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Direct growth of nanotubes and graphene nanoflowers
on electrochemical platinum electrodes+t

Irene Taurino,*® Arnaud Magrez,° Federico Matteini,© Laszld Forrd,® Giovanni De
Micheli® and Sandro Carrara®

Multi-walled carbon nanotubes and graphene nanoflowers were grown by a catalytic chemical vapor
deposition process on metal surfaces. Electrodeposition was used as a versatile technique to obtain
three different iron catalyst coatings on platinum microelectrodes. The influence of growth parameters
on carbon deposits was investigated. Characterization was carried out by scanning electron microscopy
and Raman spectroscopy. A chemical treatment in sulphuric acid produced an increased voltammetric
background current. In Raman spectra, the effect of the chemical treatment is seen as a more
pronounced sp> hybridisation mode of C resulting from surface functionalization of the C
nanomaterials. Overall, the hybrid electrodes we produced exhibit a promising performance for oxidase-
based array biosensors. Therefore, our study opens the possibility of integrating the hybrid electrodes in

www.rsc.org/nanoscale biochip applications.

1. Introduction

Electrochemical sensors are powerful tools for the detection of
certain compounds. Their fabrication methods are inexpensive
and perfectly reproducible, and they can be used for simple
analytical measurements with excellent sensitivity.* In addition,
electrodes can easily be miniaturized to improve the time
response, increase the signal-to-noise ratio and reduce the
influence of the solution resistance.> Monitoring endogenous
metabolites such as glucose and lactate in human fluids is of
significant importance for diagnostic and therapeutic
purposes.® The electrochemical determination of these mole-
cules — always mediated by an enzyme - is indirectly achieved by
detecting hydrogen peroxide, a product of the enzymatic
reaction.”

Electrodes made of common metals or alloys are not sensi-
tive enough to detect biomolecules of medical interest at their
lowest physio-pathological concentrations. Therefore, many
nanomaterials are currently employed to enhance bio-
detection.® Because of their attractive electrochemical
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properties, carbon materials, especially multi-walled carbon
nanotubes (MWCNTs)® and graphene,” are of particular interest
for nanostructuring electrodes. Several procedures have been
developed to integrate graphene and CNTs onto electrodes. In
most cases, additives or polymers are also incorporated together
with these carbon nanomaterials.*® Unfortunately, the presence
of binders negatively affects the detection performance of the
device by partially offsetting the electrical properties of the
nanostructures, while preventing, at the same time, a high
electric coupling between the nanomaterials and the metal
substrates. Growth of graphene and CNTs onto electrodes by
direct chemical vapor deposition (CVD) would ensure a close
nanostructure-metal electric contact that is of crucial impor-
tance for high performance characteristics.

Graphene is commonly produced on a metal foil (generally
Ni or Cu).*® Conversely, growing MWCNTSs on metals is difficult
because catalytic particles are more active when supported by
oxides. When placed on metal surfaces, catalytic particles are
often poisoned because of the alloying.™

Here, we demonstrate the possibility of growing MWCNTs
and flower-shaped nanographene onto Pt microelectrodes.
First, for a selective deposition of the catalyst onto Pt, we
developed versatile methods based on electrodeposition rather
than on long and expensive procedures like metal evaporation
and sputtering. Electrodeposition allows to efficiently deposit
the catalyst in the form of nanoparticles as well as layers with
controlled thickness. Another key advantage is the compati-
bility of this deposition method with electrochemical devices.
We exploited the versatility of this procedure to obtain different
iron deposits onto Pt electrodes. Second, we showed that the
type of carbon nanostructures grown on Pt electrodes varies
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with the nature of the catalyst. The influence of the deposition
parameters on the characteristics of the obtained carbon
materials was also examined. Their characterization was per-
formed by SEM microscopy and micro-Raman spectroscopy.
Third, the effectiveness of the nanostructured-electrodes after
chemical activation was proven by recording voltammograms in
hydrogen peroxide solutions.

2. Experimental setup
2.1. Microfabrication

We used a positive photoresist (AZ1512 on LOR) on Si wafers
coated with a 500 nm SiO, layer. Platinum (200 nm) was
deposited by evaporation (Alcatel EVA 600). A buffer layer of Ti
(20 nm) was intercalated to improve the adhesion between Pt
and SiO,. After a lift-off process, platforms with electrodes
having a diameter of 564 pm are obtained.

