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Abstracts
A series of mixed oxides was synthesized by deposition of the guest phase on the highly dispersed oxide matrix. Fumed 
nanooxides SiO2, Al2O3, SiO2/Al2O3, and SiO2/Al2O3/TiO2 with the specific surface area of 65–91 m2/g were selected as 
highly dispersed matrices. Co–Fe mixed oxides with the general formula Co4xFexOy (Co: Fe = 4: 1) were deposited as the 
guest oxides using the two-step method: (i) solvate-stimulated modification of the surface of fumed nanocarriers with the 
mixture of cobalt nitrate (II) and iron (III) formate and (ii) subsequent heat treatment up to 600 °C to form Co4xFexOy. The 
aim of this paper was to study the influence of the composition and structure of fumed oxide matrices and deposited guest 
phase on the morphology of the resulting composites in the gaseous and aqueous media using the XRD, XPS, FTIR, nitrogen 
adsorption and SEM/EDX, as well as quasi-elastic light scattering (QELS) methods. The low-temperature nitrogen adsorp-
tion isotherms have a sigmoidal shape with a narrow hysteresis loop characteristic of mesoporous materials. The specific 
surface area (SBET) of the composites varies from 48 to 82 m2/g, showing a tendency towards a decrease in the SBET values by 
10–26% in comparison with the initial nanocarriers. The SEM data show the denser aggregate structure of nanocomposites 
compared to the initial carriers. The primary particle size was in the 30–60 nm range and the EDX data confirm the formation 
of a guest phase on the mixed aluminosilicate carriers, mainly in the surface patches corresponding to the alumina structure. 
According to the QELS data, there is a tendency to form aggregates of 100–10 μm in size in the aqueous media. The XRD 
method shows that the deposited metal oxides are in the form of crystalline phases of Co3O4 with the crystallites of 25–26 nm 
in size for the individual SiO2 and Al2O3 nanocarriers and 34–37 for the mixed ones, but the iron oxide reflections were not 
identified for the composites. XPS observation demonstrates the signal of Fe 2p electrons as the form of Fe2O3 oxide in the 
surface layer of nanocomposites as well as Co 2p as the Co3O4 and Co(OH)2.
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1  Introduction

Nanotechnology is a topic which is currently being given 
a lot of attention by researchers because the unique chemi-
cal and physical properties of the nanomaterials have led 
to important roles in many scientific and industrial fields 
[1–3].

In particular, the current trend of the nanomaterials 
development is the synthesis of new sorbents with a large 
specific surface area and various active sites [4] for the 
effective interactions with various pollutant molecules, 
such as dyes [5–8], metal ions [9–13], high molecular 
weight compounds [14, 15]. High-dispersed oxides (SiO2, 
Al2O3, TiO2) can be used as effective agents in the pro-
cesses of sorption [16] and flocculation [14, 17, 18] of 
water-soluble polymers. However, using highly dispersed 
sorbents in the form of fine powders in the liquid disper-
sion medium poses the task of their extraction after the 
sorption process. One of the ways to solve this problem is 
to create highly dispersed sorbents with additional func-
tionality—magnetically sensitive composite nanomateri-
als [19, 20]. In most cases, the addition of nanomagnetite 
[21, 22] to the composition of such materials provides 
magnetic sensitivity but this has some limitations in the 
use, for example, high temperature can cause a decrease in 
magnetic properties [23]. In addition to magnetite, nickel 
and cobalt ferrites can exhibit magnetosensitivity. Immo-
bilization of these compounds on the surface of highly 
dispersed oxides provides them with high thermal stability.

Furthermore, their interesting magnetic properties 
[24–26] suggest that they will have many applications in 
the magneto-optical recording media, displays and devices 
such as waveguides, insulators and switches [27]. There 
are different synthetic methods [28, 29] to prepare iron- 
and cobalt oxide nanoparticles: sol–gel [30], co-precipi-
tation [31], plasma coating [32], sintering [33, 34], hydro-
thermal synthesis [35], and wetness- or incipient wetness 
impregnation [25]. Identifying the best combination of 
physical and chemical parameters for a specific application 
is a critical and ongoing research process [36]. The control 
over these parameters in metal oxide NPs for many appli-
cations is achieved by modifying the traditional synthetic 
procedures (following precipitation or high-temperature 
decomposition pathways) such as varying the temperature, 
the ratio of reactants, used surfactants, pH, or solvent [37, 
38]. However, it remains a challenge to obtain ultrafine 
NPs with high stability and narrow size distribution. To 
overcome these limitations, a suitable and cost-effective 
strategy is grafting transition metal oxides on the surface 
of an appropriate material, in particular, highly dispersed 
supports. It has been reported that Co–Fe oxide nanopar-
ticles were fabricated on various supports, including silica 

[27], alumina [39], zirconia [40] and Titania [25]. Among 
them, fumed silica dioxide (SiO2) is highly mechanical 
and chemical stable, macroporous structure, has a large 
specific area, is environmentally friendly, and less toxic 
in nature [41–43]. For instance, the authors [44] obtained 
iron-cobalt nanoparticles dispersed in silica matrix and 
noted the formation of magnetic cobalt ferrite nanocom-
posites, Co3O4 and ferrihydrite or Co–Fe alloys, depending 
on the Fe and Co precursors. The previously synthesized 
nickel–cobalt oxide nanoparticles deposited on the fumed 
silica have proved themselves as promising catalysts for 
CO2 methanation [45].

