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Abstract

In this work, we have synthesized carbon nano-ani@NOs) doped with nitrogen and
iron carbide core. These nanostructures were ssizéwe pyrolysing various alcohol-
benzylamine reaction mixtures. These CNOs showeeltain degree of functionalization
of their surfaces, depending of the solvent, as$ asal-type doping due to the inclusion of
N atoms in the graphene layers. Ratios of O atans atoms as well as to N atoms of the
pyrolyzed solution play an important role in therptwlogy of the CNOs and on the phase
of the iron core. Differences in the morphologytlid samples have an important effect on
their electrical conductivity as well as in theie&rochemical properties. Synthesized
samples showing well-defined CNOs, the sinteringvben them is negligible, have a low
conductivity and higher capacitance, while thosagas showing the best conductivities
and lower capacitances, the CNOs in samples aneected between them by turbostratic
graphite ribbons, in similar way to the CNOs systhed from carbon nanodiamond

annealed in argon atmosphere.
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1. Introduction

Nanoparticles can be protected from degradationtdusnvironmental conditions, at the
same time that their intrinsic properties are pre=gwhen they are encapsulated. Some of
the structures that encapsulate are carbon nartobecarbon layers [1,2]. The
encapsulation of nanoparticles has attracted ttemtain for its promising applications,
such as in information technology and biomedicir&6]. In some technological
applications, such as in gas sensors, it is pasgibluse hollow carbon nanoparticles
instead of carbon layers encapsulating nanopastide8]. In other cases, these carbon
nanoparticles are quasi-spherical and consist @nboncentric graphene layers [9-11]. In
general, these kind of carbon are indistinctly edhlcarbon nano-onions (CNOs) [11].
CNOs were discovered by S. lijima in 1980 [9], llutvas D. Ugarte who reported a
reproducible technique for obtaining these nancsires by irradiation of carbon soot
with an electron beam [10]. Several techniques Hsen used for the synthesis of this
material [11]. However, the most widely used methedhe graphitization of carbon
nanodiamonds at high temperatures (1100-1700 °Cinirinert gas or under vacuum
conditions [11-14]. Other techniques to synthe<tA¢Os include laser excitation, ion
implantation and chemical vapor deposition (CVH-R0].

CNOs have good electrical characteristics for rthese in electrical double layer
capacitors (EDLC) because they can be synthesisbdswall diameters <10 nm [21-24],
which make them suitable for their use in EDLC.dTigirelated to the fact that the smaller
the CNOs diameters, the larger the exposed surdiaea and, thus, much larger the
capacitance [11, 21-24]. However, the use of CNOBDLC, as well as in other possible
technological applications, requires their surféaectionalization [25-27] and, in some
cases, the modification of their electronic projesrt[28-30]. In general, the surface
functionalization of CNOs is carried out by chenhicaidation either with inorganic acids
[31,32] or with potassium hydroxide [33]. This chieal activation generates surface
oxygenated functional groups, which increase thabddy of the CNOs in polar solvents.
However, this surface functionalization generatefects and, as a consequence, a loss of
the sp character of the graphene layer, with a conseqlesst of its great electrical
conductivity. To retain the high conductivity of CMN, it is necessary to perform a surface

functionalization using mild conditions, such atutdid nitric acid [31,34]. On the other



hand, the electronic properties of CNOs can be fisadintroducing heteroatoms in the
graphene lattice [35-39]. This method is effectivemodify the physical and chemical
properties of CNOs, resulting in a promising apphotor their use in various applications.
The incorporation of N atoms in the graphene laygarerates an excess of electrons in the
carbon nanostructures [28], which are caltetype nanostructures. Furthermore, CNOs
doped with N present high catalytic activity inalen transfer reactions [37-39].

