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Abstract: This paper reports original results on the synthesis of Carbon/Nitrogen/Iron-based
Oxygen Reduction Reaction (ORR) electrocatalysts by CO; laser pyrolysis. Precursors consisted of
two different liquid mixtures containing FeOOH nanoparticles or iron III acetylacetonate as iron
precursors, being fed to the reactor as an aerosol of liquid droplets. Carbon and nitrogen were
brought by pyridine or a mixture of pyridine and ethanol depending on the iron precursor involved.
The use of ammonia as laser energy transfer agent also provided a potential nitrogen source. For each
liquid precursor mixture, several syntheses were conducted through the step-by-step modification
of NH3 flow volume fraction, so-called R parameter. We found that various feature such as the
synthesis production yield or the nanomaterial iron and carbon content, showed identical trends
as a function of R for each liquid precursor mixture. The obtained nanomaterials consisted in
composite nanostructures in which iron based nanoparticles are, to varying degrees, encapsulated by
a presumably nitrogen doped carbon shell. Combining X-ray diffraction and Mossbauer spectroscopy
with acid leaching treatment and extensive XPS surface analysis allowed the difficult question of the
nature of the formed iron phases to be addressed. Besides metal and carbide iron phases, data suggest
the formation of iron nitride phase at high R values. Interestingly, electrochemical measurements
reveal that the higher R the higher the onset potential for the ORR, what suggests the need of
iron-nitride phase existence for the formation of active sites towards the ORR.

Keywords: laser pyrolysis; non-noble metal electrocatalyst; oxygen reduction

1. Introduction

The synthesis of nanoparticles or nanostructures with tailored properties is an important challenge
for a wide range of applications such as electronics, photovoltaics, sensors, catalysis and electrocatalysis.
The latter domain concerns in particular the sluggish Oxygen Reduction Reaction (ORR). Indeed,
a considerable research effort is currently observed over the world, in order to replace the scarce and
expensive platinum-based electrocatalysts. Within this frame, early studied materials based on carbon
incorporating nitrogen atoms with a transition metal are of particular interest. The development
of this kind of material has been inspired by Jasinky et al. [1], who reported more than fifty years
ago on the ORR activity of cobalt phtalocyanine in basic media. About ten years later, Jahnk and
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co-workers showed that thermal treatments of N4-chelates significantly improved both the stability
and the performance of the catalysts [2]. An important step was then achieved by demonstrating
that ORR catalysts could be obtained by simply heat-treating a mixture of polyacrylonitrile, metal
salt and carbon black [3]. Introduction of ammonia as a nitrogen precursor combined with the use of
high specific area carbon and intimate mixing of precursors by ball milling later lead to performances
close to those of platinum catalysts [4]. Research on non-noble Fe-N-C electrocatalysts for ORR is still
currently very important aiming at the improvement of performances and durability. Recent reviews
provide precious compilation of latest developments [5-9].

Among the various ways available to synthesize nanoparticles, laser pyrolysis is based on
the thermal decomposition of gaseous or liquid precursors through the absorption of a CO, laser
wavelength by at least one component of the precursor mixture [10]. For example, laser pyrolysis
has been used for the synthesis of various kinds of materials such as carbides [11,12], nitrides [13],
oxides [14-17] or silicon [18], using ethylene, ammonia or silane as both absorbing and precursor
compounds. Such materials covered numerous applications related to mechanical properties
enhancement, photovoltaics, energy storage, labelling for bio-medical application and sensors. To our
knowledge, the only report involving laser pyrolysis regarding non-noble metal ORR electrocatalysts
concerns the synthesis of Tantalum based carbonitrides and oxycarbonitrides [19].

The present paper reports on the synthesis and characterization of nanomaterials containing
carbon, nitrogen and iron by CO; laser pyrolysis that could potentially show ORR capability in acidic
medium. The carbon source consists in pyridine that also provides hydrocarbon-based nitrogen
source, while ammonia is used as both laser energy absorbent and additional nitrogen precursor.
With these carbon and nitrogen sources, we have chosen to investigate two different iron precursors.
The first consists of an iron organometallic compound (iron III acetylacetonate), which is dissolved in
pyridine, the second consists of iron oxide-hydroxide (FeOOH) nanoparticles, commercially available
as a dispersion in ethanol, which is further mixed with pyridine. The paper focuses on the trends
observed as a function of the ammonia volume ratio (R) involved in the synthesis and provides first
electrochemical measurements of the ORR as a function of the latter.

2. Materials and Methods

2.1. Synthesis

Iron III oxide-hydroxyde (FeOOH) elongated nanoparticles suspension in ethanol 20 wt %, iron
III acetylacetonate (Fe(CsHyO,)s3 referred as Fe(acac)s;) and pyridine were purchased from Aldrich
(St. Louis, MO, USA), and used as received. The CO, laser (A = 10.6324 um) was a 2200 W PRC,
SL 2200 from PRC (Landing, NJ, USA). It was used in continuous mode and the laser beam was
focused on a horizontal plane by way of a hemispherical ZnSe lens. The first Liquid Precursor Mixture
(referred as LPM-1) involved here is prepared by mixing the commercial FefOOH nanoparticles
suspension in ethanol with pyridine. The volume ratio pyridine/ethanol is 50/50 giving a final
FeOOH concentration of 25 g~L’1. The second Liquid Precursor Mixture (referred as LPM-2) is an iron
III acetylacetonate solution at 14 g-L ™! in pyridine. The liquid precursor media were nebulized using
a pyrosol® 7901 type piezoelectric aerosol generator from RBI (Meylan, France).

