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Abstract:

A systematic study on the synthesis of carbon-encapsulated magnetic nanoparticles by self-sustaining high-

temperature synthesis ( SHS) is presented. The SHS was carried out using NaN, as a reducer; and poly ( tetraflu-

oroethene) (C,F,),, hexachloroethane ( C,Cl;) and hexachlorobenzene ( C;Cls) as three various oxidizers. The effect

of metal precursor, (Fe(CO), or K;[ Fe(CN), 1) on the yield, reaction heat, morphology, structure and magnetic

properties of the products was investigated. The highest product yield with best magnetic characteristics was obtained

from the organometallic iron precursor and C,Cl, oxidizer.
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1 Introduction

Self-sustaining high-temperature synthesis
(SHS) is a well-known method for preparation of
many useful compounds, such as high temperature
carbides, nitrides, oxides and hydridesm. The SHS
route is based on chemical reactions occurring within
a narrow high-temperature (1 000-3 000 K) zone,
which propagates in a starting mixture of oxidizer and
reducer powders. Propagation of the high-temperature
zone is also called a combustion wave. SHS is a fast,
one-step efficient process that uses simple and low-
cost starting materials. It was found recently that SHS
reactions can lead to formation of interesting nanoma-
terials, such as nanoparticlesm, carbon-encapsulated
magnetic nanoparticles ( CEMNPs )"*’, exfoliated
graphitem, nanowires and nanotubes'**’.

Metallic nanoparticles attract an increasing inter-
est, owing to their size-dependent magnetic re-
sponsem. It is also reflected in their wide prospective
applications, e. g. in data storagem, catalysis and
numerous biomedical issues ( drug delivery system,
contrast agents in magnetic resonance imaging .
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The largest disadvantage of magnetic nanoparticles is
their low stability against oxidation and agglomera-
tion, which limits their use under ambient conditions.
Various encapsulating routes have been proposed to
enhance the nanoparticles”stability. Most of the com-
mon coating materials (e. g. organic molecules, sur-
factants and polymers) isolate the nanoparticles very
well; however, they have a low thermal and mechan-
ical stability. Encapsulating by carbon is free from
these drawbacks. Carbon coatings are light, have a
high thermal stability and allow for further CEMNP
modifications via wet chemistry routes.

CEMNPs are formed through a rapid quenching
of high-temperature-gas containing carbon species and
a vapour of the metal to be encapsulated. The highest
yields in CEMNP synthesis have been so far observed
for various plasma routes'"”’. SHS synthesis, in con-
trary to technologically advanced plasma techniques,
is a relatively simple method that can be used for syn-
thesis of CEMNPs. So far, CEMNPs have been syn-
thesized via SHS route, where reactant mixtures con-
taining NaN, and C,Cl; were used for the reducer and
oxidizer, respectively. CEMNP yield strongly depen-
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ded on the metallic precursor, i.e. in the case of fer-
rocene' "’ the yield was 10 times as high as that from
ultrafine metal powders''>'. The present study is fo-
cused on various SHS reactant systems, which differ
in the heats of reaction. Such an approach is suitable,
since it causes high temperatures during the course of
the reactions and increases the process efficiency.
Moreover, the influence of two various metallic pre-
cursors ( organic and inorganic) on the yield, mor-
phology, structure and magnetic properties are stud-
ied.

2 Experimental

Compositions of the mixtures ( Table 1) investi-
gated were calculated on the basis of assumed stoi-

chiometric equations leading to the formation of sodi-
um chloride Cor fluoride ), free carbon and gaseous
nitrogen. The maximum content of the Fe precursor
in the mixtures was experimentally selected. Higher
Fe/C ratios yielded no reaction at all. Starting mix-
tures were prepared in a ceramic mortar by dry mixing
powders of oxidizer, reducer and Fe precursor. In all
tested systems, sodium azide was used as a reducer,
whilst (C,F,),, C,Cl; and C,Cl; were used as ef-
ficient oxidizers. All compounds, having purity high-
er than 99.9% , were used. The grain size of all solid
reagents was 5-20 um. Two compounds, iron penta-
carbonyl Fe( CO ), and potassium ferricyanide ( II1)
K,[ Fe(CN), ], were selected as organic and inor-
ganic Fe precursors, respectively.