2.2. Iron electrodeposition

Linear scan voltammetry (LSV) and chronoamperometry (CA)
were used to deposit an iron catalyst, in the form of a freshly
prepared 0.2 M FeSO, solution (iron(n) sulfate heptahydrate
BioChemica, AppliChem), onto the working electrodes. A buffer
solution composed of 0.5 M H3BO; (boric acid BioChemica,
AppliChem) and 0.5 M NaCl (sodium chloride, Sigma) was used.
All solutions were prepared with Milli Q (Millipore) water.

Three kinds of electrodeposited iron were tested as catalysts.
Depositions were obtained by (i) LSV with a potential window of
0/—1.4 V and a scan rate of 5 mV s ', followed by solution
stirring for approximately three minutes (LSV + STIR), (ii) CA at
—1.4 V for 15 s followed by solution stirring for approximately
three minutes (CA15 + STIR), (iii) CAat —1.4 Vor —1.3 Vfor 60 s
(CA60). All the experiments were performed under aerobic
conditions. A gold circular electrode (diameter = 4 mm), placed
in parallel and approximately at 1 cm from the working elec-
trode, was used as a counter electrode to obtain homogeneous
depositions.

2.3. Synthesis of carbon nanomaterials

MWCNTs and graphene-shaped deposits were grown onto the
different iron coatings in a CCVD quartz tube furnace at
ambient pressure. Prior to growth, the devices were introduced
in the furnace (pre-heated at growth temperature) and kept
there for 10 minutes under a H, and Ar flow (60 1 h™"). This
resulted in catalyst film dewetting and particle formation. C
materials were deposited by oxidative dehydrogenation chem-
istry;>** Ar was introduced in the CVD reactor at 45 1 h™!
together with C,H, and CO, (with a 1 : 1 ratio and a flow rate of
0.25 1 h™") for 5 minutes. The growth temperature was fixed at
750 °C. After the deposition, the chamber was cleaned under an
Ar flow (60 1 h™") for 10 minutes. To sum up, standard growths
were obtained with the following parameters (standard
parameters): 10 minutes of annealing, 5 minutes of deposition,
a C,H, gas flow of 0.25 1 h™, a CO, gas flow of 0.25 1 h™" and a
growth temperature of 750 °C.
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2.4. Materials characterization

The surface morphology and the roughness of the Fe catalyst
before and after segregation were examined with a Bruker
Atomic Force Microscope. The roughness parameters of the
surface were evaluated with a Gwyddion software* after plane
subtraction and horizontal scar removal. A Zeiss MERLIN
Scanning Electron Microscope was used to investigate the
morphology of both the catalyst and carbon materials. We
measured the covered area of the catalyst nanoparticles and the
average CNT diameters by using Image] software.’” Raman
spectra were acquired using a homemade micro-Raman
microscope.'® The spectra were analysed with a triple grating
spectrometer (TriVista 555). A 488 nm laser was focused on a
diffraction-limited spot of around 0.65 pm” to reach a power
density of 2.2-2.3 mW pm 2. The acquisition time varied from 2
to 5 minutes. Particular care was taken to avoid heating of the
samples because of the well-known possibility of modifying/
damaging the C nanomaterials with the laser."” Igor Pro
(Wavemetrics, Lake Oswego, OR, USA) software was employed
to fit Raman peaks using Lorentzians.™

2.5. Activation and electrochemistry

The as-grown carbon nanomaterials were activated in 6 M
H,S0, (Sigma, 95-98% vol) for 6 hours. A 0.01 M Phosphate
Buffer Saline (PBS, pH 7.4, Sigma) and 1 mM H,0, (30% vol)
solution was wused for electrochemical measurements.”
Measurements were carried out with a three electrode config-
uration electrochemical cell. The microfabricated Pt electrodes
were employed as working electrodes. The counter and refer-
ence electrodes were made of Pt and Ag/AgCl (3 M KCI),
respectively. Cyclic voltammograms (CVs) were registered with a
Versastat 3 potentiostat (Princeton Applied Technologies) and
VersaStudio software. Initially, electrode potentials were cycled
between two potential limits until two perfectly overlapping
subsequent voltammograms were obtained.*

