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Abstract

Supercapacitor electrodes were fabricated by direct growthutti-walled carbon
nanotubes (CNTSs) on Al current collectors via a chemical vagmositeon process in
the presence of a spin-coated Co-Mo catalyst. A detsilatly of the dependence of
the CNT layer structure and thickness on growth time sdidhis for the assessment
of supercapacitors assembled with the CNTs/Al electrodeshé main features of
the layer growth evolution, an increase in the populationinefr {CNTs and a shift
from a random entanglement to a rough vertical alignment mftnbes were noted
with proceeding growth. The growth time influence on the guerédnce of
supercapacitors was in fact apparent. Particularly, thecific capacitance of
CNTs/Al electrodes in 0.5 M 480, aqueous electrolyte increased from 35 to 80'F g
as the CNT layer thickness varied from 20 to 60 pum, witloracurrent loss in rate
capability (knee frequency from 1 kHz to 60 Hz). The lattas excellent in general,
arguably due to both a fast ion transport through the interconnectéa&iNork and

a negligible contribution of the active layer / current ecbr contact to the
equivalent series resistance (0.15-0.22 m), a distinct advantage of the direct
growth fabrication method. Overall, a relatively simpl®cess of direct growth of
CNTs on Al foils is shown to be an effective method tbrifaate supercapacitor
electrodes, notably in the absence of special measures @rebging steps finalized

to a tight control of nanotubes growth and organization.
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1. Introduction

Electrochemical capacitors (ECs), also known as ultraeti@ps. or supercapacitors,
are an important and rapidly growing class of devices, widlespread application in
areas including hybrid vehicles, consumer electronics, medieatr@nics, power
back-up, and load leveling [1-5]. The last decade has s@&tean immense growth in
research related to ECs, mainly oriented towards therdasig) development of novel
electrode materials and nanostructures to improve on devictormance.
Historically, carbon materials have played an importantiroEECs, and commercial
devices based on activated carbon (AC) have been sucbesdiieloped.
Unfortunately, the high surface area (1000-2066™of AC is due to the presence
of a high fraction of micropores, which leads to low electragessibility and limits
the EC performance especially in terms of power densif].[@0 overcome this
limitation, significant efforts have been directed towat#sdesign of nanostructured
carbon with high active surface area, tunable porosity, danstability and
electrical conductivity. Among the family of carbon nanostriegucarbon nanotubes
(CNTs) have gained wide popularity as a promising electrodermalafor a new
generation of ECs, due to such properties and features as éafyforelc conductivity
and electrochemical stability, narrow pore size distributiod highly accessible
surface area [8-11]. In particular, EC electrodes based\drs Gave been extensively
studied [12-17], revealing that significant improvements ivice performance are
within reach, in terms of both specific capacitancehieatng an order of magnitude
increase from about 30 to 300 B iy aqueous electrolytes via chemical oxidation of
MWCNT surfaces [18]— and power capability —demonstrating thsilgiby of over
two order-of-magnitude enhancement of power density compared tontiomat

ECs [12,19-20]. In particular, it has been widely recogmhizhat the CNT layer
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should preferably be in intimate contact with the current dolie¢co ensure
mechanical integrity and low contact resistance. In #gpect, the direct growth of
CNTs on the current collector has been proposed as ahsfibargard approach as
well as an opportunity towards process simplification comparegogt-transfer
methods [21-23]. Attempts in this direction were performedgbgwing CNTs
directly on metallic substrates, such as nickel [24,25]nlIstss steel [26,27], Inconel
600 [28,29], and tantalum [30,31]. As a current collector for Eisninum is of
greater interest owing to, apart from economic consideratimwsnass density, high
electrical conductivity and flexibility. However, to datnly a few investigations
have been devoted to CNT direct growth by thermal CVD or19\32,33-35], due to
the low melting point of the metal (660.8 °C) vis-a-vis thmperature range typical
of the CNT growth by CVD. In addition to the low temperatuonstraint, the
deposition of the catalyst film on aluminum and its processing loe intricate
[33,36]. Upon substrate heating, inter-diffusion and interactidwdmn the catalyst
and the aluminum substrate —which has notoriously a high metadlrgactivity—
can cause catalyst poisoning, precluding nanotube growth. To préhenhter-

diffusion and interaction between catalyst and substratetermediate buffer layer,

such as AlOs, TiN or TiO,, etc. [37,38], is usually deposited on the substrate prior to

the catalyst layer deposition. For example, Reit etl8]. fleposited a thin Ni/Ti layer
on Al by thermal evaporation; Dérfler et al. [35] used a thpratiated AJOs film on
Al as the barrier layer, obtaining dense vertical alig@NT films. Though the
engineering of the substrate surface is a fundamental stepdtowse effective
control of CNT growth —in particular for growing array of veatly aligned CNTs—,
it will inevitably increase the complexity of the process #he manufacturing costs.

