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ABSTRACT The development of synthetic hybrid organic—inorganic approaches and the understanding
of the chemico-physical mechanisms leading to hierarchical assembly of nanocrystals into superstructures

wu /

pave the way to the design and fabrication of multifunction microdevices able to simultaneously control
processes at the nanoscale. This work deals with the design of spherical mesoporous magnetic assemblies
through a surfactant assisted water-based strategy and the study of the formation mechanism by a

combined use of transmission electron microscopy, X-ray diffraction, and time-resolved small angle X-ray

scattering techniques. We visualize the hierarchical mechanism formation of the magnetic assemblies in the

selected sodium dodecylsulfate (SDS)-assisted water-based strategy. At the first stage, an intermediate

lamellar phase (L) represented by 3-Co(OH), and FeOOH hexagonal plates is formed. Then, the nudleation of

primary CoFe,0, (N;) nanocrystals of about 6—7 nm occurs by the dissolution of FeOOH and the reaction of Fe"" ions coordinated to the SDS micelles, at the
reactive sites provided by vertices and edges of the 5-Co(OH), plates. The intermediate phase consumes as the primary crystalline nanoparticles form,
confined by the surfactant molecules around them, and assembly in spherical mesoporous assemblies. The key role of the surfactant in the formation of
porous assemblies has been evidenced by an experiment carried out in the absence of SDS and confirmed by the pore size diameter of the assemblies (about

2—3 nm), that can be correlated with the length of the surfactant dodecylsulfate molecule.
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esoporous materials in the sub-

micrometer and nanometer range

with variable compositions, con-
trollable size, morphologies, and pore struc-
tures are of particular interest for catalysis,
adsorption, chromatography, biosepara-
tion, and applications such as templates
for nanomaterial synthesis.' For this rea-
son, recently, the preparation of such ma-
terials has received much attention. Several
authors report the achievement of spherical
assemblies of primary nanocrystals made
up of noble metals (Au, Pt, Ag, Pd, Rh),>~®
nonmagnetic metal oxides'? (titania, ceria,
etc..) and magnetic oxides, mainly mag-
netite,'°~ "% maghemite,'* and spinel fer-
rites’*"7 but up to now no experimental
evidence of the complex mechanism in-
volved in the formation of the assemblies
has been sorted out. Although magnetic
particles with high magnetization values
with a narrow size distribution have been
synthesized through numerous methods,
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the products are overwhelmingly dominated
by particles smaller than 30 nm."®~2° How-
ever, for many purposes, it is preferable to
fabricate larger nanoparticle assemblies up
to 100 nm, because they can be easily moved
by an ordinary external magnetic device.?’ It
is therefore an interesting challenge to de-
velop approaches to assembling magnetic
nanoparticles with suitable sizes and mor-
phology without compromising the surface
area. Up to now, several methods have been
developed to fabricate various superstruc-
tures from primary nanoparticles, among
which, in particular, a number of methods
are based on a surfactant-assisted strategy.
Generally, a self-assembly mechanism is re-
ported as the result of the spontaneous
control of nanoentities that interplay through
noncovalent interactions (hydrogen bonds, Van
der Waal forces, electrostatic forces).'32%~30
Mesoporous spherical aggregates of anatase
nanocrystals have been fabricated using
CTAB (cetyltrimethylammonium bromide)
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Figure 1. CoFe,0, mesoporous assemblies synthesized at 80 °C and kept for 3 h: (A) XRD pattern; (B) TEM image (inset: dark

field); (C,D) HRTEM images (inset: FFT).

as structure directing agent and the interaction be-
tween the solvent (cyclohexane) and the CTAB seems
determinant to produce the assembly of 4—5 nm sized
nanocrystals into spherical nanoporous aggregates.'
Monodisperse spherical aggregates of CeO, nanocryst-
als have been obtained by the combined use of ionic
liquid as template and solvent.3?

