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Abstract

Nano-octahedral grains of cobalt ferrite (CgB8 with size around 20 nm were synthesized by a
hydrothermal route. X-rays and electron diffracti@ong with scanning electron microscopy,
transmission electron microscopy, energy disperspartroscopy and thermogravimetric analysis
were used to characterize the powders. Images andlasions of high-resolution electron
microscopy allowed the identification of the shapfethe grains. Process parameters such as
temperature and time of reaction, reagents coretémty and pH of the reacting medium were
optimized. The surfactant cetyltrimethylammoniunoroide (CTAB) hindered the formation of
goethite, which favored the production of a purd=&0, powder. The oxidation state of cobalt
atoms on the ferrite structure was also influenoeTAB. The control of the shape of the grains

was associated mainly to the nature of the pretipg agent.
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1. Introduction

Ferrite materials possessing a spinel structunee Heseen largely studied in different
technological fields. They have been tested foir thas sensing capability [1,2,3], photocatalytic
and catalytic activity in oxidation reactions [45]], adsorptive capacity for dyes and metal ions
[8,9], microwave properties [10,11], and capacityesrofluid formation [12,13]Among ferrites,
the cobalt ferrite (CoR©,) attracts considerable attention due to its gobentdcal stability,
mechanical hardness, magnetic behavior and catalgtivity [14,15,16].

The atomic arrangement and grain size of a matéeipend on the procedure used for
producing it, and are known to influence its praiesr[17,18,19]. Recently, [20] and [21] found
that the shape and/or arrangement of grains maytage a similar effect. Thus the modification
of the shape of grains may be a key strategy fotrotling its catalytic, gas-sensing, and magnetic
properties [22,23,24,25].

Different synthesis techniques, as hydrothermalyathermal, microemulsion and
template-assisted hydrothermal [26,27,28,29], waed for modifying the shape of grains. As for
CoFeQ,, those techniques permitted the production of sgshecubes, stars, octahedra, rods and
platelets-like grains [16,30,31,32,33]. The hydesthal method is preferable due to its low-
pollutant aspect associated to the use of wateeading medium. The main disadvantage of the
hydrothermal synthesis is its susceptibility to fireduction of secondary products. Parameters
such as reagents concentration, temperature amddimeaction, and pH of the reacting medium
are known to be essential for controlling the yietldhe process of synthesis [34,35].

CoFeQ, grains in shapes which expose only a particulanilfa of plans, like in
octahedra or cubes, attract scientific interesttteesy can also be used for understanding
physicochemical interactions between crystallogi@gtans and fluids. In what concerns their
production, octahedral grains of CeBgwere mostly reported with sizes ranging from thb-su
micrometric to the micrometric scale [18,32], whishnot suitable for technological applications
that require materials with high surface area.déwgeloping and/or adapting methods that could be
used for the production of octahedral grains of &0k in the nanometric scale is an important

research topic.



For this work, we synthesized octahedron-like memntcles of CoF#, using a
hydrothermal technique. Several experiments wengiech out in order to understand the
mechanisms involved in the growth of the grainserdpretation of the data acquired from normal
and high-resolution electron microscopy (TEM and BAR respectively), associated to
crystallographic and geometrical knowledge, allowed to determine the shape of the
nanoparticles. X-rays and selected area electrffraction (XRD and SAED, respectively), as
well as energy dispersive spectroscopy (EDS), sognelectron microscopy (SEM), and

thermogravimetric analysis (TGA) were also usedharacterize the powders.

2. Materials and Methods

2.1. Materials

Iron (Ill) nitrate nonahydrate and cobalt(ll) aite hexahydrate (Fe(NJR.9H,O, 98+%,
and Co(NQ),.6H,O, 98+%, respectively) were used as source of metad. The pH was
controlled either by sodium hydroxide (NaOH, 98%})rgethylamine (TEA, 99%). The effect of
the surfactant cetyltrimethylammonium bromide (CTAB+%) on the growth of the grains was
studied. All reactants were purchased from Signdriéth or Alfa Aesar. Deionized water served

as reacting medium.