Besides, the extent of performance improvement that can bevadhby this
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approach has yet to be clarified in detail, notwithstandirey fact that some of
proposed solutions may actually be controversial (e.g., a dieleunaterial, like

Al,0O3; used as the buffer layer is liable to increase th&®& BSd may impair
CNTs/substrate adhesion).

Accordingly, continuing along the research directions outlined altbgeobjective of
the present work was the study of a relatively simple anthldeaatmospheric
pressure CVD method for the growth of CNTs on Al foils in theeabe of a buffer
layer between the substrate and the catalyst film. Ascttalyst precursor, a
relatively thick Co-Mo oxide layer (~50 nm instead of few)was deposited directly
on the Al substrate by spin coating. The evolution of the CNT ptipal with the

growth time was characterized in terms of the CNT diameistribution and mass
density. A comparative study of the electrochemical behafi&Cs fabricated with
AlI/CNTs electrodes at varying thickness of the CNT lajerpresented. The

parameters that influence the properties of the resultirgaE€discussed.

2. Experimental details

2.1. Sample preparation

The Al foil (250pum thick, 2x2 crfy), which served as the substrate for CNT growth,
was subjected to chemical polishing by immersion in an 65%@4and 98% HPO,
solution (volume ratio 3:17), at 85°C, and subsequently in 1 MHNaQlution, at
room temperature. In turn, the as-polished Al foil was thorougrdghed with
distilled water in an ultrasonic bath and then immersegethanol. By this treatment
an average roughneRs of about 8 nm and a peak-to-valley heiggtof 20 nm were
achieved, with almost one order of magnitude improvement imcismoothness

over the pristine surfac&{ 65 nm,R, as high as 300 nm), as determined by contact
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mode Atomic Force Microscopy sampling an area of 504450 um with an NT-
MDT Solver SPM instrument.
The Co-Mo catalyst was deposited on polished Al foils by spating, using an
ethanol-based precursor solution containing Co and Mo acetate. Tadperis the
optimum composition of the solution and key parameters ofgineceating process.
<Tablel>
After drying in air at ambient temperature, the pre-coaldails were calcined in an
open furnace at 400°C for 5 min.
MWCNTs were directly grown on as-prepared Al foils by CMIa horizontal quartz
tube furnace, using ethylene,t&) as the carbon precursor gas. The furnace was
purged with 1000 sccmNor 5 min before heating up to the growth temperature of
650°C. Once the temperature was stabilized, as-preparilsAlvere mounted on a
quartz sheet and inserted into the quartz tube furnace. Subdggueixture of 100
sccm N and 25 sccm fHwas fed to the quartz tube for 5 min to reduce the calcine
Co-Mo catalysts. ¢H, was introduced in the quartz tube at 50 sccm flow rétey, a
completion of the catalyst pretreatment. CNTs growth wamihated by purging the
quartz tube with a flow of 1000 sccm fr 5 min, then letting the quartz tube to cool
down to room temperature undes fiow of 50 sccm. The mass loading of MWCNTs
on Al was adjusted by varying the growth time in the ramgenf30 s to 1 h. The
mass of MWCNTs on Al foils was measured from the madsrdiice before and
after CNTs deposition by using a Sartorius M2P electronic mianba with an

accuracy of 0.001 mg.

2.2. CNT characterization

Scanning Electron Microscopy (SEM) (Zeiss EVO-50 microscope) widized to
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analyze the morphology of as-grown CNT layers. The microsteicitiras-grown
CNTs was examined by high-resolution transmission electrorostiopy (HRTEM,
Philips CM200-FEG). Thermogravimetric analysis (TGA) andffedential
thermogravimetry (DTG) were carried out to investigatepurity of as-grown CNTs
in a DSC-TGA apparatus (SDT Q600) under air atmosphere from eambi
temperature up to 900°C with a heating rate of 5°C mithe as-grown CNTs layers
were peeled off by using a blade, and the effect of drdmie on the porous texture
characteristics of CNT layers was investigated by argbfsnitrogen cryo-adsorption
isotherms. The nitrogen adsorption measurements at 77.35 Kcareierl out using a
volumetric adsorption apparatus (ASAP 2010M, Micrometrics Instrun@zmp.).
Nitrogen dose amount for every measured point was set at Bec(8andard
temperature and pressure, 273 K ant B4). The measured relative partial pressure
range (p/P, actual gas pressure p divided by the vapor pres8ureas 0.01 to 1, and
three transducers were used to precisely record the predsamge. The pore size
distribution of as-grown CNT mats was calculated by using theeBJoyner-
Halenda (BJH) analysis [39], in the mesopore and macroporesaagd the model

of Dunbin-Astakhov [40], in the micropore range.

