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Abstract

Objectives. To develop a new green method for the synthesis of nanosized materials of
cobalt(ILIll) oxide, with improved surface activity, using environmentally friendly precursors
and solvents.

Methods. A green method was proposed, in order to isolate Co,O, nanoparticles with high
surface activity. Instead of the usual organic solvents, three different natural sugars, including
glycogen, sucrose, and glucose were used for the first time as templates. Water as a green
solvent was used in all the steps. The polymorphic composition of the synthesized samples
was determined by means of X-ray phase analysis. The morphology of the obtained crystallites
was studied from micrographs of the oxide phases. Image Pro Plus 6 software was used to
measure the size of nanoparticles. The surface activity of the isolated samples was studied using
the Brunauer-Emmett-Teller method and the Langmuir method. The Barret-Joyner-Halenda
method was used to determine the diameter, volume, and distribution of pores.
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Results. The crystallite sizes of the samples are 23 nm, 36 nm, and 30 nm for glucose, glycogen,
and sucrose templates, respectively. Adsorption—-desorption isotherms for samples obtained
from complexes of glucose and sucrose correspond to type IV, indicating a strong interaction
between the adsorbent and the adsorbed sample. The isotherm for the sample isolated from the
complex with glycogen is of a different type and most likely indicates that this sample is almost
completely mesoporous. The pore radii are found in the interval 1.2—-1.6 nm.

Conclusions. A new green method for the synthesis of nanosized particles of Co(ILIIl) oxide
using natural saccharides and deionized water was developed. The composition, morphology,
structure, and surface activity of the samples obtained were studied. It was shown that due
to the polymeric structure of their metal complexes and the ability to bind active carbon on
the surface of nanoparticles, natural saccharides can be used as matrices in the synthesis of
nanosized metal oxides with high surface activity.

Keywords: nanoparticles of cobalt(ILIll) oxide, synthesis, surface activity, X-ray phase analysis,
Fourier transform IR spectroscopy, electron spectroscopy
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AHHOMAuuUs

IMenu. Paspabomamb HOEbLU «3eneHbllily Mmemod CcuHme3a HAHOPA3IMEPHBIX MAMEPUAIO8
okcuoa kobanema(ILIIl) ¢ yayuuweHHOU No8epXHOCMHOU AKMUBHOCMbIO, UCNOIb3Ysi HeONnAacHbule
onst okpyxarowetl cpedvl npekypcopsblL U pacmsopument.

MemoobL. IIpedsorkeH HOBbLL memol ebldesieHus HaHopasmepHolx uacmuy Co,O, ¢ 8bicoko-
paszsumoii nogepxHocmulo. B kauecmee mampuy enepavle npumeHeHbl NPUpooHble caxapuodsbl —
2/IUKO2€EH, Caxapo3a U 2aKo3a. B posu sKosio2uuecku “iucmozo pacmeopumesist Ha 8cex Cmaousix
npouecca ucnonwvzyemcst eooa. IloaumopgpHbslli cocmag CUHMe3UpPo8aHHbIX 00pas3yoe onpe-
0ensniu ¢ NOMOUbI0 peHmeeHoda308020 aHanusa. Mopgonozuro nNoayueHHbIX KPUCMAAUMO8
usyuanu no Mmukpogomozpaduim OKCUOHbIX ¢pa3. [lnsi uzmepeHust pasmepa HaHouacmuy
UCNoNb308aI0CL npozpammHoe obecneueHue Image Pro Plus 6. IlogepxHOCMHYO aKmMueHOCMb
gbloesieHHbLX 06pasyoes usyuanu memooom BpyHayspa-Smmema-Tennepa u memooom AeHamropa.
Llns onpedeneHus duamempa, obvema u pacnpeodeneHus. nop npumeHsiics memoo bappema—
LDkotiHepa—XaneHOowvl.
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Pesynomamel. Pazmepbl Kpucmaaiumog cuHmesupos8aHHolx obpasyoe cocmagasiiom 23, 36 u
30 HM 0151 Mampuy, 2110K03bL, 2IUKO2EHA U caxapo3bl coomeememaeHHo. Hzomepmol adcopbyuu—
decopbyuuu 051 06paA3U08, NONYUEHHBLX HA OCHO8E KOMNIEKCO8 2/IH0K03bl U CaXaposbl, coomeem-
cmeytom IV muny, umo ceudemesibcmayem 0 CUNbHOM 83aumodeticmauu mexxoy adcopbeHmom
u adcopbupoeaHHbiM 06pasyom. HMzomepma 0nst 06pasua, 8bloesieHH020 HO OCHO8e KOMNIEeKCa
C 2/lUKO2eHOM, OMHOCUMCSL K OpYy20MYy muny u, cKkopee 8cezo, yrKasbleaem Ha mo, 4mo amom
obpasey noumu nNOAHOCMbI0 Me3onopucmalii. Paduyc nop cocmaensem 1.2-1.6 Hm.