Table 1 Operational parameters

Test Initial mixture Composition Fe/C Reaction }ieat Solid product yield  Yield after purification
w/ % (Atom percent)  e/kJekg ! w/ % w/ %
1 (C,F,),/NaN;/Fe(CO) 5 25.0/65.6/9.50 6.5 3696 15.8 16.7
2 C,Cl¢/NaN;/Fe(CO), 31.7/51.7/16.6 12.2 2917 60.8 25.0
3 C4Clg/NaN;/Fe(CO) 35.0/48.3/16.7 7.3 3090 60.2 29.4
4 (C,Fy),/NaN;/K;[Fe(CN)¢ 1 57.3/22.9/45.8 12.1 2078 70.1 25.0
5 C,Clg/NaN;/K;[Fe(CN) 1 27.1/47.9/25.0 14.3 2798 75.4 60.0
6 C4Clg/NaN,/K;[ Fe(CN)¢ 1 31.1/43.0/25.9 7.0 2793 50.0 35.0
1= (C,F,),/NaN, 72.2/217.8 3 460 33.0
2 x C,Clg/NaN; 37.8/62.2 2388 60.0
3% C4 Clg/NaN, 42.2/57.8 3005 64.0

Note: Solid product yield is referred to as the mass of initial target

Approximately 5 g of pulverized and mixed sam-
ples were placed in a graphite crucible and put into a
calorimetric bomb (275 cm’ in volume ), which was
sealed and filled by argon to an initial pressure of
1.0MPa. The SHS process was initiated with an elec-
trically heated resistance wire ( Kanthal). The calori-
metric bomb was inserted in a water calorimeter to
measure the reaction heat. The solid combustion
products were removed from the bomb with water.
The suspension was filtered and the deposit obtained
was washed with ethanol. After drying, the reaction
products were weighed and analysed to identify their
morphology. Next, the products were subjected to a
purification procedure (24 h boiling in 30% HCI,
washing with the excess of water and ethanol) to re-
move the as-formed inorganic salts (e. g. NaCl,
Prussian blue) and non-encapsulated iron nanoparti-
cles.

The products morphology was studied by scan-
ning and transmission electron microscopy. Phase
composition was investigated by powder X-ray dif-
fraction ( Cu K-alpha radiation, 0. 01° step size). Ra-
man spectroscopy (514.5nm excitation laser, 2cm ™'

spectral resolution) was applied to study structural de-
tails of carbon phase. Magnetic characteristics were
measured by a vibrating magnetometer at room tem-
perature.

3 Results and discussion

Compositions of the mixtures are presented in
Table 1. The reaction heat was obtained by averaging
three experimental values. The amounts of the raw
combustion products recovered from the reactor were
referred to the initial mass of the sample. The heats
and raw product yield were also measured for the re-
actions without iron precursor ( marked with an aster-
isk) as a comparison.

All the reactions are fast and exothermic, which
are enough to proceed in a self-sustaining regime.
The reaction heat differs in a relatively narrow win-
dow between 2078 and 3696kJ/kg. The small differ-
ence in the measured heat suggests that the tempera-
ture in the combustion wave be similar for all the mix-
tures investigated. The addition of iron pentacarbonyl
leads to an increase in the reaction heat in all systems.
The presence of potassium ferricyanide (III) general-
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ly decreases the reaction heat; however, the C,Cl,/
NaN, mixture is an exception. The physical states that
are different for the two iron precursors presumably
influence the heat effects. At ambient conditions, iron
pentacarbonyl is a volatile liquid ( m. p.253K,b. p.
286 K) and can react directly in vapour phase with the
combustion products from halogenocarbons and sodi-
um azide. In contrast to iron pentacarbonyl,
K,[ Fe(CN), ] is a crystalline solid which melts and
decomposes at about 600 K. The melting and decom-
position processes of potassium ferricyanide are highly
endothermic. Thus, some amounts of heat generated
in the combustion wave are absorbed through the
melting and decomposition of K;[ Fe(CN), ]. An in-
creased heat in Test 5 suggests that the as-generated
species from the precursor may interact with the com-
bustion wave via other route.