2.3. Electrochemical measurements

The as-prepared CNTs/Al samples were punched into round disksawi? mm
diameter circular die and directly used as electrodes &s Wwithout any further
treatment. All measurements were carried out in a flhtcomsisting of two Au-
coated copper end contacts and a Teflon body as schematically shdwg.1. A
cellulose-type separator (thickness PBn) was placed between two identical

MWCNTSs/Al electrodes. 0.5 M 50O, was used as the electrolyte.
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<Fig.1>
Cyclic voltammograms (CV) were obtained at 5, 10, 20, 501&0dmV §* scanning
the potential in the range 0 to 0.7 V. The electrochemopedance spectroscopy
(EIS) measurements were performed at open circuit pat€¢@iaP) using a 10 mV
excitation signal, in the frequency range from 10 kHz to 10@,nsBimpling 10 points
per decade. The galvanostatic charge/discharge (CDG)west carried out with
specific current ranging from 0.4 to 1 A'gwith respect to CNTs mass on single
electrode). All electrochemical experiments were edriout using a Solartron 1285
potentiostatic interface coupled with a frequency response andBR@&, Solartron

1296)

3. Results and discussion
3.1 Growth of MWCNT layers on Al
Fig.2-a shows the SEM image of Co-Mo catalyst film calcined anbdsequently
reduced in hydrogen atmosphere, prior to the introduction of thercarecursor gas.
As shown, the Co-Mo catalyst nanoparticles appear uniformtyitdited on the Al
foil. The size distribution of the catalyst nanopartickessessed by sampling a large
number of nanoparticles (about 500), is shown in the inset o2-&igThe most
frequent particle size is in the range 5 to 15 nm, khsc effective for MWCNT
growth. However, the relatively large particle sizstoution, in the range of 5 to 40
nm, is expected to affect significantly the CVD growthmedy by inducing a
corresponding size dispersity of CNT diameter.

<Fig.2>
After the activation of Co-Mo catalyst nanoparticles by thetrgagment in H

atmosphere, the ethylene gas is introduced into the reawtdCNT growth. The
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evolution of the surface morphology of CNT layers with the gnowtne was
investigated by ex-situ SEM observations; further, shapesiaedof individual CNTs
taken from the layer surface were observed by HR-TEM. As se&ig.2-b, upon
exposure to ethylene for 30 s, some catalyst particles appapped in a carbon
shell, as revealed by the TEM image (inset of Fig.2-lggasionally forming
agglomerates, while others have already activated CNTtlgrolMne carbon deposit
wrapping catalyst particles is likely an amorphous carbon [lamriously formed
during the exposure time to ethylene, and possibly representingittakformation
step of CNT growth [41]. This observation suggests that the t8e frame is too
short to allow for the activation of CNT growth on most bestaparticles. With
increasing time, as shown in Fig.2wdd, randomly-oriented CNTs cover the surface
uniformly. Apparently, the nanotubes are not straight but crook&ld, most of the
tips decorated with catalyst particles, revealing a domitiugrowth mode [42]. As
anticipated above, the inset TEM image suggests a $sgaistribution of nanotube
diameter. As the growth time increases further, alondy w&i increment in CNT
length, the average nanotube diameter decreases, as skernngets of Fig.2-e, f, g
and h. The expanding population of small diameter CNTs carelaged to the
rearrangement of large polycrystalline catalyst pasdiaieiring CNT growth, as
reported in [27], i.e. through elongation in the growth direc{gee Fig.2-e inset),
and fragmentation due to compressive stress from the graplaiseof the CNTs at
the base of the particles (in tip-growth mode) [43,44]. Fragsneriginating from
split particles can then act as secondary catalyst fiwigg the second generation
CNTs. Therefore, the secondary growth of finer CNTs takégantage of the
dominant tip growth mechanism and is seeded on top of the priarger diameter

nanotubes.



O©CO~NOOOTA~AWNPE

The shift of the CNT population towards smaller diameter nanotehgenders
significant changes in the layer structure, which arerlgleavealed by the SEM
images in Fig.2, and further substantiated by the cross setts@mvation of the layer
structure in Fig.3.

