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Synthesis of Single Phase (x-Fe, Fe3C and Fe7C3 Nano-particles by CO;_,

Laser Pyrolysls Technlque

I. Introduction

Iron-containingcatalystshave been knownto be useful in assistingthe Fischer-

Tropsch(FT) reactionfo; synthesizinghydrocarbons[1,2]. However, it has been well

recognized that ironcatalystsare notstableduringthe reactionbutconverted into iron

carbides, lt is thus importantto understandthe role of the ironcarbides in the catalytic

reaction of the FT-synthesis[3].lt has been found difficultto produceironcarbide nano-

particles as a singlephase, because ironcarbide phases are only metastableunder 1

atm pressure[4]. Iron carbide bulk particles prepared so far are often contaminated

with metallic iron, iron oxides and free carbon. In this study, we investigate the

synthesisof ironcarbide nano-particlesusingCO2 laser pyrolysistechnique.We show

that this techniqueis successful in synthesizingo¢-Fe,Fe3C and Fe7C3 nano-particles

in their single phase with sizes in the range of 5 - 20nra. In particular, we have

produced for the firsttime the Fe7C3which has been knownto exist but unable to be

produced as a singlephase. Furthermore,it is interestingthat FesC2which has carbon

and iron ratio between Fe3Cand Fe7C3, is notseen in any runof oursynthesis.

Fe3C, known as =cementite',is the most stable phase among the known iron

carbides, and in bulk form has been studied extensively for many years[1, 2, 5].

Another well studiedcarbide phase is FesC2(Haggcarbide)[5] frequentlyfound in the

FT-synthesis[6][1].In contrast, muchless attentionhave been given to Fe7C 3, primarily

due to the difficulty in producingthiscarbides as a single phase. This phase converts

easily into cementiteat temperature -600 °C[7]. Its crystal structurewas identifiedas

hexagonal[8], pseudo-hexagonal[9] and orthorhombic[10]. The controversy in the

identificationof the crystalstructureof thisphase has been reviewedby Yakel[5].

A number of methods of producing nano-particles, such as gas-phase

synthesis, vacuum synthesis and cluster deposition have been explored and

reviewed[li-13]. The technique concerned in this work is
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CO2 laser pyrolysis, which is a gas-phase synthesis method first proposed by

Haggerty[14] and later applied by Exxon[15, 16] to the generation of Fe3C particles for

the Fischer-Trosch catalysis. Laser pyrolysis offers many advantages[14]. First of all, it

is a clean process that permits reaction free of contamination from chamber walls.

Secondly, the reaction volume is very small(30 mrn3) with a well defined reaction

zone, which is important in precisely controlling the nucleation and growth rate.

Thirdly, the application of a CO2 laser allows the particle production to be a flexible

process, suitable for producing many different kinds of particles with different sizes. In

the past, it has been used by several groups for producing particles such as TiO2 , SiC

and etc.[14-18].

In this investigation, we have characterized our nanoparticles by using XRD,

TEM, S7FeMossbauer and Raman scattering. The application of these techniques has

allowed us to systematically study the chemical composition, structure, morphology

and size distributionof the particles produced by CO2 laser pyrolysis.The resultsof
i

our studies have established the appropriate reaction conditions for making a-Fe,

Fe3C and Fe7C3nano-phaseparticles.

II. Experiment

The laser pyrolysissystem[14-18] used for producingiron carbide nanoparticles

is shown in Fig. 1. The cell was builtfrom a six-way stainlesssteel cross witha tubular

diameter roughly4 cm. The reactant gases, composedof Fe(CO)s vapor and C2H4,

flow vertically out of the tip of a narrow stainless tube and intersect the horizontal

infrared beam from a tunable CW CO2 laser(Laser Photonics Model 150) capable of

_elivedng 150 W of poweron most of the --80 outputlines. The reactant gas mixtureis

heated in a small reactionzone, defined .by the intersectionof the laser beam(dia.

~0.2-3 mm at beam waist)and a gas stream. The energycouplingis realizedby tuning

the laser frequency to a strong rotational-vibrationalabsorp'Iionband of C2H4 at 940

cm-1. The P20 CO2lineis used for thispurpose.

