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Electrochemical synthesis of Fe oxide-based catalysts
for the growth of nanocarbons

Sofia Pérez-Villar,” Javier Carretero-Gonzalez

Pulsed electrodeposition technique has been used for the synthesis of iron—based compounds as
catalytic precursor for the growth of carbon nanofilaments via chemical vapor deposition (CVD).
Iron-based nanoparticles were electrodeposited on a three—dimensional and electron conducting
Al-Mg alloy substrate. A systematic control of the chemical composition, size and density of
the iron-based nanoparticles was achieved by varying the nature of the electrolytic bath and the
plating conditions. Results show that the as-prepared iron deposits synthesized at room
temperature (FeCls) and at 50 °C (FeClz and Fe(NO3)3) are catalytically active for the growth of
different carbon nanostructures. The structure of the catalyst precursor as well as their chemical
composition has a direct influence on the final carbon nanostructure. Nanocarbons produced by
this route exhibit a more disordered microstructure and higher concentration of defects than other
carbon nanostructures like nanotubes produced also by CVD. These filamentous nanocarbons
could be of practical and fundamental interest as electrodes in batteries, supercapacitors, fuel

cells and sensors.

Introduction

Nanocarbons, such as graphene, carbon nanotubes and other low-
dimensional crystalline carbons are of fundamental and practical
interest, offering the possibility to develop new types of both high
surface area and high electrical conductivity materials for a wide
range of technological applications'. Yet, the lack of homogeneous
single walled carbon nanotube and graphene sheets becomes a major
obstacle that hinders their broad application.

The chemical vapor deposition (CVD) of carbon on transition
metal nanoparticles has been shown to produce highly graphitic
phases in a variety of morphologies.?> Fundamental properties, such as
crystal structure and electronic conductivity in nanocarbons prepared
by CVD are highly influenced by the size, crystal morphology and
chemical composition of the metal nanoparticles used in the catalytic
growth.? Thus, the tunning of the catalyst particle morphology and
composition may provide an effective way for targeting desirable
functional properties for low—dimension crystalline nanocarbons.
Iron—based nanoparticles are one of the most frequently used growth
catalysts for nanostructured carbons mainly because of the relatively
low cost of iron precursors, good efficiency and their high catalytic
activity.* Usually, these iron catalysts are prepared by different
methods like impregnation of a substrate with an iron salt—containing
solution, physical deposition leading catalytic thin films or by floating
chemical vapor deposition using ferrocene as main carbon feedstock
and catalyst.’

Electrochemical deposition is a straight—forward, scalable and
inexpensive method to prepare catalytic nanoparticles for a site—
selective growth of filamentous carbon. Moreover, by using
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electropulsed technique is possible tune both the pulse amplitude and
width®” of the voltage (potentiostatic) or current (galvanostatic) as
well as the plating media controlling ultimately the crystal
morphology and structure, composition, and textural properties of the
deposited metal film.® These are advantages with respect to the
continous deposition which nuclei growth homogeneity is difficult to
obtain.

A few studies on iron oxide plating to produce magnetite (Fe3Oa)
and hematite (0-Fe2Os3) phases on different substrates have been
published. For example, hematite deposits were synthesized by
thermal oxidation in air at 500 °C after pulse electrodeposition and by
using Fe’ or y-FeOOH as precursors *!!. Nevertheless, magnetite thin
films'>'* were synthesized in aqueous media by controlling the pH
and temperature bath at 70 °C.

In our study, we are able to prepare iron oxide phases without any
additional anealing after its synthesis and in a non-aqueous media. In
previous work, our group demonstrated'> as a proof of concept that
with the combination of pulsed electrodeposition and CVD led to the
preparation of novel filamentous carbon exhibiting high gravimetric
edge surface and high density of reaction sites comparable to
graphene. The purpose of this work is, first, to control the morphology
and chemical composition of distinct iron-based particles at nano- and
micro-scale by adjusting the plating media, temperature and iron salts
by pulsed electrodeposition. Secondly, to study the impact of the the
morphological, size, textural of different iron-based nanoparticles
prepared by electrodeposition on the final carbon nanostructures
obtained by CVD.