3. Results and discussion
3.1. Production and characterization of the iron catalyst

Fig. 1(a) and (d) show SEM images of iron nanoparticles (FeNPs)
obtained with the LSV + STIR procedure. The covered area is
(27.6 £ 3.8)% and the perimeter of the particles is (245.7 & 29.3)
nm. The minimum and the maximum near-neighbour
distances between nanoparticles were estimated to be (26.6 +
5.6) nm and (164.8 + 20.8) nm, respectively. From FeNPs
exhibiting such characteristics, Pt microelectrodes fully covered
with MWCNTs were obtained (for further details see the ESIT).
Using the CA15 + STIR deposition, platinum electrodes were
covered with a non-compact iron layer (FeNC). Arrows in
Fig. 1(b) and (e) highlight the presence of cracks on the Fe
coating. Platinum is clearly visible under the FeNC layer.
Conversely, compact iron layers (FeC) do not show any fissure
and the coating is thicker than FeNC. This is due to the four-fold
increase in the electrodeposition time (Fig. 1(c) and (f)).
Following the iron electrodeposition, coatings were annealed
at growth temperature under an Ar and H, flow. Fig. 2(a—c) show
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Fig. 1 SEM images at high (a—c) and low (d—f) magnification of iron electrodeposited onto Pt microelectrodes by using the procedure (a-d) LSV + STIR (b-e) CA15 +

STIR and (c—f) CA60.

Iron coatings AFTER annealing

Fig.2 SEM images of iron electrodeposited onto Pt electrodes and obtained with (a) LSV + STIR (b) CA15 + STIR and (c) CA60 after 10 minutes of annealing at 750 °C.

SEM images of the different iron layers after 10 minutes of
annealing at 750 °C. The roughness, evaluated by AFM (Fig. 3),
does not differ significantly between FeNPs and FeNC (R,,s was
34.8 nm and 29.6 nm for FeNPs, and 22.7 nm and 25.0 nm for
FeNC, before and after annealing, respectively). This behaviour
is different in the case of FeC for which R, decreases
remarkably after the annealing (from 54.1 nm to 38.6 nm).
Particles are still present in FeNPs and FeNC. Undulated
surfaces with clear stripes result from FeC.

3.2. Effects of synthesis parameters

Carbon materials were imaged by SEM. From FeNPs, sparse
rolls of MWCNTs were selectively grown onto the metal elec-
trodes (Fig. 4(a)). Randomly oriented nanotubes resulted from
FeNC (Fig. 4(b)). Average diameters of the MWCNTSs grown from
FeNPs and FeNC were (15.4 + 4.0) nm and (13.7 + 3.2) nm,
respectively. Fig. 4(c) shows nanographene-shaped petals
resulting from FeC. A top view of a uniform nanostructured
electrode with nanographene-shaped flowers is shown in Fig. 5.

We investigated the effect of different deposition variables
on the resulting carbon materials. The same kind of nano-
graphene-shaped material was observed when the growth
parameters were changed (temperature, flow of the carbon gas,
annealing time). We also obtained nanographene from compact
layers of electrodeposited Co and Fe,Co, which are effective
catalysts for the deposition of ordered C nanomaterials.”* An
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increase in the yield resulted from a prolonged carbon growth
time and greater catalyst thickness.

We examined the influence of growth temperature on the
average MWCNT diameter. In general, the MWCNT diameter
increased by reducing the growth temperature. The formation
of thick and short CNTs was observed at 600 °C (Fig. 6). When
FeNC was used as the catalyst, the CNT diameter increased
more as the temperature decreased. Moreover, lowering the
temperature means that less iron is catalytically active for
nanotube nucleation and so the growth kinetics is reduced.
This phenomenon results in a smaller CNT yield.