The reactant gases and associated particle growth were confined within the
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reaction zone above the nozzle by a coaxial flow of Ar gas which passed through a

larger tube concentric with the much smaller reactant gas tube(see Fig. 1). The laminar

Ar flow maintained the flow of particulate in a well-collimated stream ali the way to the

particle trap. Ar gas is also introduced into the entrance and exit windows in such a

way as to continually sweep any stray particles off the NaCI windows, as shown in Fig.

1. This is particularly important; without this precaution the window deterioration can

be triggered by particle deposition, Two mass flow controllers(AGA Gas, Inc.) were

used to establish steady gas flows of Ar to the windows and coaxial sheath. Another

mass flow controller was used to regulate the flow of C2H4 (2-30 sccm) through a

sintered Pyrex bubbler into the glass container of liquid Fe(CO)s. The bubbler is

needed to generate numerous very small bubbles which are more effective than the

larger ones for picking up saturated Fe(CO)s vapor. The total pressure in the cell was

controlled by adjusting a needle valve located between a rotary vacuum pump and the

6-way cross, balanced mainly by Ar gas used to protect the windows and shield the

particles. To control the laser power density and the height of the reaction volume, a

ZnSe lens was used 'to position the laser beam waist relative to reactant gas nozzle.

The beam waist(i, e. minimum beam diameter) can be continuously translated by

changing the distance between the center of the chamber and the lens.

Particles are collected in a Pyrex trap indicated in Fig. 1. Since most particles

produced by this process are ferromagnetic in their bulk form, we have employed a

magnetic field to trap the particles. The field is provided by a stack of permanent ferrite

magnets placed beneath the trap as shown in Fig. 1. The teflon membrane ;ilter (pore

size of 200 nm) is intended as an auxiliary device to stop particles which escape the

magnetic field. Without the magnetic field, the membrane filter may be clogged soon

after the process begins and the steady flow of the particles and reactant gases is

interrupted. In the stead state, a 3mm, well collimated stream of particles can be seen

to drift up the center of the l cm diameter glass tube connecting the 6-way cross and

particle trap.

Subsequent to synthesis, the UFP's were extracted from the collection vessel in
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an "as-synthesized" form, or in a passivated form. Most particles are pyrophoric as

synthesized. Passivation entailed the use of a 4% or 10% 02-in-He 2 flow for periods

of several hours, and in some cases up to 24 hours, during which time a thermocouple

was used to monitor the temperature of collected particles. XPS data showed that the

oxidation was on the particle surface. The passivation gas flow rate is limited in order

not to raise the particle temperature by more than 20 degree or a run away reaction

occurs and the Fe-carbides are converted into oxides in the trap. Thoroughly

passivated particles should show no temperature change when concentrated

oxygen(such as air) is introduced into the trap. However, particle agglomeration may

prevent some particles from contacting with oxygen. So care must be exercised at this

step. lt has been observed that the particles ignite after two weeks in an ordinary

sealed glass container.

III. Results

In this section, we will present the characterizationresultof synthesized small

particles inthe laser pyrolysissystemdescribedabove. The phase identificationof the

nano-particles is performed mainlyby XRD, TEM and Mossbauertechniques. Raman

and EDS have been employed to study the existence of oxygen and amorphous

carbon in the producedparticles.

In Fig. 2, we show Mossbauerspectraat 12 K for bulk Fe3C(Fig. 2a), whichwas

obtained from 20-50 micron powder, and a particular UFP sample which is

predominantlyFe3C(Fig. 2b) with average particle size 15 nm. Plotted in Fig. 2c and

Fig. 2d, are the corresponding XRD data for these two samples. XRD data were

collected using Cu(K_) radiation using a Phillips powder diffractometer. Note the

insensitivityof the Mossbauerspectrato particlesize, whereasthe XRD spectra exhibit

significantsize dependent broadening.The solid line in Fig. 2a and 2b represents the

calculated Mossbauer spectrum by fitting the data in the usual way, indicating a

variable amountof _-Fe. Fe3C is also ferromagnetic, so a six-line Mossbauer pattern

is obtained for this phase which is actually the superposition of two individual six-line
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patterns from each of the inequivalent Fe-sites. Both the bulk and UFP samples

contain a minority phase (-10%) of (x-Fe which has one Fe site. The resulted

parameter values from the data fitting including the internal magnetic field, isomer shift

and quadruple splitting are compared with the results of Le Caer et al.[3], showing a

good agreement. The Mossbauer study on Fe7C3 particleswill be given in a separate

study[19].