Results and discussion
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The reduction potential of the oxidized iron species (Fe**, Fe?*) to
metallic iron was determined by linear sweep voltammetry (LSV).
Note that all the potentials are referring to Ag/AgCl. Figure 1 shows
the LSV plot recorded between 0.0 V to -2.5 V for the three Fe
salts in formamide (FA) at room temperature (RT). The onset
point of the cathodic current starts at -1.1 V, -1.3 V and -1.9 V
for FeCls.6H20, FeClz, and Fe(NO3)3.9H20, respectively. For
the three systems, a broad reduction peak is observed around -1.5
V. This is related to the electrochemical process Fe (II) + 2e —
Fe (0) for anhydrous FeCl: salt and Fe (III) + e — Fe (II) + 2e —
Fe(0) for FeCls. For the nitrate, a reduction of NO3™ and local
change in pH can also be considered. The current is decreasing
abruptly with potential most probably due to solvent
decomposition. From these results, the deposition potential for
the pulsed electrodeposition (PED) experiments was set at -1.5
V. LSV plot at 50°C and 100 °C is reported in Figure 18S.
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Fig. 1 Linear sweep voltammetry for the different iron-based
baths at room temperature. The cell configuration was the
following: working electrode: Al-Mg mesh; counter electrode:
platinum foil; and reference electrode: Ag/AgCl.

At this potential, diverse and well-adhering films of iron-
based nanoparticles were prepared by PED. Figure 2 shows the
potentiostatic current—time transients for FeClz at RT, 50 °C and
100 °C. The three experiments present a gradually increase in
current density with temperature: 1.0, 2.0 and 4.0 maA,
respectively. During the time—off (Tofr), ions migrate to the
depleted areas in the bath and desorption of deposited ions (see
inset in Figure 2). On the other hand, while the time—on (Ton)
occurs, more evenly distributed ions are available for the
formation of the first nuclei and growth of the existing crystals'®.
After the formation of the initial nuclei of a crystal grain the
number of grains per unit area increased with time. Finally, the
electrodeposited material continues growing on the surface of the
substrate. Along with the inset in Fig. 2, we observe that the
current increased during the Ton with the bath temperature. This
fact means that the kinetic diffusion is enhanced with
temperature and consequently the mass transport diffusion
leading a higher population density of particles at 100 °C. /7 The
jagged profile evidenced at 100 °C (Figure 2a) is probably due to
the high convective flow of solvent produced in a static media
(no stirring). Potentiostatic current-time transients at 50°C and
100 °C are reported in Figure 2S. The maximum current intensity
reached at different temperatures were 0.05, 1.49, and 2.80 mA
for FeClo, 0.32, 1.52, and 17.5 mA for FeCl3.6H20, and 0.04,
0.23, 6.56 mA for Fe(NO3)3.9H20.

Figure 3 presents SEM images of the electrochemically
deposited iron—based material at different temperatures (RT, 50,
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100 °C). In general, the iron—based deposits exhibited a
homogeneous dispersion all along the 3D substrate along with a
broad Fe based aggregates—particles size distribution (between
0.1 to 20 pm). Furthermore, deposits have shown an increase in
the number of nuclei with the increase of temperature.
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Fig. 2 Potentiostatic current-time transients for FeClz at 100 °C
(a), 50 °C (b) and RT (c) Inset: description of the typical pulse-
potential waveform with cathodic pulses at the three different
temperatures.

For the FeClz-based bath, Figure 3a shows spherical aggregates
of around 10 um with a crystal size between 2—-5 um. For
instance, at 50 °C and at 100 °C (Fig. 3a), a shell covering the
aggregates was observed. For the FeCls-based bath, Figure 3b
shows the formation of a thin film with segregated particles of ~
1 um size at RT. When temperature increased, nanometric,
primary particles would be found in round and isolated
agglomerates of ~ 2um. Finally, a compact surface covered by
nanoparticles was formed at 100 °C. Similar behaviour was
observed in Figure 3c (Fe(NOs)s-based bath), where the only
difference was a change in the size (10 um) and morphology of
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the deposits formed at 50 °C. These results are in good agreement
with those shown in Figure 2.

