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Organosilicon compounds can form novel electrolytes having a number of unusual properties, including
high electrochemical stability, high thermal stability, and low viscosity. Vertically aligned carbon nanofibers
can act as exceptionally good nanostructured electrodes, with the vertical orientation and presence of
edge-plane graphite along the sidewalls providing desirable electrochemical properties. We have explored
the electrical properties of the interfaces of VACNF electrodes with a model organosilicon electrolyte
solution. The compound 1-R2-[2-(2-methoxy-ethoxy)-ethoxy]-etho¥ypropyl)-1,1,3,3,3-pentamethyl-
disiloxane (2SM3) with added lithium bis-oxalato-borate (LiBOB) was used. Forests of vertically aligned
carbon nanofibers (VACNFsY80 nm in diameter grown by plasma-enhanced chemical vapor deposition
(PECVD) were used as electrodes. Our results show that the resulting interfaces yield interfacial
capacitances equal to the increase in geometric area, indicating full electrochemical accessibility of the
nanofiber sidewalls. Measurements as a function of potential perfect stability at applied voltages up to
3 V. Some initial Faradaic reactions arise near 3.5 V, but these decrease within a few cycles to produce
interfaces that exhibit excellent stability up 5 V while yielding >1000xF/cn? from nanofibers only
2 um long. The results show that the organosilicon electrolyte combined with VACNFs provides excellent
electrochemical properties. The results have implications for understanding the ability to integrate
organosilicon electrolytes with high-surface-area carbon materials for applications such as electrochemical
double-layer capacitors and lithium-ion batteries.

Introduction over, their low flammability? suggests they may be good

L Iternatives to more commonly used electrolytes.
Electrochemical interfaces of nanostructured carbon—baseda y Y

materials with nonaqueous electrolytes are playing increas- Recent studies have characterized the interaction of
. . at ytes are playing "~ organosilicon electrolytes with planar electrodes made from
ingly important roles in a number of existing and emerging

: X . 4214 -
technologies for storage and conversion of energy, such ashlghly oriented pyrolytic graphité*However, most pract

. ) o cal applications require use of some form of nanostructured
gicggigsgcﬁi ti?;ﬁgf;i;ﬁ)%?ﬁ:ﬁ E)Erg[]);_ri(): i?gcltlg;trgs carb_o_n to provide high surface areas anq high e_Iectrocher_nlcaI
based on acétonitrile and alkyl carbonates have been widerStab!l!ty' Nam_)structured carbon provides hlgh chemical
studied!© However, the flammability and limited range of gtablhty and high surface aréa '’ However,. with conven-
electroéhemical stz;bility of these compounds remain a tional porous carbons,.m.uch of tha}t area Is not e_IeptncaIIy
limiting factor 2347 These issues have increased interest in accessible because of limitations of ion transport within small

. o SRR o porest8Vertically aligned carbon nanofibers (VACNESY?
alternative materials such as ionic liquid€rganosilicon

are of interest because the vertical orientation of the
electrolytes have recently emerged as an novel class of
materials that have high dielectric constants and high ionic (9) Rossi, N. A. A.; Zhang, Z.; Wang, Q.; Amine, K.; West, Rolym.

conductivity®-1! along with relatively low viscosity. More- Prepr. (Am. Chem. Soc., BiPolym. Chem.p00S 46, 723.
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nanofibers may provide especially good accessibility to
species in solutio® whereas the direct bonding of each
individual nanofiber to the underlying electrode provides
low-resistance connections. Carbon nanofibers grown using
a nickel catalyst are formed in a nested-cup structure in which
graphitic edge planes are exposed at the sideWaits®
Because graphitic edge planes have been shown to exhibit
~30 times higher capacitance and orders of magnitude higher

electron-transfer rates than basal plat¥ésthis suggest that (b)
nanofibers may be excellent electrode materials for use with r.|19 e
organosilicon electrolytes. Mom 8L~ 0O
Here, we report investigations of the interfacial electrical = = he (CLEEOL N,

properties of vertically aligned carbon nanofibers in a model -

organosilicon electrolyte, 1-(82-[2-(2-Methoxy-ethoxy)- " Ny i
ethoxy]-ethoxy-propyl)-1,1,3,3,3-pentamethyl-disiloxane j:ﬁb

(2SM3). Our results demonstrate that organosilicon electro- 2

lyte can effectively take advantage of the high surface areaFigure 1. Structures of nanofibers and electrolyte components. (a) Scanning
of VACNF elecirodes, providing a number of excellent SECte Tieescone (E image o verical sanec canor bl
electrochemical properties, including stability over extended ypper panel: 1-(32-[2-(2-Methoxy-ethoxy)-ethoxy]-ethokypropyl)-
voltage ranges and good high-frequency response. Thesd.,1.3,3,3-pentamethyl-disiloxane (2SM3). Lower panel: Lithium bis-oxalato-
results suggest that organosilicon electrolyte interfaces toPerate (LIBOB).

nanostructured carbons may be attractive candidates fo
potential applications in electrochemical energy storage
devices.

rVACNFs to a brief plasma of pure NfHand then immersing in a
solution containing F& ion or using electrochemical oxidation.
However, we found catalyst removal to have no effect on the
electrical properties. We believe this can be attributed to the fact
2. Experimental Methods that the Ni catalyst of the as-grown VACNFs is covered with a
thin layer of carbon that acts as an impervious barrier. Indeed, we
found that immersion of as-grown nanofibers into highly oxidizing
solutions such as Eewould not remove the Ni catalyst; removal
was only possible after briefly etching the VACNFs in a plasma
of NH3 or other suitable etchant.