In this paper, we report the synthesis of CNOsedowith N atoms, which encapsulate
iron carbide nanoparticles. These materials wenthggized using spray pyrolisis at 850
°C of several reaction mixtures. The reaction miesucontained ethanol (with C/O = 2
atom ratio) or isopropanol (with C/O = 3 atom ratias the main sources of carbon,
benzylamine, as the agent containing the nitroggradt, and ferrocene as a catalyst. Two
alcohol to benzylamine volume ratios were usedrdepto vary the quantities of C, O and
N atoms in the reaction mixture. This allowed ts@tve the effect of different C/O and
O/N ratios in the crystal arrangement of the graghéayers surrounding the metal
nanopatrticles, the phase of the synthesized iroopeticle, the amount of N heteroatom
introduced in the graphene lattice, with the consef change in their physical and
chemical properties, and the anchoring of oxygehatactional groups on the surfaces of
the nanostructures. This method of synthesis of €MOa low cost process and good
controlled, since it allows the obtaining of purl@s, that is without the presence of other

carbon nanostructures such as nanotubes, nanofdmeasig others in the final yield.

2. Experimental section

2.1 Synthesis of CNOs

Reaction mixtures were prepared using ethanolapragpanol, as main sources of carbon
and, benzylamine, as a reactive containing th@geain dopant. The relationships volume
to volume (v/v) were 9 to 1 (91) and 4 to 1 (41l)cdghol to benzylamine), which
correspond to 16.8:1 molar ratios (C/O=2.4 and QM8 atom ratios) and 7.5:1 (C/O0=2.9
and O/N=7.5 atom ratios) for ethanol to benzylam(iEBB) mixtures and 12.9:1 (C/0=3.6
and O/N=12.9 atom ratios) and 5.7:1 (C/O=4.2 and=G/[7 atom ratios) for isopropanol
to benzylamine (IB) mixtures. In general, volumaaswere used instead of molar ratios.

In all experiments, the total volume of the solofovas set at 11 mL to which 3 wt% of



ferrocene was added. The reaction mixture wassdltrigated during 20 minutes. The final
homogeneous solution was transferred to a contaimeproduce a spray that was
thermolized at 850 °C using a tubular furnace amda# the gas carrier (0.20 L/min).
Subsequently, the tubular furnace was cooled d@wmedam temperature and the material

was obtained by scraping the quartz tube

2.2 Characterization of CNOs

Samples for conventional and high-resolution traasion electron microscopy (TEM,
HRTEM) were prepared by dissolving the powder apr®panol using an ultrasound bath
for 20 minutes. A solution drop was put on lacesboa grid and the isopropanol was
allowed to evaporate. Grids were examined usinge&NAI-F30 HRTEM microscope
operated at 300 kV. Raman spectra were recordedoat temperature using an InVia
Micro-Raman Renishaw system. The 514.5 nm (2.511&8r excitation line was focused
using the 58 magnification objective to a ~uin spot. The X-ray diffraction analysis was
performed using a SmartLab RIGAKU diffractometehieih has a copper tube as an X-ray
generator and a Nal scintillation detector. The XRBasurements were obtained at room
temperature with a step of 0.01° in a range of 8570°. XPS measurements were
performed with the PHI5000 VersaProbe Il using anoohiromatic Al-Ka X-ray beam.

2.3 Electrode preparation and el ectrochemical measurements

The working electrode (WE) was prepared using tiwing procedure: (1) a binder
agent, poly(vinylidene fluoride) (PVDF), was disged in 5 mL of N,N-
dimethylformamide (DMF); (2) activated carbon dedvfrom coconut shells (AC-CS), as
well as synthesized CNOs, used as conductive sddind active material respectively,
were added to the PVDF dissolution. The weightosa{wt%) were 22.13/67.87/10 of
PVDF, AC-CS and CNOs respectively. This mixture wtged at 100 °C, allowing the
complete solvent evaporation to obtain a pastechvihias deposited on a predetermined
active area of a glassy carbon electrode usedresnticollector. Finally, the electrode was
set to dry at 80 °C. The mass loading of the eldes ranged from 5 to 10 mg Tmhich

