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The combination of carbon nanotubes with transition metal oxides can exhibit complementary charge
storage properties for use as electrode materials for next generation energy storage devices. One of the
biggest challenges so far is to synthesize homogeneous oxide coatings on carbon nanotube structures
preserving their integrity. Here we present the formation of conformal coatings of Fe,Oz on vertically
aligned carbon nanotubes obtained by atomic layer deposition. We investigate the effect of pristine, nitro-
gen plasma and water plasma treated carbon nanotube surfaces on the ALD-growth of Fe,Os using ferro-
cene and ozone precursors. The surface morphology, coating thickness, microstructure and surface
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chemistry of iron oxide—carbon nanotube composites and their ultimate influence on the electro-
chemical behavior of the composites are evaluated. The most effective surface functionalization is that
achieved by H,O plasma treatment, whereas untreated carbon nanotubes, despite the lack of active sites
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1. Introduction

Miniaturized and powerful electrochemical energy storage
systems have been intensively studied because of the increas-
ing need for wireless devices and sensor networks for Internet
of Things applications."™ For any electrochemical energy
storage devices, such as supercapacitors or rechargeable bat-
teries, electrode materials are key factors for achieving high
performances. Electrodes made of carbon nanotubes (CNTs)
are commonly studied owing to their outstanding conductive
ability, large interfacial surface area and structural and
mechanical robustness.”” In particular, electrodes of vertically
aligned carbon nanotubes (VACNTs) present a well-ordered
nanostructure that allows exposing most of their surface area
to the electrolyte and may serve as scaffolds for the deposition
of electrochemically active oxides. The charge storage capacity
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in the starting pristine surface, can be coated with an inhomogeneous Fe,Os film.

of CNTs is known to increase after performing plasma treat-
ment of their surface,’® which introduces surface functional
groups and increases both the number of defects and wettabil-
ity of the electrodes. However, their low theoretical capacity
limits their further applications. The synthesis of composite
carbon materials with high capacitance transition metal
oxides (TMOs) could show a synergistic effect and fulfill the
basic requirements for next-generation energy storage
devices.>® Typical TMOs examined in combination with car-
bonaceous electrodes are TiO,,'° V,0s,"" M0oO;_,,'*> MnO,,"
Fe,03," ™" Fe;04,"%" C0304,°”*" and Ru0,.”>>* Among them,
iron oxide is broadly explored as a nontoxic, inexpensive and
abundant material with high theoretical capacitance.”>>®
Using a variety of deposition techniques sophisticated Fe,O;
nanostructures have been successfully fabricated including
nanoparticles,'®*® nanorods,"'® ribbons,"* sandwich-like
sheets'® and 3D ovoid architectures."®

Importantly, the performance of these energy storage
devices depends on the thickness and conformality of the
TMO coating. Therefore, atomic layer deposition (ALD) pro-
vides an attractive way to synthesize such structures. ALD is a
well-established thin film deposition technique in which the
alternate pulsing of gas-phase precursors reacting in a self-lim-
iting manner with the active sites of the substrate surface
allows the fabrication of ultrathin, pin-hole free and highly
conformal coatings on complex nanometric structures at rela-
tively low temperature, thus outmatching any other existing
thin film deposition technique.>”*®

This journal is © The Royal Society of Chemistry 2020
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Considering the inertness of the CNT surface, careful inter-
face engineering is called for in order to create binding sites to
promote the nucleation and growth of ALD-transition metal
oxides. Several strategies have been developed for this purpose.
For example, non-covalent modifications using dodecyl sulfate
treatment®® or alternating exposure to nitrogen dioxide gas®®
have proved successful for coaxially coating single-walled carbon
nanotubes with Al,0;. Acid and oxidative plasma treatments
and nitrogen doping can also generate functional groups to
tailor the shape and distribution of the TMO coating.*'** The
performance of these composites could be further improved by
better understanding the role of the functional groups present
in the CNT surface as anchoring sites for the ALD process and
their effect on the electrochemical properties of the composites.