The variations revealed in the surface appearance and morplubltdgy CNT mats,
particularly those imaged in Fig.2-g and h, suggest s$iwtificant modifications
occur in the nanotube arrangement with advancing growth. Notalelyormation of
outgrowing CNT bundles is seen for growth time in excesgafita30 min, when the
CNT diameter decreases to value below 10 nm, as shown in et& 8l images of
Fig.2-g and h. Fig.3 shows the internal structure of as-grown I&)€Fs by the tilted-
view SEM micrographs of samples at the cutting edgesa gsneral remark, it is
stressed that the CNT layers are strongly adherehetéltsubstrate, as the clear-cut
edges of samples in Fig.3 suggest. After 2 min growth aathdhnon-uniform CNT
layer forms on the substrate (Fig.3-a), with nanotubesrgingadiameter and length.
A uniform coverage is soon revealed as the growth time irexlgas5 min (Fig.3-b),
with nanotubes evenly distributed over the surface and intertagether. After 10
min growth (Fig.3-c), an apparently compact CNT film cewie substrate uniformly
to a thickness of a fewm. With growth time further increasing to 30 min, the
thickness of the CNT mat rapidly reaches aboup20(Fig.3-d). At this stage, the
majority of nanotubes are randomly entangled with each otherlange bundles,
giving a foam like appearance and a wavy pattern to thacgurfFor growth time in
excess of 30 min, as shown in Fig.3-e and Fig.3-f, a distigation in the layer
structure is noticed. The cross-section view clearly reviegiering within the CNT
mats and, upon closer examination (see insets in Fig.3-e gdff;ithe presence of

bunches of roughly aligned CNTs in the top-layer.

10
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Summarizing, as growth proceeds, the CNT arrangement charagggessively from
a random interlacing, due to the curved nature of largeral@nCNTs, towards an
imperfect alignment of smaller diameter CNTs, which giues to straight bundles,
separated by empty spaces, sprouting at the layer surface.

Additional information relating to the evolution of CNT growth svgathered by
monitoring the change in mass and thickness of CNT layers dumwglg Fig.4-a
and (b) report the measured CNT layer areal mass demsitsng cm?) and the
apparent thicknes$ from SEM observation as a function of growth time
respectively. From the areal mass density and the apphiekrness, the volumetric
densityp (g cm®) of as-grown CNT layers can be calculated and it is regart
Fig.4-c. Thepa-t relationship, namely cumulative mass kinetics, exhibitearetical
S-shaped Gompertz growth behavior [45] over the growth time namge about 20
min (dotted curve in Fig.4-a), after which a linear bebtiagets in (dashed line in
Fig.4-a). The apparent thickneksdisplays a nonlinear behavior with time, up to
about 20 min, as shown in Fig.4-b; for growth time exceeding 20 animear
correlation is established between CNT layer thicknesstiamel These findings,
which are in partial agreement with previous reports [46,d&h be qualitatively
matched with the above reported changes in morphology during CbMithgr
Significantly, as shown in Fig.4-c, the maximum value of tHeuwtated mass density
of about 0.5 g cf occurs at 10 min growth time, which apparently correlatith
the prevalence of relatively short and thick CNTs in sasmgtewn within this time
frame. Longer growth time entails a continuous decrease ofdiss density, down to
0.1 g cn? after 1 h, consistently with a gradually growing populatibthimner and
longer nanotubes, first appearing, in fact, after 10 min groivie &ind thereafter

regularly seen by TEM, and in coincidence with the setfweation of larger CNTs

11
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growth. Moreover, the inclination of finer CNTs towardigrament is likely to further
contribute to the observed decreasing mass density by incret@ngpparent
thickness. Overall, these results, and in particulardifierence of kinetics between
the initial and later stage of CNT growth, are probably dbécome of both the
deactivation and fragmentation of relatively large catalyarticles and the
subsequent secondary CNTs generation, in line with the aboveissima.
Accordingly, the progressive reduction of the growth ratgyesigd by the variation
of the areal density vs. time in Fig. 4-a occurs ovetithe interval corresponding to
the stage of primary CNTs growth termination.