2.1. Growth and Characterization of Carbon Nanofibers.
Vertically aligned carbon nanofibers were grown using DC plasma-
enhanced chemical vapor deposition (PECYBY282%n a custom-
built chamber. Nanofibers were grown on planar substrates that

were covered with a thin multilayer film consisting of 40 nm of ) )
molybdenum, followed by 20 nm of titanium, and finally 20 nm VACNF electrodes were characterized with X-ray photoelectron

nickel as the top layer. Several different types of substrates were SPECtroscopy (XPS) and ultraviolet photoelectron spectroscopy
used (including planar silicon wafers and stainless-steel disks) with (UPS) These measurements were performed in an ultrahigh vacuum
equivalent results. Typical growth conditions used flow rates of Physical Electronics system equipped with a monochromatized K
100 standard cubic centimeters per minute (sccm) ammonia andSOUrce (1486.6 eV) and a He(l) resonance lamp (21.2 V).
30 sccm acetylene, with a chamber pressure of 4 Torr and a DC 2.2 Synthesis of Organosilicon ElectrolyteThe organosilicon
power of 360 W. Figure 1a shows a scanning electron microscope lectrolyte used was 1-§2-[2-(2-methoxy-ethoxy)-ethoxy]-ethojy
image of the resulting carbon nanofibers. Under our growth Propyl)-1,1,3,3,3-pentamethyl-disiloxane (referred to here as 2SM3),
conditions, the nanofibers are nearly cylindrical and are nearly all @ shown in Figure 1b. The salt lithium bis-oxalato-borate (LIBOB),
vertically aligned. Analysis of higher-resolution SEM images yields @lso shown in Figure 1b, can be readily dissolved to yield 2 0.8 M
an average diameter of 80 nm. The length of the nanofibers can besolution with low viscosity (3.8 centipoise at 300 K), moderate
controlled by varying the duration of the growth. Nanofibers dielectric constant (4.3), and high ionic conductivity (3650~
reported here were obtained with a growth time of-30 min, S/cm)&-11 2SM3 was synthesized through a hydrosilylation reaction
which yields fibers with an average length of2 um. In some of pentamethyldisiloxane with allyl tri(ethylene glycol)monomethyl
experiments, the nickel catalyst was removed by exposing the €ther using Karlstedt's catalyst, as reported elsewkere.

2.3. Electrical Characterization. Electrical properties were

(20) Melechko, A. V.; McKnight, T. E.; Hensley, D. K.; Guillorn, M. A.; characterized using electrical impedance spectroscopy (EIS), cyclic
Borisevich, A. Y.; Merkulov, V. I.; Lowndes, D. H.; Simpson, M. L. voltammetry (CV), and galvanostatic experiments. The electro-

1) ’,\\‘Aae’;/‘;taesggr?'ol\%@ggzt‘i‘i 182%‘3356” A Hash. Blasma Sources  CEMical cells were fabricated by sandwiching a piece of polyeth-
Sci. Technol2003 12, 205. T ’ ylene—polypropylene trilayer Celgard separator containing the
(22) Kim, T.; Lim, S.; Kwon, K.; Hong, S.-H.; Qiao, W.; Rhee, C. K; organosilicon electrolyte between two opposing carbon nanofiber
Yoon, 5--H-J”'V|0C_h'd?' ILangmuir2006 22, 9086. v, Ch electrodes in a sealed two-electrode Teflon cell. All experiments
(23) lél'zé'ézcallsozeézgé Delzeit, L; Han, J.; Meyyappan, Mhys. Chem.\yare nerformed at room temperature. Electrochemical measure-
(24) Banks, C. E.; Compton, R. @nalyst2006 131, 15. ments were performed using a potentiostat (Solartron 1260) and
(25) Banks, C. E.; Davies, T. J.; Wildgoose, G. G.; Compton, RCk&m. impedance analyzer (Solartron 1287) using Corrware and Zplot
Commun 2005 829. ; i
(26) Rice, R. J.; Mccreery, R. lAnal. Chem 1989 61, 1637. software (Scribner Associates, Inc).
(27) Robinson, R. S.; Sternitzke, K.; McDermott, M. T.; McCreery, R. L. Impedance spectroscopy measurenfénised a 10 mV AC
J. Electrochem. S0d.991, 138 2412. modulation to obtain the real and imaginary parts of the complex

(28) Ren, Z. F.; Huang, Z. P.; Xu, J. W.; Wang, J. H.; Bush, P.; Siegal, M.
P.; Provencio, P. NSciencel998 282, 1105.