In the literature, there are just a few works on magnetic
spherical mesoporous assemblies. Magnetite spherical
aggregates are reported by Jin who suggests as driving
force for the assemblies the formation of 71—z interac-
tions between primary nanocrystals.>® The weak interac-
tion among nanocrystals makes them easily destroyed
by sonication. He et al.>* justify the oriented aggregates
of Co304 nanocrystals as the result of the binder effect of
water molecules and the capping effect of the alcohols
groups on the nanocrystal surface. Hu et al.> report the
spherical nanoparticle assemblies formation due to the
presence of a ternary surfactant whereas Rotello et al.3
introduced a functionalized polystyrene as the “mortar”
for nanoparticle assemblies. Euliss et al.' report the use
of block copolypeptide to induce the formation and the
stabilization of small clusters of preformed hydrophilic
maghemite nanocrystals.

Here, on the basis of a simple and versatile one-pot
surfactant-assisted reaction in water, we investigate the
reaction mechanism with the combined use of different
techniques. The aim is to find out an experimental
response to understand the formation mechanism of
iso-oriented spherical CoFe,O4 mesoporous assemblies.

RESULTS AND DISCUSSION

CoFe,0, Mesoporous Assemblies. CoFe,O, powder ob-
tained at 80 °C and kept at this temperature for 3 h has
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been characterized by wide angle X-ray diffraction
(XRD) and transmission electron microscopy (TEM)
measurements. In Figure 1A the X-ray powder diffrac-
tion pattern shows Bragg reflections which, on the
basis of their position and relative intensity, can be
unequivocally indexed as cubic spinel ferrite (CoFe,0,,
PDF Card 22-1086). No peaks of other phases are
detected. According to the Scherrer formula, the aver-
age crystallite size was calculated on the (220) reflex
and resulted to be 22 + 1 nm. Figure 1 panels B—D and
insets show representative TEM micrographs at low
and high magnification. It can be clearly seen that the
sample is composed of 50—80 nm in size mesoporous
spherical assemblies of small nanocrystals (Figure 1B
and inset, see white spots in the dark field image). The
spherical assemblies are stable and keep their shape
and size unchanged also after the washing procedures
and intense and prolonged ultrasound irradiation. The
images in high-resolution mode, Figure 1C and
Figure 1D, show spherical assemblies made of small
primary nanocrystals (about 7 nm in size) and a worm-
like nanopores structure with a pore size of about
2—3 nm. The parallel lattice fringes are uniformly ex-
tended over the primary building blocks (Figure 1C),
the grain boundaries, and the nanopores. The primary
nanocrystals are organized into an iso-oriented attach-
ment structure through sharing identical lattice planes.
The lattice plane distance of 4.8 A was calculated from
the image and corresponds to the [111] reflex of the
cubic spinel phase. The iso-oriented structure is further
confirmed by the FFT image (inset Figure 1C) that
shows symmetrically aligned spots like satellite reflec-
tions caused by double diffraction. The image at a
higher magnification (Figure 1D) reveals that the
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primary crystals are square-shaped, and a more careful
observation evidenced in our previous work'> shows
that two or three particles share edges form twin
crystals, which is consistent with the symmetrical
double spots present in the FFT. This justifies the
apparent disagreement between the CoFe,0, average
crystallite size (22 nm) obtained by XRD and the
average crystal size (6—7 nm) extracted from TEM data.
Nitrogen adsorption—desorption isotherms indicate
mesopores sizes of about 2—3 nm, consistent with
TEM results. The surface area of the assemblies is 160
m?/g, in good agreement with the theoretical value
calculated by assuming dense and regular CoFe,O,
cubes sharing edges of 6—7 nm."”

Kinetics: Reaction and Assemblies Formation Mechanism.
To study the mechanism involved into the formation
of the spherical assemblies, TEM and XRD analyses
performed at different times of the reaction have been
accompanied by in situ and time-resolved SAXS
measurements.>’8

TEM. TEM and high resolution TEM (HRTEM) ana-
lyses on the CoFe,0,4 sample at 80 °C after 3, 6, 12, 20,
and 30 min of reaction were carried out, and the
results are shown in Figure 2. The bright field image
of the sample at 3 min shows a great deal of hex-
agonal platelet crystals of average diameter in the
100—250 nm range and thickness of about 7—9 nm
(Figure 2D). At the same time at the edges of some of
the hexagonal platelets, and often at the corners, are
clearly visible small assemblies of nanocrystals in the
20—40 size range. There is no evidence of free single
primary nanocrystals nor assemblies, all of these being
attached to the hexagonal platelets. This indicates that
the spherical assemblies are formed at the earliest
stages of the synthesis from the hexagonal platelets.
Bright Field images of the sample at 6 and 12, 20, and
30 min show the evolution of the reaction; the number
of the spherical assemblies increases and, at the same
time, the hexagonal platelets are worn out gradually up
to be almost completely consumed (30 min).