The results of the thermal analysis of CNT samples griawrdifferent time add
further insight in this direction. TGA and DTG curves of MWCGNafter 30 min, 45
min and 1 h growth time are shown in Fig.5-a, b and pect®ely. As illustrated in
these figures, two stepwise weight loss can be seenfirfheombustion stage, over
the range from 150 to 450°C, is assigned to the combustiamofphous carbon (a-
C) impurities. These impurities burn away slowly as thapierature increases to
450°C, producing a broad peak in DTG curves at 435°C, which accourdga a-C
mass fraction of approximately 3, 5 and 8.5% in the C&yed after 30, 45 and 60
min growth, respectively. The distinct peak in DTG curve$E) °C obviously
corresponds to the combustion of CNTs over the range from 4500t¢.70he
detection of an increasing fraction of a-C based impuniigls the growth time is
consistent with the declining CNT growth rate, as noted abovwke assumption that,
as it is commonly believed, amorphous carbon may cause the poisériatplyst

particles [41].

12



O©CO~NOOOTA~AWNPE

3.2 Porous texture of as-grown CNTSs layers

In view of the progressive change in diameter, arrangemerpuaitg of CNTs with
the growth proceeding, distinct textural characteristicasefirown CNT layers were
expected. Fig.6-a shows the Bdsorption/desorption isotherms obtained from the
CNT layers after 60 min (1), 45 min (II) and 30 minlIgrowth time, respectively.
Irrespective of the latter, the adsorption isotherms exhigiindar trend and common
features, corresponding to type IV isotherm characteriticesoporous adsorbents,
according to the IUPAC nomenclature. The multi-stage adsarptiocess occurring
in aggregated CNT mats as described by Yang et al. {8pe assumed to apply to
the present case. The pore size distribution curves in-BiggBow that all the CNT
mats have a multiple pore structure indicated by the mulamddtribution curve.
The texture characteristics of CNT layers at various grawte are listed in Table 2.
With advancing growth, the specific surface area increases 178 mi g* for
sample I, to 261 and 292 7w for sample 1l and |, respectively. This relatively
abrupt change in the surface area is accompanied by arlimtizep increase of the
micropore volume and, significantly, by a strong reduction of therapore volume
(resulting in a linear change of the relative macropore volusngrowth time). On
the other hand, a variation in the relative mesopore volarfeind only for sample |
(60 min growth) and it is comparatively less important, véitbhange of MesdViotal
from 0.54 (1) to 0.66 (I). Overall, the above changes r@flected by the reduction

of the average pore diameter with the growth time, as egpartTable 2.

3.3 Electrochemical characterization of MWCNTSs/AI electrodes
Three types of MWCNTSs/AI electrodes —with layer thicknefs60 (1), 40 (1) and 20

pum (IlI)— were characterized to investigate the inflleen€the CNTs growth time on

13
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the electrochemical performance of their corresponding E@selgaas-grown CNT
ECs. Fig.7-a shows the CV curves of the as-grown CNTrE@ssured at 100 mV'’s

All the CV curves show a rectangular shape, indicating alynéteal capacitive
response [4]. Interestingly, the response gets closer anel ¢tosin ideal one with
decreasing thickness, suggesting, as expected, that a tlihdetayer leads to a
better dynamic response. On the other hand, as shown in Fige’raass-normalized
currentls (A g decreases with the decrease of CNT layer thicknesss The

specific electrode capacitanCgelectrode €Stimated according to equation (1):

Cs,electrode = Cs,cell X 4 = (f Is dV)/AVV X 4 (1)

whereC; caiis the specific cell capacitandeg,is the mass-normalized current (R)g

AV is the potential window (V) and is the potential scan rate (W})s decreases from

about 80 F @ to 35 F g*with varying CNT layer thickness from 60 to @f.

To emphasize the effect of CNT growth time on the rate diétgadf the electrodes,
CV curves were measured at various scan rates from 5 tm¥0§). Fig.7-b reports
the dependence of the specific capacitance of thedeoeles and their corresponding
ECs on the CV scan rate. All three types of electradesv a good capacitance
stability with increasing scan rate, a result that canabsociated with fast ion
transport through the interconnected 3D hierarchical porous netwaoak-grown
CNT layers. The best rate performance is obtained fa& (ill) electrode —due to the
predominantly meso-macroporous structure, thus a comparativelyershagration
path, and possibly larger electrolyte uptake— while a skgipacitance loss (about
7%) is found for type (1) electrode when the scan rateisedarom 5 to 100 mV's

consistently with the observed change in the pore structureedENT layer as well

14
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as the increased fraction of a-C with growth time. Adyyahe build-up of a-C
impurities in CNT layers at longer growth time, as showm G results, is expected
to negatively affect the rate capability by blocking etmetconducting pathways and
reducing the interconnected porosity. Moreover, due to high susiigptof a-C
impurities towards electrochemical oxidation [49], furthezgmhdation in rate
performance might arise as a result of stronger interactietvgeen oxidized CNTs
and ionic species.