2.2. Characterization

X-ray diffraction was recorded using Cu Ko wavelength. Mossbauer absorption spectra were
carried out at room temperature with an *Fe isotope and using a commercial Co*:Rh y-ray source
and an electromagnetic drive with a linear velocity signal. The different components present in the
spectra were characterized by their hyperfine field and their isomer shift, which were obtained from
the experimental data using a least-squares fitting procedure. The iron content was measured by
X-ray fluorescence using a previously described procedure [20] that requires tiny amount of materials:
first, a collection of porous deposit of known loading was prepared on Freudenberg H2415 I12C3 carbon
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felts from Freudenberg (Weinheim, Germany), using carbon nanotubes (CNT’s) whose Iron content
was previously determined by thermogravimetric analysis. Then a calibration curve reporting the
iron Ko line [20] as a function of the iron content in the CNT’s electrodes was drawn. Second, porous
deposits of known loading were prepared on carbon felts with powders synthesized by laser pyrolysis.
The calibration curve was then used to convert the recorded iron K line intensity into an iron
content. The carbon content was measured using a Horiba EMIA-320V carbon analyser from Horiba
(Kyoto, Japan). Specific surface areas were determined by single point BET (Brunauer, Emmett and
Teller) measurements using a Micromeritics FlowSorb II 2300 instrument from Micromeritics (Norcross,
GA, USA), with a gas mixture of 30 vol % N, in He. The sample was degassed at 250 °C for two hours
before measurement.

2.3. Electrode Preparation and Electrochemical Measurement

Cyclic Voltammetry (CV) was recorded using a Bio-Logic VMP3 potentiostat (Bio-Logic,
Seyssinet-Pariset, France). As described in detail in previous papers [20-23], CVs were recorded
on porous electrodes prepared on Freudenberg carbon felts by filtration of liquid dispersion obtained
by powder sonication in isopropanol. Before CV recording, the porous electrodes were submitted
to a conditioning step aiming at electrolyte impregnation in the electrode porosity, as previously
reported for porous electrodes based on platinum electrocatalysts [21-23] as well as for non-noble
electrocatalysts consisting of nitrogen doped carbon nanotubes [20]. For the latter, cycling during
the conditioning step resulted in a loss of iron in the electrolyte as revealed by redox peaks that
vanished under prolonged cycling. CVs recorded in the present paper during the conditioning step
were very similar to those observed with nitrogen doped carbon nanotubes [20]. In the present paper,
when such iron loss was observed, it was verified that the oxygen reduction measurements were not
affected by iron dissolution by changing the electrolyte after iron loss. Potentials were measured
using a Sodium-Satured Calomel Electrode (SSCE electrode, from Radiometer Analytical, Villeurbanne,
France). On the CVs shown in the paper, potentials are reported versus the Standard Hydrogen
Electrode (SHE, —0.236 V vs. SSCE). The ORR onset potential is determined by the higher potential at
which an ORR current is measured on the background corrected cyclic voltammetry.

2.4. XPS Analysis

Surface analysis was performed with a Thermo Electron K-Alpha spectrometer (Thermo Electron,
Waltham, MA, USA). The X-ray excitation was the K-alpha aluminium line at 1486.7 eV. A constant
analyser energy (CAE) mode was used for the electron detection (20 eV pass energy value was chosen).
The detection of the photoelectrons was perpendicular to the sample surface. This latter consisted of
porous electrodes formed by filtration on carbon felts on which a 30 nm gold layer was deposited by
vacuum evaporation before the formation of the nanomaterial layer by filtration. This gold deposit
prevents the potential collection of carbon and nitrogen photoelectrons from the carbon felt.

3. Results

3.1. Production, Morphology and Composition Data of the Materials as a Function of R

A scheme of the experimental set up is shown in Figure 1. It consists in the aerosol generator
device (pyrosol®) filled with liquid precursor medium connected to the COj, laser pyrolysis reactor.
Such generator usually produces droplets sizes in the 2-10 pm range.

The aerosol obtained from the liquid precursor mixture is driven by argon as carrier gas and
is further mixed with ammoniac. It is important to note that in this configuration, even if the NH3
flow does not directly take part to the aerosol extraction from the generator, it contributes to the total
gas flow once mixed into the mainstream in the nozzle. This means that increasing NHj flow will
accelerate the droplets velocity out of the nozzle and thus decrease their residence time in the laser
irradiated zone. The reactor is kept to a pressure of 740 Torr by pumping through a pressure regulating
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valve and microporous filters (not shown on Figure 1) where the products are collected. All the gas
flows are controlled by mass flowmeters. This allows parameter R defined by Equation (1) to be set
and varied over a controlled range.

R = NHj; flow/(NHj3; flow + Ar flow) 1
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Figure 1. Scheme of the experimental set up used in this work.

This R parameter is expected to have a strong influence on the synthesis, as NH3 flow modification
will consequently affect three main parameters of the reaction. First, as previously mentioned, it will
change the reaction duration through residence time modification. It will also affect the temperature
by changing the amount of absorbed laser power (i.e., the amount of energy available for the thermal
reaction). Last but not least, it will also modify the chemical composition of the precursor mixture
in the reaction. For example, from R = 0.61 to 0.04 the residence time increases by a factor ~2 and
the laser power absorption decreases by a factor ~5 while the NH3 concentration in reaction media
strongly decreases.