The synthesis of nanocomposites (NCs) based on the 
highly dispersed carriers with deposited metal oxides allows 
directing the design of a potential adsorbent towards increas-
ing sorption properties and providing multifunctionality 
[46]. The introduction of Co–Fe nanoparticles into the struc-
ture of composites requires a study of the influence of syn-
thesis conditions and the type of substrate on the structure 
and properties of NCs in general and the magnetosensitive 
phase in particular. The use of different carriers with differ-
ent surface structures can affect significantly the structure 
of the deposited phase [47]. Moreover, there are no reports 
related to NCs based on the transition metals Co–Fe, sup-
ported on highly dispersed mixed nanooxides such as SiO2/
Al2O3 and SiO2/Al2O3/TiO2 with detailed investigations of 
their surface compositions. The presence of support provides 
new means to tailor the structural performance by altering 
the exposure of the active sites and modifying their nature 
through the interaction of the transition metal oxides with 
the support.

In the light of the above, the present paper was under-
taken with the aim of analysing the influence of carries 
such as fumed silica, alumina, silica/alumina, and alumina/
silica/titania on the formation of the grafted mixed oxide 
Co4xFexOy as well as the homogeneity, morphology and 
structure of the NCs as a whole.

2 � Materials and methods

2.1 � Materials

Fumed oxides SiO2 (A-60), Al2O3, SiO2/Al2O3 (SA96), and 
Al2O3/SiO2/TiO2 (AST1) (Pilot plant of Chuiko Institute of 
Surface Chemistry, Kalush, Ukraine) with similar values 
of the specific surface area (SBET) of 65–91 m2/g (Table 1) 
were used as nanocarriers. Fumed oxides are composed of 
spherical-like nonporous nanoparticles, whose diameter can 
be estimated as d ≈ 6/(ρ0SBET), where ρ0 is the true den-
sity of nonporous nanoparticles. Cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O, ≥ 98.5%, Merck) and iron (III) formate 
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(Fe(CHO2)3·2H2O, 98%, Merck) were used as precursors to 
synthesize the nanooxides composites.

2.2 � Synthesis of Co4xFexOy—containing composites

Co4xFexOy/nanocarrier composites (Table 1) were prepared 
using a two-stage method. The first stage was the solvate-
stimulated modification of the surface of the initial fumed 
oxides with the mixture of Co(II) nitrate and Fe(III) for-
mate in the ceramic ball-mill. The second stage consisted 
of drying and subsequent heating of the resulting mixture at 
600 °C. The pre-modification of a fumed nanooxide carrier 
with the concentrated solutions of salts of the correspond-
ing metals was performed in the 800 cm3 ceramic ball-mill 
(ball size 2–3 cm, speed of 60 rpm) for 1.5 h. The mill was 
charged with 20 g of fumed oxide carrier and 10 ml of the 
aqueous solution of Co(II) nitrate (34.8 mmol) and Fe(III) 
formate (9.4 mmol) weighed to obtain a content in the 
deposits in the resulting composite. After achieving homo-
geneity, according to the microscopic examination, the 
resulting mixture was air-dried for 24 h. The dried powder 
was calcined at 600 °C for 1 h. The feature of the solvate-
stimulated modification method is the homogeneous distri-
bution of the solvated salt over the carrier surface. This is 
a required condition to form nanosized crystallites of the 
deposited oxide phase by the salt thermolysis upon the cal-
cination at 600 °C.

2.3 � Textural characterization

To analyse the textural characteristics of Co4xFexOy/fumed 
oxide NCs, low-temperature (77.4  K) nitrogen adsorp-
tion–desorption isotherms were recorded using a Micromer-
itics ASAP 2405N adsorption analyzer. The samples were 
degassed at 110 °C for 2 h in the vacuum chamber. The 
values of the specific surface area (SSA, SBET) were calcu-
lated according to the standard BET method [48]. The total 
pore volume Vp was evaluated by converting the volume of 
adsorbed nitrogen at p/p0 = 0.98–0.99 (p and p0 denote the 
equilibrium and saturation pressures of nitrogen at 77.4 K, 
respectively) to the volume of liquid nitrogen per gram of 

adsorbent. The nitrogen desorption data were used to com-
pute the pore size distributions (PSDS, differential fV–dVp/dR 
and fS–dS/dR) using a self-consistent regularization (SCR) 
procedure under the non-negativity condition (fV ≥ 0 at any 
pore radius R) at a fixed regularization parameter α = 0.01 
with voids (V) between spherical nonporous nanoparticles 
packed in random aggregates (V/SCR model) [49]. The dif-
ferential PSDS with respect to the pore volume fV ~ dV/dR, 
∫fVdR ~ Vp were re-calculated to incremental PSD (IPSD) at 
ΦV(Ri) = (fV(Ri+1) + fV(Ri))(Ri+1 − Ri)/2 at ∑ΦV(Ri) = Vp. The 
fV and fS functions were also used to calculate contributions 
of nanopores (Vnano and Snano at 0.35 < R < 1 nm), mesopores 
(Vmeso and Smeso at 1 < R < 25 nm), and macropores (Vmacro 
and Smacro at 25 < R < 100 nm).