Fig.8 showsthe EIS response of the CNT/Al ECs fabricated withttitee types of
CNT electrodes. The impedance characteristics of adl &#€ very close to ideal. As
seen in Fig.8-a, in the low frequency region, the Nygpists show quasi-vertical
lines, indicating the almost purely capacitive behavior ejrassn CNT ECs. In the
high frequency region, none of the three curves show a selajigirdicating a good
electrical contact between the CNT layers and Al atrreollector, a distinct
advantage of the direct growth fabrication method. The &€ show very small
ESR, approximately 0.8 cnt, regardless of the CNT layer thickness, as a result of
the relatively fast ion transport through the interconnectedhi&archical CNT
network, the high electronic conductivity of CNTs and the dib&atier-free contact
between CNT layer and Al current collector. The Nyquist pfothe type (Ill) EC
follows the characteristic behavior of a capacitive el@noeer the whole frequency
range, showing a straight line with a high slope. Notablyythe (IIl) EC does not
show a Warburg-like behavior in the medium frequency regiorgating the easy
electrode accessibility and fast charge-discharge ratectexihe achieved with thin,
high purity CNT films. On the contrary, both the ECs assethiith type (I) and

type (Il) electrodesshow a Warburg-like behavior at medium frequency:

15
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consequently, the dominant capacitive character of the impedagponse is shifted
towards higher resistance and lower frequencies.

The frequency at which the deviation occurs, known as knee frequiafmning the
frontier between the capacitive and resistive behaviorsh@fHCs, is useful for
assessing the rate capability of electrodes and definingptivaal operation range for
the ECs. Precisely, as shown in Fig.8-b, the inflectia marks the transition from
the prevailing capacitive behavior at low frequency and thebwfg-like behavior at
high frequency is at about 300 Hz and 60 Hz, for the celengsdsd with type (II)
and type (I) electrodes, respectively. Moreover, the stdpe straight line in the
medium frequency range is close to one for type (I) and sliginglyer for type (II)
EC. These findings, which are in general agreement th¢hCV results discussed
above, confirm that type (1) and (ll) electrodes havghsly lower power capability
compared to type (lll) electrode. This is obviously reldatethe modifications of the
CNT layer pore structure, as the Warburg-like behavior suggestslting in a
smaller penetration depth of the ac signal into the poeyes.|

In order to have a more explicit information about the rapalgitity of the as-grown

CNT ECs, the impedance results can be elaboratedns tef complex capacitance

C(w) [50]:

((w) = C'(w) —jC"(w) )
with:

C'(w) = -Z"(w)/w|Z(w)[* )
C"(w) = Z'(w)/w|Z(w)|? (4)

16
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whereC’(w) is the real part of the complex capacitafge), therefore related to an
effective double-layer capacitance in the low frequencytliamd corresponding to
the value measured during constant-current disch@'fev) is the imaginary part of
the complex capacitandg(w), related to the energy dissipation by an irreversible
process during the charge storage.

Fig.8-c and dpresent the real and imaginary parts of the complex capeei@s
functions of frequency, respectively. As shown in Fig.&e, frequency dependence
of the capacitance becomes more and more important as the sisiackinthe CNT
layer increases. Notably, the ECs with#@ CNT layer retain more than half of the
effective capacitance up to 1 kHz. This is one order ofnihade higher than the
value (100 Hz) recently obtained from high power ECs based dneBdtrodes [12].
The ECs with 40 and 6Am CNT layersshow 50% retention at 300 and 60 Hz,
respectively, indicating a loss of rate performance withrdasing CNT layer
thickness, which is on the other hand counterbalanced by amased effective
capacitance. As shown in Fig.8-d, the imaginary part ofctiraplex capacitance
exhibits a maximum at a frequenfgyfrom which a characteristic time constan(z,

= 1/fy) is derived, marking the transition between capacitive rasdtive behavior
[51]. Accordingly,the shorterygis, the faster is the EC frequency response. It can be
seen in Fig.8-d that half of the low-frequency capacitaaaeached at,. In other
words, 7o represents the minimum time required to discharge all o$tthred energy
with an efficiency > 50%. The extremely small(1 ms) for type (lll) EC confirms
the very fast ion absorption/desorption dynamics in th@rGhick CNT layer. As
the CNTSs layer thickness increasgsncreases as well (namely, to 3.33 and 16.6 ms

at 40 and 6Qum thickness, respectively) due primarily to the incregmmé diffusive

17
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resistance. Nevertheless, these values are extremebolopwared to those previously
reported for activated carbon (8 s) and CNT compositesiiased ECs [22].