In Fig. 3, we show a transmissionelectronmicroscope(TEM)image (Hitachi H-

800-NA) of someof Fe3C particlestaken at a magnificationof 100,000x. Inthis picture,

we observe the lattice fringes of Fe3C particle, and the fringes spacing is consistent

with lattice constants of Fe3C phase[20]. Also observed in this picture are lattice

images of the particle coating consistent with a lattice constant 3.5 A. This spacing is

similar to doo2 of pyrolytic carbon, and therefore gives direct evidence for a carbon

coating. This identification is supported by Raman scattering results presented below.

A scanning electron microscope (SEM; ETEC OMNISCAN) equipped with an energy

dispersive spectrometer (EDS) was used to probe the particles for oxygen. The spatial

resolution of the instrument was such that ~1000 particles were averaged

simultaneously. EDS results showed no oxygen in the samples (sensitivity ~ 2%). We

therefore conclude that oxygen added during passivation was present in monolayer or

submonolayer amounts on the surface of the particles. XPS results on the particles

indicateda surfacestoichiometryFe:C:O of ~ 1:1:2, i. e., an oxy-carbide surface.

Raman scattering experiments on selected "nanopowders" were carried out in

the Brewsterangle, backscattering configuration (incident beam angle ~45° with

respect to the surface normal and polarized in the plane of incidence). The beam was

incident on a UFP powder surface produced by pressing gently the powder against a

ferrite magnet substrate. This method of sample preparation resulted in a nearly

specular sample surface. Dry N 2 gas was blown gently over the sample surface during

the measurements to arrest or prevent the oxidation during the experiment. The room

temperature spectra taken using the 4880 A line of an Argon ion laser for Fe3C

nanoparticle samples are shown in Fig. 4. The dominant structure in the spectra is the
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doublet with broad peaks centered at 1375 and 1580 cm-1. This doublet is the

well-known result for a disordered graphitic carbon, or pyrolytic carbon. The disorder

in the hexagonal carbon network both broadens the graphitic peak seen at 1582 cm-1

in pdstine graphite and generates a new peak in the vicinity of 1350-1380 cm-1. The

strength of the ,,1360 cm-1 peak can be correlated with the disorder. Thus the carbon

coating inferred from TEM lattice fringeswas directlyconfirmedby Raman scattering.

No X-ray evidence for carbon was found consistentwith amorphouscarbon as a thin

graphitic coating on the particles. Raman active modes associated with the iron

carbides were not observed, but are anticipatedat lower frequency (200-600 cm-1).

Some iron oxides Raman peaks have been observed, as indicated in the Fig. 4. The

peaks are confirmed by measuringthe Raman scatteringspectra on oxidized o_-Fe

particlesproduced in this apparatus. The Fe-carbide nanoparticleswere found to be

very sensitive to laser heating for powers as low as 30 mW. Unless N2 gas is blown

onto the particles, the particles exhibitedimmediateoxidationupon laser illumination.

The sensitivityto this oxidationfor the three phases of nanoparticleswe have made

decreasesin the ordero_-Fe,Fe3Cand Fe7C3.

Shown in Fig. 5 are typicalXRD resultsfor three differentphasesof particleso_-

Fe, Fe3C and Fe7C3 generated in our pyrolysis system using different reaction

parameters. In this figure, solid dots representexperimentaldata whereas solid lines

are calculated results using published powder diffraction intensity data[20]. The

experimental diffraction data are fitted by a sum of Lorentzians, along with an

exponential background. The calculated peak area is proportional to the published

lineintensity.A single linewidthfor ali Lorentziansis chosento best fit the data by eye.

A set of typical reactionparameters has been establishedfor producingeach of these

phases, as given in Table I. The carbide phasesFe3Cand Fe7C3 are found nearlyfree

of o_-Feand iron oxides which were the frequent sourceof contaminationin the past.