The solid product yield changes little for the
C,Cl/NaN, reaction system ( Tests 2, 5 and 2" )
and C,Cl,/NaN; reaction system ( Tests 3, 6 and 3~ )
as shown in Table 1. The iron precursors ( organic
and inorganic) have no significant influence in the
yield of solid products for the two systems. However,
larger variations were found for C,F,/NaN, reaction
system (Tests 1, 4 and 1* ). The yield in Test 4,
which is ca. 2 times as high as that in the reference
Test 1°, resulted from the presence of the un-decom-

posed Fe precursor (it will be discussed later). The
yield in Test 1 achieved a half of the efficiency for
Test 1°. This could be accounted for by the fact that
the reaction heat in Test 1 is higher than that in Test
17, which might cause a gasification of relevant solid
product Ce. g. carbon) and, therefore, decreases the
yield.

The values of purification yield show how much
of the sample remained after acid treatment. The mass
loss (40-87% ) was caused by the presence of by-
products and the fraction of iron that was not encapsu-
lated by carbon. The largest mass reduction was ob-
served for Test 5, in which the content of Fe (in re-
spect to C) was the highest. This could be caused by
the un-encapsulated Fe that dissolved in 30% HCI.
Therefore, the purification yields can be used for a
rough estimation of encapsulating efficiency.

SEM images of combustion products after purifi-
cation are shown in Fig. 1. Spheroid carbon particles
were seen in each sample, which had a diameter ran-
ging from 50 to 200 nm. Some particles had slightly
elongated shapes and aggregated into large sphere-like
assemblies ( Fig. 1b, d). Importantly, none of the
sample contained the non-encapsulated iron particles,
indicating that the purification was successful. All
synthesis routes for CEMNPs yield some amounts of
the assembled particles in micrometer size''"?.

Fig.1 SEM images of purified the products: a,b test 1, ¢, d test2, e, f test 5



$84 - WOW % MR

5525 %

Further morphological details of the purified
products were obtained from TEM microscopy
(Fig.2). All investigated samples had the similar
morphology. Three types of nanostructures were
found in samples, which were CEMNPs, hollow car-
bon capsules and amorphous carbon. CEMNPs had a
diameter between 20 and 100 nm and had perfect
spherical shapes. The magnetic cores were tightly
covered by carbon with a thickness of a few nanome-
ter ( Fig. 2¢). Hollow capsules indicated in Fig. 2b

were in a diameter range between 20 and 50 nm,
which had empty cores and more defected structure
compared with CEMNPs. It was apparent that they
had been filled with metallic particles, but the purifi-
cation procedure leached off the encapsulated materi-
als. The observed morphology did not show any sub-
stantial differences compared with the products ob-
tained from the NaN,/C, Cl./Ferrocene mixture''"’.
This demonstrated that SHS route was quite selective
and depends little on metallic precursor used.