is a standard loading for evaluating the propertésan electrode for capacitors. The

electrochemical measurements were carried out ielectrochemical cell with a three



electrode arrangement containing 2M KOH aqueoustisols using a VMP3 Bio-Logic
SAS potentiostat/galvanostat controlled by EC-Lalftveare. The Hg/HgO/NaOH 1M
system was used as a reference electrode andrauplajauze as a counter electrode. The
prepared electrodes were tested by cyclic voltamym@V) performed at different scan
rates ranging from 1 to 5 mVsn a potential window from -0.1 to 0.2 V. The sfiec
capacitances were calculated from the CV curvasi®dyollowing equation [33]:

C= /i dVi(muav) (1)

wherei is the response currem,is the mass of the CNQ4Y is the potential window; is

the scan rate.

3. Resultsand Discussion

The synthesized materials were black powders ti@aved ferromagnetic properties. TEM
micrographs (Fig. 1) revealed that the nanopagiplesent quasi-spherical shape and have
a core-shell structure, with an iron core and carfieells. The CNOs diameters varied in
the range of 5-14 nm, with the exception of EB-4inple, which show a mix between
small (<14 nm) and large CNOs (> 30 nm) (Fig. Ti§)e synthesized nanoparticles have,
in general, diameters < 15 nm, regardless of tbehal used and the volume proportions
of alcohol to benzylamine. The HRTEM micrograph®whthat the carbon layers are
firmly surrounding the central nanoparticles (Figsand 3), and no gaps are observed
between the iron core and the carbon shells. Tieeplanar distance between the graphene
sheets is approximately 0.35 nm (Figs. 2 and 3)¢hwis close to that of the (002) planes
of the graphite indicating a good graphitizatione& more, the micrograph of sample EB-
91 (Fig 2a-b) shows well graphitized CNOs, whichn dee distinguished individually,
while the carbon nanostructures of EB-41 (Fig. 2erdl Fig. S1 in Supplementary
information), 1B-91 (Fig 3a-b and Fig. S2 in Suppentary information) 1B-41 (Figs 3c-d
and Fig. S3 in Supplementary information) samplesnaore similar to iron nanoparticles
embedded in carbon nanosheets. These morpholalifitaknces, as will be shown below,
have important consequences on the conductive kastirachemical properties of CNOs
films. From these results, we can notice that th@ @tio used in the reaction mixture is an
important parameter that influences the differenaleserved in the synthesized CNOs.

Also, it is possible to observe that the iron carethese CNOs are crystalline and show an



interplanar distance of 0.20 nm (Figs. 2 and 3)iclvican be related to the (110) planes of
the Fe-bcc (JCPDS 6-0696) or to the (031) planehefrgC crystal (JCPDS 35-0775).
Additional identification of the iron phase was med out with X-ray diffraction
measurements (XRD), whose XRD patterns are shovwigure 4. XRD patterns indicate
the presence of iron carbide ¢Ee cohenite) in all synthesized samples. No charstic
peaks of iron oxide, such as magnetite or hemati¢ee observed, as previously reported
by our group using alcohol mixtures [20]. This désiimportant since it indicates that the
reaction mixture defines the type of iron core et in the synthesized nanoparticles.
On the other hand, the graphite peak (002) is wa¥gk and wide in the XRD patterns,
which shows that the carbon structures are part@thphitized and the samples consist
mainly of iron carbide cores covered by a few laya@rturbostratic graphite.