Several syntheses were thus conducted using for each liquid precursor mixture different R values.
The powders were black and more or less sticky for the different syntheses, because of the generation,
upon pyrolysis, of side products consisting in low molecular weight organics. To get rid of these side
products, the collected powders were washed with acetone using a Soxlhet extractor.

The amount of liquid precursor mixture was weighted before and after the end of the synthesis in
order to determine the precursor consumed mass. Then, taking into account the weight of washed
collected powders, chemical yield was estimated. Figure 2 reports the trends observed for this chemical
yield as a function of R for both FeOOH (LPM-1) and Fe(acac)s (LPM-2) precursor systems. It is seen
that chemical yields are ranging from 0.15% to ~ 5% and that the higher R the lower the yield.

The powders were systematically characterized by Scanning Electron Microscopy (SEM) and
to a lesser extent by Transmission Electron Microscopy (TEM). The most important changes in the
morphology of the nanomaterials were found for those produced from LPM-1. As shown in Figure 3,
modification of the R parameter resulted in strong modification of the particle sizes.
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Figure 2. Production yield for different syntheses as a function of the R parameter for (a) LPM-1 and
(b) LPM-2.

For high values of R (0.61, Figure 3a) the nanomaterial contains large particles which appear bright
on the micrograph, with diameters ranging from ~1 um to few hundreds of nanometres. The material
also contains smaller particles but it was impossible to estimate the ratio between large and small
particles populations. Energy Dispersive X-ray analysis (EDX) achieved on large particles showed
that they consist of an iron rich phase. It has been known for a long time that iron acts as a catalyst
for hydrocarbon decomposition and in graphitization processes [24]. Consistently, the micrograph
(Figure 3a) shows that some of the iron based particles are surrounded by a thin layer presumably
based on carbon that could be the result of such catalytic effect.

Figure 3. Scanning electron microscopy images of nanomaterials obtained from LPM-1: (a) R = 0.61;
(b) R = 0.14; (c) is the pristine FeOOH nanoparticles used in LPM-1; (d) is a TEM image recorded for

R=0.14.
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Elongated structures of these latter layers are also clearly seen in some part of the sample,
with a particle sometimes located at the extremity. These observations suggest, at least partially,
a growth phenomenon of carbon based films from the iron-based particles. Finally, it is worth pointing
that the morphology of the iron-based particles is completely different from that of the initial FeFOOH
rod-shaped nanoparticle (Figure 3c). This illustrates the strong transformation of these latter during
the process.

For low R values (Figure 3b, R = 0.14) the powder is mostly made of much smaller particles with
a diameter of few tens of nm, what is confirmed by TEM (Figure 3c). It is worth noting that the TEM
micrograph can be compared to Figure 3a assuming that dark spots seen in Figure 3¢ are iron based
nanoparticles surrounded by a carbon component. Intermediate values of R lead to intermediate
situations with the formation of a mixture of large and small nanoparticles.

When LPM-2 was used, the trends in the morphology of the materials as a function of R were not
as marked as for FeFOOH iron precursor. Indeed, in this case large particles are scarce. Specific area was
recorded for some of the materials obtained from Fe(acac)s precursor as a function of R. The decrease
of the specific surface area with R value (Figure 4) suggests a similar trend as the one observed for
materials obtained from FeOOH, that is, the lower R the smaller the particles.
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Figure 4. Trend for the specific surface area of the powders as a function of R parameter for materials
obtained from LPM-2.

Due to low chemical yield, an important part of the samples synthesized in this work was
produced in very tiny amounts, limiting the variety of achievable characterization. Therefore, regarding
bulk composition investigation, we chose to determine in priority iron and carbon contents. Figure 5
reports the data obtained with each liquid precursor mixture as a function of R.

It is seen that the higher the R parameter the higher the iron content, while the carbon content
exhibits the reverse trend (the higher R the lower the carbon content). As expected, the sum of carbon
and iron wt % content is not 100%, since both nitrogen and oxygen are possibly incorporated in the
nanomaterials what will be confirmed by XPS analysis (Section 3.3). The next section addresses the
difficult question of the nature of the iron phases formed during laser pyrolysis.
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Figure 5. Carbon and iron contents as a function of R for nanomaterials prepared using (a) FFOOH
(LPM-1) and (b) iron IIT acetylacetonate (LPM-2). Empty and filled symbols correspond to iron and
carbon contents, respectively.

3.2. Tracking the Nature of the Iron Phases

As explained above, all the nanomaterials contain iron and the question about the nature of
the formed iron phases raised. Taking into account the elements involved in the synthesis (Fe, C,
N, O), the number of possible iron phases is very high: pure metal iron, iron carbides, iron oxides,
iron nitrides, carbo-oxynitrides. The task is even more complicated since several phases show different
stoichiometry and non-stoichiometric ones are numerous, in particular for iron nitrides. Mossbauer
spectroscopy and XRD measurements were performed in an attempt to get insights on these iron
phases. This was achieved essentially on powders obtained from FeOOH since they have higher iron
content, what favours Mossbauer analysis and contain larger particles what may favour XRD analysis
by avoiding too broadly overlapped diffraction peaks. An example of Mossbauer spectra fitting is
shown in Figure 6. It was performed with clearly identified phases, namely « Fe, vy Fe, Fe;C and
possibly FeO. An additional component was added to refine fitting, which could not be ascribed at this
time. Although incomplete, the results obtained here are precious since they allow three iron phases
(o« Fe, v Fe, Fe3C) to be identified and suggest the presence of a fourth one (FeO). The relative phase
content was estimated on the basis of fitting and showed a variable amount of unknown phase as
a function of R parameter (see Appendix A for details on Mossbauer spectroscopy data).
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Figure 6. Example of Mossbauer spectra recorded on sample prepared using FeOOH (LPM-1) for
R =0.49 and corresponding fitting.

