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Abstract

There is now good evidence that carbon nanotubes can be coated uniformly with a very thin, perhaps even a monolayer, of a polymer-derived
ceramic (SiCN) by a simple process of soaking the nanotube surfaces with the liquid precursor followed by pyrolysis. The ceramic coating
bonds the nanotubes to one another, which suppresses time-dependent creep that is present without the ceramic bonding. In this article we
address the influence of the ceramic coating on two functional properties of carbon nanotube structures—the electrolytic supercapacitance
and electrochemico-mechanical actuation. The results, when expressed as the equivalent surface capacitance of carbon sheets, are quif
unexpected. The ceramic coating appears to increase the surface capacitance of the nanotube structure. The actuation induced by capacitiv
charging is also shown to be somewhat enhanced, although the principal influence of the coating is to suppress the drift of the actuation seen
in unbonded carbon nanotube structures. It is inferred that the thickness of the SICN coating amounts to approximately one monolayer of
coverage of the nanotubes.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction ranges from a few hundred to a thousantiper gram, and
on the other hand from the fact that the sharp curvature of

The fundamental origin of a synergy between polymer- the nanotubes creates a high degree of surface activity of the
derived ceramics and carbon nanotubes lies in a recent findcarbon atoms. Two properties of the nanotube paper have
ing that polysilazanehe liquid organic precursor for silicon  peen of interest: (a) the electrolytic supercapacitararel
carbonitride SICN} wets and, therefore, completely coats () mechanical actuation produced by a change in the lattice
the surfaces of the nanotubes. Thus, a pervasive, thin Coatingparameter of the nanotubes when charge is injected into them
of SICN on an entire nanotube structure can be created byin this way. The change in the lattice parameter is theorized
placing a drop of the precursor on a carbon nanotube struc-to produce 9.6% strain for every electron per carbon atom in-
ture, which is immediately drawn in by forces of surface ten- jected into the nanotub&sdowever, the random distribution
sion. This organic coating is converted into the ceramic by of the tubes in the paper apparently produces actuation strain
controlled pyrolysis. New results, presented here, suggest which is almost one hundred times smaller than this theoret-
that the coatings made in this simple way have an averageical upper bound;still, even though the detailed mechanism
thickness of about one monolayer. for this deficit is not entirely clear, the actuation strain is large

Carbon nanotube paper is an example of a nanotube strucenough to be easily measured, analyzed and studied.
ture, which is easily fabricated, from a liquid emulsion, or In this article, we explore the synergies between SiCN
ink, of carbon nanotubes, by a filter-pressing prodeS8e  and carbon nanotubes. The first kind of synergy is simply
paper can have multifunctional properties which derive on mechanical. The paper prepared by filter pressing exhibits
the one hand from the large surface area of the paper, whichsignificant creep deformation when loaded in tension, which

makes the actuation strain unsustainable. The introduction of
* Corresponding author. the ceramic bonding creates a more rigid structure, which es-
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Table 1
Physical and electrochemical properties of coated and uncoated samples

Sample  SIiCN (wt.%) Mkicn (monolayers) BET (flg) o (S/cm) Cqy (F/9) Ca (nFlcm?)  Actuation strain (%) Strain range (%)

] 0 n/a 544 217 29 5.3 0.05 0.04-0.1
C1 10 0.06-0.08 490 183 22 4.5 0.07 0.07-0.1
Cc2 50 0.6-0.7 290 151 21 7.2 0.08 0.07-0.1