2.4 � Scanning electron microscopy (SEM)

The surface morphology of composites was analyzed using 
the field emission Scanning Electron Microscopy employing 
a QuantaTM 3D FEG (FEI, USA) apparatus operating at the 
voltage of 30 kV.

2.5 � X‑ray powder diffraction

X-ray powder diffraction (XRD) patterns of metal oxide (as-
synthesized) and metal NCs (after testing in the catalytic 
process) were recorded on the DRON-3 M diffractometer 
(Burevestnik, St.-Petersburg, Russia) with the monochro-
matic CuKα radiation (λ = 0.15418 nm) and the Ni filter over 
the angular range from 5° to 90°. The X-ray tube operation 
parameters were: voltage of 40 kV, current of 15 mA, scan-
ning speed 2° min–1. Interpretation of the phase composition 
was performed using the analytical software PDXL-2. The 
crystalline structure of the samples was analyzed using the 
JCPDS Database [50]. The average sizes of nanocrystallites 
(d, nm) were estimated according to the Scherrer equation 
[51] the calculations took into account the internal standard 
of the device (α-quartz)

(1)d =
Kλ

Lcos�

Table 1   Composition of 
Co4xFexOy/fumed oxide NCs

Sample Composition of the fumed oxide 
carrier, % wt

mMe in mixed 
Co4xFexOy/carrier, g per 
1 g of fumed oxide

Co/Fe ratio 
(mmol per 1 g 
of fumed oxide 
carrier)

SiO2 Al2O3 TiO2 Co Fe Co Fe

Co4xFexOy/SiO2 100 – – 0.102 0.026 1.74 0.47
Co4xFexOy/Al2O3 – 100 – 0.102 0.026 1.74 0.47
Co4xFexOy/SA96 4 96 – 0.102 0.026 1.74 0.47
Co4xFexOy/AST1 10 89 1 0.102 0.026 1.74 0.47
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where d is the dimension of the particle in the direction 
perpendicular to the reflecting plane, λ is the X-ray wave-
length, K is the particle shape coefficient (equal to 0.9), L 
is the width of the reflex at half of its height, and θ is the 
scattering angle.

2.6 � Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the powdered samples were recorded over 
the 4000–400 cm−1 range using the IR Spirit FTIR with the 
ATR mode.

2.7 � X‑ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) studies were per-
formed using the multi-chamber UHV system (PREVAC). 
Spectra were collected using hemispherical Scienta R4000 
electron analyser. Scienta SAX-100 x-ray source (Al Kα, 
1486.6 eV, 0.8 eV band) equipped with the XM 650 X-Ray 
Monochromator (0.2 eV band) were used as a complemen-
tary equipment.

The pass energy of the analyser was set to 200 eV for 
survey spectra (with 750 meV step), and 50 eV for regions 
(high resolution spectra): C1s, O1s and N1s with 50 meV 
step). The base pressure in the analysis chamber was 
5 ×  10–9 mbar. During the spectra collection it was not 
higher than 3 × 10–8 mbar.

2.8 � Particle size distribution in the aqueous media

Particle size distributions (PaSD) of NCs in the aqueous 
medium were studied with the Zetasizer Nano ZS (Mal-
vern Instruments) apparatus using the universal dip cell 
(ZEN1002) (Malvern Instruments) and the wavelength 
λ = 633 nm and as well as the scattering angle of 13 and 
176° at 298 K. The particle size determination accuracy and 
repeatability were ± 1–2%. The refractive index and absorp-
tion were 1.59 and 0.01, respectively. The samples for the 
PaSD measurement were prepared as follows: 0.1 wt% sus-
pension of a composite in distilled water was sonicated for 
3 min at 22 kHz using the ultrasonic disperser UZDN-A 
(500 W). The suspensions were equilibrated for 24 h and the 
PaSD were measured. The real information obtained from 
the experiment on the quasi-elastic light scattering is the 
distribution of light scattering intensity (PaDSI) from the 
objects by diffuse broadening. However, it is not the inten-
sity distribution itself that is of interest but the associated 
particle size distribution related to the number (PaDSN), or 
the molecular weight distribution (PaDSM), or the related 
volume (PaDSV). The collation of this information allows 
us to describe comprehensively the structure of NC suspen-
sions. The transition from (PaDSI) to these familiar charac-
teristics of a polydisperse system requires the involvement of 

model ideas about the structure of the diffusers. To perform 
the measurements there was used, the computer program of 
the Malvern Instruments Company, which assumes that the 
particles are spherical.

2.9 � Magnetic properties

Magnetic characterization of Co4xFexOy/nanocarrier com-
posites was made in the Quantum Design MPMS SQUID-
VSM Evercool Magnetometer (San Diego, USA). The 
hysteresis loop (at 300 K and 5 K) was recorded with the 
applied magnetic fields between − 50 and 50 kOe. The 
saturation magnetisation for each sample was normalised 
by taking into account the metals content measured by the 
SEM/EDX analysis. The zero-field-cooled (ZFC) magneti-
zation measurements were made after cooling the samples 
in the zero field to 5 K and measuring the magnetization 
while heating the samples up to 300 K in the magnetic field 
(H = 100 Oe). The field-cooled (FC) curve is measured by 
changing the temperature from 300 to 5 K.