XRD. XRD patterns of the samples at 3, 6, 12, and
also 30 min, reported in Figure 3A, show besides the
typical reflections of the cubic spinel ferrite an intense
large peak at about 19° accompanied by two other
low-intensity peaks at about 40° and 54°. The peak
position at 19° is in good agreement with the presence
of 3-Co(OH), (PDF Card 74-1057) and/or Fe(OH), (PDF
Card 13-0089) which are isostructural. The absence of
other reflections of these phases could indicate a
preferred orientation of the crystals, consistently with
the peculiar platelet shape observed by TEM, as re-
ported also by other authors for 5-Co(OH),.3° The
coherent domain calculated by the Scherrer equation
on the peak at 19° ((001) reflex) is about 9 nm, still in
good agreement with the thickness of the platelets
revealed by TEM images (Figure 2D) . The two other
weak peaks at about 40° and 54° (see Figure 3B, a detail
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of the XRD pattern at 3 min) could be an indication
of the presence of the 6-FeOOH phase (PDF Card
77-0247). The amount of the spinel phase with respect
to the 3-Co(OH),/Fe(OH), increases with reaction time
and after 30 min the hydroxide—oxide transition is
completed. In all the samples at 3, 6, 12, and 30 min, as
well as in the final one (3 h, Figure 1A) the spinel phase
crystallite size calculated on (220) reflection is about
22 nm indicating that primary nanocrystals form at the
early stage of the synthesis and do not grow with time.
However, the number of CoFe,0, nanoparticles in-
creases with time at the expense of the hydroxy-oxy
phases, as observed from the increase of the reflection
intensities associated with the spinel phase, and at the
same time the self-assembly process continues at least
up to 12 min and consequently the size of the spherical
aggregates increases. To clarify the formation mechan-
ism of these CoFe,0,; mesoporous assemblies, two
samples prepared in the same conditions but in the
absence of sodium dodecyl sulfate (CoFe,O,4_NS) or
in the absence of cobalt (Fe,0s) were synthesized.
Figure 3 reports XRD (C,D and E,F) and TEM (G,H and
I,L) data. The XRD pattern of CoFe,04_NS evolution
with time (Figure 3C) follows a trend similar to that
observed for the sample synthesized in the presence
of SDS: CoFe,0,, (-Co(OH),/Fe(OH), and 6-FeOOH
(Figure 3D, a detail of the XRD pattern at 3 min) are
present from the early stages of the synthesis. The
broad reflection at about 19° associated with the
Me'"(OH), indicates the formation of very small nano-
crystals, and as a consequence, at 3 min a higher
percentage of CoFe,0,4 phase is formed suggesting a
higher reactivity if compared with the sample prepared
with SDS. TEM data confirm these results. Figure 3G
shows the coexistence of very thin layers (arrows), in
agreement with the XRD broad reflection at 19°,
accompanied by a great number of dark nanoparticles
with high size polydispersity, easily associable to the
ferrite phase. After 30 min, the evolution to the final
phase is complete and only nonporous roughly hex-
agonal nanocrystals (Figure 3H and inset dark field) of
about 100 nm are present. These results prove that the
surfactant has a key role on the spherical mesoporous
assemblies formation. The DS chains probably interact
with the surface of the forming spinel during the
assembly growth preventing the collapse of the struc-
ture into a single nanocrystal. To confirm the presence
of 0-FeOOH, of which the reflections in the XRD pattern
are very weak, the synthesis was performed also in the
absence of cobalt. XRD patterns (Figure 3E,F) point out,
once again, the presence of a spinel phase, that in
this case can be attributed clearly to the maghemite
(y-Fe,03) phase (PDF Card: 25-1402), isostructural with
CoFe,0,4, accompanied by a phase characterized by
the presence of two very weak peaks that can be
associable to 9-FeOOH (PDF Card 77-0247). The actual
proof of the -FeOOH presence is given by TEM,
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CoFe, O, T80 3 minutes