Another technique used for the characterizationsgfithesized CNOs was Raman
spectroscopy. Fig. 5 shows the Raman spectra astigl.5 nm laser line (2.41 eV) and at
low laser power (0.5 mW), to avoid the erosion e tarbon shells protecting the iron
cores of the synthesized samples. From figure, Raman bands are observed: one at
~1330 cnt (band D1) and the other at ~1595ttband G). It was shown by Tuinstra and
Koenig that the ratio of the maximum intensity dketband D Ip) to the maximum
intensity of the G bandd) is inversely proportional to the in-plane crysaelL,, that is
Ip/lc L7 1L, [40]. This relationship is widely used to charaize the quantity and type of
defects in graphitic materials [40, 41]. Tuinstral &oening obtained this result studying
the relationship betwedp/l ratios, using Raman spectroscopy, and the crigstalke of
the graphene plane, using X-ray diffraction. Basedthese ideas, Knight and White
carried out a series of measurements and obsdraethe size of the graphite nanocrystals

can be calculated using Raman spectra with thedfehe following equation [40,41]:

La (nm) = C, (Ip/le) ™ (2),

since Cy=s12nm = 4.4 nm. This equation has been popularly apptedbtain results
comparable to those obtained by X-ray diffractiblowever, this equation is only valid
when the Raman measurement is performed using .& Bid laser line. A new equation

for the calculation of crystal sizes was proposgddancado et al. [42], in which the



guotient of the integrated intensities of both Rant@ands Ao/Ac) is used for the
calculation of the crystallites sizes for any eatttn wavelength

La (nm) = (560/ E%) (Ac/Ag) ™ (3),

where E; is the laser excitation energy used in the Ramaasorement in eV units.
However, for using these equations adequatelypd definition of the D1 band and the G
band is necessary, which only occurs in single tatysr in polycrystalline graphite
[40,42]. In the case of CNOs, as well as in otl@bon nanostructures, other bands related
with the disorder should be considered [43-46]: ane 1180 cni (D4), assigned to Sp
carbon or to impurities, another at ~1500c(®3), associated to the amorphous carbon,
and another one at ~1620 ¢rfD2), which has been related to the graphene sagethe
surface of the graphite nanocrystals. Then, toiolatagood determination of the sizes is
required to consider the presence of these bandanbsdequate deconvolution of the
Raman spectra obtained from the synthesized namtistes. For this reason, the Raman
spectra were fitted using 4 Lorentzian and one &aosurves, which are shown in Fig. 5.
From figure and curve fittings (Table 1), we obsethat the contributions of D2 band to
the Raman spectra are negligible and it is notssaeg to consider its contribution. From
both equations the values of crystallite sizgéor the various synthesized CNOs using the
different reaction mixtures are listed in Table Htom these results, it is possible to
observe that depending on the formulas used taleddcthe crystallite sizes, differeing
values are obtained for the same reaction mixtane, there is not a direct correlation
between the C/O and O/N ratios of the differenttiea mixtures with the size of the
graphene crystallites. Additionally, from Tablenlé can note that the synthesized samples
using the same alcohol to benzylamine reactionurgxtbut with different volume ratios,
have the samk, tendency regardless of the formula used for ttedzulation.

In the Raman spectra obtained using low laser pdq#ig. 5), there were not bands
associated to iron carbide nanoparticles, whictukhbe in the region between 200 and
700 cm, similar to iron oxides nanoparticles [47-49]. Thiould be due to the Raman
inactive vibrational modes of the single crystalrofi carbide [50]. However, some studies