3 � Results and discussion

3.1 � Textural characterization

The shape of the nitrogen adsorption–desorption isotherms 
(Fig. 1) can be attributed to type II with the hysteresis loop 
H3 of the IUPAC classification [48, 52] indicating the tex-
tural porosity of aggregates of nanoparticles. The presence 
of such a form of hysteresis loop indicates the dominant 
contribution of mesopores that are filled by nitrogen during 
the measurements.

The textural characteristics of oxide NCs calculated from 
the nitrogen adsorption isotherms are given in Table 2. The 
BET surface area and pore volume of composites (Table 2) 
depend on the specific surface area (SSA) values of the 
fumed oxide carriers. In general, after the modification of 
fumed oxides with Co–Fe mixed oxide, the SSA value of 
the composite decreases slightly for all carriers. The total 
pore volume and that of mesopores are typically greater for 
the composites than for the initial fumed oxides due to the 
compaction of the powders under the synthesis. The com-
paction results in a decrease in the empty volume (Vem = 1/
ρb − 1/ρ0, where ρb and ρ0 denote the bulk and true densi-
ties of the powder materials) in the powders since the bulk 
density increases. However, the volume of mesopores can 
be increased due to the closer location of nonporous nan-
oparticles in their aggregates and agglomerates of aggre-
gates [53]. All synthesized composites demonstrate pore 
size distributions with a predominant contribution from 
mesopores (Table 2, Fig. 2), which allows their classifica-
tion as mesoporous materials.
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The pore size distribution functions (Fig. 2) confirm 
the conclusion based on the isotherm shapes (Fig. 1) that 
the composites are mainly mesoporous since the contribu-
tions of micropores and macropores are small (Table 2). 
The first peak is due to the really small contribution of 
nanopores at R < 1 nm. However, the second one is due to 

the ineffective adsorption of nitrogen in the macropores 
because the interactions of nitrogen molecules with large 
distant nanoparticles are very weak. Therefore, nitrogen 
molecules in the bound fluid are not predominant in broad 
macropores. The first peak of the PSD (Fig. 2) corre-
sponds to the narrow voids between the nanoparticles 

Fig. 1   Nitrogen adsorption–desorption isotherms for the initial fumed oxides and NCs: (a) SiO2 and Co4xFexOy/SiO2, (b) Al2O3 and Co4xFexOy/
Al2O3, (с) SA96 and Co4xFexOy/SA96 and (d) AST1 and Co4xFexOy/AST1

Table 2   Textural characteristics of SiO2, Al2O3, SA96, and AST1 supported Co–Fe oxides

Specific surface area in total (SBET), of nanopores (Snano), mesopores (Smeso), macropores (Smacro) and pore volumes (Vp, Vnano, Vmeso, Vmacro) at the 
pore radius R < 1 nm, 1 nm < R < 25 nm, and R > 25 nm, respectively. Rp,V represents the average pore radius

Sample SBET, m2/g Smicro, m2/g Smeso, m2/g Smacro, m2/g Vmicro, cm3/g Vmeso, cm3/g Vmacro, cm3/g Vp, cm3/g Rp,V nm

SiO2 80 32 45 3 0.014 0.13 0.07 0.21 23.9
Co4xFexOy/SiO2 71 21 40 10 0.010 0.16 0.20 0.37 31.2
Al2O3 72 21 50 1 0.010 0.11 0.05 0.17 20.6
Co4xFexOy/Al2O3 56 12 43 2 0.006 0.27 0.04 0.31 16.0
SA96 65 21 42 3 0.009 0.10 0.05 0.15 21.7
Co4xFexOy/SA96 48 15 31 2 0.008 0.28 0.04 0.33 17.2
AST1 91 26 62 4 0.010 0.14 0.08 0.27 22.5
Co4xFexOy/AST1 82 14 63 5 0.006 0.27 0.09 0.36 19.5



	 Adsorption

1 3

closely located in the same aggregates. Broader voids can 
be present between the distant nanoparticles in the same 
aggregate or neighbouring aggregates.

The contribution of macropores increases significantly 
(Fig. 2) for all samples Co4xFexOy/nanocarrier, except for 
Co4xFexOy/SiO2, for which it remains almost unchanged. 
The total pore volume Vp and the volume of mesopores 
increase for all composites compared to the initial fumed 
oxides (Table 2). As a result, the changes in the pore 
volume depend on the type of support, features of the 
second phase formation, decrease in the void volume in 
the aggregates of nanoparticles, and the difference in the 
true density of the deposited oxide particles and fumed 
oxide carriers that is minimal for silica.

3.2 � Scanning electron microscopy

The SEM images of Co4xFexOy/fumed oxide NCs (Figs. 3 
and 4) show the formation of Co4xFexOy particles at the 
nanocarrier surface. As shown in Figs. 3 and 4, it can be 

observed that the Co4xFexOy nanoparticles (NPs) appear 
in the uniform sphere-like shape and homogeneous distri-
bution. The aggregated structures of grafted oxides of 20 
to 40 nm in size were well observed for Co4xFexOy/SiO2, 
Co4xFexOy/Al2O3 (Fig. 3b, d), Co4xFexOy/SA96 (Fig. 4b) 
and 80–120 nm for Co4xFexOy/AST1 (Fig. 4d). As a whole, 
the composites look more compact than the initial fumed 
nanocarriers.