The signature of Fe30 4 in the XRD data of o_-Fe comes from the passivation

process(10% 02 in He2 at 200 torr), which is necessary to handle nano-size e_-Fein

air. This passivation can be avoided if the nanoparticle trap were opened in a glove
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box purged by N2 gas. Clearly, the current pyrolysis system has demonstrated the

capability of preparing different iron carbide particles as a single phase by simply

choosing an appropriate set of reaction parameters.

Presented in Fig. 6 and Fig. 7 are the XRD results of several batches of Fe3C

and Fe7C3 particles with different particle sizes, as seen in the broadening of the

diffracted peaks. The partici_ size indicated in the figure was estimated by using

Debye-Scherer equation[21] for the peak near 58° for both Fe3C and FeTC3.Average

particlesizes in the range of 6 - 17nrawere obtained.

IV. Discussion.

We nowdiscussthe connectionbetween the phase and surface morphologyof

the nanoparticlepowders and the synthesis reaction parameters. These parameters

include:(1) reactant gas flow rate, (2) chamber pressure,(3) laser irradiationintensity,

(4) power densityand (5) nozzle diameter. Thus we have explored pockets in this 5-
J

= parameterspace to discover what type of particles can be produced from the mixture

of Fe(CO)s and C2H4. As proposed in the paten[ of this laser pyrolysis system in

producing iron carbide materials[16], the basic chemical reaction evolves the

decompositionof C2H4 and Fe(CO)5 at high temperaturesustained by laser energy.

The iron carbide particlesare formed while carbon and ironoriginatedfrom C2H4 and

Fe(CO)s recombined in the heated reaction zone. The usual contamination resulting

from this process can be either free carbon or _-Fe, depending on the balance

between Fe and carbon in the reactantgas.

Total pressureof the reactionchamber is one of the mostimportant parar_, ',_rs

whichaffect the properties of the particles,such as chemical compositionand particle

size. The effect of this parameter was explored by workersat Exxon [16] who found it

controlled the amount of Fe in the produced particles. They did not carry out a

qualitativeanalysis of the resultingphase mixture, however.Our studies revealed that

Fe(CO)s-C2H4system is muchmorecomplexthan suggestedin their patent.

In the followingdiscussion, the role of the chamber pressure in determining the
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carbon and iron ratio of the reactant gas is presented. In Fig. 8, the pressures at

several essential points in the reactor system are labeled, which will be convenient for

the discussion. Shown schematically is the bubbler containing Fe(CO)5 and the

reaction chamber to the left. C2H4 gas first bubbles through the Fe(CO)s liquid, and

then flows into the chamber with the Fe(CO)s vapor. Considering that a bubble with

volume V and pressure PB is formed at the bottom of Fe(CO)s liquid container, it is

therefore reasonableto describethe bubblepressurePBby

PB=PL+Pc :

where PL is the fluid pressureat the bottomof the liquidsuppliedby the Fe(CO)s, and

Pc is the pressureon the top of the liquid.In here, we assume that the pressure in the

vaporabove the Fe(CO)s liquidis approximatelythe same as the chamber pressure.In

view of the fact that the bubbleconsistsof C2H4 and Fe(CO)s vapor, we can also write

the bubblepressureas

PB=Pc2H4+PFe(CO)5

where PC2H4and PFe(CO)5are the partial pressures contributed by C2H4 and Fe(CO)s,

respectively. Cleady, the following equation holds
i

PL+Pc=Pc2H4+PFe(CO)5

Since it is knownthat the vapor pressureof Fe(CO)5 is 25 torrat room,_emperature,the

C2H4and Fe(CO)5pressureratiois thusdeterminedby

Ratio=Pc2H4/25=(PL+Pc-25)/25 (A)

where PL=pgh, and p and h are the density and height of the F6(CO)s liquid inside the

glass container. In this apparatus, the height of the Fe(CO)s liquid is roughly 5 cm, from

which we estimate PL tO be ~6 Torr. Comparing with 102 Torr of the total chamber

pressure, which is normally used in the reaction process, PL can certainly be

neglected without introducing much error. From this formula, we see that C/Fe ratio is

directly proportional to the chamber pressure Pc. This result can be used to guide the

production of particles with different C/Fe ratio, such as FeCo((_-Fe_, Fe3C and FeFC3

which have C/Fe ratio as O, 0.33 and 0.43. Indeed, the typical chamber pressures
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under which these three phases of the particleswere made are found to be 100,300

and 500 torr for FeCo(o_-Fe), Fe3C and Fe7C3, asgiven in Table I.