We reduced the catalyst annealing time from 10 to 3
minutes. From FeNPs we obtained MWCNTs with a slightly
wider diameter (16.9 £+ 3.2 nm). From FeNC, the increase in
diameter was more pronounced (19.5 £ 5.3 nm - Fig. 7(b)). The
dewetting of the Fe film by thermal annealing has been exten-
sively reported in the literature.”” In some studies the procedure
was very similar to the one we followed.* A shorter annealing
time limits the Fe film dewetting, resulting in bigger Fe nano-
particles and, thus, in larger MWCNTS. To prove this assump-
tion, we measured the FeNP size after two different annealing
times. The average diameter of the FeNPs was 14.5 £ 5.3 nm
and 16.0 = 4.7 nm after 10 and 3 minutes of annealing,
respectively. As expected, the increase of the particle size was
more evident from FeNC (14.2 + 3.9 nm after 10 minutes and
21.7 + 8.9 nm after 3 minutes of annealing).

With a growth temperature of 750 °C and an annealing time
of 10 minutes, an increase in the carbon precursor flow (from

This journal is © The Royal Society of Chemistry 2013
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Fig.3 3D AFM images (Nanoscope Analysis software) before (a—c) and after (d—f) 10 minutes of annealing at 750 °C (procedures: LSV + STIR (a—d) CA15 + STIR (b—e)

and CA60 (c—f); images: 2 um x 2 um).

0.251h " to 0.5 1h™* for both C,H, and CO,) does not vary the
diameter of CNTs (11.5 + 2.1 nm) grown from FeNPs.
Conversely, the doubling of the carbon flux promotes the
formation of nanotubes with a broader range of diameters
(from 10 to 70 nm) from FeNC. This is due to the catalytic
activation of larger Fe nanoparticles if the furnace is fed with a
higher carbon flux, which in turn gives rise to nanotubes with
larger diameters (Fig. 7(c)).

We also studied the effect of tripling the carbon growth time
(from 5 to 15 minutes). Also in this case, we noted an almost
unvaried average diameter of the tubes grown from FeNPs
(15.8 & 4.2 nm). In contrast, the diameter of the tubes obtained
from FeNC doubled (34.9 + 6.4 nm - Fig. 7(d)). It is reasonable to
assume that, in the presence of the available catalyst, a prolonged
carbon feed results in MWCNTSs with more graphitic layers.

One cannot exclude the presence of carbon nanofibers
together with CNTs in some samples. This is especially

true when the catalytically active particles are big in
size (e.g, lower synthesis temperature, shorter annealing
period).

Fig. 5 Top view of a nanostructured Pt microelectrode with graphene-shaped
flowers.

Fig.4 SEM images of MWCNTs (a-b) and graphene-shaped nanostructures (c) at lower and higher magnification (insets) deposited on Pt and obtained from FeNPs
(a), FeNC (b) and FeC (c), respectively (annealing time: 10 minutes, carbon growth time: 5 minutes, growth temperature: 750 °C).

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Evolution of the MWCNT diameter with the temperature in the case of
growths from FeNPs (blue line) and FeNC (red line). SEM images of MWCNTs were
selected for each deposition condition (bars: 100 nm).

3.3. Characterization by micro-Raman spectroscopy

A selected number of samples was analyzed by micro-Raman
spectroscopy. Each spectrum consists of three typical bands.***®
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Fig. 7 Diameter distribution of MWCNTs produced from FeNC under different
growth conditions (first deposition (a), reduced annealing time (b), doubled flow
of the carbon gas (c), and tripled carbon growth time (d)).
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D is the defect- and disorder-induced band (=1350 cm ™). The
G band is a measure of the graphitic lattice quality (=1580
cm™ ') and the G’ band - overtone of the D peak, =2710 cm ™" -
is also sensitive to the density of defects. The relative integrated
peak ratios were considered for the structural evaluation of the
materials* since less sensitive to the experimental conditions
than the absolute intensities.>

The ratio does not show substantial changes among MWCNTSs
with diameters in the 10-20 nm range (Iy/I;=~1). Conversely, we
noted a strong increase of Iy/I, for wider and shorter tubes (~1.7)
grown at 600 °C, indicating a less perfect crystalline lattice.'® The
high defect density of these tubes was also confirmed by the
simultaneous decrease of both Iy/I; and I,/I4 ratios.> The values
of the full width at half maximum (FWHM) of all the three peaks
were found to be approximately 20-30 cm ™' higher for CNTs
grown at 600 °C than for MWCNTs fabricated at higher temper-
atures, indicating the presence of more disordered and amor-
phous carbon in the samples prepared at 600 °C.>