According to the SEM/EDX data (Table 3), it can be seen 
that in the case of mixed fumed oxides as carriers, the sur-
face content of aluminium is significantly reduced. This indi-
cates that the synthesis of the deposited oxide phase occurs 
mainly in the areas corresponding to the Al2O3 patches: for 
the Al2O3-based composite the decrease in the Al surface 
concentration was from 50.8 to 34.5%, for the SA96-based 
composite it was from 48.1 up to 33.6%, for the AST1-based 
composite it was from 41.8 up to 27.4%.

The surface concentration of Ti atoms also decreases for 
the AST1-based NCs more than doubled, indicating that 
the patches of the surface having TiO2 or the solid solution 

Fig. 2   Incremental pore size distributions for initial fumed oxides and NCs: (a) SiO2 and Co4xFexOy/SiO2, (b) Al2O3 and Co4xFexOy/Al2O3, (с) 
SA96 and Co4xFexOy/SA96 and (d) AST1 and Co4xFexOy/AST1
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structure with the bridge-type Ti–O–Si or Al–O–Ti sites also 
take part in the interactions with the deposited phase. At the 
same time, the Si concentration increases in the composites 
based on the mixed SA96 and AST1 nanocarriers which 
indicate that the regions with a structure corresponding to 
SiO2 remain not involved in the interactions with the depos-
ited phase. The Co and Fe surface concentrations depend 
insignificantly on the carrier nature and it varies for Co from 
14.9 to 15.0 over the individual carriers (Al2O3 and SiO2) 
and 14.4–14.5 over the mixed carriers (SA96 and AST1) 
and 3.4–4.1 for Fe. The average Co/Fe wt% ratio calculated 
from the SEM/EDX data for all NCs is very close to the 
given values upon the component ratio in the synthesis (Co: 
Fe = 4: 1).

3.3 � X‑ray powder diffraction analysis

The XRD patterns of Co4xFexOy/fumed oxide NCs (Fig. 5) 
showed only a cubic cobalt oxide Co3O4 phase formed on 
the surface of carriers. The diffraction peaks at 2θ = 19.0; 
31.2; 36.8; 44.63; 58.98; 65.1 correspond to the reflections 

(111), (202), (311), (400), (511), (404) of Co3O4. The size of 
the cobalt oxide crystallites calculated from the plane (311) 
according to the Scherrer equation is 25–37 nm (Table 4). 
Smaller crystals are formed on the surface of individual 
oxides, and the surface of mixed oxides promotes the for-
mation of larger particles. The iron, which was introduced 
into the composition of NCs by the method of solvate-stim-
ulated surface modification of highly dispersed oxides, is not 
identified, as an individual phase by the XRD method. The 
registration of iron compound is complicated due to its low 
content in the NCs composition and can be under the XRD 
device sensitivity. 

3.4 � IR spectroscopy

The IR spectra of the synthesized Co4xFexOy/fumed oxide 
NCs were characterized using the FTIR spectroscopy in the 
wavenumber range 4000–400 cm−1 and are shown in Fig. 5. 
Comparing the IR spectra of initial fumed oxides used for 
the synthesis with the spectra of synthesized Co4xFexOy/
fumed oxide NCs (Fig. 6), it should be noted that in all 

Fig. 3   SEM images of the initial nanocarriers SiO2 (a), Al2O3 (c), and Co4xFexOy/SiO2 (b), Co4xFexOy/Al2O3 (d) NCs
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spectra characteristic bands are observed in the ranges: the 
broadband between 3700 and 3100 cm−1 refers to the stretch-
ing vibrations of OH groups sourced from various forms 
of adsorbed water. The band at 1636 cm−1 corresponds to 
the deformation vibrations of water molecules. The broad 
intensive stretching vibrations of Si–O–Si at 1100 cm−1 
(asymmetric) and 800 cm−1 (symmetric) are observed in 
the silica-based composites.

To characterize the deposited Co4xFexOy phase, the initial 
IR spectra were processed mathematically: the spectrum of 
the initial nanocarrier was subtracted from the spectrum of 
the Co4xFexOy/fumed oxide NCs and the remaining spec-
trum was decomposed using the Origin7.5 PeakFit, which 
made it possible to estimate the presence and characteristic 
frequency of peaks assigned to the Co–O and Fe–O bonds 
in different sites (Table 5).

Fig. 4   SEM images of initial nanocarriers SA96 (a), AST1 (c) and Co4xFexOy/SA96 (b) and Co4xFexOy/AST1 (d) NCs

Table 3   SEM/EDX data Sample Si Al Ti O Co Fe
wt% wt% wt% wt% wt% wt%

SiO2 36.9 – – 63.1 – –
Co4xFexOy/SiO2 31.4 – – 50.0 14.9 4.1
Al2O3 – 50.8 – 49.2 – –
Co4xFexOy/Al2O3 – 34.5 – 47.0 15.0 3.4
SA96 0.06 48.1 – 51.9 – –
Co4xFexOy/SA96 1.5 33.6 – 47.1 14.5 3.3
AST1 5.3 41.8 1.3 51.6 – –
Co4xFexOy/AST1 7.4 27.4 0.6 46.9 14.4 3.4



Adsorption	

1 3

The bands in the region of 300–700 cm−1 are assigned to 
the fundamental vibrations of the metal (M) ions of the crys-
tal lattice in the octahedral and tetrahedral positions [54]. The 
peak at 652–664 cm−1 corresponds to the intrinsic stretching 
vibrations of the cobalt in the tetrahedral site, Co2+–O [55] 
in the tetrahedral position, and 551–567 cm−1 are assigned 
to Co3+–O in the octahedral position. The absorption band at 
525–623 cm−1 can be attributed to the stretching vibrations 
of Fe–O in the tetrahedral and octahedral sites. Based on 
the literature data [56, 57] the high-frequency bands about 
(600–700 cm−1) are attributed to the tetrahedral group, and 

the low-frequency band (about 350–450 cm−1) is attributed to 
the octahedral group, Fe in the obtained composites is more 
likely to belong to the tetrahedral sites while the formation 
of the structure of the solid solution.