(29) Cassell, A. M.; Ye, Q.; Cruden, B. A.; Li, J.; Sarrazin, P. C.; Ng, H.  (30) Macdonald, J. R.; Kenan, W. Rnpedance Spectroscopfgmphasizing
T.; Han, J.; Meyyappan, MNanotechnology004 15, 9. Solid Materials and System3ohn Wiley: New York, 1987.
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impedance, defined as= V/i = Z + iZ". Impedance data are 15009 (a)
presented as the magnitud&Z|] and phase anglef) of the 1200
impedance as a function of frequerf@nd in some cases as Nyquist
plots, in which the real4) and imaginary ') components are
plotted on a single graph. The capacitance of the system can be 600
extracted from the imaginary part using 300

900

Intensity

c_ _ l 1 0 T T T T T 1
T onfz" @) 1000 800 600 400 200 O

Binding Energy (eV)
assuming a series RC model.

(b)C(1s)

3. Results

3.1. Physical Characterization of VACNF Electrodes.
Previous studies have shown that electron-transfer rates and
interfacial capacitance of carbon-based materials are strongly
dependent on the hybridization and crystallographic orienta-
tion of the carbon that is useé?”-3+23 Transmission electron T ==
microscope images (not shown) confirm that our nanofibers =l dinsgé’ner;:?ev} .l
have a stacked-cup structure in which graphitic edge planes
are exposed every-23 nm along the length of the fiber. To
explore the electronic properties, we characterized our
VACNF electrodes using X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoemission spectroscopy (UPS).
Figure 2a shows an XPS survey spectrum of as-grown
VACNF electrodes. The spectrum shows a strong C(1s) peak

Intensity

Intensity

near 285 eV and a small trace of nitrogen, visible as a small 047 i : .
peak near 400 eV. A high-resolution scan of the C(1s) region 15 10 5 0
(Figure 2b) shows a main peak at 285 eV and a characteristic Binding Energy (eV)

“shakeup” peak near 291 eV; this broad peak arises theFigure 2. XPS and UPS of carbon nanofibers. (a) X-ray photoelectron
excitation of ar—s* transition during photoelectron ejection ~ SUveY spectrum. (b) High-resolution C(1s) spectrum. (c) Ultraviolet
. . A photoelectron spectrum, inset is & Bnagnification of the region close to

and is a characteristic signature of a conjugateglectron Fermi level.

system?* The clear appearance of this peak shows that the

outermost regions of the nanofibers have a high degree of plateau at frequencies abov&00 Hz. The nanofiber sample

conjugation. exhibits a phase angle of approximatel83° between 0.01
Figure 2c shows ultraviolet photoelectron spectroscopy Hz and~20 Hz, decreasing toward zero at higher and lower

(UPS) data for VACNF electrodes, using the He(l) source frequencies. At frequencies100 Hz, the measured imped-

(21.2 eV) for excitation. The most important feature in this ance is dominated by the resistance of the electrolyte.

spectrum is the persistence of significant photoelectron  For comparison, Figure 3 also shows similar data measured
emission all the way to the Fermi energy at 0 V. The high ysing a glassy carbon electrode in 2SM3. The impedance of
photoelectron emission implies that there is a high density the glassy carbon sample is nearly constant at frequencies
of states all the way t&r and strongly suggests that the  pelow ~0.05 Hz, but decreases at higher frequencies. The
VACNF electrodes have a metalliclike electronic structure. phase behavior is somewhat complex, starting with a phase
3.2. Electrical Impedance of the VACNF-Organosili- angle of approximately—13° at the lowest frequency
con Interface. Figure 3 shows the impedance spectra of a measured (8 mHz), increasing to a maximum value 5¢°
VACNF sample along with a control sample of glassy at 1 Hz, and then decreasing again-t84° at 10 kHz. These
carbon, in 2SM3 solutions containing 0.8 M LIBOB at 0 V' resylts on glassy carbon are very similar to a recent report

bias. The exp_erimental data are indicz_itgd with the m_arkers,On 2SM3 interfacing with planar highly oriented pyrolytic
whereas the lines show the results of fitting to the equivalent graphite (HOPG) electrodés.

circuit model in Figure 3e. Figure 3a shows the magnitude . . .
. : Th d t b deled at
of the impedance for these two samples, whereas Figure 3bd © Impedance properties can be modeled at varying

shows the phase. At the lowest frequencies measured (3 egrees of complexity. Figure 3c shows the effective
mHz), the impedance of the VACNF sample is very high, capacitance extracted from the imaginary part of the imped-

~1 x 10 Q cm. As the frequency is increased, the ance using eq 1. For both samples, the effective capacitance