lt is necessaryto realizethat the above analysis is only approximate.Since the

system is not in equilibrium,an accurate descriptionof the process would requirea

dynamical model which includethe effects caused by the gas flow. For example, the

C2H4 bubble may expand when it flows onto the top of the Fe(CO)s liquid in stead of

staying at the same size. Furthermore,the bubble may not be fully saturatedby the

Fe(CO)s vapor if the flow rate is too high,which makes the Dressureof Fe(CO)svapor

less than the 25 torras assumed.

C2H4flow rate is anothercritical factor affectingthe propertiesof the produced

particles. Correlated closely with the flow rate is the velocity with which the reactant

gas enter into the reactionzone. This velocityreadilydetermines durationtime of the

particles staying in the reaction zone, which in turn controls the growth of the

particle[14]. Shown in Fig. 9a, 9b and 9c are the XRD data for three batches of

particles made under three different flow rate with other parameters fixed. These

reaction parameters are provided in the t,_ble contained in the same figure. In

correspondencewith the flow rate, the samples are named as #1, #2 and #3 to the

increasing flow rate values. First, we see a significantbroadeningof the diffraction

peaks with the increasedflow rate. This suggeststhe size rsductionof the particles,

which can be simplyattributedto the shorterdwell time of the particles in the reaction

zone as a resultof their increasedspeed. A Secondobservationfrom this figureis the

change of the XRD pattern when the flow rate is increased, indicativeof the phase

change of the particles.Comparingwith sample #1, which has a phase mostlyF%C,

sample #2 and #3 show progressivelygrowingpeaks associated with Fe7C3 inFig. 9b

and 9c, as marked by downarrows. Mossbauerresults obtainedon the same particles

are given in Fig. 9c, 9d and 9e. The dots in the figure are experimentaldata taken at

12 K, while the solid linesare calculated usinga set of parametersbest fit to the data.

Marked by down arrows in the Mossbauer data of Fig. 9d and 9e is the peak which

grow with the increased C2H 4 flow rate. We associate the appearance of this peak with
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the structure change as seen in the XRD results for the three samples shown in Fig.

9a, So and 9c. In order to fit the whole Mossbauer spectrum of samples #2 and #3, we

find it necessary to introduce a new set of parameters to describe the marked peaks

appeared in the spectrum of sample #2 and #3, indicating the presence of third

inequivalent site in the sample. The parameters relating to this site were found not

matchingwith the ones of other knowncarbides. Since no Mossbauer data on Fe7CS

is available, we can only tentatively associate this growing feature as due to the

formationof Fe7C 3, which is demonstrated in theXRD results obtained from these

three samples. A detailed Mossbauer study will be presented elsewhere[19].

The speed of the reactant gas moleculescan also be altered by changingthe

opening area of the nozzle. Shown in Fig. 10 are the XRD data of two batches of

particles produced by using a nozzle with different opening area, and the relevant

parameters are includedin the figure, lt is evidentfrom Fig. 10a that the sample made

with the nozzle of large openingarea is close to Fe3C. The other sample made with

the nozzleof smalleropeningarea showsthe significantpresenceof Fe7C3as seen in

Fig. 10b. In this case, the C2H4 mass flow is kept at a constantby the mass flow

controller.The only possibleoutcome from the change of nozzle openingarea is the

change ofthe speed of the particlesand reactantgas molecules.