CoFe,O, T80 6 minutes

Figure 2. TEM images of the samples prepared at 80 °C blocking the reaction at 3 min (A), 6 min (B), 12 min (C and D), 20 min

(E, F), and 30 min (G, H).

the sample at 3 min being made up of very thin hexagonal
platelets, similar in shape and size to the ones observed
in the case of the CoFe,0, systems at the same reaction
time (Figure 3l). Furthermore, XRD and TEM data allow
the exclusion of the presence of Fe(OH),, hypothesized
as a possible intermediate for the formation of the
final phase. In fact, in this case (in the absence of
cobalt), the Fe(OH), main reflection falling at 19° is
absent. As a consequence, the reflection at 19° ob-
served for CoFe,0, systems up to 12 min (CoFe,0, and
CoFe,0,4_NS) is only ascribable to [-Co(OH),. This
result is expected considering our synthetic condition
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(FeCl, aqueous solution, pH = 12, temperature of 80 °C,
air). In fact, it is reported in the literature that the use of
FeCl, in an aqueous alkaline medium (pH > 8) at room
temperature in air, leads to a rapid Fe" oxidation,
possibly to 0-FeOOH (PDF Card 77-0247).°°*' More-
over, the Fe(OH), = d-FeOOH transition can be con-
sidered a topochemical transformation. In fact, Fe(OH),
and 0-FeOOH possess similar crystal planes and the
{001} facets of Fe(OH), (d = 4.60 A) match well with
{001} facets of 0-FeOOH ((d = 4.53 A).*? In our synthetic
conditions, the higher pH and temperature may in-
duce this transition to be so rapid that it cannot be

VOL.9 = NO.7 = 7277-7286 = 2015 W)

WWww.acsnano.org

J1D]Le

7280



T
4 3-FeOOH

o Cofe0, | 0p-Co(l),  #5-Fe0OH ® CoFe0, ' O-Co(OH), #3Fe00H| [ @y.Fe0,
A = C = o
= - T _ s g
= = o |~ = ~= ~ ® — =
~l=z §l-.g8 _=2%| = &€& 83 8§z = & g§g =%
=2 g gy v osRY osRY s ofHG ggd
AR e | 7 || G N J B \® [
= e A 'k““" ot 30 minutes 30 minutes
al o 30 minutes
5 \\ |
2| ) ‘ ° \ |
= ) w
”JOWLJ m"‘w—-i“”&{k AN AN A
A . minutes _ 12 minut 12 minutes
A ] | s minutes
8 6 minutes 5 | = a = a
I - VAN T 8 &
v//“ _ o5 + \«MJL./LAJML,,L LA LN
3 minutes 3 minutes 3 minutes
20 30 40 S50 60 20 30 40 50 60 20 30 40 50 60
20 20 20
—~ T T T T - T T
= B “ ‘@ Core0, #5-7e00H | ) T ®Cofe 0, #3-Fe00H | |7 M *Fe0, #5-F00H
R S e e 1, | s
§ N MMML«WW’“MW JWM M{H il g b Mna™nd M -
£|3 minutes J || |3 minuts WM"*‘WMW’W“‘W .| [3minutes .
40 45 50 55 40 45 50 55 40 45 50 55
20 20 20
G 3minCoFe;04NS  H 30 min CoFe,0,NS [ 3miny-Fe;0; [, 30 miny-Fe,05
4 g e A

Figure 3. XRD patterns of the samples prepared in the presence of SDS, (CoFe,0,) (A,B), in the absence of SDS (CoFe,0, NS)
(C,D) and in the absence of cobalt, y-Fe, 05 (E,F). TEM images of the sample CoFe,0,4 NS at 3 min (G) and 30 min (H and inset
dark field) and of the sample y-Fe,03 at 3 min (I) and 30 min (L).

experimentally observed, and only (-Co(OH), and
0-FeOOH coexist as intermediate to CoFe,0, mesopor-
ous spherical assemblies.