. . . . o decreases monotonically with increasing frequency, though
impedance immediately begins to decrease until it reaches &he nanofiber sample has a much smaller frequency depen-
nce. In 2SM3, the nanofiber sampl iel itan
(31) Kneten, K. R.; McCreery, R. LAnal. Chem1992 64, 2518. dence SM3, the na O be S.;a pies yie dsa capacitance
(32) Cline, K. K.; Mcdermott, M. T.; Mccreery, R. L. Phys. Chenl994 at least an order of magnitude higher than the control sample
?\A& E5)314. T MeD Y = anal Ch over most of the frequency range. The glassy carbon sample
(33) McDermott, M. T.; McDermott, C. A;; McCreery, R. nal. Chem.  gp\yq 4 sharper increase in apparent capacitance at frequen-

1993 65, 937. ! _ -1t
(34) Jackson, S.; Nuzzo, Rppl. Surf. Sci1995 90, 195. cies below~0.1 Hz; as discussed later, this is not a true
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(a) Table 1. Results of Fitting the Data in Figure 3a-d to the Circuit
Model in Figure 3e

E . glassy carbon Rt Rs
S0 ] (GC) CPE-T CPE-P  (kQcm?) (Qcm?)
5 10°] nanofibers (273 1) x 105 0.930+ 0.001 556+ 17 38.0+ 0.1
= nanofiber glassy carbon (12.& 0.3) x 106 0.6524+ 0.004 2804 13 62.64+ 4.1
2] (NF)
10 . e .
T T LT, slight modification of the widely used Randles ée#xcept
10 F:gquencgon 10 that it uses a constant phase element (CPE), instead of a
' capacitor, to represent the double-layer capacitance. The CPE
-90 7 ( is defined by the impedance relationship
g 1
(4 A
- 2=—— 2)
o T(iw)
=

i and is often employed to account for deviations from ideal
02 100 | 107 | 14 capacitive behavior due to microscopic roughness or other
Frequency, Hz factors3® Using the area-normalized impedant@vith units

of Q cn?), T has units of 1/(HZQ cm?) and is in units of
NF farads wherP = 1. Rsrepresents the uncompensated solution
1004 N g resistance anéR; represents the large but finite interfacial

charge-transfer resistance. The fit results are represented by

solid lines in Figure 3ad, and the component values are

shown in Table 1. Table 1 shows that the nanofiber sample

T

1000 (c)

T T T T
102 10  10®  10°
Frequency, Hz

exhibits a CPE-P value of 0.93, whereas the value on glassy
carbon is 0.65; this shows that the nanofiber interface behaves
more ideally as a capacitor. Although CPE-T values cannot

120 () NE be compared as capacitance directly because of the difference

in dimensionality (vide infra), a numerical comparison gives
a rough idea of the difference in capacitance.

The data in Figure 3 show that at frequencies between
~3 mHz and 20 Hz, the total impedance is dominated by
the interfacial capacitance, whereas at high frequencies, it
is dominated by the electrolyte resistance. The results in
Table 1 indicate that the nanofiber surface has a capacitance
(e) about 20 times higher than the glassy carbon control sample.
The very small dependence on frequency, as reflected in the
CPE-P value of 0.93 (close to unity) shows that the
Figure 3. Electrical impedance spectra of nanofibers in the electrolyte nanofiber-electrolyte interface behaves as a nearly idea
B o hSamble of 922%)  capacitor. A more quaniiative analysis of the data will be
frequency. (b) Phase angle vs frequency. (c) Capacitance vs frequency. (dPresented later in the paper.

Nyquist plot. (e) Equivalent circuit used in fitting the data in Figure-8a Figure 4 shows the results of similar experiments carried
in a 0.8 M aqueous potassium chloride solution. The
increase in capacitance but is a result of Faradaic processegyperimental data are indicated with the markers, whereas
whose effects becomes apparent at low frequency where thene Jines show the results of fitting to the equivalent circuit
impedance associated with the double-layer capacitancemodel in Figure 3e. The nanofiber sample again shows a
becomes very high. The solid line shows a fit to the more steady decrease in impedance with frequency over most of
elaborate model shown in Figure 3e, and then an extractiionihe frequency range. At the lowest frequencies it reaches a
_of the equivalent series capacitance from the complex pjateau 0f~6000Q ci? (and a phase angle near zero) that
impedance data. can be attributed to a parallel leakage resistance, whereas at

Figure 3d shows the Nyquist plot of the same data the highest frequencies it reaches a limiting impedance of
presented in Figure 3ec. The nanofiber sample presents severalQ cn? because of solution resistance. Figure 4c
almost a straight line at a small angle to yraxis, indicating  shows the interfacial capacitance extracted from these data
a close to ideal capacitive behavior. The glassy carbonysing a series RC model. The nanofibers show a larger
sample gives a semicircle, indicating parallel RC circuit capacitance and more uniform frequency response when
components dominating the impedance in the measuredcompared with the glassy carbon sample.
frequency range. Comparing the data in 2SM3 (Figure 3) with that in

The plots in Figure 3 also include fits of the experimental aqueous KCI (Figure 4) shows some significant differences.
data to the circuit model shown in Figure 3e. Although many Carbon nanofibers in 2SM3 (Figure 3) show an almost ideal
models are possible, this model gives a reasonably good fit
to all the data and makes physical sense. This model is a(35) Randles, J. E. BDiscuss. Faraday S0d.947 1, 11.