In this work, we investigated the effect of pristine, water
plasma and nitrogen plasma treated CNT surfaces on the ALD-
growth of Fe,O; using ferrocene and ozone precursors to
prepare heterostructural one dimensional coaxial nanotubes
with two different iron oxide thicknesses, 6 nm and 30 nm. We
compared the coating surface morphology, conformality and
induced chemical changes as a function of the surface treat-
ment. We also evaluated their effects on the electrochemical
performance.

utCNTs
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2. Results and discussion

2.1. Morphological, structural and compositional
characterization

Typical surface morphologies of untreated CNTs (utCNTs),
water plasma CNTs (wpCNTs) and nitrogen plasma CNTs
(npCNTs) before and after 6 nm and 30 nm iron oxide coating
are shown in Fig. 1.

The uncoated CNTs preserve the vertical alignment regard-
less of the plasma treatment although the tips of the wpCNTs
tend to be narrower and the length decreased, Fig. 1(a—c), as
previously reported by Hussain et al’ Upon 6 nm Fe,O;
coating, the diameter of the CNTs increases and the Fe,O;
composites of plasma treated CNTs are less aggregated than
the untreated ones Fig. 1(d-f). For the sake of clarity, these
two scenarios are schematized in Fig. 2(a) and (b). Fig. 2(a)
illustrates the structure of conformally coated and discrete
CNTs and Fig. 2(b) presents the coated CNTs that show aggre-
gation in some areas as a result of the inhomogeneous Fe,O3
coating. For 30 nm coating, the distance between neighbour-
ing CNTs is further decreased and the CNTs remain intact, in
good agreement with the formation of a thicker coating, Fig. 1
(g-i). An obvious difference in the 30 nm series is that

x50,000

Fig. 1 SEM micrographs of pristine, 6 nm and 30 nm ALD Fe,Os coated untreated (utCNTs), water plasma treated (WpCNTs) and nitrogen plasma
treated carbon nanotubes (hpCNTs). The bar scale corresponds to 100 nm in all the images.
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(a) (b)

Fig. 2
gation; (c) thicker and non-conformal coating on CNTs.

Fe,0;@utCNTs and Fe,O;@npCNTs present a continuous film
on top of the CNTs, which is schematized in Fig. 2(c), whereas
for Fe,0;@wpCNTs, the presence of a continuous film is not
so evident.

From this surface morphology analysis it is found that iron
oxide coating took place regardless of the surface functionali-
zation of the CNT surface although the deposition on the
untreated CNTs is less homogeneous. Also, these results con-
trast with previous studies on CNT@Fe,O; prepared via ALD
from ferrocene and oxygen which claimed that prior chemical
functionalization was needed to anchor the Fe,O; film.** We
attribute this difference to the use of a more powerful oxidant
source than oxygen (i.e. ozone) capable of creating active sites
during the ALD process, as will be discussed later.

~inner
membrane

4 CNT walls
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(c)

Illustration of different ALD coatings of Fe,O3z on the CNT surface: (a) conformal coating; (b) partial conformal coating and partial CNT aggre-

To further investigate the film homogeneity and crystalli-
nity of the CNTs, TEM images were acquired for pristine
utCNTs, 6 nm and 30 nm iron oxide coatings and elemental
analysis was performed. Fig. 3(a) shows the microstructure of a
pristine utCNT covered with amorphous C. The inner mem-
branes with a bamboo-like structure can also be identified as
darker areas inside the tube. Fig. 3(b) shows a uniform and
continuous film of 6 nm thickness on the wpCNTs. Line
profile elemental analysis performed across the coated
wpCNTs (identified as a green line in Fig. 3(b)) shows that Fe
and O are mostly located in the shell of the CNTs, whereas C
dominates in the core of the structure, confirming the confor-
mal coating of the iron oxide layer, Fig. 3(c). Finally, higher
magnification TEM images of the 6 nm Fe,O; coating on the