2.2. Synthesis of cobalt ferrite powder

A hydrothermal technique was used to produce timlt ferrite powder. In a typical
procedure, 2 mmol of Co(N{3.6H,0 and 4 mmol of Fe(N£),.9H,0 were individually dissolved
in 15 ml of deionized water. The amounts to be uskethe nitrates were calculated in order to
achieve the same atomic ratio of Co:Fe presentafe,. The solutions were then mixed and
stirred for 15 minutes at room temperature. Theltieg solution that contains the metal ions was
kept under stirring while 20 ml of 1 M NaOH solutiavas added drop wise into it. The final
concentration of the nitrates was set at 0.12 MplAs 3 and 5, the presence of precipitates was
evidenced. Once the pH attained 12, the color ®fstilution had changed from clear light brown

to turbid dark brown It was then stirred for another 15 minutes, trars to a teflon reactor, and
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placed inside an autoclave system, which was gotan oven for thermal treatment. Once the
thermal treatment was finished, the reactor wastée€ool down to room temperature inside the
oven. The black powder was separated from theisallty centrifugation, washed several times
with deionized water until no change in the pH waserved, and dried for 10 hours at 70°C. In
some cases, CTAB was diluted in 30 ml of deionizeder, and the amounts of cobalt and iron
nitrates were poured into it. The other experimeataditions were kept the same. We tested
different quantities of CTAB, times and temperasuoé reaction, pHs of the reacting medium and

concentration of the reagents.

2.3. Analytical Methods

X-rays diffraction diagrams of the powders wereoreed on a Shimadzu XRD-6000
Diffractometer equipped with a monochromator andngisCu radiation. It allowed the
identification of the crystalline structure of th@oduct of the hydrothermal synthesis. The
measurements were held in a step size of 0.02%edraing rate of 1°/min. Th® &canning range
was set from 15 to 70°. Information about cell pagter, and grain size and microdeformation
were obtained by Rietveld refinement of X-rays miftion diagrams using DBWS Tools 2.16.
Thermogravimetric analyses were made on a Shima@zA-50 under synthetic air atmosphere
with a flux of 50ml/min from 25 to 600°C at a heatirate of 10°C/min. A scanning electron
microscope Philips XL 30 was used for observatibthe grains morphology. A FEI Tecnai G2
transmission electron microscope operating at 200&pled to an energy dispersive
spectrometer was used for conventional and highblwden imaging of the grains, and analyses of
chemical composition. They allowed direct accessnformation concerning size distribution,
structure, morphology and chemical homogeneithefgarticles. JEMS v3.4711U, 2009 and Face
v4.3, 2003 softwares were used for HREM and thisedsional simulations of the grains aspect,

respectively.

3. Results and Discussions

3.1. Process Parameters



The influence of the process parameters on thd giethe hydrothermal production of
CoFeO, powder was studied. The range analyzed for theesuration of the reagents was from
0.02 to 0.12M, for the temperature of reaction frb2® to 160°C, for the time of reaction from 3
to 24 hours, and for the pH of the reacting meditom 12 to 14.

Fig. 1 shows a typical SEM image of a powder prepaat 120°C for 24 hours, with

reagents concentration of 0.12 M, and pH of 12 fdarA).

G
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Fig. 1 SEM image of sample A

From Fig. 1, it is possible to identify the presenzf two distinct groups of grains
exhibiting different sizes and, more importantfetiént shapes. The bigger grains have elongated
shapes while the smallest ones present no wellnegfimorphology. Due to experimental
restrictions associated with the magnetic properté the sample, the magnification of the
microscope was limited to low values, which makeintpossible to clearly identify the
morphology of the small grains. Shapeless micramatigregates were present.

One of the TEM images acquired for Sample A is shawFig. 2. Both small and big
grains present on it were analyzed by electrorratiffion and EDS. The large grains possess a
goethite structure — FeO(OH) — while the small ocaspinel typical of CoR®,. The inset shown

on Fig. 2 corresponds to the electron diffractiattgrn of one of the rod-like grains.



Fig. 2 TEM image of CoR©®, nanoparticles and goethite rods. The electrorraiition pattern of

one rod like grain was indexed in the goethite dtite with a [001] zone axis (inset)

The FeO(OH) and the Cof®, phases were identified in different powders. Weented
an evolution of the morphology of the goethite ghassociated to the modification of some of the
synthesis parameters. The CgbBg grains did not present any important morphological
modification at this time. When the concentratidrtiee reagents was increased, or the time of
reaction decreased, the size of the goethite gdenseased. The temperature of reaction provoked
modifications on the shape of the goethite grakisl20°C the grains were mostly rods, while at
140°C most of them exhibited rectangular shaped.68PC the goethite grains had the form of a
cube. The pH of the reacting medium had no effadhe goethite phase. The reaction carried out
at 160°C for 24 hours with the reagents conceontradind pH set at 0.12M and 12, respectively,
achieved the best yield. Those conditions were @ethe other series of experiments involving

CTAB.