Another reaction parameter evolved in this processis the laser intensity,which

has shown a strong influence on the chemical composition of the particles. This

influencehas been utilized to generate particles of differentphases. Shown in Fig. 11

are the XRD spectrum of four batches of particles made with successively increased

laser intensity while the other reaction parameters were held fixed. A transformation

from Fe7C3 phase to o_-Fe phase with increased laser intensity can be seen from the

figure, along with the signature of small amount of Fe3C. The appearance of a-Fe is

=llustrated in Fig. 11(e)-(h) by monitoring the growth of the diffraction peak around

2e~65°, along with the collapse of FeFC 3 carbide phase indicated by the group of

peaks centered at 45°. Assuming the reaction temperature is directly proportional to

the laser intensity, we identify this phase change as due to the increased temperature
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in the hot reaction zone. A similar change has also bee_l observed in in situ XRD

temperature studies performed on FeTC3 particles in a atmosphere of He2. Two

posstble mechanisms may be attributed to be responsible for this transformation as
i

described in the following. FeTC3 has been known to be a metastable phase which

may convert into the more stable phase FesC when heated up to 600 oC[8,22]. Further
J

heating may disassociate the FesC phase into o¢-Feand carbon due to the metastable

properties of Fe3C. Therefore, excess heat during the reaction favors the formation of

Fe3C, or the disassociation of FesC. This two-step process is supported by the

presence of small amount of Fe3C phase along with the (x-Fe particles as shown in

Fig. 11b, 1"_ and 11d, which may Indicate that a transformation from Fe7C3 to FesC
i f'

occurs prior to the evaporation of carbon. However, another possibility is the direct

evaporation of carbon in Fe.,C3 phase due to the fast laser hea#ng, whereas the

presence of Fe3C is caused by the reaction in some low temperature region induced

by the inhomogeneity of laser beam acro_s the reaction zone. We are as yet unable to

distinguish these two process, and further studies are under going to clarify this

situation.

The laser beam width above the reactant gas nozzle has been found to have a

great impact on the particle sizes. The narrower beam width usua!ly results in smaller

particle,sdue to the short dwell time of the particles in the reaction zone. The wider

beam, on the other hand, may produce larger s_ze particles due to the prolonged

growing time of the particles in the reaction zone. However, this lengthened time in the

reaction zone may give rise to another effect. That is, the chemical composition of the

particles may be altered under the long time laser heating. This effect has been shown

in Fig. 12, in which we plotted the XRD spectrum of two samples made with different

laser beam width, as given in the figure, lt is clear that the signatures of Fe7C3 seen in

Fig. 12a nearly disappears when laser beam width is increased. This process is

accompanied by a growth of diffraction intensity of (_-Fe phase at 65°. We suggest that

this may be due to the disassociation of FeFC3 into o_-Fe and carbon, similar to what

we have observed when the laser intensity is increased, lt should be noted, however,
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that the study of the effect induced by the laser beam width is complicated by the fact

that the adjustment of laser focusing also results in a change of the laser power

density in the reaction zone as well as the heated reaction volume. To solve this

problem, we need to measure the beam width by a microscope of a long working

distance so that we can estimate the power density in the reactionzone, in order to

keep it the same while we change the laser intensity.More studiesare currentlyunder

way to understandthe behaviorof the particlesonthe variationof beamwidth.

Based onthe above analysis, we can now discuss the appropriate reaction

conditionsfor producingthe particleswith different phases. The current system has

shown the capabilityto producethree kindsof particles, identifiedas Fe3Cand Fe7C3

and o¢-Fewith different sizes. The basic procedure and typical parameter setting are

now describedfor each of these three phases.

i. ec-Fe

In order to make pure phase o¢-Feparticles,we first need to adjust the reactant

gas concentrationto favor highvapors 0'_Fe(CO)_. This can be achieved by simply

runningthe reaction under low chamber pressureas aescribed previously.The o¢-Fe

particlegrowswhen Fe(CO)5 is decomposed thermally into Fe plusCO inthe reaction

zone. However, the generation of pure ¢z-Feparticles requires a low reactivitywith

C2H4 and CO, which may lead to the formation of a carbide phase. This can be

accomplished by keeping the laser intensity just high enough to decompose the

Fe(CO)5. Thus, usuallyno flame can be observed in the reactionzone in thiscase. (x-