0 50 100 150 200
Z’, kQ cm?




5738 Chem. Mater., Vol. 19, No. 23, 2007 Tse et al.

() 084 (a
glass:/Gcg)rbon 1000 mVfs o e-e-c0 :

1000

100

1Z], Q cm?

nanofiber

10 (NF) .
I1 Io l1 I2 I3 I4 I2 I1 (I) ‘II é
10 100 10 10" 10 10 Potential across cell, V
Frequency, Hz
6 (b) 1steycle—
~N 4
3 S 2
g g 0
] = 2
< -4
oy . '6 T T T T 1
T T T T T 1 -4 -2 0 2 4
10" 10° 10" 10* 10° 10* Potential across cell, V
Frequency, Hz Figure 5. Cyclic voltammetric studies of carbon nanofiberganosilicon
(c) electrolyte interface. (a) Cyclic voltammograms at different scan rates. (b)
10478, ¢, Cyclic voltammogram up te: 4 V; scan rate, 500 mV/s.
"g 10°7] \ NF . resistancéRs of ~3.5Q cn? that is more than 10 times lower
L 02 than that in the organosilicon electrolyte (@&n¥). This is
S 10 - 6o significant because it shows that the resistance dR38n?
observed for nanofibers in 2SM3 does not arise from the
a0 1o 1 10 108 nanofibers or the underlying electrode structures, but must

be associated with the 2SM3/LiBOB electrolyte.

3.3. Capacitance and Voltage Stability of VACNF/
Organosilicon Interface. To investigate the electrochemical
behavior away from the open circuit potential, we conducted
cyclic voltammetry experiments. Because of the difficulty
of obtaining a reliable reference electrode that would work

0 200 400 600 8200 1000 in 2SM3, these measurements were limited to a two-electrode
Z,Qcm configuration, using two identical VACNF electrodes. Figure
Figure 4. Electrical impedance spectra of nanofibers in 0.8 M aqueous 5a shows results over & 2 V potential window at three
potassium chloride solution, along with a control sample of glassy carbon .
in the same solution, lines are fit results. (a) Absolute impedance vs different scan rates. THe-V responses all show a rectangular
frequency. (b) Phase angle vs frequency. (c) Capacitance vs frequency. (d)shape that is typical of capacitors, even at a high scan rate

Frequency, Hz

Z”, Q) cm?

Nyquist plot. of 1000 mV/s and up to & 2 V potential window. The
Table 2. Results of Fitting the Data in Figure 4a-d to the Circuit capacitance of each electrode is given by
Model in Figure 3e
2
Ret Rs =< 3
CPE-T CPE-P  (kQcm?) (Qcnd) AvIAt (3)
nanofibers (542 7) x 10°® 0.860+ 0.003 745+ 8 3.494 0.03 - . .
glassy  (65.3+3.9)x 106 0.618+ 0.009 1120+ 26 1.05+ 0.85 wherei is the current density (currenF per unit area) and _
carbon At is the scan rate. The factor of 2 in the numerator arises

from the symmetric design of the electrochemical cell, which
1/ frequency dependence at low frequencies, whereas in KCl,uses two identical samples as electrodes. From the voltam-
the impedance plateaus at frequencies lower thdnHz mogram, we obtained a capacitance of 14&0cn? at a scan
because of Faradaic reactions. The less-than-ideal capacitiveate of 100 mV/s. When the scan rates were increased to
behavior of the nanofiberKCl interface is also reflected in 500 and 1000 mV/s, the capacitance drops only slightly to
decrease in phase angle towardd frequencies<l Hz. 1270 and 118Q«F/cn¥, respectively. The absence of any
The nanofiber-organosilicon interface shows a straight line redox peaks in this potential window demonstrates that there
(characteristic of nearly perfect capacitive behavior) in the are no significant faradaic reactions under these conditions.
Nyquist plot down to very low frequencies, whereas the  Figure 5a shows that the capacitance values are perfectly
nanofiber-KCl interface shows a semicircle characteristic stable over a voltage range ef2 to +2 V. At higher
of a parallel RC circuit. Table 2 shows the numerical fit voltages, Figure 5b shows excellent stability up to at least
results. The trends are similar to those in organosilicon 3.2 V, with small oxidation and reduction peaks are observed
electrolyte, whereas the nanofibg£Cl interface shows a  when the applied voltage reaches 3.5 V. These reactions are
CPE-P value closer to 1 and hence a more ideal capacitiveirreversible, and the 3.5 V peaks slowly disappear with
behavior comparing to the glassy carbd€Cl interface, and repeated cycles. Although the exact chemical origin of these
a CPE-T value an order of magnitude higher. Another notable reactions is yet unknown, repeated measurements show
difference is that the nanofibers in KCI show a solution rectangulai—V curves up to a very high scan rate of 5000



Carbon Nanofibers Coupled with Organosilicon Electrolytes Chem. Mater., Vol. 19, No. 23, 2038

(a) (a)

5 0.8\ — 10 pA
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Cycle number Figure 7. Influence of discharge current on capacitance of carbon

Figure 6. Galvanostatic studies of carbon nanofiberganosilicon elec- nanofiber-organosilicon electrolyte interface. (a) Galvanostatic discharge
trolyte. (a) A segment of the constant current charging and discharging curves for different discharge current; sample area, 0.95EnNormalized
curve showing 10 cycles; current, 50@; electrode area, 0.95 én(b) capacitance per electrode as a function of discharge current density.