sentially eliminates the creep behavior in the nanotube paper.capacitance, and (iv) mechanical actuation. Each set of ex-
This work has been reported in R§2]. perimental results is preceded by a brief description of the
The second kind of synergy is related to the double-layer experimental method.
electrolytic supercapacitance behavior of the nanotubes. Detailed discussion of the results and their interpretation
When placed in an electrolyte of high ionic conductivity an follows the presentation of the experimental findings.
electrochemical double layer is formed at the surface of the
carbon nanotubes, which expresses as a supercapacitance. Experimental methods and results
The magnitude of the capacitance is dependent on the width
of the double layer (the Debye layer), which derives from the 2.1. Materials preparation and characterization
concentration profile of the ions on the electrolyte side, and
the profile of the electrons on the carbon side of the interface.  The nanotube paper was made from purified HiPco nan-
It was expected that the SiICN coating of the carbon nanotubeotubes obtained from Carbon Nanotechnologies Inc., Hous-
surfaces would increase the width of the Debye layer and, ton, TX. These single-walled nanotubes are in the form of
therefore, significantly degrade the capacitance of the nan-“Bucky pearls”. The pearls are dispersed in water (50 mg
otube structure. However, experiments have shown that theCNT/L of DI water) by adding a non-ionic surfactant, Triton
capacitance is somewhat increaséhis remarkable result ~ X-100 procured from Alfa Aesar, Chicago, IL, and ultrason-
raises the possibility that the SiCN layer may itself incorpo- icating the mixture. The dispersion is filtered throughrd
rate graphene carbon like propertieBhe fact that carbonin  Teflon filter paper from Millipore Corporation, Bedford, MA.
SIiCN is known to be spbonded-8 certainly contributes to A “vacuum” pulled by a roughing pump on the other side of
the credibility of such a notion. the filter accelerates the filtration process. The nanotubes de-
The third kind of synergy is related to the electrochem- posited on the filter are further washed with methanol and
ical actuation in the nanotube paper. Intuition suggests thatwater to remove as much surfactant as possible. The tubes
the coating would reduce the actuation strain; however, in this deposited on the filter are then peeled off as a “paper”. The
article we show that the strain in the coated paper is nearly thenanotube paper is annealed at 11G0n flowing ultra high
same as the strain achieved in the uncoated paper. These regpurity argon in an alumina muffle-tube furnace to burn off
sults and possible explanation for this behavior are presentedany remaining surfactant. This paper serves as the uncoated
The next section begins with presentation of the exper- paper, identified as U, for the measurement of properties.
imental findings. These results are grouped into four sub-  The SiCN coated papers (given the designations C1 and
sections: (i) materials preparation and characterization, (ii) C2) were prepared as follows. Commercially available
measurement of the electronic conductivity, (iii) electrolytic silazane-based precursor Polyureamethylvinylsilazane—

Chemical Imaging of Siin TEN

bright field dark field

Fig. 1. The TEM micrograph on the left is a bright field image of a carbon nanotube bundle. The micrograph on the right is a dark field “chemical image”
centered on the silicon filter, showing a uniform coverage with silicon (i.e., SiCN).
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TGA where MW ands2 are the molecular weight and the mo-
< of Heating Rate = 18.5 K/min lar volume/Avogadro’s number respectively; the subscripts
S ook 30kPa Oxygen denote carbon in the nanotube and the SiCN molecule in
§ ok the ceramic layer. Note that the weight fraction of carbon,
g c2 we = 1 — wsjcn.

2 -60F ' SiCN is generally considered to be a pseudo-amorghous
= -8of Uncoated Ceramic compound, which forms over a range of compositions; there-
-100 . | . - fore its density can varyFurthermore, the ultrathin, mono-

450 6so _ 850 1050 layer level, coatings being discussed here may have dif-

ferent physical properties than bulk materials. These is-
Fig. 2. TGA of uncoated and SICN coated nanotube papers in 10 kPa oxy- SUeS mean that the molecular weight and the molar vol-
gen pressure (ambient air) to determine the amount of SiCN in the coated ume of SICN in the coatings can be estimated only approxi-
nanotube papers. mately. The chemical composition of bulk SICN synthesized
in our laboratory by the same process used to prepare the
coating is Si@9Npg700.1Ho.14. The compositions of the
SiCN reported in literature vary widely, from SjggNo.4g to
SiC1.58N1, while the densities range from 2.2 to 2.6 gt
(While the residue obtained in the TGA was too small to
be analyzed chemically, it is highly likely that its compo-