3.5 � X‑ray photoelectron spectroscopy

The surface analysis of Co–Fe oxides NCs was performed 
using the XPS method. The survey spectra indicate the pres-
ence of O, Fe and Co at the surface of all NCs as well as 
Al and/or Si at the surface of NCs based on the appropriate 
carrier. Figures 7 and 8 show typical core-level spectra of Co 
2p3/2 and Fe 2p3/2 for synthesized NCs respectively. Experi-
mental Eb values of Co 2p3/2 and Fe 2p3/2 core-level XPS 
spectra of investigated Co–Fe nanocomposites are presented 
in Table 6. The XPS peak areas were used for the calculation 
of Co/Fe and Co3O4/Co(OH)2 ratios.

Fitting of Co 2p3/2 XPS spectra was provided according 
to the model proposed by Biesinger [58]. XPS signal of Co 
2p electrons can be convoluted into two groups of multiple 

Fig. 5   XRD spectra of Co4xFexOy oxides particles formed on the surface of (a) SiO2, (b) Al2O3, (c) SA96 and (d) AST1, where curve 1—the 
pattern of the NC and curve 2—the pattern of the appropriate carrier

Table 4   The size of crystallites formed on the NCs surface

Sample Crystallites 2θ, deg D, nm

Co4xFexOy/SiO2 Co3O4 36.8 25
Co4xFexOy/Al2O3 Co3O4 36.8 26
Co4xFexOy/SA96 Co3O4 36.8 37
Co4xFexOy/AST1 Co3O4 36.8 34
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Fig. 6   IR spectra of Co4xFexOy/fumed oxides NCs: (a, b) SiO2 and Co4xFexOy/SiO2, (c, d) Al2O3 and Co4xFexOy/Al2O3, (e, f) SA96 and 
Co4xFexOy/SA96 and (g, h) AST1 and Co4xFexOy/AST1
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peaks for all of the investigated NCs. The multiple peaks 
depicted as 1–4 (Fig. 7a–d) with the binding energy of 2p3/2 
electrons within the range of 776.7–789.6 eV and multiplet 
of A–D in the range of 780.5–790.5 eV corresponded to 
Co3O4 and Co(OH)2 species respectively. The calculated 
data of atomic % concentrations of corresponding types 
specified the high level of Co(OH)2 on the surface of NCs. 
There are two possible reasons for the Co(OH)2 signal on the 
surface of NCs. The first suggestion is not entirely decompo-
sition of Co(NO3)2·6H2O modifying salts with formation of 

stable half-product means Co(OH)2 and other one is the sec-
ondary hydroxylation of Co2+ surface particles. We declare 
that the synthesis conditions ensure the entire destruction of 
grafted modifying nitrate groups with the resulting forma-
tion of Co3O4. This is confirmed with XRD results showed 
the presence Co3O4 compounds in the structure on synthe-
sized NCs. Therefore, the presence of cobalt hydroxide on 
the surface of NCs can occur as a result of hydroxylation of 
the surface of NCs. The important observation is concern-
ing of Co3O4/Co(OH)2 ratio for the different NCs. It is noted 
that the calculated amount of Co3O4 in the surface layer of 
SiO2 based NC is higher than for other carriers. It seems that 
amorphous SiO2 is more appropriate for Co3O4 formation in 
the surface layer of NCs than crystallinity carrier based on 
the Al2O3 (Al2O3, SA96, AST1). The calculated Co/Fe ratio 
in the surface layer of Co–Fe NCs (see Table 6) does not cor-
respond to specified in the synthesis routine as Co:Fe = 4:1. 
It follows that approximately 25% of grafted cobalt com-
pounds are presented on the surface layer and significant part 
of cobalt can be localized in the pores of NCs. XPS research 
results show the presence of Fe(III) in the surface layer of 

Table 5   The characteristic bands assigned to the M–O bonds in the 
FTIR spectra of NCs

Sample ν, cm−1

Co2+–O Co3+–O Fe–O

Co4xFexOy/SiO2 664 567 589
Co4xFexOy/Al2O3 653 551 623, 577, 525
Co4xFexOy/SA96 652 551 621, 586, 526
Co4xFexOy/AST1 656 561 531

Fig. 7   Co 2p3/2 XPS spectra of NCs based on SiO2 (a), Al2O3 (b), SA96 (c) and AST1 (d). The peaks 1–4 are affiliated with Co3O4 and peaks 
A–D with Co(OH)2
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nanocomposites [58–60]. The most possible compound of 
Fe (III) that can be formed on the surface of NCs is Fe2O3 
[60]. Moreover, the chemical transformation of iron contain-
ing surface modification agent (iron formate) leads to the 
formation of Fe2O3 under the presented synthesis condition. 
The formation of Fe3O4 is doubtful because it requires either 
significantly higher temperatures or a reducing atmosphere.