Fig.2 TEM images of the purified product from Test 1

Powder X-ray diffraction was used to evaluate
the phase composition of the products. Selected pat-
terns are shown in Fig. 3, whilst the detailed composi-
tions are listed in Table 2. The products obtained
from metal organic precursor ( Tests 1-3) were com-
posed of carbon, Fe, NaCl and Prussian blue ( Fe,
[ Fe(CN), ];). In each case, a solid solution of car-
bon in bec Fe was detected ( termed as Fe-C). The
lack of peaks ascribed to the starting reagents showed
that all the SHS reactions had proceeded completely.
The presence of Prussian blue suggested that nitrogen
and carbon evolved during the course of reaction react
with iron, leading to the formation of this complex
salt. All diffraction peaks except for carbon were rela-
tively narrow, which showed that both iron and inor-
ganic particles had a high crystalline order. The
(002) carbon peak was substantially broadened, sug-
gesting that the graphitization degree was low. Shape
analysis of the (002) diffraction peak is usually per-
formed to derive basic structural data, e. g. average
interlayer distance, mean crystallite size. However,
the (002) carbon reflexes overlapped with other dif-
fraction signals, making any quantitative structural
analysis of the carbon phase inaccurate. Products ob-
tained using inorganic metal precursors ( Tests 4-6)
had similar phase compositions. In addition, KCI was

detected in these samples. This demonstrated that K
resulted from the decomposition of iron precursor re-
acted with chlorine. Interestingly, the product from
Test 4 contained also the initial iron precursor, indica-
ting a incomplete decomposition of K,[ Fe( CN), ].
In fact, the reaction heat for Test 4 was the lowest,
which might be the cause of insufficient decomposi-
tion of the iron precursor. Purification resulted in a
nearly complete elimination of inorganic by-products
(NaCl, NaF, KCI, Fe,[ Fe(CN),],) and non-en-
capsulated iron nanoparticles. Selected diffraction pat-
tern for the purified sample is shown in Fig. 3c. Weak
signals appearing at ca. 31° and 51° may be ascribed
to (200) and (440) lattice planes of NaCl and Prus-
sian blue, respectively, in each purified sample
(Tests 1-6). This suggested that some amounts of
these inorganic materials were also retained after acid
treatment. These materials could be rather embedded
in amorphous carbon nanoparticles, which were diffi-
cult to be leached off. Importantly, fec Fe was found
in none of the samples (raw and purified). Fec Fe is
a metastable form of iron at room temperature; how-
ever, it frequently occurs in CEMNPs' "/ Encapsula-
tion of fec Fe is highly undesired, because of its very
low-magnetic susceptibility.
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Fig.3 XRD patterns: a-Test 2, b-Test 5, c-Test 5 after purification
Table 2 Phase compositions, structural and magnetic characteristics of products
G band FWHM
Test Initial compositions Phase compositions G/D ar; . H./Gs M,/emusg”!
o/cm
1 (C,F,),/NaN,/Fe( CO); C, bee Fe, Fe-C, NaF, Fe,[ Fe(CN), 1, 1.02 71 242 9.4
2 C,Cly/NaN,/Fe( CO) C, bee Fe, Fe-C, NaCl, Fe,[ Fe(CN) 1, 0.75 87 213 14.4
3 C4Cls/NaN,/Fe( CO) 5 C, bee Fe, Fe-C, NaCl, Fe,[ Fe(CN)¢ 1, 0.70 89 230 9.9
4 (C,F,),/NaN,/K;[ Fe(CN), ] C, bee Fe, NaF, KCl, K;[ Fe(CN)4 1, 0.28 128 248 2.3
5  C,Clg/NaN,/K;[ Fe( CN)¢ ] C. bec Fe, Fe-C, NaCl, KCl, Fe,[Fe(CN)41,  0.42 95 166 2.0
6  C¢Cly/NaN;/K;[ Fe(CN), ] C, bee Fe, Fe-C, NaCl, KCl, Fe,[ Fe(CN)¢ 14 0.49 93 297 1.2