Fig. 3 High resolution TEM analysis of (a) pristine utCNTs. CNT walls, inner membranes and the amorphous C layer are indicated by arrows. (b)
6 nm Fe,O;@WpPCNTSs; (c) elemental line profile of O, C and Fe acquired along the green line marked in (b). (d) High resolution TEM of the Fe,Oz
coating on wpCNTs revealing an interplanar spacing of d ~ 0.269 nm for iron oxide.
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100 nm

Fig. 4

wpCNTs allowed the identification of the interplanar spacing
of iron oxide (d ~ 0.269 nm), indicating the formation of the
oa-Fe,O; hematite phase. Also, crystalline iron oxide coexists
with isolated areas of amorphous iron oxide. The microstruc-
ture of 6 nm Fe,0;@npCNTs is shown in Fig. 4(a). The thick-
ness of the coating is in good agreement with the expected
value from the ALD cycles and also reveals a conformal
coating. The 30 nm coatings on the utCNTs and on wpCNTs
are compared in Fig. 4(b) and (c), respectively. Fe,O;@wpCNTs
exhibits a cleaner morphology than Fe,0O;@utCNTs. This
difference is attributed to the fact that water plasma treatment
removed amorphous carbon and it is possible to see graphene
membranes inside the nanotubes. Also, the remaining Fe cata-
lyst in the CNT preparation process can be observed on the
tips of the nanotubes.” Elemental mapping of the 30 nm coat-
ings further confirms the conformal deposition of iron oxide
in the thicker films as well, see ESI Fig. S1.}

The surface chemical compositions of the iron oxide coated
utCNTs, npCNTs and wpCNTs were further analysed by XPS.
High resolution Fe 2p core level spectra are depicted in
Fig. 5(a). The spectra reveal a typical spin-orbit doublet feature
at 724.7 eV (2p;/,) and 711.2 eV (2ps»), and the corresponding
satellite peak at 719.4 eV. The difference between 2p;,, and its

This journal is © The Royal Society of Chemistry 2020
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20 nm

(a) TEM images of 6 nm Fe,Os@npCNTs and (b) 30 nm Fe,O3@utCNTs and (c) and (d) high resolution TEM images of 30 nm Fe,Oz@wpCNTs.

satellite peak is 8.4 eV, confirming the +3 oxidation state of
iron® in the three different composites.

High resolution C 1s spectra are shown in Fig. 5(b). The
main peak is assigned to the graphitic carbon of the CNTs and
the low intensity peak located at higher binding energies
(288.4 eV) to the C=O0 bonds. Note that the main peak is cen-
tered at slightly different binding energies depending on the
plasma treatment. For gaining deeper insight into the bonding
chemistry of the graphitic carbon, the C 1s spectra have been
deconvoluted into at least four component Gaussian peaks
(see Fig. S27). For Fe,O;@utCNTs, the main peak is broad and
asymmetric identifying a strong contribution assigned to sp’
hybridized graphitic-like carbon (C-C), i.e. amorphous carbon,
and a smaller contribution at a slightly lower binding energy,
284.5 eV, attributed to sp> hybridized carbon atoms (C=C).*
Along with the previously identified contribution of C=0O at
288.4 eV, the peak deconvolution identifies a shoulder at 286.6
eV due to the C-O bonds. For Fe,O;@npCNTs the main peak
is narrower and centered at 285.3 eV, suggesting that the sp’
contribution dominates. Finally, Fe,O;@wpCNTs shows a
peak centered at 284.9 eV, revealing that the main contribution
arises from the sp® hybridized carbon atoms. Therefore, the
plasma treated samples show a decreased C sp® concentration

Dalton Trans., 2020, 49, 4136-4145 | 4139
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compared to the utCNTs, in good agreement with the partial
removal of amorphous carbon upon plasma treatment.®