show the existence of Raman bands from iron carbigieostructures [51], although



without mentioning the laser power used for théiaracterization. It is likely that iron
carbide is a poor Raman scatterer, and then al&sgh power is required for observing its
Raman bands. For this reason, the laser power neagaised to 2.5 mW for performing
Raman spectroscopy of the synthesized samplestidwially, with a high laser power, it
is possible to study the thermal stability of theni phase encapsulated by the layers of
turbostratic graphite [49]. In Figure 6, Raman s$geof the different synthesized samples
are observed. These Raman spectra show several: 22 crf, 241 cnt, 288 cnf,
302 cmt, 405 cnt, 495 cm' and 604 ci, which correspond to hematite-Fe0s) [42].
At his laser power, Raman bands correspondingag@taphitic layers decrease in intensity
and show an increase in the intensity of the D haitlol respect to the G band, indicating
the amorphization of the graphitic layers as weltteeir erosion. This implies that the use
of high power laser first removes the turbostraraphite layers surrounding the iron
carbide nanoparticles and, then, the iron carbideiges are laser heated at high
temperatures, react with oxygen and change itsephashematite. A similar effect is
observed when these structures are heated up &C50B0room conditions. These results
suggest that the vibrational modes of the ironidarbanoparticles are Raman inactive and
the Raman bands reported in the literature for ethemnoparticles are phase
transformations due to the high power used dutieg Raman characterization [50,51].
One of the most interesting properties of CNOshir good electrical conductivity,
which make them attractive for applications in hpggwer EDLC capacitors or for their
use as an additives in EDLC capacitors based awated carbon particles, where only
small amounts are used (~ 5-10% mass %) [21-24]. hAle carried out electrical
conductivity @) measurements of the synthesized samples usiniguhgoint method in
pellets fabricated using a mechanical press, adbtitine following resultso = 0.7 S/cm
(EB-91), 0 = 2.2 S/cm (EB-41),0 = 3.5 S/cm (IB-91) ands = 2.2 S/cm (IB-41).
Additionally, we have used other film fabricatioechnique. Quartz substrates were
introduced in the synthesis device and CNOs wenectly deposited on these substrates.
The conductivities of the films showed similar cantivities to those obtained for pellets
fabricated with the same type of sample. We obstraethe conductivity of the samples
depends on the reaction mixture, obtaining the kesstlts for samples where the C/O ratio

is larger and O/N ratio is smaller. In additione thighest conductivity value, 3.5 S/cm, of



IB-91film is comparable to the values reported bgddnough et al. (~ 4 S/cm) [52] and is
an order of magnitude higher than activated cafgOrb S/cm) [53]. However, from Table
I, we cannot assume that the CNOs films with greatlectrical conductivity present
larger L, sizes. Even more, in the case of reaction mixtwigls the same alcohol but
different volume ratios, the samples presentingdel, values (Table 1l) are those whose
films show a lowero. This result indicates that other parameters pldgey role in the
conductivity. One of them is the amount of amorgha@arbon on the CNOs surface
[45,46]. It has been considered that thgls ratio provides information on the relative
amount of amorphous carbon in the sample [45]. THa#s values of the synthesized
samples correspond to 0.23, 0.16, 0.20, 0.16, BXx9E EB-41, IB-91, IB-41 samples,
respectively. Then, from these results, the EBd&ftse, despite having a lardeyvalue,
contains more amorphous carbon on its surface,hwkim part responsible for its lower
In addition, the valuer in Table Il is inversely proportional to D4/Dtate. to the
contribution of the amorphous carbon to the totehaf D band. On the other hand, it has
been shown that the synthesized CNOs from carbandi@amonds annealed in flowing
argon show larger agglomerate sizes compared teettsynthesized using vacuum
annealing of carbon nanodiamond [46]. This incremsdhe agglomeration of argon
flowing CNOs comes from particle sintering and stabution of carbon during the
thermal annealing. Fabricated films using CNOs atatkin flowing argon present better
conductivities than fabricated films with vacuumnealing CNOs. The differences in
conductivities between both kinds of samples arm tduthe presence of graphitic ribbons
between argon annealing CNOs. From HRTEM microgdpigs. 2, 3 and Figs. S1-S3 in
Supplementary information) of I1B-91, EB-41 and IB-damples, which present the best
conductivities, we observe that they are similagrtaphite nanosheets with embedded iron
carbide nanoparticles. If these nanostructures studied in a detailed manner, it is
observed that the CNOs in these samples are cathbetween them with turbostratic
graphite ribbons, in a similar way to the argoneaiimg CNOs. This explains that even
though the EB-91 sample is well graphitized comgavéh the others, these present lower
conductivities.