Because of the low amount of material produced by PED on the
surface of the substrate, Raman spectroscopy is a suitable and
powerful characterization technique to identify the vibrational
modes of the distinct iron (oxide) phases. In Fig. 4 is represented
the Raman spectra of the samples prepared by PED by using
different iron precursors at different temperatures (RT, 50 °C,
100 °C).

Fig. 3 SEM images of iron-based films prepared from (a)
anhydrous FeClz, (b) FeCl3.6H20 (c) Fe(NO3)3.9H:0 at different
temperatures.

As a summary, band positions and symetry of magnetite (Fe3O4)
and hematite (o-Fe203) are also reported in Table 1.

Table 1 Wavenumber and symetry assingments for hematite and
magnetite according to the references.

Hematite (o-Fe203) Magnetite (Fesz0a)
Raman shift (em™) Raman shift (cm™)
Reference ur study Symety Reference cur study Fymetry
9-11 12-14
225-229 217 Alg 300-310 307 Tae
245-249 Eg 530-554 530 Tag
292-295 275 Eg 660-670 660 Al
299-302 Eg
410-414 385 Ee
497-500 A
611-615 588 Eg

At room temperature, the Raman spectrum of the sample
synthesized by using a FeCl,—based bath (Fig. 4a) exhibited the
main spectral signatures corresponding to the hematite phase (o.-
Fe203) being the most intense band assigned to the Eg vibrational
mode (295 cm™')!819, The material prepared from the plating bath
containing the hydrated Fe salts (Fig. 4b and 4 c¢) did not shown
any characteristic bands at RT. The fluorescence was most
probably due to the presence of a thin film of particles formed on
the surface of the Raman—inactive substrate. No other impurities
or iron phases were observed. At temperatures up to 100 °C, a
pronounced band at 660 cm ! appeared in the three systems (Fig.
4 a-c). This peak was assigned to A1z mode? and it corresponds
to the magnetite phase (Fe3O4). Thus, the synthesis of this phase

This journal is © The Royal Society of Chemistry 2012
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might be favored at higher temperature in agreement to the
literature.'? For the hydrated salt-based (FeCls and Fe(NO3)s,
both iron oxide phases, o-Fe203 and Fe3Os, coexisted at 100 °C.
Maybe a second layer of hematite was produced on magnetite
particles. Moreover, we would like to point out that for the
Fe(NO3)s hydrated bath (Fig. 4c), the electrochemical synthesis
of iron oxides compounds yields more amorphous phases as it
was evidenced by the higher signal-to—noise ratio in the
spectrum than their counteparts.
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Fig. 4 Raman spectra of the iron-based deposits produced by
PED from (a) anhydrous FeClz, (b) FeCls.6H20 (c)
Fe(NO3)3.9H:0 at different temperatures.
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Our results revealed that complex interfacial reactions could
produced different iron phases such as Fe clusters, Fe2O3, Fe30a4,
FeOOH on the surface of the working electrode (Al-Mg alloy
mesh). In adidtion these phases could be combined among them
leading diferent structures and morphologies like “core-shell”
structures. Zero valence iron (Fe®) can be oxidized by oxygen
and water to form Fe(II) and/or Fe(III) oxides. Moreover, in this
study, the extremely oxidative operative conditions should
facilitate the oxygen dissolution as a contamination of as-plated
Fe.?! This oxygen may react and oxidized Fe?* to Fe** at the
interface of the electrode producing non-soluble hematite (o
Fe203) through some iron hydroxide intermediates. The
equations which explain the different reactions taken place in the
formation of the iron phases are the following:

4 Fe?* + 3 02 — 2 Fex03 (1
12 Fe?* + 3 Oz + 6 H2O — 4 Fe(OH)3 2)
Fe(OH); — FeOOH + H20 3)
2 Fe(OH)3 — Fe203 + 2 H20 )

On the other hand, Park et al. proposed a second reaction via
hydrogen gas evolution and pH change favoring the formation of
iron hydroxides which further condense with loss of water to
magnetite or hematite because of their higher thermodynamic
stability. This reaction is presented by the following equation:

3 Fe(OH)2 — Fe30O4 + H2 (g) + 2 H20 (5)

With the increase of temperature the oxygen diffusion is higher
and its solubility decreases, as a consequence, more anaerobic
conditions are produced favoring magnetite formation as it is
predicted in equation (5). This hypothesis is confirmed by the
observation of bubbles on the working electrode during the PED,
and in addition, probably due also to hydrogen evolution of water
(electrolysis) decomposition or carbon monoxide of FA
decomposition by Fe’. Furhtermore, these results are in
agreement with other studies?? which reported that for particle
diameter from 10 to 100 nm a typical core—shell structure based
on metallic iron core could be covered by an iron oxide shell.
Electrochemically synthesized iron—based particles were used as
a catalytic precursor for the growth of carbon nanostructures by
chemical vapor deposition (CVD).

Surprisingly, it was found that under identical CVD
conditions only the electrodeposited material at 50 °C by using a
plating bath containing FeCl> and Fe(NOs3)s salts and those
prepared at RT by using FeCls salt were catalytically active for
the growth of nanocarbons with different morphologies and
microstructures. The rest of the samples were catalytically
inactive under similar conditions. SEM images for those samples
showed poor activity on the carbon deposition (Fig. 45).

Figure 5 shows the SEM images for a typical carbon—rich
nanostructures grown on Al-Mg substrate. Figures 5a and 5b
show a typical spherical shape of micron-size particles
evidencing in most cases a “core-shell” structure. The external
part was made by Fe-based catalyst and the inert part contains
the carbonaceous material. From this morphology we can infer
that during the chemical vapor deposition the reacting gases
(acetylene and hydrogen) diffuse inside the porous catalyst and
then carbon starts its nucleation and growth on the inner surface
of the particles following a root—growth mechanism.?* From the
images is also possible observed the formation of highly oriented
carbon nanofilaments conecting two regions of the catalyst.
Figure 5c shows the HRTEM images corresponding to an Fe

This journal is © The Royal Society of Chemistry 2012
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oxide particle before CVD with clear signs of an elevated
porosity in its structure which support our hyphotesis about the
growth mechanism. SEM images of carbon nanostructures
grown with Fe-based catalyst synthezed in a FeCl3.6H20 bath at
room temperature and Fe(NO3)3.9H>0 bath at 50 °C are reported
in Figure 48.

50 [ —]

Fig. 5 SEM (a, b) images of carbon nanostructures grown on Al-
Mg substrate and HRTEM (c,d) images of a porous catalyst iron-
based structure before CVD for Fe-based catalyst synthesis in a
FeClz bath at 50 °C.

In our recent report, we evidenced that an inter—diffusion of

Mg, Fe, and O between the final electrodeposited Fe-based
particles and the Al1-Mg mesh generate flakes which become the
active site for the nanocarbon growth!®. Interestingly, the new
results presented here show that there is a dependence on both
the type of iron salt used during the plating process and the final
composition of the iron oxide catalyst precursor (Table 2). Both
iron oxide precursors, Fe2O3 and Fe3O4, were catalytically active
for the synthesis of nanocarbons but under specific experimental
bath conditions and temperature.
The oxidation state of the metal catalyst during the carbon
nucleation has been under a controversial debate in the last
years.>*?> For instance, the study of Arcos et al.?® shows that a
dense growth of thin nanotubes are formed from metallic iron
which transforms to Fe2Os3 particles after annealing and evolves
to FeO during the CVD. On the other hand, Teblum er al.?”
studied the correlation between the catalyst oxidation state and
the growth behavior of aligned carbon nanotube forests by
varying the thermal annealing conditions of an iron thin film
catalyst. They reported that the catalytic activity increased in the
following order: Fe® > Fe3O4 > Fe203 > FeO.