By comparing Fe,O;@wpCNTs vs. Fe,O;@npCNTs, it is
observed that the Fe,O;@npCNTs composite shows a larger
contribution of C-C sp® hybridization, confirming that the
nitrogen plasma treatment is less effective at removing amor-
phous carbon than water plasma treatment. The amount of
sp’ C and sp®> C in each composite has been calculated
from the C 1s XPS deconvolution and is listed in Table S1.7
All three scenarios show the presence of carbon-oxygen
bonds, considered to be the main anchoring sites for the
iron oxide deposition. Note that the C—=C bonds are suscep-
tible to react upon N, or H,O plasma treatment”® but they
could also be oxidized with O *® during the ALD process creat-
ing C=0 or C-O bonds as active sites. This is relevant because
covalent functionalization can improve the anchoring of the
ALD precursors for the iron oxide coating but it can also
change the conductance of the nanotube and can be detrimen-
tal to the electrochemical properties,®® as will be discussed
below.

The O 1s high resolution spectra, Fig. 5(c), show two main
contributions at 532.2 eV and 530.3 eV attributed to the C=0
bonds and Fe-O bonds, respectively. The weight of the two
contributions varies depending on the nature of the plasma
treatment. Fe,O;@wpCNTs shows the largest contribution of
the Fe-O bond, indicating a larger amount of Fe,O;. For
Fe,0;@utCNTs, the largest contribution is the one corres-
ponding to C=O. It is important to note that the
Fe,0;@utCNTs composite also shows Fe-O bond contribution
which is in agreement with the formation of the iron oxide
coating.

As anticipated in the SEM analysis, our results suggest that
the iron oxide coating can be obtained on CNTs without pre-
vious plasma treatment. The O; gas introduced in the reaction
chamber during the ALD process could also promote the trans-
formation of C-C and C=C bonds of the CNTs into C=0 and
0=C-0" increasing the amount of anchoring sites, in good
agreement with the species detected by XPS. In fact, this is
supported by the formation of Fe,O; in the three systems
regardless of the surface treatment (untreated and N, and H,O

4140 | Dalton Trans., 2020, 49, 4136-4145
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(a) High-resolution Fe 2p spectra; (b) C 1s spectra and (c) O 1s spectra of 6 nm Fe,Oz@CNTs.

plasma treated). The non-uniform coverage of the utCNTs
identified from the SEM analysis, Fig. 1(g), could lie in the pro-
pensity of the carbon bonds at the tips of the CNTs to react
under oxidizing conditions (i.e. ozone) because they are under
higher strain due to their large curvature providing lower acti-
vation energy,*® being the anchoring sites for the subsequent
reaction with ferrocene.

According to this observation, the reaction mechanism of
iron oxide formation in our composite systems could be
similar to that previously described for ferrocene and O, on
modified CNTs.?*> Ferrocene would chemically bond with the
functional groups on the CNT surface (-COOH and -OH for
wpCNTs and utCNTs upon activation by ozone; graphite-like N
and pyridine-like N for npCNTs) and during the ozone pulse
the ferrocene ligand will oxidize and create new anchoring
sites for the following ALD cycle.

2.2. Electrochemical properties

It is well known that surface modification of as-grown CNTs
helps improving the electrochemical response.”?° Here we
investigate how both surface functionalization and Fe,O;
coating influences the electrochemical properties. The areal
capacitance of the samples was calculated from the cyclic vol-
tammograms applying eqn (1),
qa + [9c|