Buteoodust. Paspabomar HOSbLU «3e/ieHbllly Memod CUHMe3a HAHOPASMEPHbIX UACMUY OKCUOA
robanema(ILIll) ¢ ucnonvzogarHuem NPUPOOHbBLX Caxapudo8 U 0euoHU3UPO8AHHOU 8006l Hccne-
dosaHbL cocmae, MoOpgosio2Usl, CMmpoeHue U NOBEePXHOCMHASL AKMUBHOCMb NONYUEHHBLX
obpasyos. IlokaszaHo, umo npupooHvle caxapuodsbl 6nazo0apsi NOAUMEpPHOU cmpykmype ux
MEMANOKOMNAEKCO8 U CNOCOOHOCMU C8513bl8AMb AKMUBHBLLI Y2nepod HA NO8EPXHOCMU HAHO-
yacmuy, moeym 6blmb UCNONBL308AHbLL 8 KAuecmee Mampuy Npu cuHmese HAHOPA3ZMEPHBLLX
oKcudo8 memannog ¢ 60abuUloll NOBEPXHOCMHOU AKMUBHOCMbIO.

Knroueesvte cnoea: HaHouacmuyusbl okcuoa kobanema(ILIll), cunmes, nogepxHOCMHAs
axmugHocmb, peHmeeHogasosblil aHanus, HK-cnekmpockonust, 31eKmpoHHAsL CNeKMpoCKoNnus

Jlna yumuposanusa: Abcanan 5., Anabana P., Pazasu M.P., Tonuzaznex M., ABpamenko O.B., Berukosa 1.H., Koaisuykoa O.B.
«3eneHblity Merox cuHTe3a HaHodacTHll okcupa koOampra(ILIIl) ¢ ymydmeHHOW MOBEpXHOCTHOW AaKTUBHOCTBIO. ToHKUE
xumuueckue mexronozuu. 2023;18(6):559-571. https://doi.org/10.32362/2410-6593-2023-18-6-559-571

INTRODUCTION

At the present time, due to their unique
properties, nanoscale materials are widely used
in everyday life and various industries, such as
medicine, ecology, and the paint and varnish industry
[1-4]. However, a significant drawback in their
synthesis is the use of environmentally hazardous
precursors and solvents. Therefore, an urgent task
is to find an environmentally friendly and highly
effective  method for isolating metal oxide
nanoparticles with high surface activity.

Cobalt(ILIII) oxide is interesting due to its
specific  properties. Materials based on Co,0,
have the properties of p-type semiconductors and
exhibit magnetic properties [5, 6]. They are used
as molecular detectors, electrochemical storage
devices, magnetic storage media, solar energy
converters and in the electronics industry, as well
as catalytic systems for various purposes, including

organic synthesis and environmental purification
from toxic impurities [7—14].