Normalized capacitance per electrode vs cycle numbers.

mV/s and up to a potential window of 3 V. Even at 4. Discussion
voltages as high a& 4 V as shown in Figure 5b, the peaks
disappeared about a few cycles and the cyclic voltammo-
grams become stable after the first few cycles.

3.4. Galvanostatic StudiesThe results in Figure 5 suggest
that although nanofiber interfaces with the organosilicon
electrolyte 2SM3/LIBOB show some initial decomposition
at voltages>3 V, this decomposition is self-limiting, forming
an interface that exhibits higher stability than that of the bare
nanofibers. To test the longer-term stability of the interface,
we conducted experiments in which a cell made from
nanofiber electrodes with 2SM3/LIBOB was repeatedly
charged and discharged with a constant current of /580
between 0 amh 5 V for 800 cycles; each cycle takes
approximately 5 s. Figure 6a is an arbitrarily chosen segment

of the charge-discharge curve showing 10 cycles. Figure along the sidewalls and therefore must undergo extensive

6b shows the calculated capacitance using €q 3 VS cyCle omica) treatment (e.g., oxidation) in order to exhibit good

number. The capacitance is quite stable over the entire 800g)qtrchemical properties. In contrast, VACNF electrodes
cycles (~4000 s) of the experiment, showing only a slight

) f ‘on? and th T form in a stacked-cup structure that exposes significant
increase rom~1000 to~1100 uF/cnv and then a sma amounts of edge-plane graphite along the sidewalls. Trans-
decline t0~900 uF/cn?. Thus, we conclude that although

some faradaic current is observed above 3V (Figure 5b) themission electron microscopy images' of our samples (not
) . ; ) ' “shown) reveal roughly 1 edge-plane site eve/nm along
nanoflbe_r—organ05|l|con glectrolyte interface is generally . cidewall. This high exposure of edge planes is expected
stak_)le with repeated .cyclmg. up to voI'Fages Of_ SV. to lead VACNFs to have high interfacial capacitance.
Figure 7 shows discharging experiments in compound The differences in behavior of various forms of carbon

2SM3 as a function of discharge current. In this set of are generally attributed to differences in the density of states

experiments, the interface was charged at 0.9 V for 30 s, . . .
. : .. 'near the Fermi energy. Glassy carbon has a high density of
and then discharged at a constant current while monitoring o . . .
states and exhibits a correspondingly high capacitance, on

the total cell potential vs time (Figure 7a). The capacitance the order of 36-100 uF/cn? in 1 M KCI depending on

can again be calculated with eq 3 using the voltage drop in . . .
) e a7 . sample preparatioff.Basal-plane graphite has a low density
the linear regiori®3” Figure 7b shows that the capacitance f dits interf th | e lead
drops only slightly from 1200 to-1000-1100uF/cn? as ~ OF Siies andits interface with an electrolyte leads to a space-
charge region within the graphite that is in series with the

the discharge current is increased from 10 to ABGcn”. double-layer capacitance; consequently, the smaller capaci-
The interfacial capacitance is nearly independent of discharge Y P ’ d Y, P

rate, even at the highest discharge currents measured tance (that of t.he graphlte) is observed, oftehuF/cr?. In :
' " contrast, the high density of states of the edge-plane graphite
: : make it behave like a met#l?” Because the nested-cup
(36) An, K. Kim, W, Park ¥ ggg'i Y;Lee. S Chung, D Bae. D gincture of vertically aligned carbon nanofibers exposes both
(37) Kim, C.; Yang, K. SAppl. Phys. Lett2003 83, 1216. edge-plane and basal planes, the degree to which a space-

Nanofibers as High-Surface-Area ElectrodesOne of
the principal goals of this work was to understand the
electrochemical properties of VACNF electrodes in non-
aqueous electrolytes, such as the organosilicon compound
2SM3. The interest in VACNF electrodes largely arises from
the fact that the electrical properties of carbon depend
strongly on crystal structure and, for graphitic materials, on
the exposure of graphitic edge planes. Prior work on highly
oriented pyrolitic graphite in agueous media has shown that
the interfacial capacitance of edge-plane graphite 80
times higher than that of basal-plane graphitel (uF/
cn?).2633Single-walled carbon nanotubes have recently been
investigated as potential electrode materials, but pristine
carbon nanotubes expose only the basal plane of graphite
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Table 3. Capacitance Values of the Various Interfaces from Eis Data are very similar to the~25-fold increase in surface area