Nanographene-shaped structures showed the lowest value of
I4/I; (=0.6) and the highest I /I, and I,/I4 ratios (approximately
3 and 5, respectively). The ratio I,/I, resulted to be 9 times
higher than that measured from graphite. Also Iy/I; showed a
very high value (13 times higher than graphite). Narrow peaks
characterize these carbon nanostructures. FWHM values were
about 45 cm ™, 35 cm " and 65 cm™ " for G, D and G’ peaks,
respectively. We noticed that the G band does not present the
characteristic shoulder of graphite-based materials (Fig. 8(a)).
In addition, the position of the G’ peak was about 20 cm™* lower
than that related to graphite. This peak is also sharper and
almost 4 times more intense than the G’ peak of graphite
(Fig. 8(b)). Considering these data, we can argue to have
obtained flowers of nanographene from FeC electrodeposited
on Pt.”” Generally Ni and Cu are used as catalysts to grow gra-
phene.” The iron layer represents a valuable possibility to
produce graphene flakes. In this case, the use of acetylene as the
carbon source has been demonstrated to allow a drastic
reduction of the growth temperature during the process. This is
extremely promising for the direct integration of graphene onto
devices with electronic circuits.”® Up to now, only a few studies
have focused on graphene deposited onto Fe* due to the diffi-
culty of controlling carbon diffusion and precipitation, with
consequent formation of mixed phases. Moreover, to the best of
our knowledge, this is the first experimental study that reports
the deposition of graphene flakes onto electrodeposited Fe. It is
reasonable to assume that a very thin layer of iron remains
between the graphene petals and the Pt.** The objective of the
present work was to avoid the use of a dielectric underlayer
(placed between Pt and iron) for growing carbon nano-
structures, since it would have created a high contact resistance.
Certainly, a direct coupling carbon nanostructure-metal is still
present even if a thin layer of iron is interposed between the two
materials.

3.4. Carbon activation

Before studying the electrochemistry of the nanostructured Pt
electrodes, we performed material activation. Different surface

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Raman spectra of graphite (blue line) and nanographene flowers (red line) in the ranges (a) 1200-1700 cm~" and (b) 2550-2800 cm™". All the spectra were

normalized with respect to the G peak height.

modifications of carbon materials can be employed. Thermal
annealing of carbon materials at 400 °C-500 °C is one of the
procedures currently used to form oxides and defect sites and to
remove the amorphous carbon. However, this method
compromises the mechanical stability of the nanomaterials on
the electrodes.* Electrochemical procedures are not suitable for
our carbon materials. These methods do not have any effects on
the tube and graphene walls, creating functional groups and
defects onto the graphene sheet edges and tube caps.**** The
carbon nanoflowers and MWCNTs we produced (randomly
oriented with respect to the Pt surface) extensively expose their
walls. Therefore, a chemical activation was chosen. Carbon
nanomaterials were pretreated in a sulphuric acid solution®
and the activation time was optimized to avoid material
detachment from the surface (6 hours). Since an increase in the
number of defects is expected after the activation, treated
nanostructures should lead to better electron transfer in
electrochemistry.>*

To confirm the efficacy of the activation, Raman spectra were
taken before and after the treatment. The increase in the peak
intensity in the frequency region beyond 2900 cm ™" is indicative
of the O-H stretching of acid-produced carboxylic groups.*
Table 1 shows the increase of the ratios between the G peak
and the peaks related to the introduction of defects after the
activation (G + D1 peak at =3000 cm ' and 2D2 peak at
~3200 cm ).

3.5. Electrochemical study

The introduction of redox active surface groups was also
confirmed by CVs.”® Indeed, an increase in the charge calculated
from the area of the voltammograms was registered.**?”
Microelectrodes with MWCNTSs synthesized at 600 °C showed a
total capacitance of 0.217 pF and 0.576 uF before and after the
treatment, respectively. This phenomenon was especially
evident when more carbon material covered the electrode.
Indeed, the higher carbon deposit yield obtained at 600 °C

Table 1 Increase of /(g.q)/lq and /,4,/l4 ratios after the carbon activation
Before activation After activation
Nanographene = MWCNTs  Nanographene = MWCNTs

Igra)lly — 0.42 0.39 1.52 1.16

Laa/Iy 0.21 0.10 1.23 0.19

This journal is © The Royal Society of Chemistry 2013

showed an increase in total capacitance of more than one order
of magnitude (0.257 pF before and 8.901 uF after the activation).