Other important parameter for modifying the phgkichemical and electric properties of

CNOs is the amount of N atoms in the graphenect&atas well as the chemical



environment surrounding them, where N atoms aetnaslectron donor. Survey and high-
resolution XPS measurements of the CNOs samples wamried out at two different
points of the samples using a 108 X-ray beam size, allowing to corroborate the demp
homogeneity. In the case of EB-91, IB-91, IB-41 phaw, these showed similar atomic
percentages of C, O, N, Fe at both measured poimie those synthesized using EB-41
reaction mixture showed atomic percentages of CreéNdifferent in the measured points
(Table S1 in Supplementary information). These ltesare in good agreement with the
TEM micrographs. TEM micrographs of EB-41 samplewglthat this is composed of a
mixture of nanostructures with two different sizdéghe iron carbide core, some with sizes
less than 14 nm and others with sizes larger ti@ann3. In contrast, EB-91, I1B-91, IB-41
samples present a good homogeneity in the nantsteusizes. High-resolution XPS
measurements of Cls state of the four synthesiaetgples are shown in Fig. 7. From
figure, it is observed that the C1s spectra shqveak at approximately 284.4 eV, with a
tail at a higher binding energy. A detailed anaysf the data coming from the high-
resolution XPS spectra leads to the following hitttions of the observed components
(Table S2 in Supplementary information). The pe&k283.5 eV is assigned to the
contributions of the C-Fe bonds [54,55]. The existe of this peak corroborates the
presence of the iron carbide phase in the synta@ssamples. In addition, the carbon
layers encapsulating these metal nanoparticles shmknesses less than 10 nm, where
XPS is a superficial technique able to measurectimmical states of atoms that are
between 0 to 10 nm of sample surface. A second pelaked to graphitic carbon is
observed at 284.4 eV, indicating that carbon layeesencapsulating metal nanopatrticles
[54-57]. In addition, a carbon atom contributiorttwa sp hybridization is found at 285.3
eV [55-57]. From the Table S2, it is observed ti&t EB-91 and 1B-91 samples show a
greater ratio of the §montribution to the Cls spectrum while EB-41 aBelll samples
show a smaller $grontribution, which is in good agreement with Rammagasurements.
Cl1s spectra also show the presence of 3 additpeeds, which are due to carbon-oxygen
interactions and are found at 286.7, 288.3 and 2&%/, corresponding to hydroxyl,
carbonyl and carboxyl groups [56-58], respectiveljne presence of the oxygenated
functional groups comes from the use of alcoholthenreaction mixture, indicating that

the CNOs present a certain degree of surface fhmadtzation, which allows a good
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dissolution of CNOs in polar solvents (Fig. S4 upBlementary information). Using high-
resolution XPS measurements of Ol1s spectra ofyihhesized samples, the presence of
oxygenated functional groups was corroborated (6y.and Table S3 in Supplementary
information). Additionally, EB-41 and IB-41 samplsisow a small contribution of a metal
oxide, which was undetectable using X-rays, i@n icarbide cores contain a thin layer of
iron oxide. The presence of N atoms acting aspauowithin the graphene lattice is also
observed in these Cls spectra, which may be relatetie use of benzylamine as a
precursor of the synthesized samples. The effeltatboms in C1s spectra can be observed
as two additional peaks at 286.1 and 287.3 eVielt their shand sp hybridization,
respectively [56, 59]. Moreover, the XPS survey sueaments show the following
relationship IB-41> EB-41> EB-91> IB-91 in N aveeagtomic concentration. From these
results, we observe that although N atoms can salectron donors of the graphene
lattice, N doping cannot be responsible for thetmeconductivity of IB-91 sample. High-
resolution XPS measurements of N1s spectra (Fign@ Table S4 in Supplementary
information) show the presence of nitrogen atomdifierent chemical environments. The
N1s spectra were deconvoluted in 4 peaks. The pakiocated at 398.6 eV, at 400.0 eV,
at 401.1 eV and at 403.4 eV, which correspond tadpyc nitrogen, pyrrolic nitrogen,
graphitic nitrogen and pyridine-N-oxide groups,@ding to the reported in the literature
[54, 56, 59-62].