Time-Resolved SAXS Measurements. SAXS patterns have
been collected on CoFe,0, nanoparticles synthesized
through the formation of normal micelles using so-
dium dodecyl sulfate (SDS) as surfactant with the
following main steps: (1) Aqueous solutions of CoCl,
and FeCl, in a 1:2 molar ratio have been added in
aqueous solutions of SDS in a glass flask and stirred
constantly, for 30 min. (2) Methylamine solution,
heated at the same temperature, has been added.

During step 1, SAXS patterns have been collected
on the SDS solution, on the FeCl, and SDS solution
(after the addition of the FeCl,) and on the CoCl, +
FeCl, 4+ SDS aqueous solution (after the introduction of
the CoCl,). The SAXS profiles in the subsequent sub-
steps of (1), shown in Figure 4, have been modeled
with core—shell ellipsoids, as in Narayanan et al.** The
least-squares fitting procedure gives an inner core
radius of 1.54 and 2.45 nm with a shell thickness of
0.61 nm (see inset of Figure 3). The addition of iron and
cobalt chlorides does not induce any significant mod-
ification in core—shell ellipsoid size, suggesting the
formation of Na,Fe,Co,(DS),, micelles rich in Na (x > y
and 2z). This is in agreement with the use of a high
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Figure 4. SAXS patterns of the of SDS, SDS + FeCl,, and SDS +
FeCl, + CoCl, aqueous solution, after water background
subtraction, along the modeled curves (dotted lines).

amount of SDS during the synthesis. Unlike the size,
the interactions of the core—shell ellipsoids change
with the ions addition. Indeed, the structure factor S(g)
for SDS micelles, calculated using rescaled mean sphe-
rical approximation (RMSA), decreases with the pre-
sence of the metal salts, indicating the development of
a shield effect making the micelles more diluted in the
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Figure 5. (A) SAXS patterns collected during the reactionat T
= 80 °C after water background subtraction. The arrows
indicate the g-range where we observe the growth of pri-
mary particles, N;, the aggregates N,, and the consumption
of the intermediate lamellar phase, L. (B) Experimental SAXS
patterns (red circles) along the best fitting curves (black lines)
at the different indicated times during the reaction. The
profiles of the different contributions in the model of eq 1
given by Isps (blue line), /i (dotted blue line), Iy, (green line),
and /y, (dotted magenta line), are reported.

solution. To understand the growth kinetics of the
primary particles and their aggregation in mesoporous
assemblies, in situ time-resolved SAXS measurements
have been performed at two different temperatures.
Time evolution of SAXS profiles at T = 80 °C, after
background subtraction, are shown in Figure 5A. We
can distinguish different g-ranges associated with differ-
ent phases, as indicated by the arrows. More specifically,
the total scattered intensity, /, can be modeled as
i=2
I =lsps+I+ Y hi+la (M
i=1
Isps is associated with the SDS and Me(DS)n micelles; I,
represents an intermediate lamellar phase, L, composed
by large hexagonal flat particles as indicated by the TEM
images shown in Figure 2.
The intermediate phase, L, has been modeled as
large planar objects giving the intensity /. ,, given by

2(wD/2)?
NL’? 2
(@D/2)°[1 — J(gD)/(gD/2)]

= (sin(@T/2)\?
X /O L (W) Psz(q, TL) dTL dq (2)

D and T, in (2) represent the largeness and the thickness
of the planar objects. N and # are the particle density
number and contrast between the solution and the
scattering large objects; J(gD/2) is the generalized Bessel
function calculated at the first order. The distribution of
the thickness, T, of these planar objects has been taken
into account by integration of the intensity over a
Schutz—Zimm probability distribution given by

AR KT, /Tim
s () o] ] o

lLa (CI) =
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where T, is the mean of the distribution and k = 1/592
where Sy is the standard deviation of the distribution,
associated with the particles polidispersity. The lamellar
peakat g=qo=24nm" ' has been fitted by a Lorentzian
function /,,:

A

S A 4
1 —(q —goo) @

lp(q)
taking into account the lamellar character of the inter-
mediate phase, L; go and o represent the center and the
width of the Lorentzian peak, respectively.
The term
i=2
Z In;

i=1
in eq 1 represents two populations of spherical particles,
namely N, and N, modeled as

IN(@) = N()S(q, Rus (i), Fo (i), 7(1))
X / Psz(i)sz(q, ROfsphere (@, RUNI* AR (5)
0

with i = 1, 2 and where N()) is the particles number in
the i population with radius R(i); to account for the
polydispersity of the particles, the intensity has been
integrated over a Schutz—Zimm distribution of R, for
each population. The interactions of primary particle
N, taking place in the aggregation process, have been
modeled in the monodisperse approximation of sticky
hard spheres with radius Rys and volume fraction f,.**
The stickiness parameter 7, characterizing the adhesive
strength is found to be constant during the reaction.
The last term, /5, in eq 1 taking into account large
assemblies (larger than 30—40 nm in size), is set as a
power-law background given by /x = P.g™®. SAXS
profiles have been modeled by eq 1 using the trust-
region-reflective least-squares algorithm.***® The fit-
ting procedure allowed us to estimate the number
density N, and thickness T, of the intermediate lamel-
lar phase (L), the number density N, the mean radius
Rm, and the dispersivity Sq of the Schutz—Zimm Psz(R)
size distribution of primary particles (N; population)
and secondary nanoparticles (N, population). Since the
standard for absolute calibration did not give trustful
results, the intensity scale of particle number densities
are expressed in arbitrary units. For each parameter,
the corresponding confidence interval was also esti-
mated. Fits with the included contributes, lsps, I, I,
and Iy, in eq 1, obtained at different times are shown in
Figure 5B. We can observe that the SDS contribution
remains nearly constant during the reactions, suggest-
ing its template role as dispersant padding of the
primary nanoparticles N;. The intermediate lamellar
phase L gradually decreases, during the formation of
the primary particles N; and of the secondary nano-
particles N,. Color maps of the SAXS profiles intensity,
as a function of time, of the different phases L, N; and
N,, are shown in Figure 6. Size distributions, Psz(q,R), of
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Figure 6. Maps of the SAXS profiles of L, N;, and N, populations as a function of time, during the reaction. Each map has been
divided in two parts separated by the white stripes; the lower parts indicate the consumption of the intermediate lamellar
phase. The peak at g = 1.0 nm~"in the N, maps, indicated by the white arrow, is due to the increasing volume fraction, f,,, in
eq 5; it denotes the interactions between primary particles taking place as soon as the assembly (N;) starts.

the two populations N; and N,, at T =80 °C are shown
in Figure 7. The size of the N, nuclei, given by 2R,(1), is
found to be 5.0 & 1.2 nm with a polydispersity of about
15%. This is consistent with TEM data, and remains
nearly constant during the reaction. The formation of
N, primary particles is followed by the formation of
secondary particles (N, population). The N, formation
is associated with the appearance of the correlation
peak at g = gys = 1 nm™" in the structure factor S(q,
Rus(1),f5(1),7(1)), indicated by the white arrow in the N,
growth map of Figure 6. The interparticle distance, Rys,
between primary particles and the volume fraction, f,,
are shown in the panel A of Figure 7. We found a size of
2R(2) = 20.0 + 2.2 nm for secondary nanoparticles in
N, population. This value is in good agreement with
XRD data that evidenced crystallites of 22 nm and
justified by TEM analysis as made up of three primary
cubic nanoparticles sharing edges and forming twin
crystals."® The reaction kinetics can be described by the
time dependence of the total volume