For the study of the carbon microstructure, again Raman
spectroscopy has been used as a powerful analytical tool for this
type of materials?’. Figure 6 shows the Raman spectra of the
carbon nanostructures grown on the Al-Mg mesh along with
other carbonaceous materials and the pristine mesh as a
comparative mode. Prominent peaks appear in the range of 1341-
48 cm! (D, Disorder) and 1580-1605 cm™! (G, Graphite). The G-
band corresponds to the stretching of the C-C for sp? bonding of
crystalline graphene sheets (Ezg mode), and the D-band is
associated to defects or sp? bonding (A1g, breathing mode).?° The
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relative intensity ratio of the D band and the G band, express as
In/Ig, is known as an index to determine the degree of disorder
of the carbon structure. In the aluminum alloy mesh treated under
CVD conditions, there were no presence of carbon
nanostructures neither signals corresponding to the D and G
band. The rest of the as-deposited iron samples exhibit the same
D and G band position than the carbon black but with a higher
In/IG ratio. Thus, the aromatic domains in the graphene sheet
have a higher structural order or less defects content.

Fe(NO,),.9H,0, 50°C
w___m

M FeCl_6H,0, RT
e i : S

FeCl,, 50 °C

Other ED samples

T T T T
400 800 1200 i 1600 2000 2400 2800 3200

Wavenumber (cm’’)

Fig. 6 Raman spectra of the susbtrate after CVD (a), MWCNT
(b), carbon black (c), the samples treated without (d) and with
carbon nanostructure growth: (e) 50 °C, FeClz-based bath, (f)
RT, FeCls.6H20-based bath and (g) 50°C, Fe(NO3)3.9H20.

Table 1S indicates the positions of the D, and G band and their
intensity ratio for the different carbonaceous materials. The
carbon materials produced from the active iron catalysts
precursors present a blue shift of the D band from 1341 to 1346
cm! while the G band is red shifted from 1601 to 1605 cm™ with
respect to carbon black. The downshift of G bands could also to
some extent be assigned to the strained or curved graphite
plane?®, while the upshift of the D band may be attributed as a
charge transfer effect provided by chemical doping.?The sharp
second order D peak (2710 cm') observed in the Raman
spectrum of multiwalled carbon nanotubes (MWCNTs) indicates
the presence of small graphite clusters®®, which do not appear in
the as—prepared samples. Furthermore, signals corresponding to

This journal is © The Royal Society of Chemistry 2012
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iron phases were not observed. For this reason, we believe that
during the CVD, the iron oxide deposited films may be reduce to
metallic Fe or FesC upon heating in H», both having Raman-
inactive modes.

These results shown that the carbon nanostructures formed in
Fig. 6 has a similar Raman feature than carbon black, though it
exhibited bigger amount of defects and a more disorder structure.
As a summary and to merge the different properties analized,
Table 2 lists a summary of the PED conditions, chemical
composition of the as—prepared iron—containing precursors, the
success of synthesis of the grown of the nanocarbon structures,
and Ip/Ig ratio. Not only a porous structure may help the
formation of these carbon nanofilaments (Fig. 5), also the
composition of catalyser as Fe3Ou4 phase is favored this reaction.

Table 2 Summary of the PED conditions, chemical composition
of the as—prepared iron—containing precursors and the success of
synthesis of the grown of the nanocarbon structures.

B
ath A . C structure
Salt temperature i, (MA) Composition I/lg
grown
(2c)
RT -0.05 a-Fe,0;4 x 0.97
FeCl, 50 -1.49 Fe,0, v 0.75
100 -2.80 Fe;0, X 0.97
RT -0.32 - 4 0.78
FeCl,.6H,0 50 -1.52 FFc308 X 0.97
a-Fe,0;
100 -17. ; 0.97
75 Fe;0, x
RT -0.04 - X 0.97
Fe(NO),.9H,0 50 -0.23 Fes(())4 0.84
a-Fe,04
100 -6. = 0.97
6.56 Fe;0, X
Experimental

Iron deposits were plated from solutions of iron salts in
formamide (FA, Sigma-Aldrich) with a concentration of 0.3 M
(mol.L") and at different temperatures: room temperature (RT),
50 °C and 100 °C. The iron source used were anhydrous FeClz
(Sigma-Aldrich), FeCl3.6H20 (Sigma-Aldrich) and
Fe(NO3)3.9H20 (Sigma Aldrich). Non aqueous system were
chosen because of its chemical and air stability at room and
higher temperature and its wide electrochemical window.