Ceraset™-SN (Kion Corporation, Huntingdon Valley, PA)
was used as the precursor of SiCN. Different concentrations
of the Ceraset in acetone (2 and 10 vol.%) were used to vary
the weight fraction of the SiCN coating. About 0.2 ml of so-
lution was used to infiltrate 40 mm diameter nanotube paper.
For smaller papers proportionately lower amount of liqui
w(z);lssused.eTEeF;)?aperr)v(\)/zg Ie(f)t t?)ed%// i(r)1 aembier?t air %r ;t;Jo?Jt sition fell ':? this range.) The density of carbon is taken as
15 min to allow the acetone to evaporate. Next, the paperwasz'269 cnr™ and the atomlc volume as OIOQSS%mN'th
pyrolyzed to convert the polymer into the ceramic by heat- these values the Miicn is calculated to lie in the range

ing in flowing argon at 1100C in an alumina muffle-tube 0.06-0.08 for C1 and 0.6-0.7 for_ c2. .
furnace. The BET surface area analysis suggests that, in the sam-

The coated and uncoated specimens were characterize le C2, the nanotubes are nearly uniformly coated by SiCN.

in the following manner: (a) The distribution of SiCN on he S“”"ﬂ?ce tq volume ratio will increase as the inversg of
the carbon nanotube surfaces was characterized by energyt-he effective d_|ameter of the tu_bes. Assuming that the thick-
filtered transmission electron microscopy, which images the ness of the SiCN mqnolayer Is of the same order of mag-
spatial distribution of the element $b) The weight fraction nitude as the wall thickness of the carbon nanotubes, it is
of SICN in the coated paper was determined by burning the to be expected that the surface area of C2 would be about

paper in a thermo gravimetric analyzer (STA 409 from Net- one half the hsu;falllc € area ?f U'_ lIJn dsef&d thé 1Bligonr1ﬁe/asure—
zsch Instruments, Paoli, PA) in ambient, flowing air. (c) The ments gave the following values: U, fg, C1, 9

specific surface area of the papers was measured by BET ana"zmd C2, 2901fg. It is curious that the addition of the

lyzer, model ASAP 2010 from Micromeritics Inc., Norcross coating to the nanotube structure made little change to the
GA. Asummary of these results is givenTable 1’ " physical deglsity of the samples: while U ha_d a density
The result showing the silicon map is showrHg. 1. The of 0.6gcnT”, the coated samples had a density of 0.77g

figure on the left shows a carbon nanotube bundle in bright cm.
field. The same bundle is shown in dark field through the
energy filter centered on 3iClearly the silicon, and therefore
SIiCN, is uniformly covering the entire surface of the carbon
nanotubes.

The weightfraction of SICN was measured by TGA. These
results are given ifrig. 2 The metallic residue left behind
in the uncoated paper has been subtracted from the data. Th%

2.2. Electrical conductivity

The electrical conductivity of the specimens was measured
by the four-point method at room temperature. The results
are given inTable 1 The conductivityo, reduces progres-
ively with increasing ceramic content. The sample C2 has
5% lower conductivity than the uncoated sample. The car-

difference in the residue between the uncoated and the coate ) . o
on nanotube paper is a stochastic, spaghetti-like structure.

paper, therefore, gives the weight fraction of SiCN since the L U
SiCN remains intact at high temperatufeBased on the The conductivity of such a structure is likely to depend on the

amount of SiCN in the nanotube papers they are classifiegcontact resistance atintertube interfaces as well as on the lon-
as U = uncoated. C1 = 10% residual SICN and C2 = 50% gitudinal conductivity along the length of the nanotube. The
residual SiCN. Tk,1e weight fraction of SiCNisic, can be results from the coated samples suggest that SiCN reduces
converted into monolayers of SICN, Mien o,n thé carbon the overall conductivity by increasing the contact resistance
nanotubes, assuming that SiCN covers the entire surface aregetween the nanotubes. However, the SICN is not an insula-

of the nanotube structure, by the following relationship: tor, c.)thervwse' the conductivity of the composite would haye
declined precipitously. The measurements of electrochemical

. . /
ML sion = ——SICN MWc (‘QS'CN> 1) capacitance, described below, further support the conductive
1—wsicn MWsicn 2c nature of the SiCN coating.