V=N / i Psz(R, q)v(R) dR (6)
0

of L, N, and N; phases in model (1); v(R) is the volume
of the single particle, 4/37R? for the spheres in popula-
tions N and N, and 7zR2L for the large planar objects of
the intermediate lamellar phase. In panel B of Figure 7
we show the total volumes of the intermediate L, N;,
and N, populations. The formation of the intermediate
phase composed of cobalt hydroxide plates with thick-
ness T, of about 7 nm, occurs in the At; = 2.2 min early
stage, just after the methylamine addition. As the L
phase develops, primary particles with size 2R, similar
to 3-Co(OH), plates' thickness (6—7 nm) start to form.
The constant size of primary particles could indicate
that the hexagon edges constitute the sites for their
nucleation; these hexagonal edges could also give the
crystalline twin observed in electron diffraction data.'”
The periodicity of the lamellar intermediate phase L
corresponds to 25t/qo = 2.61 £ 0.08 nm where qq is the
center (see eq 3) of the Lorentzian peak, /. This value
is consistent with the diagonal of the face in the cubic

CANNAS ET AL.

0.8 ,
A — AL
0.7 € oo
o o5 | I . L

g
=

0.28

o
W

05 10 15 20 25 30 35 40
time (min)

I
w
V (arb. units)

Probability Density Function
o o
%) S~

00
05 10 15 20 25 30 35 40
time (min)

e

(=}

0 10 20 30 40 50
2Rm (nm)

Figure 7. Schultz—Zimm distributions, Psz(R), of the size of
primary particles (N, population) and spherical assemblies
(N5 population). The inset (A) shows the time evolution of
the inteparticle distance, Rys, and the volume fraction f,
with their uncertainness ARys and Af;, in the N; population
during the reaction. At the At; time, the assembly takes
place. The total volumes of the L, N,;, and N, populations
calculated by eq 6 are reported in the inset (B).

cell of the crystal spinel structure. In Figure S1 we can
appreciate the second order peak in the higher resolu-
tion SAXS spectra.

During the primary particles nucleation and assem-
bly, the intermediate phase decreases until it is con-
sumed in about 30 min. In this range the N, population
forms. We observe a decreasing of the N, total volume
due to the formation of the final assemblies with sizes
larger than 40 nm.

To get further insight on the growth kinetics of the
primary particles and their aggregation in mesoporous
spherules, in situ time-resolved SAXS measurements
have been performed also at T = 50 °C using the same
experimental setup (see Sl). At this lower temperature,
we find a slower kinetics leading to different size and
dispersity of mesoporous spherules. This suggests the
possibility of using different temperatures reactions to
control the evolution of the different L, N;, and N,
phases. In this way we open easy routes for tuning
structural nanoparticles parameters, such as size and
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Figure 8. Schematic representation of the hierarchical formation mechanism of CoFe,0, mesoporous assemblies.

dispersity.*” The results are shown in detail in Figure 52
together with TEM and XRD data reported in Figure S3
of the Supporting Information.

CONCLUSIONS

This work deals with the design of CoFe, 0, spherical
mesoporous assemblies and the study of the formation
mechanism by a multitechnique approach that con-
sists on the combined use of TEM and XRD accompa-
nied by in situ time-resolved SAXS techniques. By way
of time-resolved SAXS measurements we find that at
the first stage a Na,Me,(DS), micellar solution coexists
with a lamellar phase. TEM and XRD analyses have
permitted the association of this lamellar phase (L) to
-Co(OH), and FeOOH hexagonal plates. The evolution
with time in SAXS patterns evidence the formation of
three different entities that correspond to the formation
of primary CoFe,0, nanocrystals (N;), secondary nano-
particles made up of three primary nanoparticles (N,)
grown on the lamellar phase edges, and CoFe,0,4 sphe-
rical assemblies (A) at the expenses of the lamellar phase
that gradually disappears. This is in agreement with TEM

MATERIALS AND METHODS

Chemicals. CoCl,-6H,0 (98%), FeCl, - 4H,0 (=99%), SDS (98%),
CHsNH; (40% w/w) were purchased from Sigma-Aldrich and used
as received.