©="aav @
where C is the areal capacitance in mF cm ™2, g, and ¢, are the
anodic and cathodic charges, respectively, in mC. 4 is the geo-
metrical area of the sample in cm® and AV is the voltage
window in V. The cyclic voltammograms of the samples show
typical rectangular shapes, illustrating the capacitive behavior
of the nanocomposites (Fig. 6(a) and (b)). The water-plasma
treated CNTs with 6 nm iron oxide show, in addition, the oxi-
dation and reduction peaks of the iron atom in the electrolyte
solution (Fig. 6(a)). However, the shape remains similar even
at high scan rates (150 mV s, see Fig. 7), which implies excel-
lent capacitive behavior and quasi-reversible redox reactions.*’
The redox peaks of the 6 nm Fe,O;@wpCNTs can be related to
the remaining Fe catalyst at the tip of the CNTs utilized to

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Cyclic voltammograms of 6 nm Fe,Oz@wpCNTs at scan rates
from 10 to 150 mV s™*.

grow the nanotubes.”*" During the water plasma process, the
CNT sites with defects are preferentially etched (i.e. the tips of
the nanotubes) leaving the Fe-catalyst exposed. Consequently,
the 6 nm Fe,0;@npCNTs and Fe,O;@npCNTs do not show
the redox peaks because they presumably present a larger

This journal is © The Royal Society of Chemistry 2020
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rates.

amount of amorphous carbon covering the CNTs and thus the
Fe catalyst. For the 30 nm coatings, the Fe catalyst is even less
exposed due to the thicker iron oxide coating.

The areal capacitance of the carbon nanotubes increases
after atomic layer deposition of iron oxide from below 1 mF
em™? for bare CNTs (not shown) up to 32 mF cm™> at a scan
rate of 10 mV s~' (6 nm Fe,O;@wpCNTs in Fig. 8). If the layer
of iron oxide is too thick, ie., in the order of the CNT separ-
ation distance, the capacitance decreases again due to the
reduction of the nanocomposite porosity and thus the electro-
chemically active surface area. An iron oxide layer of about
6 nm thickness appears to be suitable for high areal capaci-
tance, while a 30 nm thick layer reduces the electrochemically
active area of the electrode. In addition, the water plasma treat-
ment of the nanotubes allows the removal of amorphous
carbon and surface functionalization with oxygen groups,
which result in a better electrochemical performance of the de-
posited oxide. In contrast, the nitrogen plasma treatment of
the CNT surface has a negative effect on the areal capacitance
of the nanocomposite. Nitrogen plasma allows the partial
removal of amorphous carbon and the introduction of the
nitrogen groups on the CNT surface.’® However, these groups
along with a larger amount of amorphous C compared to the
water plasma treated samples seem to be detrimental to the
formation of an electrochemically active layer of iron oxide for
supercapacitor applications.

Electrochemical Impedance Spectroscopy provides further
information about the processes taking place at the interfaces
and bulk of the samples. The Nyquist plot presents the typical
behavior of capacitive porous electrodes with the data becom-
ing steeper in the low-frequency region of the spectra (Fig. 9).
A modified Randles circuit allows fitting the experimental
points with circuit elements in series and parallel configur-
ations describing charge storage and transfer processes
between the electrode and the electrolyte (inset in Fig. 9). The
intersection point with the real axis in the Nyquist spectra (see
inset graph in Fig. 9) corresponds to the cell internal resis-
tance (Rs). The charge transfer resistance (Rcr) describes trans-
fer processes between the electrode and electrolyte and is con-

Dalton Trans., 2020, 49, 4136-4145 | 4141
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Fig. 9 Nyquist plot of different CNT samples covered with 6 and 30 nm
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the high-frequency region and the modified Randles equivalent circuit
used to fit the data.

nected in parallel with the double layer capacitance (Cpy). In
the mid-frequency region of the spectra a Warburg element
(Wo) refers to the diffusion of ions through the porous struc-
ture of the electrode, expressed by A/(jw)" where A is the
Warburg coefficient, @ is the angular frequency and n is an
exponent. At low frequencies, the points of the spectra become
steeper in accordance with a polarized capacitive behavior
which is described by mass capacitance (Cy) in parallel with
leakage resistance (Rp). The whole spectra were fitted using
ZVIEW software (Version 2.1, Scribner Associates, Inc.,
Southern Pines, NC, USA) and the equivalent circuit para-
meters obtained are given in Table 1.