Using Eq 4 inferred from SEM image using the measured diameter of
in organosilicon _ 80 nm, length of 2um, and measured density5 x 10°
electrolyte 2SM3 in aqueous KCl nanofibers/crh Previous measurements on nanofibers grown

glassy glassy in a similar manner but slightly shorter in length showed an

nanofiber  carbon nanofiber carbon

, increase of~10x in effective surface area as measured by
capacitanceufF/cn?) 397 19.0 462 19.1

chemical surface adsorption measureméhts.

charge layer might be formed in the nanofibers can have The substantial increase in effective capacitance and the
important consequences for its electrical properties. agreement between electrical measurements and physical
The valence-band photoemission data in Figure 2c clearly measurements of area suggests that space-charge effects are
show that the density of states of the nanofibers is significant not significant in the VACNF electrodes, and they behave
all the way up the Fermi energy, and a small but clearly similarly to metallic electrodes. Because the enhancement
distinct Fermi edge can be seen at the Fermi energy (bindingin 2SM3/LiBOB is very close to that observed in KCI, we
energy= 0). This clearly shows that the nanofibers are can conclude that although there are inhomogeneities in
metallic in character. The core-level photoemission data showatomic structure along the nanofiber sidewalls (i.e., edge-
a clear “shakeup” peak near 291 eV that arises from plane and basal-plane sites exposed), the net sample area
excitation of the graphene electron system as the electron accessible using #/KCl and using 2SM3/LiBOB are
is ejected. The presence of this peak establishes that thesimilar.
nanofibers are graphitic in character, whereas the high DOS Frequency and Scan-Rate Dependence of the Interfa-
near the Fermi energy shows that the density of states neacial Capacitance.Our EIS studies (Figure 3) show that the
the Fermi energy is high. nanofiber samples, especially in the organosilicon electro-
The electrical measurements in Figures 3 and 4 demon-lytes, show only a weak dependence on the rate of charging
strate that VACNF-organosilicon interfaces have a high and discharging. The cyclic voltammograms in Figure 5a
effective area and that the sidewalls of the nanofibers aremaintain the rectangular shape even up to a high scan rate
electrically active. As with most porous materials, in order of 1000 mV/s (Figure 5a); furthermore, the capacitance is
to adequately model the frequency dependence, it is necesenly weakly dependent on the scan rate, decreasing from
sary to use a constant phase element (CPE) to account for1440 uF/cn? at 100 mV/s to 118QF/cn? at 1000 mV/s.
deviations from ideal capacitive behavior that arise from the Similar conclusions can be reached from the frequency-
three-dimensional nature of the interface. To evaluate thedomain data. The data in Figure 3c show that at the lowest
effectiveness of the interfaces for applications in energy frequency measured (3 mHz) the capacitance is@96nv,
storage, it is useful to represent the properties in terms of anand as the frequency increases to 10 kHz, this value drops
effective capacitance. Hsu and Mansféldlerived the to 120uF/cn? at 10 kHz. These data demonstrate that the
following equation to calculate the correct capacitance from changes in spatial organization of the ions giving rise to the

CPE-P and CPE-T values double-layer capacitance can occur very quickly; however,
o at frequencies above100 Hz, the impedance associated
C=T(®may (4) with the interfacial capacitance is smaller than the series

] ) ) resistance associated with the 2SM3/LiBOB; hence, the
In this equationpma represents the frequency at which the - eftectiveness for energy storage becomes reduced and instead
imaginary part of the impedance reaches a maximum, repiaced by energy dissipation due to resistance of the
corresponding to the frequency at the top of the depressedg|ecirolyte. Nevertheless, the observed resistance arises
semicircle in the Nyquist plot. Using eq 4, we have calculated primarily from the electrolyte through the25 um thick
that the capacitance vglues of the various interfaces and thespacer between the nanofiber electrodes. In principle, reduc-
results are presented in Table 3. The planar glassy carbonng the separation between electrodes could further reduce
sample in 2SM3 organosilicon electrolyte with 0.8 M LIBOB ¢ series resistance and thereby lead to further improvements
exhibits a capacitance of (198/cn¥) that is nearly identical in high-frequency response.
to that we measure in 0.8 M KCI (19.F/cn) and close to Although the capacitance does decrease with increasing

the \Q?Ll;es of 2550 uF/ent reported previously in-1 M frequency (a drop of~70% in capacitance over 6 orders of
KCL> . . N magnitude in frequency) and may not be able to be
The high vglues of capautance. are S|gn|f|cant .becauseeffectively utilized at frequencies 100 Hz (because of the
previous studies have shown that interfacial capacitance Ofseries resistance), the decrease is much smaller than what
carbon-base_d materials is highly dependent on the Strucwretypically observeci with other common high-surface-area
of the material. . . carbon-based electrodes such as porous carbons. For porous
Our data show that in the organosilicon electrolyte 2SM3, carbons, the specific capacitances at low frequency are often

tﬂznnzr;?gs:: SIaa r:ge:aret;(gri]b;tai]lpr;m\?vi:rig;]:rincgpgﬂt??éle larger than those reported here, but these high values typically
. - L . - "d idly with increasing frequent$+ 43 because of the
the nanofibers exhibit a capacitance 24 times higher than fop rapicly with | g frequentcyf

the control sample. These20-fold increases in capacitance

(40) Baker, S. E.; Tse, K. Y.; Hindin, E.; Nichols, B. M.; Clare, T. L.;
Hamers, R. JChem. Mater2005 17, 4971.