XRD was then recorded on powders. It is well known that information provided by XRD analysis
might be limited by poor crystallization and small crystallite size, which broaden diffraction peaks.
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It is worth noting that materials obtained from LPM-2 gave XRD patterns with no clearly defined peak,
completely impeding phase identification. Therefore, the XRD data relate here to materials obtained
from LPM-1. Figure 7 shows two XRD patterns recorded on powders synthesized with high and
low R values. Iron phases identified by Mossbauer spectroscopy are reported on these diagrams for
comparison sake. These data are not easy to exploit but comparison of both patterns shows that the
regions centred at 20 ~ 44° are different from each other. Also, the high R pattern exhibits additional
unattributed peaks. The modification observed in the XRD pattern at high R cannot be easily attributed
to a given phase but such synthesis conditions clearly favours nitride formation. Indeed, among the
diverse synthesis routes leading to nitrides, high temperature treatment of iron precursors under NH3
or under a N, /H;, mixture is widespread [25]. In our case, higher concentration of NHj3 provides
a more nitriding atmosphere and also increases the temperature through CO, laser absorption.

# Fe,CJCPDS #65-2411 X not attributed
0 Feyy,0JCPDS #74-1880

T cFe JCPDS #65-4899

Y yFelCPDS #88-2324

R=0.61 X

X

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80

20 Kc. Cu

Figure 7. XRD diffraction patterns recorded on powders synthesized using LMP-1 for high and low
R values. Phases identified by Mossbauer spectroscopy are indicated on the patterns, together with
unattributed peaks.

3.3. XPS Analysis

3.3.1. As-Prepared Materials

The XPS analysis was performed on the materials prepared from both iron precursors (LPM-1 and
LMP-2). N1s, Fe2p, Cls and Ols core levels were detected in all survey spectra and semi quantitative
analysis was conducted. It is worth pointing that analysis performed in different regions of the same
sample gave identical data thus ensuring that the XPS analysis reflects nanoparticle feature. The gold
deposited on the supporting carbon felt was most often not detected on the survey spectra thus
indicating that photoelectron collection originates from the material itself and not from the carbon
felt. Later on, the analysis is focused on the N1s core level spectra and semi-quantitative analysis
trends. Figure 8a,b show the N1s spectra recorded with different R values for materials synthesized
using LPM-1 and LPM-2. Each of the latter shows a similar marked trend as a function of R, that is,
a marked drop in the intensity in the low N1s energy region of the spectra (396 eV-398 eV) when R
decreases. The literature indicates that this low energy region corresponds to iron nitrides or nitrided
iron surfaces [26-29]. For each material collection, the spectra recorded for low R are quite similar.
In a same way, the ones recorded for high R values appear similar as well, although less markedly for
LPM-2. Spectra corresponding to LPM-2 with R = 0.68 and R = 0.04 were selected as representative
of their series and thus considered for tentative peak fitting (Figure 8c,d). The N1s XPS spectrum
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in carbon based materials such as nitrogen doped nanostructures [30,31], or simply chars generated
from model molecules containing nitrogen [32,33], is mainly described as N-graphitic, N-pyridinic,
pyrrole-like and oxidized nitrogen species. In the present work fitting was conducted with a peak
Full Width at Half Maximum (FWHM) imposed and set at 1.5 eV. This choice was made using the
fitting of the spectra of a reference compound consisting in a polyphosphazen polymer network with
two kind of well-separated nitrogen atoms. This reference spectra (Appendix B) was recorded in the
same experimental conditions as those used in this work. The fitting provides 6 components which are
labelled from N1 to N6 and ranked in the order of increasing energy. For R = 0.68 (Figure 8c) it reveals
two components N1 and N2 at low energy 397.70 and 397.75 eV corresponding to 37.0 at % of the total
nitrogen atoms which lies in the binding energy range reported for iron-nitride species. N3 is found at
398.9 eV with 18.4 at % and falls in the energy range of pyridinic nitrogen. N4 is found at 400.1 eV
and weighted 18.1 at %, it falls in the range of pyrrole-like nitrogen. The N5 component at 401.3 eV
with 5.5 at % can be attributed to graphitic nitrogen. The last component N6 (404.7 eV /21.0 at %)
corresponds to oxidized nitrogen [30-32,34].

The same fitting procedure performed for R = 0.04 does not result in a contribution which could
be attributed to iron nitride since the N1 component is now centred at 398.5 eV (10.9 at %), while N2
appears at 399.3 eV (46.8 at %), N3 at 400.9 eV (25.0 at %) and N4 at 402.25 eV (8.0 at %). N5 and N6
appear now at 403.9 eV (5.7 at %) and 405.8 eV (3.3%), respectively. Therefore, N1 is now attributed to
N-pyridine, N6 and N5 are still attributed to oxidized nitrogen although such a high binding energy
for N6 (405.8 eV) can also be attributed to entrapped gaseous nitrogen [35]. The attribution of N2
(399.3 eV) component is more difficult, since nitrogen types such as those found in pyridone, amine,
nitroso or nitrile may be found in this region [30-36]. However, N2 is also lying in the range of binding
energy recognized for FeN, sites that correspond to nitrogen as a ligand for iron [37]. N3 located
at 400.9 eV and weighted at 25 at % falls in the range of pyrrole-like nitrogen. N4 is now located at
402.25 eV and falls in a binding energy region being attributed possibly to N-O type species [38],
while graphitic nitrogen is also proposed as possible [32,37-39].