Co,0, nanoparticles are stable structures of
various morphologies [15] (rods [16], sheets [17],
tubes [11, 18], cubes [19], and spheres [20, 21]).
Ordered structures isolated by the hydrothermal
method were studied by Hu et al. [22], and spinel
Co,0, nanoparticles were shown to have lower
crystallinity and smaller crystallite size.

Previously we synthesized and studied nanoparticles
of 3d metal oxides using organometallic complexes
based on alkyl and benzylnitrosohydroxylaminates [23],
biphenolic compounds [24-26], and polyhydroxybenzoic
acids [27, 28] as precursors.

This work reports a new green method for
the synthesis of Co,0, nanoparticles using deionized
water and natural saccharides and the study of
their surface. It is shown that this method
can be considered as a promising method for the
synthesis of various nanocrystalline materials.
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EXPERIMENTAL

The sucrose, glycogen, and glucose used in
the work are pure grade, and cobalt(Il) chloride
hexahydrate is chemical grade purchased from
Sigma-Aldrich, USA.

Method for the synthesis of Co,0, nanoparticles.
10 g of the -corresponding saccharide was
dissolved in 50 mL of deionized water and stirred.
At the same time, 2.96 g of cobalt(Il) chloride
hexahydrate was dissolved in deionized water
in a second glass and stirred until a homogeneous
solution was obtained. The saccharide solution
was then slowly poured into the cobalt salt solution
and stirred at 75°C for 1 h. The solution was
kept at 20°C until a gel formed. The resulting gel
was transferred to a pre-calcination oven at 120°C.
The dried sample was calcined at 650°C, in
order to obtain the corresponding cobalt oxide.
The yields of the final products are 60—70%.

Elemental analysis for cobalt content was
carried out by means of complexometric titration [29].
Carbon content was determined using micromethods
[30]. Elemental analysis results:

Sample 1 (derived from a complex with sucrose).
Found: Co — 73.15%; C — traces (<0.5%). For Co,0,
it was calculated as: Co — 73.42%.

Sample 2 (derived from a complex with glycogen).
Found: Co — 73.38%; C — not detected. For Co,0,
it was calculated as: Co — 73.42%.

Sample 3 (derived from a complex with glucose).
Found: Co — 73.18 %; C — traces (<0.5%). For Co,0,
it was calculated as: Co — 73.42%.

X-ray diffraction patterns of oxide phases
were obtained using a GNR automatic diffractometer
(GNR  Analytical  Instruments  Group, ltaly) in
continuous mode. Operating wavelength was 1.541 A
(Cu-K)). X-ray diffraction patterns were interpreted
using the GNR Explorer program (GNR Analytical
Instruments Group, Italy)'.

The surface activity of the synthesized
samples was determined by means of the Brunauer—
Emmett-Teller (BET) method at 77 K on a
Belsorp-mini II micrometer device (Microtrac Retsch,
Germany). The  Barrett—Joyner—Halenda  (BJH)
method was used to evaluate mesoporosity and
pore size distribution. In order to prepare and dry
the material before measuring and removing
water vapor, carbon dioxide, or other molecules
that may occupy the volume of the material’s
cavities, the sample was placed in an oven for
several hours at high temperature. The dehydration
temperature was 393.15 K. The dehydration time

' Explorer: G.N.R. srl — Analytical Instruments Group
(gnr.it). Accessed May 23, 2022.

was 2 h at a saturated water vapor pressure
of 84.737 kPa.

TEM images were obtained using a model
LEO 912AB microscope (Leitz-Opton, Germany) in
low vacuum mode using ethanol as a dispersant.

FTIR spectra of the samples were recorded
using an AVATAR 370 spectrometer (Thermo Nicolet,
USA) at a temperature of 20°C in the range
of 4000400 cm!' with a resolution of 4 cm™
in KBr pellets.

Electronic absorption spectra were recorded on
a Cary-50 spectrophotometer (4gilent Technologies Inc.,
USA) in the wavelength range 200—800 nm.