The XPS signal of O 1 s electrons was de-convoluted 
into several peaks (Fig. 8) related to the carrier matrix and 
CoFe modified oxides. Experimental Eb values obtained 
from O 1 s XPS spectra and atomic % calculated as the 
integrated square of the de-convoluted peaks are provided 
in Table 7. The main components of oxygen bonds have 
been identified and related to the highly dispersed matrices 
of NCs. XPS signals of O 1 s electrons with Eb at 532.7 

Fig. 8   Fe 2p3/2 XPS spectra of NCs based on SiO2 (a), Al2O3 (b), SA96 (c) and AST1 (d)

Table 6   Experimental Eb values 
obtained from Co 2p3/2 and Fe 
2p3/2 XPS spectra of Co–Fe 
nanocomposites

Sample Eb, eV Atomic ratio, %

Fe(III) Co(II) + Co(III) Co(II)

Fe2O3 Co3O4 Co(OH)2 Co3O4/Co(OH)2 Co/Fe

Co–Fe/SiO2 710.0–713.0 779.6–789.6 780.5–790.5 3.1/96.9 56/44
Co–Fe/Al2O3 710.8–713.8 779.4–789.6 780.5–790.5 1.8/98.2 61/39
Co–Fe/SA96 710.0–713.0 779.4–789.8 780.5–790.5 1.7/98.3 47/53
Co–Fe/AST1 710.0–713.0 779.4–789.6 780.4–790.4 1.7/98.3 46/54
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and 533.3 ± 0.1 eV can be associated with Si–O and Si–OH 
moieties presented on the surface of SiO2 and AST1-based 
NCs. For the NCs based on Al2O3, SA96 and AST1 appro-
priate O 1 s signals with Eb at 531.7 and 532.8 ± 0.1 eV 
related with Al–O and Al–OH moieties [61]. The presence 
of physisorbed water was identified as a peak of very low 
intensity located at the region of higher binding energies 
around 534 eV (Table 7). The XPS signals of O 1 s elec-
trons corresponded to O2− and –OH moieties are positioned 
at ~ 529.8 and ~ 530.7 eV respectively for the Co–Fe/Al2O3, 
Co–Fe/SA96 and Co–Fe/AST1 NCs and shifted to the 530.2 
and 531.3 eV for Co–Fe/SiO2. These experimental XPS 
observations suggest that O2− particles can be attributed 
to fragments of metal oxides (Co and Fe) deposited on the 
surface of the carrier, and HO– particles are associated with 
Co(OH)2 groups found on the surface of NCs (Fig. 9). 

3.6 � Particle size distribution in the aqueous 
medium

The quasi-elastic light scattering (QELS) method allows 
determining the particle size distribution (PaSD) in the 
aqueous medium. The results of measurements for the syn-
thesized samples of mixed oxides are presented in the form 

of the dependence of the particle size distribution for their 
number PaSDN (Fig. 10a, c) and volume PaSDV (Fig. 10b, 
d). The modification of silica with Co and Fe oxides leads 
to an increase in the particle sizes due to the formation of 
the second oxide phase and enhanced aggregation during the 
synthesis. The degree of aggregation/agglomeration depends 
on the characteristics of nanoparticles and their interactions 
in the dispersion media. The initial fumed oxides (SiO2, 
Al2O3, SA96) are characterized by nearly monomodal 
PaSD related to the particle numbers with the maximum at 
100–110 nm (Fig. 10), except for AST1 having more com-
plicated particulate morphology.

The PaSDN of the composites are mono- or bimodal 
(Fig. 10a, c) and three peaks are observed for PaSDV 
(Fig. 10b, d): aggregates ~ 90 and ~ 430 nm (SiO2) and 
large agglomerates > 5.5 μm are presented in the aqueous 
dispersion of composites after the ultrasonic treatment. It 
should be noted that although for the composites PaSDN 
shows the maximum at 85–103 nm for SiO2 and the SA96 
carrier, i.e., the number of small secondary particles 
of ~ 100 nm is larger than the number that of large aggre-
gates (> 1 μm). However, according to PaSDV, the volume 
of aggregates > 1 μm for these composites is much higher 
than that for the initial nanocarriers. The PaSD for the 
Co- and Fe-containing composites supported on Al2O3 
and AST1 is characterized by the presence of aggregates 
and agglomerates of larger sizes (~ 1.1–1.3 and 5.5 μm). 
The aggregates smaller than 1 μm in size are not observed 
in the dispersion. This indicates stronger bonds of the 
deposited guest oxide with the support.

3.7 � Magnetic properties

The magnetic properties of Co4xFexOy/fumed oxide NCs and 
their magnetization curves are shown in Table 8 and Fig. 11 
of the samples. The hysteresis loop with the superparamag-
netic behaviour for Co4xFexOy/SA96 and Co4xFexOy/A2O3 
(Hc = 43.05 Oe and 56.5 Oe respectively) and the mix of 
superpara- and ferromagnetic for the Co4xFexOy/Si60 and 
Co4xFexOy/AST1 nanocomposites (Hc = 386.5 Oe, and 
117.8 Oe, respectively) are pointed out to. The influence 
of the nonmagnetic phase (nanocarriers) was manifested in 
the relatively small total magnetization of the synthesized 
NCs. Apparently, the magnetic properties of the samples 
Co4xFexOy/SiO2, Co4xFexOy/Al2O3, Co4xFexOy/SA96 and 
Co4xFexOy/AST1 are influenced by the fraction of pores 
and their distribution in the composites. Porosity leads to 
decreased density, impeding magnetic domain rotation in 
the direction of the magnetic field thus reducing the ability 
of magnetic conductivity [62, 63]. Pores act as air gaps in 
the magnetic circuit and decrease the permeability of the 
material. 