Finally the main points suggested by the tentative peak fitting is that at high R iron nitride could
be present in significant amount (37.0 at %), as well as pyridinic nitrogen (18.4%). Graphitic nitrogen
content is about 5.5 at %. In contrast at low R, no iron nitride can be found. The pyridinic nitrogen
content is only 10.9 at %. The major contribution is clearly seen at 399.3 eV, in an energy range close
to those reported for FeNy sites but which can also correspond to amines, nitriles or nitroso nitrogen
atoms. The attribution of one of the components to graphitic nitrogen is unclear.

The N1s spectra shown in Figure 8 and tentative peak fitting suggest that nitrided iron is possibly
formed when high R values are used. This point actually appears reinforced by semi-quantitative
analysis results (Figure 9).

Indeed, elements contents for N1s, Fe2p, Cls and Ol1s were drawn as a function of R parameter
and showed marked trends: N and iron contents increase with R (Figure 9a,b) while carbon and
oxygen contents show reverse trend from each other (Figure 9c), that is, oxygen content increases and
carbon content decreases with higher R. Data in Figure 9 relate to materials synthesized with Fe(acac)s
(LMP-2) but the observed trends for powders derived from LPM-1 are similar.

It is worth noting that for iron and carbon, surface analysis and bulk analysis show the same
trends as a function of R. Finally, the assumption suggested in the previous section seems reinforced by
the surface analysis results, that is, the formation to some extent of an iron phase containing nitrogen
at high ammonia fraction. The oxygen content increases with R while carbon content decreases.
The reason for this might be surface oxidation of iron-based particles not (or only partially) covered
by carbon, especially in powders where nitrogen is assumed to be significantly combined with iron.
In an attempt to get additional information on the nature of the iron phase formed during the process,
acid leaching treatments were performed with sulfuric acid.
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Figure 8. (a,b) N1s core level features as a function of R for (a) LPM-1 and (b) LPM-2. Grey area shows
the binding energy region in which nitride iron can be found. Intensities are normalized; (c,d) are
tentative peak fitting for LPM-2 at (c) R = 0.68 and (d) R = 0.04. Fitting components are labelled N1 to
N6 and relative weights and binding energies are listed in the figures.

18

16 Ta) NA% . 107 b)Featk . Bre & & " 100

T 14

e | 12 . 50
e 12 §6 a 5 5 ¢ .
210 <6 + 2 4.0 At% 60 &
4 8 . 2 . i 8 2 A i
6 24T g 6 o C At% 03

p ]

ate * ) L 4 20

2 i " 2TA A 4

o+ o+ 0F—F+—+t++F+++10

0 0102030405060708 0 010203040506 07 0.8 0 010203040506 0708
R R R

Figure 9. Trends for the XPS semi-quantitative analysis for powders obtained from LMP-2 as a function
of R parameter. (a) N1s; (b) Fe2p; (c) Ols and Cls.
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3.3.2. Characterization of the Materials Obtained from LPM-1 after Acidic Treatment

Acidic treatments (24 h in 1 M H,SO4) were performed on some of the powders obtained from
LMP-1 and XRD pattern was subsequently recorded (Figure 10).

For the highest R value, the iron nitride Fe3Nj 3 is present while for lowest R value the low
nitrogen content phase FeNy gs¢ is identified. These observations are in good agreement with the
above-mentioned suggestion of iron nitride phases formation at high R and with the trends recorded
on the N1s XPS data for as-prepared materials as well.

Fe3N1.3 JCPDS #70-7407

FeN0.056 JCPDS #75-2129
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Figure 10. XRD pattern of sample obtained from LPM-1 after acid leaching for R = 0.14 and 0.61.

Figure 11 shows the N1s spectra for FeFOOH and Fe(acac); precursors derived powders before
and after H,SO4 treatment for high and low values of R. In contrast with materials prepared with
lower R value, strong modification of the spectra is induced by acidic treatment for both FeOOH
and Fe(acac); precursors and for high R. Indeed a clear drop in the intensity is observed in the low
N1s core level energy region of the spectra (397-398 eV) possibly related to iron-nitride or nitrided
iron. As expected, acidic treatment resulted in a drop of the iron content in the materials as indicated
by X-ray fluorescence measurements. Data provided by XPS semi-quantitative analysis are reported
in Table 1 for FeOOH and Fe(acac); derived samples at high and low R.

a) LPM-1 b) LPM-2

R=0.61As-prepared R=0.68 As-prepared

R=0.61H,50, R=0.68H,50,

R =0.14 As-prepared R=0.29 As-prepared

R=0.14H,50, R=0.29H,50,

410 408 406 404 402 400 398 396 394 392 410 408 406 404 402 400 398 396 394 392
Binding Energy / eV Binding Energy / eV

Figure 11. XPS N1s core level spectra for powders obtained from (a) LPM-1 and (b) LPM-2 before and
after HySOy treatment, for low and high R values. Intensities are normalized.
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Table 1. XPS nitrogen and iron content for materials prepared from FeOOH (LMP-1) and Fe(acac)s;
(LMP-2) for high (white areas) and low (grey areas) R parameter.