Synthesis. CoFe,O,4 nanoparticles were synthesized through
the formation of normal micelles using sodium dodecyl sulfate
(SDS) as surfactant following a procedure described in our
previous works.">'® Aqueous solutions containing CoCl, 6H,0

CANNAS ET AL.

and XRD measurements that clearly show that the spinel
phase forms and grows on the hexagonal platelets
starting from their corners or edges (the most reactive
zones). In particular, the formation of the spinel phase
probably derives from the reaction of iron(lll) released
from dissolution of §-FeOOH in strongly alkaline media
and probably present as Fe,Na,(DS), micelles, with the
[-Co(OH); plates, which, as a consequence, are gradually
consumed. (Figure 8) The surfactant has a key role on the
creation of mesopores, as confirmed by an experiment
carried out in the absence of SDS. SAXS measurements
suggest that the formation mechanism can be kinetically
controlled by the reaction temperature, able to modify
the speediness of the reaction, affecting both the size
distribution of primary particles and the size of their
mesoporous assemblies. SAXS measurements provide a
powerful and exhaustive tool to visualize the peculiar
hierarchical mechanism leading to the formation-orga-
nized worm-like mesoporous structures opening the
possibility to extend the surfactant-assisted water-based
strategy set up for CoFe,0, mesoporous to the class of
materials known as spinel ferrites.

(50 mL, 0.005 mol) and FeCl, 4H,0 (50 mL, 0.01 mol) in a 1:2
molar ratio were added to 190 mL of an aqueous solution of SDS
(0.06 mol) and stirred constantly at room temperature for
30 min. An amount of SDS, twice as high as the stoichiometric
one, was used. As a result, this micellar solution should be
composed initially of sodium(l), cobalt(ll), and iron(ll) mixed
micelles. The reaction flask was dipped in an oil bath at 80 °C,
constantly mechanically stirred, and 10 mL of methylamine
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solution heated at the same temperature was added. The
solution became green, and after a few minutes the color
changed to dark brown. The dark slurry was stirred for 3 h
and then cooled to room temperature. The precipitate was
isolated by decantation and centrifugation. The nanoparticles
were washed several times with diluted ammonia to remove the
surfactant excess. Finally the CoFe,0, powder (CoFe,0,) was
dried overnight in an oven at 70—80 °C. Two other experiments
were carried out in the same synthetic condition but in the
absence of cobalt (y-Fe,03 nanoparticles) and in the absence of
SDS (CoFe,04 _NS) in order to investigate on the mechanism of
the assemblies formation.

To study the kinetic of the reaction, samples were taken at
selected times (portions of 20 mL of the dispersion) and poured
into a beaker containing 80 mL of water at room temperature
and immediately separated by centrifugation.

Characterization Techniques. TEM analysis was performed
immediately on a drop of the dispersion taken at the selected
time and deposited onto the TEM grid. The suspensions were
dropped on carbon-coated copper grids for the TEM observa-
tions with a TEM (JEOL 200CX, operating at 200 kV). High
resolution TEM images were obtained with a JEM 2010 UHR
equipped with a Gatan Imaging Filter (GIF) with a 15 eV window
and a 794 slow scan CCD camera.

The samples were characterized by XRD, using a Seifert
diffractometer with a Bragg—Brentano geometry with Cu Ko
wavelength. In situ time-resolved spectra have been collected
on the SAXS beamline at the ELETTRA synchrotron light source
following the reaction in continuum, at 80 and 50 °C.3"8 The
reaction solution in a glass flask in a thermostated batch reactor
apparatus was monitored by way of time-resolved SAXS; a
remote controlled syringe allowed us to add 10 mL of methyl-
amine aqueous solution into the reaction solution and a
peristaltic pump continuously flowed the solution mixture in a
1.5 mm quartz capillary through a closed circuit. The pumping
rate was set to 20 mL/min in order to change all the tubing
(Tm x 2 mm) volume in less than 10 s, avoiding particle
deposition on the walls. We set the camera to a sample detector
distance of 1.0 m and operated at photon energy of 1 = 8 keV
covering the range of momentum transfer, g = 4msin(6)/4,
between 0.08 and 3.4 nm™~". We used a Pilatus as detector with
a time resolution of 5 s. Water flowing was also measured in
order to assess and subtract the background from the data. The
resulting two-dimensional images were radially integrated to
obtain a 1D pattern of normalized intensity versus scattering
vector g.
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