246 S.R. Shah, R. Raj / Journal of the European Ceramic Society 25 (2005) 243-249

Voltammetry of carbon Nanotubes

1M NaCl, Ag/AgCl Ref. Elect. Ref. Electrode

Working Electrode
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N
s 50 mV/S Uncoated e — s
ok 0 mv/S _ e [Potentiostat EG&G Model 173]
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= 3L
ga 2.5 100 mV/S
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Fig. 3. Cyclic voltammogram of coated and uncoated nanotube papers in Fig. 5. Experimental set-up for measurement of actuation of nanotubes un-
1M NaCl solution with triangular waveform at scan rates of 20, 50 and ger dead weight load in a liquid electrolyte solution.
100 mV/s.

against the scan rate, slope of which gives the specific capac-
itance (per g)Cq, of the specimens. The values 0y are

The electrochemical capacitance was measured for IVEN inTable 1 . . .
each batch of coated and uncoated paper using potentio- The electrochgmlcal capacitance o_f carbon stru_ctures is
stat/galvanostat model 173 and programmer model 175 fromoften expressed in terms of the capacitance per unit surface

EG&G PARC (Oak Ridge, TN). The potentiostat and pro- area,Ca, becal_,lse different fc_)rgs of carbon have_ bee.n used
rammer were used in unison to obtain cyclic voltammetry as electrodes in supercapacilt She values cha n units
9 of wF/cn? for the three specimens are also giveiTable 1

data at varied scan rate, recorded using a personal compute ; .
equipped with data acquisition hardware and Labview Soft- Note that theC, for the highly cqated sample is 7uE/cn?
as compared to 5;8F/cn?, that is, the coated sample has a

ware from National Instruments (Austin, T).()' Ag/AGCI ref- 50% higher surface capacitance than the uncoated sample.
erence electrode was used for electrochemical measurementsrhese values are fairly typical for carbon structures

A triangular waveform of voltage was used and correspond-
ing current was recorded. To generate the cyclic voltammo-
gram, current was plotted against the voltage and the hystere2.4. Electrochemical actuation

sis current at the midpoint of voltage scan was noted. Specific

hysteresis current (hysteresis current/weight of the specimen) A unique set-up was builtto measure the influence of mean
was plotted against the scan rate and the slope of this graptstress on the actuation strain. In this set-up a constant tensile
was used to calculate the Capacitance of the ma&ﬁ@ 3 load is applled to the SPECimen while it actuates under the
shows the cyclic voltammogram for the specimens U, C1 and cyclic voltage. The load is applied as a dead weight and is
C2 in 1M NaCl solution in water at scan rates of 20, 50 and converted into a tensile stress by dividing it by the physical

100 mV/S Fig. 4is the plot of the specific hysteresis current Cross-sectional area of the specimen. The design of the set-
up is shown schematically iRig. 5. The electrolyte fills the

lower chamber, which contains the dead weight, as well as
the upper chamber containing the sample. The sample is held

2.3. Electrochemical capacitance

[Cyclic Voltammetry of CNT-Paper|

g [ 1M Nacl Electrolyte U between a fixed graphite electrode and a moving graphite
E 8000F (Ag/AgCl Electrode) * 29F/g electrode, which is connected to the dead weight through
bt I «Ci an interconnecting tube. The core of the LVDT is in line of

g 2000F 4 22F/g the load train and is immersed in the electrolyte in the re-
3 r c2 gion of the interconnecting tube. The LVDT transformer is

2 1000} 21F/g placed outside this glass tube. The electrical system is the
% ! ; same potentiostat—programmer duo that was used for the ca-
Iﬁ OOM/' 4:0 . o . 0 pacitance measurements. Square wave potential pulses were

applied to measure the electrochemically driven mechanical
strain. The displacement of the specimen was measured by
Fig. 4. Capacitance measurement in 1 M NaCl using the hysteresis currentsth€ LVDT. Data were collected and analyzed with the com-
from voltammograms. puterized data acquisition system similar to that used for the

Scan Rate (mV/s)
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Chemical Actuation in CNTs 0.08 5 Actual Strain in CNTs
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Fig. 8. The actuation strain as a function of the applied voltage for the coated
and uncoated specimens. The ddta+1 V are not relevant because of the
onset of electrolytic breakdown of 1 M NacCl.