LPM-1 LPM-1 LPM-2 LPM-2
R=0.61 R=0.14 R =0.68 R=0.29
Nat% Feat% Nat% Feat% Nat% Feat% Nat% Feat%
As-prepared materials 6.7 3.7 4.6 0.05 8.1 9.4 49 0.6
H,S0, treated 2.0 0.3 4.2 0 6.0 3.0 4.2 0.3

It is seen that for high R acid leaching results in concomitant loss of nitrogen and iron. At low R
the nitrogen loss is low, consistently with the small changes observed in the N1s core level spectra
(Figure 11). The N1s spectra modifications in Figure 11 require additional comments. The loss
of iron results from H,;SO, dissolution of iron based particles, what can indeed only append for
particles that are accessible to acid solution. With that respect it is worth pointing that in spite of
considerable spectral and composition changes the material obtained from LMP-2 at high R still shows
a significant contribution in the low energy N1s region, which is thought to originate from iron nitride
like contribution. The reasons for this might be an insufficient duration for H,SO, treatment, or the
fact that some iron nitride-like phases are covered by a very thin carbon based component that allows
photoelectron collection from the inner particle surface but impedes acid attack.

4. Preliminary Oxygen Reduction Study

Electrochemical measurements on porous electrodes prepared from LPM-1 derived materials
were hard to achieve, presumably because of the high iron content and the presence of large iron based
particles. Indeed, immersion in the acid electrolyte resulted in a significant gaseous production what led
to a strong degradation of the layer homogeneity and detachment from the carbon felt. Such difficulties
were quite rare for electrodes prepared with materials obtained from LPM-2. Nevertheless, cyclic
voltammetry was recorded on porous electrodes at 5 mV-s~! in HCLO4 1 M for materials synthesized
with different R values from LPM-1 and LPM-2. Background current correction was performed by
subtracting CVs recorded in argon saturated electrolyte from those recorded in oxygen saturated
electrolyte. ORR catalyst efficiency was evaluated using the onset potential for the ORR shown by
the CVs.

Figure 12a relates to LPM-1, for which it is seen that the onset potential for the ORR does not
strictly rank the R value, although it can be seen that the two materials with the two lowest R values
exhibit much poorer performances when compared to the ones with highest R values. Actually the
response recorded for R = 0.14 and 0.32 are quite close to those recorded on the carbon felt support
itself. Figure 12b shows the data related to LPM-2, for which a marked trend is observed that is,
the higher the R parameter the higher the ORR onset potential. Finally, these data strongly suggest
a direct influence of the R parameter on the performances of the ORR electrocatalysts synthesized by
the CO; laser pyrolysis method.
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Figure 12. Cyclic voltammetry recorded on porous electrodes prepared from materials synthesized
with LMP-1 (a) and LPM-2 (b) in HCIO4 1 M at 5 mV-s~ 1. The inserted tables report the R values and
the corresponding onset potentials for the ORR.

5. Discussion

This discussion session addresses the trends observed for the different feature of the materials,
particle morphology, yield and composition and finally electrochemical performances, in particular as
a function of R. It must be mentioned that we are sometimes reduced to making hypothesis since we
have no direct indication that support a given explanation rather than another one.

Particle Size and Morphology:

The particle size and morphology obtained is this work can be discussed in the frame of
well-documented literature related to the formation of nanoparticle materials in gas-fed flame
synthesis and flame spray pyrolysis (FSP) methods [40-44]. Indeed both methods involve the thermal
decomposition of a precursors flow (gas or atomized liquid) in a flame provided by the combustion of
a fuel. These methods are characterized by particular synthesis conditions which can be summarized
as follow: temperature as high as 3000 °C, short resident time of the precursors (<1 s), rapid cooling
of the materials after formation. These features are to some extent similar to the ones encountered in
laser pyrolysis and enable the comparison in terms of nanoparticles growth mechanisms. Discussion
on the morphology and size of the particles reported in this paper necessitates the different scenarios
of particle formation in flame synthesis to be briefly described. Thermophoretic sampling along the
flame in gas-fed synthesis conditions for microscopy observation triggered the understanding of
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particle formation [45], what finally resulted in the following description for gas-fed flame synthesis
processes [40-44].

- Heating decomposes precursors to monomers which upon saturation grow by molecular
coagulation or nucleation, to critical /primary particles.

- Surface reaction of monomers on primary particles can contribute to their growth,
while evaporation/sublimation contribute to particle size decrease and forming monomers again.

- Further coagulation and/or coalescence process between primary particles may also contribute to
nanoparticles growth.

Finally, depending on the temperature value and profile, the final morphology can consist of
individual spherical particles, agglomerated particles, or aggregated particles when primary particles
form necks between them.

When FSP is involved, additional phenomena related to the drying of aerosol liquid droplet
influence the morphology [43]. One can briefly summarize the various pathways as follows:

(1) Complete evaporation of droplet and solute, leading to the gas-fed flame particle
formation scenario.

(2) Solute precipitation in the droplet and reaction with surrounding reactants, ending in sintering
of small grains to form particles in the range of um size.

(3a) Surface precipitation of solute in the droplet, followed by reaction with surrounding species
in gas phase and gentle drying, leading to the formation of large hollow particles.

Or, (3b) drying/melting allowing fragmentation/evaporation towards above mentioned gas-fed
flame particle formation scenario.

To summarize the main parameters influencing particle size and morphology, it can be pointed
that short resident time, high temperature and fast cooling rates reduce the particle size and the
extent of the aggregation. Of course, this main trend can be significantly modulated by the feature
of the solvent (here the liquid precursor) from which droplet are formed, as well as the size of the
droplet (in the range of few um to 10 pm for the Pyrosol aerosol generator), the feature of the solute
(melting temperature), its concentration in the solution.