The internal resistances of the samples are similar, which
is related to electrolyte resistance, cables, and contact resist-
ances of the cell,** and take values in the range of 0.08 to 1.08
Q cm?, with the wpCNTs presenting the highest values. This
result is assumed to be related to the oxygen groups incorpor-
ated on the surface of the CNTs after the water plasma treat-
ment, which may increase the resistance of the nanotubes as
observed previously.”® The charge transfer resistance between
the nanocomposite and the electrolyte presents the lowest
value for the water-plasma treated samples, which indicates
excellent contact between the iron oxide layer and the carbon
nanotubes. The untreated sample shows the highest Rcr
values due to the amorphous carbon present on the surface of
the nanotubes which avoids good contact with the oxide cover-
age and the CNTs. As expected, the Rcr value increases with
iron oxide thickness due to its low conductivity. The Warburg
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coefficient also increases from 6 to 30 nm deposition thick-
ness, in agreement with higher ion diffusion resistance
through the pores of the sample. The Warburg exponent
values are around 0.45, except for the 6 nm Fe,O;@npCNTs
sample, which presents a value of 0.64 related to diffusion
taking place only at the surface of the electrode.** The double
layer capacitance, associated with the electrostatic charging of
the electrode, reaches a maximum value for the 6 nm
Fe,0;@wpCNTs sample. The leakage resistance presents a
minimum for the nitrogen-plasma treated samples (6 and
30 nm iron oxide thickness), which explains the low charge
storage capacity of these samples. 30 nm Fe,O;@wpCNTs
(0.7 mF em™?) and 6 nm Fe,O;@npCNTs (7 mF cm™?) present
the maximum mass capacitance values for their respective
thicknesses. However, the low R;, of the nitrogen-plasma
treated sample results in low energy storage capability. Thus,
6 nm Fe,0;@wpCNTs shows optimum values of leakage resis-
tance, double layer and mass capacitances. This is assumed to
be related to the more effective removal of amorphous carbon
(see Fig. S271), and the introduction of the oxygen groups that
promote a conformal coating and an optimum interface
between the CNT and the metal oxide. The nitrogen plasma
treatment is not so effective in removing the amorphous
carbon (see Fig. S2}) and introduces nitrogen groups that
avoid the stable accumulation of charges at the interfacial
region between the electrode and electrolyte. The overall
capacitance obtained from the fitting of EIS data is of the
same order of magnitude as those obtained by cyclic voltam-
metry. The values are also similar to those already reported in
the literature (37 mF cm™?) for vertically oriented CNTs
covered with metal oxide nanoparticles.*> Other works present
higher areal capacitance values (around 600 mF cm™2).2°
However, the nanotubes are not vertically aligned but rather
randomly oriented and with a higher mass loading (30-50 mg
cm™?). Other materials deposited on VACNTs have been
studied and show similar areal capacitance values, i.e. 37.5 mF
em™> for DC-sputtered vanadium nitrate on VACNTs.*®
Extremely high areal capacitance values have been obtained
using asymmetric supercapacitors with binary metal sulfides
and polypyrrole on VACNTs (3.3 F cm™).*” By analyzing the mor-
phology and thickness of the iron oxide coating from SEM and
TEM images, the mass loading of our samples was estimated to
be 30-160 pg cm >, depending on the thickness. This corres-
ponds to a theoretical specific capacitance of about 1000 F g™*
at 1 A g”%, which is in agreement with previous works on the
ALD of iron oxide on CNTs.** These values are also similar to

Table 1 Equivalent circuit parameters obtained from fitting the EIS data for the samples with a modified Randles circuit

Electrode material Rs (Q cm?) Rer (Q cm?) A(kQs™) n Cp1, (MF cm™?) Ry, (Q cm?) Cr, (mF cm™)
6 nm Fe,O;@utCNTs 0.08 0.37 0.5 0.56 0.20 566 3.5