The excellent characteristics of as-grown CNT ECs a#so be observed in

galvanostatic charge/discharge measurements. As shown i8-aighe curves

measured at the specific current of 1 A show nearly triangular form with a
negligible IR drop, revealing a highly reversible chargehdisge process for all three
types of ECs.

The specific capacitance of ECs was estimated frongeldischarge curves by using

the following equation:

Cs,electrode = Cs,cell X 4= I/(m dV/dt) X 4 (5)

wherel is the applied currenmn is the total mass of active material in the cell and
dV/dtis the slope of the discharge curve after the IR drop9fEigeports the specific
capacitance of as-grown CNT electrodes and their corresppidis versus specific
current. These values are in good agreement with thoseneftdrom CV
measurements. The retention of the specific capacitenegcellent even at high
applied specific current, with the exception of the typeE@s, for which a slight
decrease (about 8%) is found.

To further assess the effect of growth time on the perforenahthe supercapacitors,
the trend of the specific capacitanCefor as-grown CNT ECs over 5000 cycles of
charge-discharge was studied, as shown in Fig.10-a. C\sumgments were
performed after a given number of charge and dischargescand are shown in
Fig.10-b, c and d. A high retention 6f is observed from as-grown CNT ECs. The

retention is 91.5%, 94% and 96% for ECs type (1), (I1) an}l (spectively. A lower
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retention obviously correlates with longer growth time, sugggstiat the loss of
capacitance with cycling is related to the fractiom- in the CNT layer.
From galvanostatic charge/discharge curves the specific yea@d) power density

(referred to unit mass of active material in the)calle deduced by the following

equations:
Es = Cs,cell UZ /2 (6)
P, = U?/4R (7)

where G, cen(F g') is the specific capacitance of the EC cell, U (Vjhis working
potential, excluding the IR drop occurring at the beginning of digeh@andR (mQ

g) is the ESR measured from the IR drop of charge/discltarges.

Table 3 reports the values Bfand Ps obtained from this work; these results should
be regarded in the light of the small potential range used.nfaximum power and
energy density of as-grown CNT ECs are 875 kW &gd 1.4 Wh kg, respectively.
Recently, the Dorfler group [35] demonstrated power densi§.58 MW kg' and
energy density of 8.5 Wh Kgby operating as-grown vertical aligned CNT-based ECs
over a range of 2 V, using an organic electrolyte of e#tsgdammonium
tetrafluoroborate TEABF0.1 g mi* dissolved in acetonitrile. According to these
authors, the major reason of the low energy density is theulsoloose packing in
the active layer, resulting in a low density of 0.15-Ogtami?, which is similar to the
CNTs mass load in our work. Apparently, as already noted abinee,low
temperature operation in CVD, as required for direct growthalominum, leads
possibly to both inefficient catalyst use and to a progressaetivation of active

catalyst particles and consequently to a low surface denfls@NTs. Hence, further
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improvement of the storage characteristics of CNTs/Actebdes is expected by
increasing the mass loading, maintaining nonetheless highamel quality of CNTSs,
through the optimization of the catalyst preparation and CNT groenditions. As a
further and complementary approach to compensate for the |l@ificmapacitance
and energy density, the incorporation of transition metal oxidesparticles with
pseudocapacitive properties (such as kn@to as-grown CNTs matrix is a

promising strategy.

4. Conclusions

A simple approach to fabricate MWCNTSs/Al electrodes for sugeacitors is

demonstrated by CNT direct growth on aluminum foils via atmogplgessure

catalytic CVD. The growth time dependence of the CNEdayicrostructure and the
performance of supercapacitors assembled with as-grown CNE&Eéirodes was
addressed.

The CNT growth exhibit a time dependent behavior, notably wiinges in both

CNT size and arrangement, due to the fragmentation of prid@mge catalyst

nanoparticles and secondary growth. The increasing fractimenfnanotubes within
the CNT population together with the change in the CNT arraageleads to the
decrease of the volumetric mass density of CNTs layerfehigurface area and
relative micropore volume.

The electrochemical studies show good to excellent power apdye storage

performance using as-grown CNTs coated Al foils as theretis for ECs. The
specific capacitance of as-grown CNTs/Al electrode irsgedrom 35 to 80 Fy

with the CNT layer thickness increasing from 20 top®@. High rate capability, i.e.

relaxation time constant within the millisecond range, a@retd in particular with
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20 pum thick CNT films, thanks to the interconnected 3D hierar¢hiegtwork
structure of the as-grown layer and a very low equivalenes resistance. As a
result, a maximum power density of 875 kW ‘kgvas obtained from the
corresponding ECs.