We can now comment on the size and morphology of the products we obtained in this work,
although at this time only assumptions can be made, based on the above-mentioned pathways
described for gas/liquid flame synthesis methods. It is also important to remind that for laser
pyrolysis, the chemical composition of the effective precursor media through ammonia concentration
is not disconnected from the temperature conditions. Indeed, as mentioned before, changing the
ammonia flow modifies the CO; laser absorption and therefore the energy (temperature) provided to
the precursors.

First, it is seen that materials produced from LPM-1 (FeOOH particles as iron precursor) show
marked changes as a function of R. At high R the population of individual large particles (few hundreds
nm to few pm diameter) dominates. High R values correspond to higher temperature (high laser
absorption) and short residence time as explained in Section 3.1. This result contrasts with the scenario
of gas-fed flame situation which favours in such conditions small primary particles. Therefore one
may assume that for high R values and LPM-1 the favoured pathway for particle formation is the one
described in point 2, that is, solute precipitation in the droplet and reaction with surrounding reactants,
then ending by sintering and producing particles in the range of um size. These particles might be
still hot enough for a given time to promote on their surface the formation of carbon/nitrogen doped
shell (Figure 3a). Such a scenario is confirmed by scanning electron microscopy images (Appendix C)
recorded on acid leached materials synthesis with LPM-1 at high R. The micrograph clearly shows
films resulting from acid leached iron-based particles.

For LPM-2 the trends observed as a function of R for averaged particle size is suspected to be
the same as for LPM-1 since specific surface decreases when R increases (Figure 4). Scanning electron
microscopy at high R values shows the presence of large particles but not majority. The differences
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observed between LPM-1 and LPM-2 could reflect the footprint of aerosol droplet transformation
during the process taking into account the following points: (i) the concentration of iron precursor
in LPM-1 is higher (25 g-L~! what correspond to a concentration of 15.7 g-L~! of pure iron) than
in LPM-2 (14 g-L7!, that is, 2.21 g-L~! of pure iron) (ii) melting points for FeOOH is 350 °C while
it is much lower for Fe(acac); (180 °C). Therefore, it is likely that for the same R value (i.e., similar
flame temperature) larger iron-based particle should form in the case of LPM-1 due to higher Fe
concentration. Compared to high R value, low R conditions result in lower temperature and longer
resident time. Our results show that low R values favour the formation of small sized (few tens of nm
in diameter, see Figure 3d) and aggregated particles for both, LPM-1 and LPM-2. Such a result could
be tentatively explained in both cases as follows: the residence time being longer and the temperature
being still high enough, pathway 3b involving drying/melting and fragmentation/evaporation leading
to gas-fed flame synthesis conditions may occur. Finally, it is worth noting that the morphology of
the materials as discussed here, focusses on the iron-base particle formation that promotes carbon
based shell growth. However, this does not prevent possible homogeneous formation of carbon based
nanoparticles independently of iron-based phases.

Chemical Yield and Composition:

The data recorded here show that the chemical yield of the synthesis decreases when R increases.
Such a trend could be tentatively explained by the fact that chemical yield is essentially driven
by the formation of the iron-based phase through the trends observed for the size of the particles.
Indeed, if iron-based particles diameter decreases with R, the overall area they provide for catalytic
growth of carbon phase strongly increases, thus favouring the increase in the overall chemical yield.
The same argue holds at high R (bigger particles offer a lower area). At high R this surface area effect,
that lowers the chemical yield in this case, could be accompanied by chemical effect related to iron
nitride formation. Such a chemical effect looks consistent with literature dealing with nitrogen doped
carbon nanotubes growth. Indeed, all things equal otherwise, it is reported [46] that the addition of NH3
at various concentrations drops the growth rate of N-doped carbon nanotubes by a factor 2 to 7 when
compared to undoped ones.

Regarding composition of the materials, for both LPM-1 and LPM-2 a clear trend is also observed
for bulk composition and surface composition (XPS) as a function of R. The higher R, the lower the
carbon content and the higher the iron content for bulk composition. The same trends are observed
for surface composition which also indicates that the nitrogen content in the material increases with
R value. The trends observed for carbon and iron content could originate from size effect and/or
chemical effect suggested above for chemical yield trends. For nitrogen content that increases with R,
one may suggest the role of iron-nitride phase formation promoting the incorporation of nitrogen in
the carbon phase of the material.

Oxygen Reduction Performances:

Preliminary results on the electrochemical activity of the materials synthesized in this work appear
quite promising. In the literature dealing with the kind of electrocatalysts involved here, the pathway
leading to the formation of the active sites for ORR appears not well understood. Furthermore,
the nature of the active sites is still strongly debated. Different views conflict with each other and for
example, some authors reported that iron species coordinated with nitrogen in various configuration
referred as FeNy or FeN,C, are mainly responsible for the electrochemical activity [47-49], while others
showed that iron-free electrocatalysts with CyNy, sites have significant activity [50,51]. Furthermore,
recently, the ORR activity of iron based (Fe3C) core-shell particles in which no nitrogen atoms are
incorporated in the carbon shell was also reported [52]. Actually, the situation is even more complicated
by the fact that a given electrocatalyst most probably contains different kind of actives sites towards
the ORR. Such issues are indeed out of the scope of this paper. We showed that the most active
materials are obtained for high R values. This is observed for both kind of materials (LPM-1 and
LPM-2), although the trend for ORR activity as a function of R is less marked for LPM-1. It is worth
reminding that the trends as a function of R for the whole set of characterization performed on both
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material are exactly the same. Besides, the most active materials towards the ORR have the highest
initial iron content and they retain a significant iron content in spite of acid leaching. Therefore,
we believe that the active sites responsible for the ORR activity are presumably related to the initial
iron content in the materials. The iron nitride phases formed at high R are not directly involved in the
ORR activity because they are not stable in acidic media. However, the X-ray diffraction recorded after
acid leaching (Figure 10) suggests that iron nitride particles are surrounded by a carbon shell which
protects the core from acid leaching. Finally, it can be tentatively assumed that the active site formation
in our materials is related to iron nitride phases, as already reported for the same family of materials
addressed here, [53]. In this work authors also show that acid leaching resulted in a moderate loss
of activity.