The CVs of the nanostructured electrodes were recorded with
H,0,. H,0, was selected as an electroactive compound exten-
sively used to monitor various metabolites.* In Fig. 9(a) it is
possible to notice a small increase in the capacitive background
current in the presence of short and low density tubes, with
respect to the bare electrode. The series of peaks related to the
hydrogen adsorption/desorption are less evident but still
present. The voltammogram also shows a set of four peaks
related to the characteristic oxido-reduction of H,O, at the Pt
surface.®® This indicates that CNTs are so sparse that the elec-
trolyte is able to spread onto the Pt electrode. Conversely,
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Fig. 9 (a) CVs of Pt (solid line in blue) and Pt nanostructured with MWCNTs
grown at 600 °C (dotted line in red). (b) CVs of Pt nanostructured with MWCNTs
(dash-dot line in violet) and Pt nanostructured with graphene nanoflowers (line in
green) both grown at 750 °C. Solution: 1 mM of H,0,. Potential window: —0.8/+1
V. Scan rate: 0.05 Vs~
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Table 2 Oxidation peak currents of H,0, (1 mM) related to Pt electrodes and
electrodes with three different kinds of integrated nanostructures

600 °C 750 °C Graphene
Pt MWCNTs MWCNTs  Nanoflowers
Peak current (pA) 0.048 0.064 0.22 2.14

voltammograms of electrodes with incorporated MWCNTs and
nanographene flakes produced at 750 °C do not present these
features (Fig. 9(b)). The shapes of the related CVs are very close
to those obtained with electrodes entirely composed of carbon-
based materials.*® Electrodes with MWCNTSs produced at 750 °C
and nanographene have a large capacitive current. Nano-
graphene flowers also produce a peak characteristic of the
activated carbon materials at approximately —200 mV.** Bare
electrodes exhibited very poor electrochemical signals (no
oxidation peak). Higher currents and better-defined oxidation
peaks appear in voltammograms recorded with a higher CVD
density of nanomaterials (Table 2). The peak current of nano-
graphene structures shows an improvement of two and one
orders of magnitude with respect to bare and CNT-nano-
structured microelectrodes, respectively. In particular, if short
MWCNTs improve only slightly the electrode performance
(oxidation peak height higher than a bare electrode), MWCNTSs
and nanographene flowers deposited at higher temperatures
yield the most intense peak currents. This is due to the greater
amount of nanomaterials covering the electrodes.

4. Conclusion

We produced different carbon nanomaterials by CVD directly
onto Pt microelectrodes. In the first stage, iron was deposited as
the catalyst material. To this end, an electrodeposition tech-
nique was selected because it is an easy and rapid method for
selective catalyst incorporation. Thanks to the versatility of this
method, we obtained three different kinds of iron coatings.
From iron nanoparticles and non-compact iron layers we
obtained MWCNTs. Conversely, graphene-shaped structures
were grown from compact iron coatings. Shorter, thicker and
more defective nanotubes were obtained by lowering the
deposition temperature. Other deposition variables only influ-
ence the diameter of nanotubes grown from a non-compact iron
layer. Thicker tubes were produced by decreasing the annealing
time and by increasing the flow of the carbon gas and the
carbon growth time. Nanographene-shaped structures were
grown from compact iron coatings regardless of the deposition
conditions. We noticed a yield increase for an increased carbon
growth time. A comparison between Raman spectra of this
nanomaterial and graphite revealed that we had grown flowers
of nanographene on Pt. This is the first experimental study that
reports the production of graphene nanomaterials from elec-
trodeposited Fe coatings.

All the deposited nanomaterials were acid activated to
increase their electroactivity. The appearance of more
pronounced defect modes in Raman spectra and the increase of
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the background current in CV confirmed the efficacy of the
chemical treatment to produce electroactive and defective
sites.’” Voltammograms in solutions containing hydrogen
peroxide revealed the suitability of these nanostructures for
application in biosensing systems.
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