The structural features of carbon phases were ob-
tained from Raman spectra ( Fig. 4a). The spectra
were collected within the range of 600-2 000 cm ™',
which is the most valuable region providing the struc-
tural details of carbon materials. There are two bands
appearing at 1350 and 1590cm ™. The latter feature,
the so-called G band, is related to stretching C—C vi-
brations in graphene layersm]. The D band corre-
sponds to disorder and this feature becomes active by
the presence of structural and topological defects (e.
g. sp’ carbons, vacancies, dangling bonds, foreign
atoms substituted in graphitic layers). The G/D inte-
gral intensity ratio is a well-accepted indicator of aver-
age sample crystallinity[”]. The width of the G band
is related to the extent of disorder within the graphitic
planes. Recent literature reports that the FWHM of
the G band is also capable for diagnostics because it
can be used for rough estimation of the ordering be-
tween the parallel stacked graphitic layers in carbon
particles['ﬂ. A brief evaluation of the spectra indica-
ted that the samples differed in crystallization. The
values of G/D ratios and FWHMs of the G band are
listed in Table 2. They were obtained from deconvo-
lution of spectra using Lorentzian functions. The
products obtained in Tests 1-3 were better graphi-
tized, and this was reflected by the larger G/D ratios
and narrower widths of the G band. Generally, the
graphitization degree strongly depends on the reaction
temperature. For example, samples are often exposed

to high temperatures (2500-3500 K) to improve the
graphitization of carbon materials''®’. In our case, the
temperatures obtained in the SHS reactions should be
very different, because the reaction heat varied within
a broad window (Table 1). Thus, the Raman param-
eters should correspond to the heat, which is plotted
in Fig. 4b. In fact, both the G/D ratios and the
FWHMs changed monotonically with the enthalpy of
reaction (Fig.4b).

All products had weak ferromagnetic properties
(Fig.5, Table 2). The coercive forces ( H, ) were
relatively small and between 166 and 297 Gs. The
differences in H, values were likely due to distinct size
distribution of CEMNPs in the samples'”’. The rem-
nant magnetizations did not exceed 7-9% of the satu-
ration magnetization ( M ). The saturation limit was
achieved for all samples below a field of 10 kGs (1
T). This is of great importance for applications, be-
cause the maximum magnetic response of carbon en-
capsulates is accomplished at relatively low-magnetic
fields, which are available from common permanent
magnets. The samples had various values of the satu-
ration magnetization. The M, values can be used for
semi-quantitative analysis of Fe content in the sam-
ples. It is possible to do this by making a reasonable
assumption that only iron nanoparticles contribute to
the overall magnetic moment as the magnetic suscepti-
bilities of carbon, NaCl or Prussian blue are a few or-
ders of magnitude lower as compared with Fe. The
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saturation magnetization for pure becc Fe s crystallites. The two precursors have very distinct en-

224emu/g""™!. Products obtained from Fe ( CO ),
have ca. 5-7 times as high as Fe contents for samples
synthesized from inorganic metal precursors. These
differences could be caused by the following factors:
(i) reaction heat, (ii) thermal stability of Fe precur-
sor, (iii) initial Fe content. Fe( CO), under ambient
conditions is a liquid, whilst K,[ Fe(CN), ] forms

ergy to break iron-carbon bonds and to form iron clus-
ters, which is 122 kcal'® and 422 kcal™ for
Fe(CO); and K;[ Fe(CN), |, respectively. This is
why the products synthesized from inorganic Fe pre-
cursor had a lower content of CEMNPs. The low-re-
action heat in Tests 4-6 also observed this rule.
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Fig.4 (a) Raman spectra of products and (b) relations between the heat of reaction and Raman spectral parameters
(full circles refer to G/D, open circles to FWHM)
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Fig.5 Selected magnetic hysteresis loops

The measurements of magnetic parameters were
done on purified samples only. The magnetic charac-
teristic for the as-obtained products should be differ-
ent. This is because the non-encapsulated Fe particle
also contributed to the magnetic response and primari-
ly increased the magnetic moments. The effect of pur-
ification on magnetic response of CEMNPs obtained
by three different synthesis routes (arc plasma, plas-
ma jet and SHS) had been studied in a recent pa-
per'?. It had been shown that the M, was decreased
by a factor of even 5 after purification.