Cyclic voltammetry was carried out with electrodiegricated with representative
samples of the two morphologies of the synthesigétDs, EB-91 and IB-91, which
correspond to the one with the lowest conductivityd the highest conductivity
respectively. The CVs of the EB-91 and IB-91 eled#s (Figs. 9a and 9b, respectively)
presented the characteristic rectangular shapecapacitive behavior. At a scan rate of 1
mVs?, the electrode with the EB-91 sample presentedaiiyest specific capacitan€e=
101.8 Fg', while the lowest specific capacitance correspdridethe electrode with 1B-91
sample, which wa€=24.9 Fg" It is important to mention that the voltammografrthe
conductive additive was flat. These differencesspecific capacitances are related to
sample morphology, since the CNOs of EB-91 sampéewobserved as individual
particles, thus, the surface area of each of themiributes to the capacitance. On the other

hand, the 1B-91 samples were observed as carbarshaats with embedded iron carbide

11



nanopatrticles, therefore, the access of the iortkasurface of CNOs is hindered. These
results highlight the importance of increasing tdoaaductivity of the CNOs, but without

affecting their effective surface area for theie us EDLC devices.

4. Conclusions

In this work, CNOs doped with nitrogen encapsution carbides nanoparticles were
synthesized using several alcohol-benzylamine mastuTwo kinds of alcohols, ethanol
(C/O = 2 atom ratio) and isopropanol (C/O = 3 atatio), were used as the main source
of carbon, benzylamine mainly as the source ofogén and ferrocene as catalyst.
Different alcohol to benzylamine ratios in the mg@t mixtures were used to study the
effects of different C/O and O/N ratios in the pbgs chemical, electronics and electric
properties of synthesized CNOs as well as the ¢are. These ratios played an important
role in the morphology, the amount of amorphoudv@arof the samples, the N doping of
CNOs, the electrical conductivity, the specific aapance as well as the phase of the iron
core of the synthesized samples. The iron coresistoaf iron carbide nanoparticles and
some of them have a thin layer of iron oxide onrteerface. Due to the use of alcohol in
the reaction mixtures, the synthesized CNOs pregemtygenated groups anchored on the
CNOs surface, allowing their good dissolution ifgosolvents. The synthesized sample
with well-defined CNOs contained the biggest amoahtamorphous carbon and its
fabricated film showed the lowest electrical cortduty. On the other hand, the samples
containing the smallest amount of amorphous cadbmwed a morphology more similar
to carbon nanosheets with embedded iron carbidepaaticles and presented the best film
electrical conductivities. In the best conductivisgmples, the CNOs are connected
between them with turbostratic graphite ribbonsjcwhs similar to the CNOs obtained
annealing carbon nanodiamonds in argon atmosphergever, the most conductive film
showed lower specific capacitance than the lessdwdive sample, indicating the
importance of increasing the conductivity of the @3\ but without decreasing their
effective surface area for their use in EDLCs.
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Sample D1 D3 D4 Dtot = G
D1+D3+D4
EB-91 Peak position Peak position  Peak position Dtot Area  Peak position
1341.6 cit 1180 cnt 1510 cnt 176.3 1589.1 crit
FWHM FWHM FWHM D4/Dtot FWHM
151.8 crit 166 cnt 122.7 cnit 0.14 75.0 cnt
Peak area Peak area Peak area Peak area
143.4 8.3 24.6 97.2
EB-41 Peak position Peak position  Peak position Dtotarea  Peak position
1351.1cit 1180 cnt 1510 cnmt 193.0 1598.0 crit
FWHM FWHM FWHM D4/Dtot FWHM
114.5 et 160 cnt 102.3 ¢t 0.085 68.0 cn
Peak area Peak area Peak area Peak area
156.9 19.7 16.4 85.1
1B-91 Peak position Peak position  Peak position Dtot area Peak position
1354.9 crit 1180 cnt 1510 cnt 205.3 1589.7 crit
FWHM FWHM FWHM D4/Dtot FWHM
180 cnt 180 cnt 89.3 cnt 0.082 77.1 cnt
Peak area Peak area Peak area Peak area
166.7 21.8 16.8 85.5
IB-41 Peak position Peak position  Peak position Dtotarea  Peak position
1366.4 crit 1185 cnit 1510 cnt 154.8 1590.2 crit
FWHM FWHM FWHM D4/Dtot FWHM
205.5 cni 145.6 cnt 68.5 cnt 0.083 84.1 cnmt
Peak area Peak area Peak area Peak area
136.1 5.8 12.9 78.7