Overall, this work demonstrates that a simple catalgMD process for the direct
growth of CNTs on Al foils can be an effective methodabricate electrodes for
supercapacitors, notably in the absence of special measutlepracessing steps

finalized to a tight control of nanotubes growth and orgarminati
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Captions

Table 1. Composition of the catalyst precursor solution and key paeamef the

spin coating process

Table 2. Surface area and porous texture characteristics of as-groin l&&rs

versus growth time.

Table 3. Properties of CNTs/Al electrodes, at variable thicknésseoCNT layer and

the corresponding EC parameters and performance.

Fig.1. Scheme of the flat-cell with an inside view of electrad@angement.

Fig.2. (a) SEM image of Co-Mo catalyst film calcined and subsequeartiyiced in
hydrogen atmosphere prior to the introduction of ethylene; thd sismvs the
estimated catalyst particles size distribution. (bhjo top-view SEM images of CNT
films after the introduction of £, for different growth time intervals, as indicated;
insets show high-resolution TEM images of CNT specimens meégar scratching

the surface of as-grown CNT layers with a blade.

Fig.3. Tilted-view SEM images of the as-grown CNTs layergraflifferent growth
time intervals: (a) 2 min, (b) 5 min, (c) 10 min, @) min, (e) 45 min and (f) 60 min;

insets are high magnification SEM images showing detailseolialyer structure.

Fig.4. (a) Measured CNT films areal density(the dotted line represents the fit of
Gompertz model to the experimental data; the dashed linelireear fit to the
experimental data); (b) apparent thicknegthe dotted line represents the exponential
fit to the experimental data; the dashed line is a tifieto the experimental data); (c)

calculated volumetric densipyas a function of growth time.

Fig.5. TGA and DTG curves of MWCNTSs after 30 min (a), 45 minghdl 60 min (c)

growth time.
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Fig.6. (a) N, adsorption isotherms obtained on various types of CNT layersxgrow
after 60 min (1), 45 min (II) and 30 min (Ill); (b) porzs distribution presented as
plots of differential pore volume against pore diameter derivad the adsorption

isotherms by using BJH method [39].

Fig.7. (a) CV curves of the as-grown CNT ECs measured at 100 b sspecific

capacitance vs. scan rate.

Fig.8. (a) Nyquist plots of impedance for as-grown CNT ECs with difie CNT
layer thickness: 60 um or type (1), 40 um or type (Ifd 20 um or type (lll); (b)
expanded view in the high frequency region; the real (c) aadimary part (d) of the

complex capacitance as a function of frequency.

Fig.9. (a) Galvanostatic charge/discharge curves measuredcanstant specific
current of 1 A ¢ of ECs assembled with 60, 40 and @8 CNT/AI electrodes; (b)
specific capacitance of as-grown CNT electrodes and of thesponding ECs versus

specific current.
Fig.10. (a) Specific capacitance retention against charge/dischgote mumber for

as-grown CNT electrodes and their corresponding ECs; CV oaE&&snbled with 60
(b), 40 (c) and 2@im CNT electrodes (d) vs. cycle number.
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Table(s) revision

Table 1 Composition of the ethanol-based catalyst precursor solution and spin
coating process parameters for catalyst preparation.

Solution

Co(C,H30,); + M0y(CoH305)4 / mM 50
Co : Mo (atomic ratio) 10:1
EtOH: Ethylene Glycol (volume ratio) 100:1

Spin coating process program Step 1- 300 rpm, 10s

Step 2- 3000 rpm, 1 min

Table 2. Textural characteristics of as-grown CNT layers with various growth time.

CNTs layer growthtime BETarea  Vioal Vmicro Vmeso V macro Da
[#] [min] [mg"]  [em’g™] [em’g’] [em*g™] [cm’g™] [nm]
| 60 292 1.03 0.18 0.68 0.17 8
I 45 261 0.84 0.12 0.44 0.28 10
11 30 178 1.51 0.05 0.81 0.65 20

Table 3 As-grown CNT layers parameters and the
corresponding EC performance.

Electrode

Growth time /min

CNT areal density /mg cm™
Apparent thickness /um
Electrolyte

Working voltage U /V
Resistance Resr /mQ g
Capacitance Cs, ceil/F g™
Energy density Es /Wh kg™
Power density Ps /kW kg™

60 45 30
0.65 0.48 0.38
60 40 20
0.5 M K,SO4
0.7
0.22 0.17 0.14
20.7 148 8.5
14 1 0.58
557 721 875
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