Fig. 6. Electrochemical actuation of coated and uncoated samples in 1M
NaCl solution under constant tensile stress of 0.6 MPa.

capacitance measurement. The displacement was convertedample. Same voltage cycle was applied to both samples.
to strain using the gauge length of the specimen between theNote that the actuation in the coated sample is highly stable
pull rods. and reproducible whereas the uncoated sample continues to
The results for short-term actuation are giverFig. 6. drift due to creep deformation. Such experiments can also
They show the strain amplitude for the U, C1 and C2 sam- be carried out under fixed displacement conditions but it is
ples for a square shaped voltage waveform fluctuating be-felt that the experiments reported here, under dead weight
tween 0 and-2V. The measured values of the amplitude loading, can be interpreted more directly and simply. Fur-
of the actuation strain are given ifable 1 These data, ther, such experiments can be carried out to measure the
0.05% strain for the uncoated sample, and 0.07 and 0.08%influence of the applied load on the actuation strain for a
for the sample C1 and C2 were specific to these three sam-given voltage excursion; such experiments can provide in-
ples. However, the actuation strain for a large number of formation with regard to the “load lifting” capability of the
samples (15 or more) was measured, and the range of theactuation mechanism. The very limited data presented here
data obtained from these samples is quoted in the next col-shows the actuation strains in the two samples to be compa-
umn. These latter data show that actuation strain for the rable even though the applied load is greater for the coated
coated samples had less variability than the uncoated samsample.
ples. Finally, the data for actuation strain as a function of the
The results from long-term experiments on U and C2 are applied voltage are given ifig. 8 The coated sample shows
giveninFig. 7. The applied voltage was cycled between O and better and more linear actuation response with the applied
—2V at afrequency of 0.125 Hz. A tensile stress of 0.5 MPa voltage. The voltage range is limited+®v < V <1v. Outside
was used for the uncoated sample and 0.8 MPa for the coatedhis range the water electrolyzes.

Electrochemical Actuation in CNTs,
w/ and w/o SiCN coating,

- Under Dead Weight Loading
(1M NaCL Electromyte)

U
0.5 MPa

Strain
©
(=]
2
3
=
=
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Fig. 7. Long-term actuation of uncoated and coated nanotube papers in 1 M NaCl electrolyte.
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3. Discussion the electrolyte and the electrons in the electrode; the capac-

itance is purely electrostatic. This capacitance can be huge

The results presented in this paper raises the following because the thickness of the double layer is calculated to be
questions: just a few nanometers wide. The main way of distinguishing

between faradaic and nonfaradaic behavior is the presence or

(&) Why is the coating on the carbon nanotubes limited to the absence of sharp peaks in the voltammetry data. Sharp

about one monolayer of SICN? peaks imply faradaic, battery like behavior; they arise from
(b) Why is the surface specific capacitance unchanged de-the overpotential required for different kinds of redox re-
spite the presence of the SiCN coating? actions that may occur between the ions in the electrolyte
(c) Why is the actuation strain unchanged or even enhancedand the electronic structure of the conducting electrode. A
by the presence of the coating? relatively smooth shape suggests a dominant nonfaradaic be-
havior.

The first question arises from the results of an experiment  Now let us consider the voltammetry data presented in
where the amount of SICN was increased and the weightFig. 3. The data for the uncoated samples of carbon nan-
fraction of the residue in TGA was measured. We discovered otubes is similar to those in the literatr@&he curve shows
that the residue became constant at 50wt.% fraction, thatpeaks and valleys suggesting the presence of some sites in
is, the maximum amount of SiCN that could be coated on the carbon nanotube structure where a redox reaction with
the nanotubes was 50 wt.%. Interestingly this figure of 50% the electrolyte may be taking place. Interestingly, the highly
corresponds to about one monolayer of SiCN on nanotubecoated sample, C2, is entirely devoid of such features, which
surfaces. A likely explanation is that the first monolayer of suggests that the coated sample acted almost as an ideal non-
the liquid precursor of SiCN self assembles on to the carbon faradaic supercapacitor. Remarkably, the surface-specific ca-
surface and is strongly bonded to it; further addition of the pacitance of C2 was 7;2F/cn?, one and a half times greater
precursor is weakly bonded to the wetted surface of the carbonthan the surface capacitance of the uncoated carbon nan-
nanotubes and volatilizes during pyrolysis. otubes. This result is a good indication that the SiCN layer