3.2.The influence of CTAB on the powder purity and grsize

Three samples were prepared in order to understhedeffect of CTAB on the

hydrothermal production of Cop@,. Fig. 3 shows the XRD diagram of samples syntlegisiz
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without and with 2.55 and 4.67mmol of CTAB, named @ and D, respectively. All peaks
matched those present on ICDD standard pattern eug#1086, which corresponds to the cubic
spinel structure of Cok®,. No other phases were detected in the three sanifpbe sample B it
indicates that the quantity of the goethite phassent on the powder represents less than 5wt%.
EDS analyzes held over the grains of Gfilzeof sample B revealed an average composition equal

to the expected one. The same result was founddimples C and D. All samples appear to be

well crystallized.
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Fig. 3 XRD diagrams recorded for samples B, C and D

The mean grain size was deduced by the Halder-@fdgmgford’'s (HWL) plot
technique applied to the XRD data. The HWL equatidbquation 1 — relates the integral breadth
of the XRD peaks, with the mean grain size, T, and the microdefaoioneof a graing.

L\ 2 * 2
(’3) =%%+[§j Equation 1
d

At HWL equation’ is given b' 8" = (,8//1)>< cos(é?), wherel is the X-rays wavelength,

and d is given byd" = 2><sin(t9)//1 . Fig. 4 presents the HWL plots for the three sasipThe

integral breadth of the experimental peaks wasected for the instrumental contribution, which

was taken as the integral breadth of a microniceg@fsample.
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Fig. 4 HWL plots for samples B, C and D

Sample Cell parameter(nm) Grain Size Microdeformation (-)

(nm)
B 0.83863 21.3+0.5 0.004
C 0.83551 18.5+0.5 0.012
D 0.83469 17.2+0.5 0.009

Table 1 Cell parameter, grain size and microdeformationdamples B, C and D
The deduced mean grain size and microdeformaticzawiples B, C and D are reported in Table
1. Both powders synthesized with CTAB exhibit smafirains than the powder prepared without
it. The use of CTAB increased the microdeformatainthe grains by nearly 60%. This is in
agreement with previous studies on the influenceswffactant on the microdeformation of
nanopowders [36]. However, compared with other wprthe microdeformation of the three
samples is small [15]. The cell parameters areifgigntly smaller for powders synthesized with
CTAB (Samples C, D). In the case of cobalt ferritiéferences in cell parameters can be attributed
either to variation in the composition or to the dification of the cationic repartition on the
octahedral and tetrahedral sites [37,38]. As prmilio stated, EDS analyzes performed on the
different powders confirm that they present themato composition expected for Cofen
([Co]/[Fe]=1/2). Thus, considering the differencetween the radius of cations, the smaller cell
parameters obtained for powders C and D can onljuieeto the occurrence of a small amount of
Co®. A similar oxidative effect of CTAB was already i#enced elsewhere by XANES
measurements in Co doped Sn@noparticles [39]. The authors identified theuwoence of an

electron transfer from Gbto the surfactant molecule. As for our samples, ¢harge neutrality
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imposed on a cobalt ferrite composed at some ley€ld’*, and presenting a compositional ratio
of [Co]/[Fe]=1/2 leads to a cationic deficiency whicreates a lacunar spinel structure [40]. The
higher microdeformation found in the powders of plea C and D is consistent with the
occurrence of a lacunar spinel structure. Thusaameconclude that CTAB has a small effect on
the size of the nanoparticles, but influences, oge important way, the oxidation state of cobalt,
and thus the microdeformation of the grain, leadintacunar spinel structures.

Grains size was also directly measured from TEMgiesa For statistical purposes, 300
grains were measured for each sample. Fig. 5 skamgples B, C and D grain size distribution.

They fitted well a log-normal distribution.
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Fig. 5 Grain size distribution obtained from TEM images$amples B, C and D

The mean grain size of samples B, C and D werpentizely, 20.5, 17.7 and 16.3 nm,
which indicates a small decrease due to the us€T&B. The distributions were broad and
presented nearly the same standard deviation ofrl.3he influence of CTAB on it was hardly
measurable, although particles bigger than 25 renrare in powders prepared with the aid of the
surfactant. The mean grain size values obtainedit®gt measurement and by XRD are in very
good agreement.

Concerning the purity of the powders, no goethiteirgs were identified in SEM and
TEM analyses of samples C and D. This fact inds#tat the use of CTAB influences the yield
of the hydrothermal synthesis of CeBg Thatcan be explained by the mechanism proposed

below.



