers [26] for O, on semicon-
ducting SWNTs find significant electron transfer
from the tube wall to the O, molecule (0.1 e per
0,), depressing Er and rendering the material
p-type.

Returning to the discussion of the linear N-G
plots in Fig. 4 (for He, N,, and H,), some inter-
esting points remain. First, the N-G slope for He
and N, are positive, while that for H, is negative.
According to (3), the sign of slope is determined by
(So — S.). Since S, ~d/dE(Inp,), and recalling
that this extra resistivity is proportional to the
impurity scattering rate, a fundamentally different
energy dependence for the electron scattering rate
associated with He and H, adsorption sites must
exist. We also note a significant difference in slope
(but not sign) for He and N, sites as well. Indeed,
it is the sensitivity of the N-G plots at fixed tem-
perature to different molecules that can be the
basis for the utility of a SWNT thermoelectric
‘nano-nose’.

The sensitivity of S and p to coverage must be
related to the quasi one-dimensional nature of the
transport in SWNTs, and the fact that almost all
carbon atoms are associated with one adsorption
site or another. Theoretical calculations to inves-
tigate the scattering mechanism for various ad-
sorption sites and molecules are now needed. As
these calculations will have to deal with the details
of the molecule-SWNT interaction, it is hoped
that these calculations and the data presented here
will provide quantitative insight into the details of
the gas—SWNT interaction.
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