Table 7   Experimental Eb values obtained from O 1s1/2 XPS spectra 
of Co–Fe nanocomposites

Sample Species Eb, eV At%

Co–Fe/SiO2 Si–O 532.7 74.4
Si–OH 533.3 18.9
O−2 530.2 4.1
HO– 531.3 1.9
H2O 535.5 0.76

Co–Fe/Al2O3 Al–O 531.7 46.6
Al–OH 532.9 21.7
O−2 529.8 3.0
HO– 530.7 28.1
H2O 535.1 0.6

Co–Fe/SA96 Al–O 531.7 46.5
Al–OH 532.8 15.4
O−2 529.7 4.8
HO– 530.6 33.1
H2O 534.9 0.18

Co–Fe/AST1 Al–O 531.7 33.8
Al–OH 532.9 17.7
Si–O 532.7 17.3
Si–OH 533.4 8.8
O−2 529.8 2.4
HO– 530.7 16.8
H2O 534.3 3.2
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The ZFC and FC (Fig. 12) curves at 100 Oe reveal that 
the blocking temperature for the Co4xFexOy/fumed oxide 
NCs with the crystallite size around 25–37 nm (Table 8) 
is much above room temperature (300 K) for all NCs. The 
studied samples show a mixture of superpara- and ferro-
magnetic behaviour below the blocking temperature i.e., 
300 K. The relatively larger blocking temperature might be 
due to the large anisotropy in Co4xFexOy phase.

4 � Conclusions

The series of novel Co4xFexOy/fumed oxide nanocom-
posites were synthesized by the thermooxidation of 
metal salts adsorbed onto the individual and complex 
fumed nanooxides. The effects of the support structure 
were analyzed with respect to the formation of the depos-
ited phases. The phase composition and average sizes of 
crystallites determined from the XRD data show that the 
Co3O4 phase in the Co4xFexOy/fumed oxide nanocompos-
ites includes crystallites of 25–37 nm in diameter while 

the iron oxide reflections are not practically identified. The 
results of XPS measurements are in the good agreement 
with the FTIR spectroscopy: these methods demonstrated 
the presence of Co (II) and Co (III) compounds on the 
surface of nanocomposites as well as XRD result dem-
onstrated formation the crystallites of Co3O4 that can be 
formed in the porous structure of nanocomposites. Accord-
ing to the SEM/EDX data, the formation of the deposited 
Co4xFexOy phase occurs mainly on the nanocarrier surface 
corresponding to the Al2O3 structure patches or solid solu-
tion structures with the bridge bonds Al–O–Ti, Al–O–Si 
and Si–O–Ti. The specific surface area of the composites 
decreases insignificantly when the phase Co4xFexOy is 
deposited on the support. The incremental pore size dis-
tribution functions show predominantly the mesoporosity 
of nanocomposites, the volume of mesopores increases 
significantly in comparison to the initial fumed oxides. 
According to the QELS data for the aqueous dispersions 
of the synthesized nanocomposites, small aggregates with 
several nanoparticles of 100 nm in size, large aggregates 
up to ~ 1 μm, and agglomerates up to 5.5 μm are observed. 

Fig. 9   O 1s1/2 XPS spectra of NCs based on SiO2 (a), Al2O3 (b), SA96 (c) and AST1 (d)
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There is a general tendency to increase the sizes of aggre-
gates due to the modification of nanocarriers with the 
deposited Co4xFexOy. This paper demonstrated the effects 
of various highly dispersed matrices on the magnetic prop-
erties of composites. Magnetic properties of the samples 
Co4xFexOy/SiO2, Co4xFexOy/Al2O3, Co4xFexOy/SA96 and 
Co4xFexOy/AST1 are influenced by the fraction of pores 
and their distribution in the composites. Increasing the 
magnetic phase in the nanocomposites can provide promis-
ing adsorbents for the future application.

Fig. 10   PaSD related to the number a, c and the volume b, d for the initial fumed nanocarriers and NCs with Co4xFexOy after sonication (6 min) 
of the aqueous dispersions (C = 0.1 wt%)

Table 8   Characterization of Co4xFexOy/fumed oxide NCs: Magneti-
zation (Ms) at 300 K and coercivity (Hc) at 300 K

Composite Ms, emu/g Hc, Oe

Co4xFexOy/SiO2 7.75 386.5
Co4xFexOy/Al2O3 5.8 56.5
Co4xFexOy/SA96 4.42 43.05
Co4xFexOy/AST1 3.68 117.8

Fig. 11   Magnetic hysteresis loops of the Co4xFexOy/fumed oxide 
NCs: Co4xFexOy/Si60, Co4xFexOy/A2O3, Co4xFexOy/SA96 and 
Co4xFexOy/AST1 at room temperature. Insert zoom-in of the coercive 
behaviour
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