Table I. Main parameters of the Gaussian and Lei@mtcurves obtained after fitting of

Raman spectra.
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Sample Ipi/lc Crystallite sizes Api/Ac Abwi/Ac Crystallite sizes Crystallite  sizes
using Eq. 2 usngD1lin Eg.3 usingDtotin Eqg. 3
EB-91 0.859 5.12 nm 1.475 1.81 11.26 nm 9.2 nm
EB-41 0.928 4.74 nm 1.843 2.27 9.01 nm 7.31 nm
1B-91 0.683 6.44 nm 1.951 2.40 8.51 nm 6.92 nm
IB-41 0.589 7.47 nm 1.728 1.97 9.61 nm 8.42 nm

Table II. Intensity and area ratios of the diffareamples as well as crystalline sizg

obtained using the Knight-White (Eg. 2) and Cang@gtp 3) equations.
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ACCEPTED MANUSCRIPT

Figures

Figure 1. TEM micrographs of synthesized CNOs using theedffit alcohol-benzylamine
reaction mixtures: (a) EB-91, (b) EB-41, (c) IB-&id (d) IB-41.
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Figure 2. HRTEM micrographs of ethanol-benzylamine reactiwrtures at different v/iv
ratios: (a) and (b) EB-91 sample; it is observedoad graphitization of carbon shell

encapsulating the iron carbide nanoparticles. d) @nEB-41 sample, the carbon shells

encapsulating the iron carbide core are less giapdi
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Figure 3. HRTEM micrographs of isopropanol-benzylamine rigactnixtures at different

v/v ratios: (a) and (b) IB-91 sample. c) and d)4Bsample. In both cases the carbon shells

encapsulating the iron core are not well graphitize
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Figure 4. (Top) XRD diffraction patterns from the differesynthesized samples. (Bottom)

Iron carbide and magnetite crystallographic cardsshown.
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Figure 5. Raman spectra of synthesized samples and thesd fiturves. Raman spectra

were obtained using a 514 nm laser line with a pa#€.5 mW.
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Figure 6. Raman spectra of the samples using a 2.5 mW faseer. The carbon shells

encapsulating the iron core are eroded due to &kser|power used during Raman

characterization.
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Figure 7. Cls XPS spectra with their respective deconvolyteaks of the synthesized
samples: (a) EB-91, (b) EB-41, (c) IB-91 and (dM4B
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Figure 8. N1s XPS spectra with their respective deconvolygedks of the synthesized
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Figure 9. Cyclic Voltamograms of electrodes fabricated wi#) EB-91 and (b) 1B-91
samples, in aqueous KOH 2 M at a scan rate of 1"'mSpecific capacitance of (c) EB-91

and (d) IB-91 electrodes at scan rates betweem BanV s,
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