Hydrothermal crystallization processes follow nplki steps [41] that, for the production

of CoFeQ,, can be written as shown in Table 2.

Equation Step
2Fe(NO;),.9H,0 + 6NaOH — 2Fe(OH),,, +6NaNQ,,, +18H,0;, .
Co(NO,), 6H,0 + 2NaOH - Co(OH), ., +2NaNQ, ,, +6H,0;,
2Fe(OH), + (BNaOH 0r6H,0) — 2Fe(OH)¢ +(BNa* or H*) ,
Co{OH), + (2NaOH or2H,0) — CaOH ) +(2Na’ or H ™)
2Fe(OH )} +ColOH)2 +(BNa’ orH*) - CoFeO, + X
+(8NaOH or8H,0) + 4H,0
2Fe(NQ, ), 9H,0 + Co(NO, ), 6H,0 + (16NaOH or16H,0) - General
- COFeZO4,sol +8NaOHaq +8H ZOqu + GNaNQ’s,aq +18H Zoliq equation

Table 2 Stoichiometric equations of probable hydrothermeactions

The addition of NaOH to a solution containing irand cobalt nitrates produces the
hydroxides Fe(OH) and Co(OH) as described in step 1 at Table 2. At pH 12, teON
concentration is slightly above the stoichiometyi@mntity needed for producing those hydroxides.
So, the excess of NaOH will lead to the formatiba part of the products presented at step 2. The
other part is formed by hydrolyzation. When subeditto hydrothermal treatment, the Fe(gH)
and Co(OH)” react to form CoR©, The excess of NaOH will be released to the regcti
medium along with water. Those reactions are shawestep 3 of Table 2.

When the molecule of CTAB is present in the reactimedium, it will hydrolyze and its
ions will be electrostatically attracted by the atdgely charged hydroxides. By surrounding them,
CTAB molecules will act like a barrier hinderingmse reactions of taking place [42Dn the
hydrothermal production of cobalt ferrite, the CTABI prevent the transformation of Fe(Qf)
into FeO(OH) the previously identified contaminant.

As observed elsewhere [43], due to physicochemitaractions between CTAB and
CoFeQ, during the synthesis process, simple washing wilter and/or alcohol would not be

enough to free the grains from the surfactant dfterreaction is finished.

10



Thermo gravimetric analyses (TGA) were held ineortb verify the presence of CTAB
molecules over the powders (Fig.6). For a washedpka D, a small loss of mass — 1.5% — is
detected between the temperatures of 25 and 1W%Ch can be attributed to the elimination of
physisorbed gases as 6,0, CG, and others. Another loss of mass of about 2.5%ssteetween
175-200°C, hits its maximum between 250-350°C, stops near 400°C, which is typical for
CTAB decomposition [44,45]. No other losses of maese found at higher temperatures. For the
same powder annealed for 10 hours at 300°C, itn@agvidenced any loss of mass between 175
and 400°C, which indicates that the powder has TMABCmolecules on it. By TEM we verified

that the temperature of 300°C did not provoke armbsequent grain growth.

100.0

99.5 —— Sample D after heating

4N Sample D before heating
99.0
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98.0
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97.0

96.5

96.0 +——————— 11—
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Temperature (°C)
Fig. 6 Thermo gravimetric curves for washed D samplereefdotted line) and after (full line)

heat treatment at 300°C for 10 hours

3.3. Morphology of CoR®©, grains
TEM images were used to determine the shape ofrdies of samples B, C and D. For
all the three samples, the grains were randomjyedésed on the TEM grid, as showed on Fig. 7.
Some of the particles highlighted in Fig. 7 areefted and present a distinct octahedral
shape. But as TEM images represent only projectiminghe particles, one depends on the
knowledge of the orientation of the grain in ortieestimate its real three dimensional form. That

knowledge can be extracted through HREM analyses.
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Fig. 7 TEM images of grains from samples a) B, b) C gnid ¢

In order to determine the shape of the grains, eopmed several series of HREM tilt.
One held over sample C is showed in Fig. 8. Thetinsorrespond to fast fourier transforms (FFT)

of the HREM images.

11229

c

Fig. 8 Tilt series of a sample C grain a) not orientejlpkiented along [110] zone axis, c)

oriented along [111] zone axis

Fig. 9 3 and 2D aspect of an octahedron along differérgations
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The projection of the grain when it is orientedred110] evidences an octahedral shape
with {111} facets, as shown in Fig. 8b. When tiltéd order to be oriented along [111], the
projection of the same grain represents a hexagmn 8c). As one can see, the HREM images
showed in Fig. 8 can be related to different twmelisional projections of an octahedral grain
possessing a cubic spinel structure (Fig. 9). &grepresents the grain seen nearly along direction
[211]. The grain analyzed is slightly truncated{b§0} facets.