The estimate of coverage of the nanotubes by SiCN, in was electronically conducting, but without the reaction sites
monolayers, is given iffable 1 It ranges from 0.6 to 0.7  that are presentin bare carbon nanotuliésas if SICN was
monolayers. Why is it less than one? Two possible reasonsitself a monolayer of carbon, but without the dangling bonds
can be given. The first, which is more likely, is that a mono- that are believed to be present in carbon nanotubie$*
layer of the polymer precursor leaves behind SICN, which  Faradaic and nonfaradaic supercapacitors are inherently
is necessarily less than a monolayer because of some weightechanically actuating? In the faradaic capacitors, the inter-
loss during pyrolysis. A second explanation is that the SICN calation of ions into the electrode leads to volumetric expan-
may not be able to penetrate all the intertube surfaces withinsion or contraction. In the nonfaradaic capacitors the injection
all the bundles. Transmission electron microscopy studies of electrons into the lattice of the electrode can produce an
suggest that the bundle diameter is typically 10 times the di- expansion or contraction; in aromatic carbon the injection of
ameter of single wall carbon nanotubes. If only the surfaces one electron per carbon atom is expected to produce a strain
of the bundles were being coated then the average mono-of 0.096° The uncoated nanotube paper is predominantly
layer coverage of SiCN would have been about 0.1 (since nonfaradaic; and the coated structure behaved like an ideal
the surface to volume ratio is inversely proportional to the nonfaradaic capacitor. Therefore, the strains being measured
diameter); this possibility is unlikely since the coverage was must be understood in terms of the electron injection into the
much greater than 0.1 monolayer. carbon structure by means of the double layer electrostatic

Before addressing questions (b) and (c) we briefly discuss capacitor.
the mechanism of electrochemical charging and actuation in  The data, inFig. 8 and Table 1, show that the actuation
carbon nanotube structures. The voltammetry data reportedstrain in the coated nanotubes was comparable, perhaps even
here measures the electrical charging of the carbon electrodesomewhat higher, than the strain achieved in the uncoated
This process can be of two types: faradaic and nonfaradaic.structures. A key feature of these measurements was a much
The first case refers to electrochemical intercalation of the lower variability in the response in the coated samples, mean-
electrode; it often involves a redox reaction between the ions ing that the data were more reproducible for the coated sam-
in the electrolyte and the electrode surface. The electrodeple. This result is in line with the smoother voltammetry
stores electrical energy in the form of a charge by this in- curves for the coated sample; the assumption being that the
tercalation process, like a battery, hence its called faradaicredox reactions seen in the uncoated sampléé may also
charging; intercalation of graphite with lithium ions is an ex- produce variability in the actuation behavior.
ample of faradaic charging. In the nonfaradaic capacitor, the  What may be the mechanism that can explain the un-
mobile ionic charge in the electrolyte forms a double layer expectedly good actuation response in the coated nanotube
against the electronically conducting electrode, thus forming structures? Let us consider two scenarios: in one case the
an electrostatic capacitor. In the ideal nonfaradaic capacitor,SiCN acts like an inert coating, and in the other case the
there is no electron transfer, of any kind, between the ions in coating actuates along with the carbon nanotubes. The idea
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of an inert SICN coating is untenable with the measurementsof Dallas for numerous discussions in the course of this
of the capacitance: since the capacitance is not affected byinvestigation. This research was supported by the Defense
the coating, it must be assumed that the coating is conduct-Advanced Projects Agency contracts N00173-99-2000 and
ing and, therefore, the electronic charge is shared betweenMIDA972-02-C-0005. The Colorado effort is a part of the
the carbon nanotube and the coating (indeed the data sugbARPA program on Carbon Nanotubes at the University
gest that the charge resides predominantly in the coating). Itof Texas at Dallas. R.R. wishes to acknowledge support
follows, that in the coated specimen the charge injected into from the Council of Research and Creative Work at the
the nanotubes, on a per carbon basis, is smaller than in theJniversity of Colorado at Boulder in the form of a Faculty
uncoated structure. Since the actuation strain is closely re-Fellowship.
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