The values of saturation magnetization, as shown
above, demonstrated how much of encapsulated iron
nanoparticles were present in purified products. Direct
comparison of the M, for CEMNPs obtained in differ-

ent route can indicate which route is the most favoura-
ble for CEMNP fabrication. The SHS synthesis of
carbon-encapsulated iron nanoparticles was also ac-
complished using fine Fe powders as metal precur-
sors''?!. In that case, M, values were between 1.0
and 1.3 emu/g. This showed that the use of molecu-
lar precursors of iron increased the yield of the reac-
tion by many-fold (e. g. Test 1). Carbon arc tech-
nique is more efficient fabrication technique, because
the purified products obtained in this route have the
M, of 60-70 emu/ g[m. The reactors using flowing
plasma jets are the most productive systems, because
they are operated under continuous conditions and
produce the products with saturation magnetization ex-
ceeding 96 emu/ gm]. Aside from the M_, the coer-
cive force is a parameter that determines the magnetic
response. The obtained H, values (166-297 Gs) are
generally close to the coercive fields for CEMNPs fab-
ricated by SHS ( 60-224 Gs)''""), carbon arc
(247Gs)'"™7, plasma jet (133-242Gs)"®). The dem-
onstrated variations are small, which result from the

different size distributions of CEMNPs.

4  Conclusions

Self-sustaining synthesis of CEMNPs was sys-
tematically studied. The synthesis was based on high
temperature combustion zone propagation through the
reactor with the simultaneous production of carbon
species and decomposition of iron precursor. The
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driving force resulting in the high temperature envi-
ronment was a rapid reaction between a reducer and
three various oxidizers, leading to a rapid heat pro-
duction. The influence of two distinct metal precur-
sors, Fe (CO), and K,[ Fe (CN), ], on process
yield, morphology, structure and magnetic properties
was studied. The use of potassium ferricyanide drasti-
cally decreased the reaction heat and the CEMNPs
yield. The iron precursors did not influence the aver-
age size and phase composition of CEMNPs. All
products had weak ferromagnetic behaviour with coer-
cive forces between 166 and 297 Gs. The highest
CEMNPs yield was achieved in NaN,/C, Cl,/Fe
(CO) mixture.
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7% Bl STk H Y = 82137 ( Keywords for carbons )
— Ik B2 A (Tpyes of carbon)

TEPEIR
P, T A
IRABERE
Carbon beads AER
Carbon black /£
Carbon cloth A
Carbon clusters  Bif%E
WEEY
IR Yk
Carbon filaments ik 2%
Carbon films ¢ &
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YRS
TRAIK L5
e RN/
VIGIESEN
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Carbon/carbon composites #/ &2 &4k
Carbyne ikl
Catalytically grown carbon f#{bA4: K %

Activated carbon
Battery carbon

Carbon aerogel

Carbon composites

Carbon fibers

Carbon ocoils
Carbon nanotubes
Carbon nanostructure
Carbon onions
Carbon precursor

Carbon xerogels

Char 4
Charcoal K
Chemically modified carbons k244 7k
Coal #f

Coal tar pitch BEAEILPIEH

Coke £
Diamond 4 Mify
Diamond-like carbon 4 NIA
Bhemw
Electrodes  Hi}%
Exfoliated graphite
A
Glass-like carbon B ¥ Ji¢
Graphite 75
Graphite oxide

Doped carbons

kA

Fullerene
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Isotropic carbon 4% [if] [a] P i

2 1) [m) A 2R

Graphitic carbon
Highly oriented graphite

Intercalation compounds

Isotropic graphite

Kish £7 3%
SRR
Mesophase pitch  F1 A FH I
i
Natural graphite FARAT
Needle coke 4R fE
Non-graphitic carbon JEf7 &4k Kk
WA 2
Petroleum coke 7 7f1£E
Petroleum pitch £l &
Pitch i
Porous carbon Zf.J%
Pyrolytic carbon  #ufi 7%
Resins g
Single crystals B f
Soot HHZ
Synthetic graphite
Tars &I

Vapor grown carbon

Kish graphite
Mesophase

Molecular sieves

Nuclear graphite

Nt A7 25

SR A

Whiskers 20
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