6 nm Fe,O;@npCNTs 0.12 0.25 5.5 0.64 0.07 68 7.0

6 nm Fe,0,@wpCNTs 1.08 2x1077 0.5 0.45 0.32 341 6.0

30 nm Fe,O;@utCNTs 0.28 79 2.8 0.40 0.074 1.3 0.30

30 nm Fe,O;@npCNTs 0.18 11 4.0 0.42 0.081 0.42 0.33

30 nm Fe,0,;@wpCNTs 0.66 5x1077 7.0 0.44 0.095 191 0.70
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those obtained using other deposition techniques such as the
hydrothermal method. Using this technique Fe,O; was de-
posited on CNT sponges providing 269.3 F g™ specific capaci-
tance,*® and iron oxide nanoparticles were deposited on nitro-

gen-doped reduced graphene oxide providing up to 618 F g~ *.*°

3. Experimental

3.1. Growth of carbon nanotubes

Synthesis of 1 pm-long vertically aligned-multiwalled CNTSs
(VA-MWCNTSs) was carried out in a PECVD (plasma-enhanced
chemical vapour deposition) reactor which allows to do sput-
tering, PECVD and plasma functionalization. A Papyex© flex-
ible graphite sheet (n998) of 0.2 mm thickness was used as a
substrate. At a chamber base pressure below 4 x 10™* Pa, 3 nm
of the Fe catalyst was sputtered on the graphite substrate using
128 sccm Ar. In order to anneal the catalyst layer, the sample
was located below the graphite thermal resistance (2 Q). The
annealing process was achieved at 680 °C under 2 mbar hydro-
gen pressure with 750 s ramp time and 120 s hold time.
Subsequently, the PECVD process was carried out for 15 min,
at the same temperature, under 1 mbar pressure, applying 50
W plasma power and with 100 and 50 sccm gas flow of NH;
and C,H,, respectively.

Two different plasma treatments were performed on the CNT
samples in order to introduce the nitrogen (nitrogen plasma)
and oxygen (water plasma) functional groups on their surface
and analyze their effect on the ALD-deposition of iron oxide and
the electrochemical properties of the nanocomposites. The con-
ditions for the water plasma treatment were: 30 s, 50 Pa water
vapor pressure, and 50 W plasma power, and for the nitrogen
plasma treatment: 120 s, 50 Pa nitrogen pressure with a flow of
100 scem and 50 W plasma power.®

3.2. Deposition of Fe,0; coatings

Fe,0; coatings on untreated CNTs (utCNTs), water plasma
CNTs (WpCNTs)” and nitrogen plasma CNTs (npCNTs)® were
prepared by atomic layer deposition in a Cambridge NanoTech
Savannah 100 ALD system. Reference p-type boron-doped Si
(100) pieces were placed in the ALD reactor simultaneously
with the CNT samples for determining the Fe,O; growth rate
and film thickness. The deposition process was realized via
alternating ferrocene Fe(Cp), (heated at 80-100 °C) and ozone
(O3) pulses at 200-250 °C. Exposure mode was employed by
closing the exit valve of the reactor for a certain amount of
time before the subsequent purging procedure, allowing pre-
cursor penetration into the deep CNT trenches and ensuring
adequate reaction time between the precursors and CNT
surface groups. The pulse/exposure/purge sequence applied to
this system was 2-3.5 s/30-50 s/20-40 s for ferrocene and 0.2-1
$/20-40 s/20-40 s for ozone. A 40 sccm nitrogen gas flow was
used as both the carrier and purge gas. The thickness of the
coatings (6 nm and 30 nm) was adjusted by varying the
number of ALD cycles. Note that below 6 nm the film was not
continuous.