Fe particles obtained in,this way are found to be extremely pyrophoric,and ignite

immediately in air. The passivationfor such particlesshouldbe carried out with extra

precaution, lt is recommendedto leak the 5%O2+95%He2 intothe collectingtrap very

slowlyso that no significanttemperature rise can be observed.The particlesobtained

after the passivationwere examinedby XRD, and showed a large amount of Fe304 in

the passivated particles,as shown in Fig. 5(a). Thus the passivationusing oxygen is

difficult to keep onlyonthe particlesurface.

ii. Fe3C
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The second phase that we have made in the process is Fe3C, which is a well-

known carbide material. Fe3C particles can be made with a chamber pressure higher

than that used in making ec-Fe,so as to encourage contact with C2H4. In order to

initiate a significant reaction between Fe and C2H4, higher laser intensities(I >30 W) is

required. This reaction usually is found to be associated with a visible, but dim flame
,,

above the nozzle. Even the Fe3Cparticles have been shown to be air sensitive, and, in

many cases, pyrophoric. However, they are much less reactive than o¢-Fe. The

remaining pyrophodc behavior of Fe3C particles may be attributed to the following: (1)

Fe3C is co-produced with small amounts of a-Fe. The heat generated by this ,-gaction

is enough to initiate the oxidation process of Fe3C to oxy-carbides. (2) The possibility

of unsatisfied Fe sites on the Fe3Cparticle surface. Most of our observation suggest (2)

is more likely, since no oxides such as Fe304 have been detected by XRD. Surface

oxides would not give d,seto peaks in XRD scans.

iii. Fe7C3

Fe7C3 has been reco0nized as a less stable phase, and a transformation to

Fe3C occurs in the bulk when at 6(;)0oC[8, 22]. Consistent with the requirement for

higher carbon content, the generation of Fe7C3 particles needs an even higher

chamber pressure than that used for producing Fe3C. lt has been shown previously

that there are several parameters which may influence the particle size and

composition: laser intensity, focusing(i, e. beam diameter at nozzle), flow rate of the

reactant gas and nozzle diameter. A conclusion can be drawn from the discussion

about these parameters regarding the generation of Fe7C3. That is, low temperatures

and short duration times in the reaction zone are crucial for producing Fe7C3 particles.

These conditions also prevent FeTC3 particles from transforming into Fe3C, as well as

from further decomposing into o_-Fewith a carbon surface. Different from Fe3C,freshly

made Fe7C3 particl'as are found to react with air. In most cases, no slow passivation is

needed. Tl_,ismay be due to the fact that the particles are coated with a thicker

unreacted carbon coating on the surface, since the reaction of making Fe7C3 often

evolves high carbon content in the reactant gas. However, due to the possible
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presence of Fe3C or o_-Feas minorityphases in Fe7C3 batches, we still recommend 0 2

passivation.

V. Conclusion

In summary, we have investigated systematically the relation between the

particle properties and reactionparameters for the synthesisof ultrafine iron-carbide

particles by usingCO 2 laser pyrolysistechnique. We have producedthree phases of

particles o_-Fe,Fe3C and Fe7C3, with differentparticlesizes. In particular,Fe7C3 is first

time produced in a pure phase(exceptfor some possiblecarbon coating), and to our

knowledge, no existingtechniquesare able to make this phase in its pure form. The

availabilityof pure phase Fe7C3 makes it possibleto furtherstudythe crystalstructure

whichhas not been well determined.A recipeof reaction parametersfor makingthese

particles has been obtained. Therefore, we have for the first time demonstratedthat

this technique is capable of generatingtwo single phase iron carbide nano materials

by simply changing the reaction parameters. Particles have been characterized by

several techniques includingMossbauer, XRD, TEM , and Raman Scattering. The

accomplishmentof both generation and characterization of these nano-particles is

necessaryfor the catalyticstudyto be carriedout.
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Tablel Typical reaction parameters to generate three phases particles.

o_-Fe Fe3C Fe-/C3

laser Intensity(W) 30 50 54

Beam Width(mm) 1 1 0.2

Nozzle Diameter(mm) 1.7 0.8 0.8

Chamber Pressure(Torr) 100 300 500

C2H4 Flow Rate(seem) 9 9 25
i
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Fig. 1 Laser pyrolysis system for the generation of ultrafine Fe-carbide

particles.
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Fig. _ TEM image of an isolated Fe3C particle and carbon coating on the

surface.
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