In order to obtain further information about theagé of the particle showed in Fig. 8,
HREM images were simulated for a cubic spinel stmgcseen along [110] (Fig. 10). We tested
three different defocus\f) and obtained a similar result for the simulaonade om\f=Onm and
Af=-130nm, which proves the reliability of the reasulThe honey comb motif, which is due to
{111} planes, is obtained for small thicknesse®i(®-6.5 nm) and is present near the borders of
the grain in Fig. 8b. A thickness of 8-15 nm ise®sary to image the {200} planes, which appears

in the middle of the grain in Fig. 8b.

Thickness=14.2nm

] '

Thickness=9.5nm

|

Af=-70nm Af=-130nm

Fig. 10 HREM image simulation for Cok®, with different widths and defocus
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That indicates that the particle is thicker in teater than in the borders, but its thickness
decreases linearly from the first to the last. @gdhe simulated HREM images correspond well

to their experimental counter-part.

As the three projections of the grain showed on. Bigcorrespond closely to the
projections of an octahedron seen along the saneetiins (Fig. 9), and the HREM simulated
images (Fig. 10) are the same found on Fig. 8lvethee no evidences that would suggest that the
shape of the grain is not that of an octahedrohth&l projections showed in Fig. 9 were found in
the TEM/HREM images of the samples B, C and D. Sgdkins can be used in numerous
applications, and can also serve as physical copartefor simulations purposes [46,47].

In order to understand the morphological evolutidrthe CoFgO, particles, we tested
different synthesis conditions using NaOH as piieaipg agent. The results of time dependent
experiments showed a shape similarity between gi@iCoFgO, produced with times of reaction
of 3, 24 and 48 hours. A similar result was found diver parameters. Only when NaOH was
replaced by TEA (sample E) a clear morphologicatiniction between its grains and the ones of
samples B, C and D was observed. From TEM imagesotieed the appearance of an important
spherical aspect, as showed in Fig. 11a. When HREMysis was held over a grain of sample E
(see Fig. 11b), one could perceive that seen dibhg] the projection of the grain corresponds to
a hexagon. Such a projection can be three dimesibjoassociated to an octahedron with a {100}
truncation even more pronounced than the one typicaamples B, C and D, as shown in Fig.

11c. Such a grain would seem spherical in smallnifiagtions.
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Fig. 11 a) TEM image of sample E grains, b) HREM image gfain from same sample oriented

along [110] zone axis (see FFT inset) and c¢) 3Dl@itqtion of {100}-truncated-octahedron

The shape of monocrystalline grains with cubicdtrte is governed by the ratio between

the growth rate of faces {111} and {100}. It can bethematically expressed R =% [48].
11

The growth of a truncated octahedron corresponds value of R close V3. In the case of

sample E, the {100} truncation of the octahedrormisch more pronounced than in the other
samples, indicating that the R ratio is lower whesing TEA instead of NaOH. As the rate of

growth of faces can be lowered by the presencedsbrbates [26], we conclude that TEA is
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preferentially adsorbed on {100} faces, while Na®@H {111}. That evidences their different
affinities for CoFgQO, plans.

Hence, the nature of the precipitating agentéskity to the morphological control of the
grains of cobalt ferrite. As their faces are prefgially enclosed by {111} plans [42], the
precipitating agent must adsorb on different omesrder to decrease their growth rate and thus

expose them.

4. Conclusion

Nano-octahedral cobalt ferrite particles (Cgb# were successfully synthesized by a
hydrothermal route. The grains were well crystalizand chemically homogeneous. The mean
grain size was deduced from XRD data and measurectlg from TEM images. The results from
the two techniques were in good agreement withah esdher. The distribution of grain size was
broad and had a mean value ranging from 16 to 2@ewpending on the sample. The effect of the
process parameters on the purity of the powder wermined. The surfactant
cetyltrimethylammonium bromide hindered the formatof the goethite phase. It also increased
the microdeformation of the Coj®, grains and modified the oxidation state of cobale
octahedral particles were enclosed mostly by {1filBns and in less extent by {100} ones. The
{100} truncation of the octahedral grains dependedthe nature of the precipitating agent.
Sodium hydroxide was found to adsorb preferentialty the {111} plans of Cok®,, while

triethylamine adsorbed preferentially on the {1@Bjes.
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