This journal is © The Royal Society of Chemistry 2020
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3.3. Fe,O;@CNTs characterization

The morphological and structural details of the samples were
obtained using field emission scanning electron microscopy
(SEM) (JEOL JSM-7001F, operated at 20 kV, JEOL Ltd, Tokyo,
Japan) and transmission electron microscopy (TEM) (Hitachi
H-800 MT, Hitachi Ltd, Tokyo, Japan). The carbon nano-
composites were transferred to the TEM grid by scratching off
from the substrates to a pure ethanol solution, dispersed in an
ultrasonic bath for 1 hour and a few drops of the solution was
allowed to dry on a TEM grid.

The surface chemical composition was studied by X-ray
photoelectron spectroscopy (XPS) carried out with a PHI 5500
Multitechnique System (Physical Electronics, Germany)
equipped with a monochromatic X-ray source (aluminum Ko
line of 1486.6 eV energy and 350 W), placed perpendicular to
the analyzer axis and calibrated using the 3ds,, line of Ag with
a full width at half maximum (FWHM) of 0.8 eV. The analyzed
area was a circle of 0.8 mm diameter, and the selected resolu-
tion for the spectra was 187.5 eV pass energy and 0.8 eV per
step for the general spectra and 11.75 eV pass energy and 0.05
eV per step for the core level spectra. All measurements were
made in an ultrahigh vacuum (UHV) chamber with pressure
between 5 x 10° and 2 x 10 Torr.

The phase and crystallinity of the iron oxide layer were
explored on reference samples by means of Grazing Incidence
X-ray Diffraction (GIXRD). Coating thickness analysis was
investigated by X-ray reflectivity (XRR). Both studies were per-
formed using a Bruker-AXS model A25 D8 Discover diffract-
ometer (Cu Ka radiation source), revealing that the structure of
the as-deposited iron-oxide coating is a pure hematite phase
(a-Fe,03), see ESI Fig. S3.7

The electrochemical properties of the samples were ana-
lyzed using a potentiostat/galvanostat (AutoLab, PGSTAT30,
Eco Chemie B.V., Utrecht, The Netherlands) and a typical
three-electrode cell. Different nanocomposite samples were
used as the working electrode in 1 M Na,SO, solution. A Pt-
ring electrode and an Ag/AgCl electrode (3 M KCl internal solu-
tion) served as the counter and reference electrode, respect-
ively. The electrochemical behavior of the samples was investi-
gated using cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS). All experiments were carried out at
room temperature and the geometrical area of the working
electrode was set to a constant value of 0.57 cm”. The voltage
window during CV was —0.7 to 0.3 V vs. Ag/AgCl at scan rates
between 10 and 150 mV s~'. The EIS analysis was performed
by applying an alternating voltage of 10 mV amplitude to the
samples and recording the response at frequencies between 1
Hz and 100 kHz in logarithmic spacing.

4. Conclusions

In this work we have prepared Fe,O;@CNTs coaxial hetero-
structures in which the oxide scaffold is grown by ALD. We
have investigated the effect of nanotube surface functionali-
zation through different plasma treatments (N, and H,O

Dalton Trans., 2020, 49, 4136-4145 | 4143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9dt04908h

Open Access Article. Published on 26 February 2020. Downloaded on 2/17/2026 3:15:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

plasma) on the deposition of the iron oxide coating and on the
electrochemical properties. By using ozone as an oxidant source
in the ALD deposition, iron oxide coating can be achieved
regardless of the surface treatment. Nonetheless, untreated
CNTs result in less homogeneous coatings. The iron oxide
coating increases the areal capacitance although too thick
coating (30 nm) reduces the active area and the electrochemical
performance. We have identified that Fe,0;@wpCNTs compo-
sites show optimum values of leakage resistance, double layer
and mass capacitances. Therefore, the H,O plasma treatment
promotes the best anchoring sites for conformal ALD iron oxide
deposition and excellent contact between the oxide coating and
the CNTs, by effectively removing amorphous C, for the electro-
chemical response.
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