Linear sweep voltammetry (LSV) analysis was conducted to
determine the potential reduction of oxidized iron species (Fe**,
Fe?*) to metallic iron at a scan rate of 0.5 mV.s™!.

Pulsed electrochemical deposition (PED) was carried out in
a conventional three electrode cell connected to a potentiostat/-
galvanostat BioLogic VMP3. The working electrode was an
aluminium-magnesium mesh (Alfa Aesar, purity about 99.7 %)
with a surface area of 1.13 cm?. Platinum foil (Goodfellow) with
6.2 cm? of surface area was employed as a counter electrode. The
distance between the working and the platinum electrode was
about 1.5 cm. The reference electrode was Ag/AgCl (Sigma—
Aldrich). The work conditions were at -1.5 V vs. Ag/AgCl and
2000 pulses with a current—on time (Ton) of 0.001 s and a
current—off time (Toff) of 0.01 s. These experiments were
performed without stirring. After the electrochemical deposition
the samples were rinsed with deionized water followed by
ethanol. Afterwards, the samples were dried overnight under
vacuum at 80°C and stored in a dessicator before using them
during the chemical vapor deposition (CVD).
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Carbon nanofilaments were prepared by chemical vapor
deposition (CVD) by using the electrochemical deposited Fe
material as catalyst precursor, from 20 sccm (standard cubic
centimeters per minute) of acetylene (C2H2) gas diluted in a
mixture of 70 v% of helium (He) as carrier gas, and 30 v% of
hydrogen (H2) at 525 °C to 575 °C, during 10 minutes.

The iron films deposited and the nanocarbons prepared by
CVD were characterized by micro—-Raman spectroscopy using a
Renishaw In Via equipment equipped with a 532 nm diode laser.
The total output power was of 0.3 mW, which was attenuated by
a factor of 10 at the sample in order to avoid damage of the
electrode surface. An objective with 50X magnification was used
to focus the laser on the sample. The backscattered light was
dispersed with a grating of 8000 lines/mm and detected on a
multi-channel CCD detector.

The shape and morphology of the iron-based films were
observed by SEM, TEM and HRTEM. SEM characterization
was performed using a Quanta 200FEG and Quanta 250FEG
SEMs operated at 30kV and equipped with an Apollo 10 SSD
EDX detector. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
experiments were carried out using a FEI Tecnai F20 G2 electron
microscope operated at 200kV and Titan 60—-300 with aberration
correction operated at 80kV respectively. Both microscopes are
equipped with High Angle Annular Dark Field (HAADF)
detector and X-ray Dispersive Energy (EDX) spectrometer.
Samples for TEM were dispersed in acetone, and transferred to
a holey carbon film fixed on a 3 mm copper grid.

Conclusions

We have developed a methodology to growth carbon
nanostructures in two steps, first, the synthesis of the catalyst via
pulsed electrodeposition and second the carbon nucleation and
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growth by CVD. We were able to electrochemically synthesized
crystalline phases of Fe3Os4 and «-Fe:O3 in a non-aqueous
solution of Fe?* and Fe3* based baths at room temperature and
50°C without any thermal annealing previously to the
electrodeposition. The morphology of the active catalyst
precursors are composed of spherical nanoparticles with porous
structure. From these results, we conclude that both the chemical
composition and the structure of the catalyst are having crucial
influence in the growth of carbon nanostructures. Then, carbon
nanofilaments with a higher disorder degree (Ic/Ip = 0.87) than
for carbon black materials (I¢/Ip = 0.75-0.84). These properties
make them as a suitable material for the preparation of advanced
electrodes in the energy storage field.
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