The parameters that influence the activity are thus related to the nature and amount of the active
sites but also to the specific surface area of the materials. Indeed, the higher the specific surface area
the higher the volume density of active sites in the catalyst layer and thus the ORR activity. In the
literature, materials that show the highest ORR performances have specific surface areas in the range of
several hundred m?- g’l [5]. Our data show that the most active materials obtained for high R values
exhibit the lower specific surface area (Figure 4) and the higher surface nitrogen content. As a result
one may suggest that key parameters affecting the catalyst activity in this work is not related to particle
size but rather to the kind of nitrogen sites formed in the carbon phase and to the amount of nitrogen
species present at the surface of the particles. In this work, the only data potentially giving indication
on the type of nitrogen sites presents in the material are the N1s XPS spectra shown is Figure 8.
The information given by the tentative peak fitting (Figure 8c,d) suggest that the most active material
exhibits the highest nitrogen content and the highest content in pyridinic and graphitic sites which are
responsible for ORR activity. Indeed, in the most active material (Figure 12b, R = 0.68) obtained here,
the N1s peak fitting (Figure 8c) does not clearly suggest the presence of FeNy sites expected in the
399.3-399.9 eV region. For the lowest R value the most important component N2 at 399.3 eV (Figure 8d,
R =0.04) is most probably not related to FeN sites since the material exhibit a poor ORR activity.

The onset ORR potential which has been used here to rank the activity of the different materials
is explicitly mentioned and used in the literature as one of the significant criterion to evaluate ORR
performances [9] and finally, the highest ORR onset potential recorded in this work is ~0.880 V versus
SHE. This is lower than the best performances reported in the literature for the kind of catalysts
considered here, for which onset potentials in the range of 0.900 to 0.950 V are reported [5,9]. Such high
performances have been obtained thanks to modification of synthesis processes, which include together
or separately, the use of template components in the precursors, ball milling step and thermal
treatments under inert gases or ammonia. With that respect, it looks clear to us that our results
are quite encouraging since our elaboration process implies few synthesis steps and quite simple liquid
precursor media. Current work is now aiming at improving the chemical yields through precursor
modification, as well as improving the understanding and control of the synthesis key parameters in
order to improve the performances of the non-noble electrocatalysts towards the ORR.

6. Conclusions

In this paper we have reported the synthesis and characterization of non-noble metal ORR
electrocatalysts based on carbon, nitrogen and iron by laser pyrolysis, using two different iron
precursors. The features of the materials show a monotonic behaviour when drawn as a function of
the so-called R parameter, which is the ammonia flow volume fraction involved in the synthesis.
The materials were characterized using different methods and surface analysis of the materials
advantageously completed the information recorded on bulk materials. In particular, the N1s core
level spectra as well as the semi quantitative analysis tend to confirm the higher R the higher the
amount of iron nitride-like phase formed. This point appears comforted by the comparison of the XPS
and XRD data recorded for as-prepared materials and acid leached ones. Preliminary evaluation of
the ORR by cyclic voltammetry indicates that the performance is improved when the R parameter
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is increased. Based on these trends and those recorded regarding the whole set of characterization,
it can be tentatively suggested that iron nitride formation during the CO, laser pyrolysis favours the
formation of active sites for the ORR in these non-noble electrocatalysts. Current work is dealing with
the development of this new approach consisting of using CO, laser pyrolysis for the synthesis of
carbon/nitrogen/iron based non-noble electrocatalysts and will be the subject of coming reports.
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Appendix A

Supporting information related to Mossbauer spectroscopy:
The table below reports the parameters involved in the fitting of the spectra shown in Figure 6,
for the identified phases, consistently with data reported in the literature [54-56].

Table A1l. Parameters deduced from fitting procedure of Mossbauer spectrum.

Iron-Based Phase Hyperfine Field—H(T) Isomer Shift mm-s~!  Area %

o Fe 33.59 0.02 24.3
v Fe - —0.056 16.5
Fe3C 20.90 0.196 42.8
FeO - 0.897 5.0
Unknown phase 28.33 0.11 114

Appendix B

Reference spectra of polyphosphazen used to set the peak Full Width at Half Maximum (FWHM)
at1.5eV.

Reference N1s Polyphosphazen spectra used for fitting procedure in this work

—N1
-=-==N2
—Fitting

------- Experimental

410 408 406 404 402 400 398 396 394 392
Binding Energy / eV

Figure A1. Reference polyphosphazen N1s XPS spectra and fitting.
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Appendix C

Scanning electron microscopy image of a sample obtained from LPM-1 at R = 0.61 after acid

leaching. It shows collapsed carbon films resulting from the elimination of iron-based particles. White
spots in some part of the image are iron-based particles protected from acid leaching by carbon shell.

Figure A2. Scanning electron microscopy image of a sample obtained from LPM-1 at R = 0.61 after
acid leaching.
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