(38) Hsu, C.; Mansfeld, FCorrosion2001, 57, 747. (41) Conway, B. EElectrochemical Supercapacitorluwer Academic/

(39) Swain, G. M.J. Electrochem. Sod994 141, 3382. Plenum Press: New York, 1999.
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distributed resistance that arises within the pores of the layer* Our results show that this layer passivates the surface
material. This distributed resistance within the pores cannot against further decomposition and thereby allows stable
be easily reduced and manifests itself in the constant-phasecharge storage at cell voltages up to 5 V. Moreover, this is
element as an exponeRtof ~0.518 compared withP ~ stable upon repeated cycling of the voltage. Figure 6, for
0.93 we observe for nanofibers in 2SM3/LiBOB. Similarly, example, shows that the resulting interfaces have a capaci-
previous studies using carbon nanotubes have typicallytance that is stable through800 cycles between 0 and 5 V.
shown that the interfacial capacitance shows a precipitousAn initial decrease likely arises from the formation of this
drop above a “knee frequency” that is typically below 100 passivating layer. Although this time is short compared to
Hz and often close to 1 Hz344 what is needed for many practical applications, these data
The good frequency response of the VACNFs arises in suggest that organosilicon electrolytes such as 2SM3 may
part from the fact that the vertical alignment provides be useful materials for use in energy storage applications.
accessibility of the nanofiber sidewalls to ions in solution,  Additionally, because organosilicon electrolytes are much
whereas the direct contact of each nanofiber to the underlyingless flammable than the organic electrolytes currently in
electrode provides low resistance. In addition, however, the use!? their use may provide an additional element of safety
nanofibers are comparatively short (a few micrometers in in applications where large amounts of energy must be stored.
thickness), which also reduces the possibility of charging A very recent study has shown that 2SM3 shows no
currents being limited by finite rates of diffusion. decomposition until temperatures »fL30 °C; in addition,
Stability of the Nanofiber—Organosilicon Electrolyte the organosilicon electrolyte leads to better cathode stability
Interface. Electrochemical stability and thermal stability of comparing with conventional carbonate-based electrdfyte.
the electrode-electrolyte interface often limits the practical )
limits of energy storage devices. For example, the energy 5. Conclusions
stored in electrochemical double layer capacitors increases We have demonstrated that vertically aligned carbon
quadratically with voltage, but the practical voltage range is nanofibers with a model organosilicon electrolyte yield
limited to ~1.2 V for aqueous systems aneR2.3 V for interfaces that exhibit high interfacial capacitance over a wide
symmetric devices (i.e., having identical pairs of electrodes) range of applied voltages. We demonstrate that the exposure
in organic electrolytes such as acetonitrile or propylene of edge-plane graphite along the sidewalls of the nanofibers
carbonaté:** Recently, Frackowiak et al. reported on vyields electrodes exhibiting a high degree of metallic
extending the voltage window to 3.4 V using ionic liquids character that results in high interfacial capacitance. The
combining with activated carbon, but to obtain acceptable increase of~20 times for nanofibers compared with planar
performance, it was necessary to add acetoniti@er data  electrodes is comparable to the increase in surface area,
show that pristine VACNF electrodes immersed in 2SM3/ indicating that the sidewall of the VACNF electrodes are
LiBOB exhibits stability up to cell voltages of 3.0 V with  effective at creating electrical double-layers. The interfacial
VACNF electrodes. Very recent studies showed that LIBOB capacitance has only a weak frequency dependence, dem-
can be reduced at potentials more negative below 1.0 V (vsonstrating excellent accessibility to the nanofiber sidewalls
Li/Li %), whereas the 2SM3/LiBOB system decomposes at without diffusion limitations. Our data show that the
potentials more positive than 4.2 V vs LifL{® These results  interfaces between organosilicon electrolytes and nanostruc-
imply that there is a window of approximately 3.2 V over tured carbon materials can effectively take advantage of the
which the system is stable. This agrees with our observationhigh stability of the organosilicon electrolytes and the high
that the two-electrode cells using VACNF electrodes are surface area of nanostructured electrodes. Because nanofiber
stable up to approximately 3.0 V. length can be further increased using longer deposition
Recent studies showed that at high applied potentials, thetimes2° additional increases in microscopic surface area
decomposition of LIBOB created a self-terminated surface should be possible. The results imply that the carbon
, : _ nanofibers and organosilicon electrolytes have potential in
(42) Kim, Y.-J.; Horie, Y.; Matsuzawa, Y.; Ozaki, S.; Endo, M.; Dressel- . C .
haus, M. SCarbon 2004 42, 2423. various energy applications such as photoelectrochemical
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