RESULTS AND DISCUSSION

Synthesis and Co,O, nanoparticle properties

A diagram of the new green method for
the synthesis of Co,0, nanoparticles is shown in Fig. 1.

The polymorphic composition of all synthesized
samples was determined using X-ray phase analysis
(15° < 20 < 80° (Fig. 2). Analysis of X-ray
diffraction patterns of samples obtained using
various  precursors  shows  that the  spinel
modification of Co,0, (ICDD: 96-900-5889) of
high purity (peaks 19.02°, 31.31°, 36.73°, 44.67°,
59.35°, and 65.02°) is the main crystalline structure
of the products obtained from thermolysis of all
precursors: the highest purity characteristic of
Co,0, being obtained from the decomposition of
a solution containing glycogen. Based on the data
from literature, the presence of low-intensity
peaks in the region of about 26° and 44° in
the X-ray diffraction patterns of cobalt oxide
samples obtained from glucose and sucrose may
indicate the presence of carbon impurities in
the samples [31].

The size of crystallites (coherent scattering

regions) D_ was calculated using the Scherrer
equation (1):
D, = kMBcoso, )

where & is the shape factor (approximately 0.9),
A is the wavelength of the X-ray source (1.5406 A),
and B is the width of the observed diffraction
line at its half-maximum intensity (400).

Based on the results obtained, the sizes of
crystallites (coherent scattering regions) of the
samples are 23, 36, and 30 nm for precursors based on
glucose, glycogen, and sucrose, respectively.

Microphotographs of oxide phases obtained
by calcination of cobalt complexes of sucrose,
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Fig. 1. Synthetic scheme for Co,O, nanoparticles.
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Fig. 2. X-ray diffraction patterns of oxide phases obtained by calcination of cobalt(II) complexes
with sucrose (a), glycogen (b), and glucose (c).

glycogen, and glucose are presented in Fig. 3.
As can be seen in Fig. 3, the shape of nanoparticles
obtained by calcination of cobalt(Il) complexes
with sucrose, glycogen, and glucose is the same,
but they differ in size. The Ilargest size of
nanoparticles was observed for the thermolysis
product of the complex with sucrose, corresponding
to the results obtained from the analysis of
X-ray diffraction patterns. Image Pro Plus 6
software (Media Cybernetics, Inc., USA)* was used
to measure the nanoparticle sizes. It was found
that the average particle sizes for all samples were
in the range of 5-30 nm.

2 https://mediacy.com/image-pro/. Accessed July 05, 2022.

Surface properties

The state of the surface of products obtained
from solutions containing various sugars was
studied by infrared (IR) spectroscopy in the range
of 4004000 cm™' (Fig. 4).

According to the data from literature, the bands
at 526 and 561 cm' correspond to vibrations of
the Co,"O bonds in the octahedral environment,
and Co,’O in the s-tetrahedral environment in the
spinel crystal lattice. The band at 1115 cm™ is
associated with stretching vibrations of CO bonds
of carbonate anions, formed due to the adsorption
of CO, on the surface of Co,0,. This is consistent
with the basic properties of cobalt(ILIII) oxides
formed during calcination of saccharides. In the
case of Co,0, isolated from a complex with
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Fig. 3. Micrographs of oxide phases obtained by calcination of cobalt(Il) complexes
with sucrose (a), glycogen (b), and glucose (c).
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Fig. 4. IR spectra of oxide phases obtained by calcination of cobalt complexes of sucrose (a),
glycogen (b), and glucose (c).

glycogen, an additional absorption band at 1630 cm™!
is observed in the IR spectrum which can be
attributed to bending vibrations of water molecules
adsorbed on the surface. In cobalt oxides isolated
from solutions containing sucrose and glucose,
the 8(H,0) band is also present, but its intensity
is much less. The broad band at 3400 cm' is
associated ~with  stretching vibrations of OH
groups on the hydrated surface of Co,0, nanoparticles.
The absorption at 1470 cm™ is probably due to the
stretching vibrations of OCO,. The observed band
at 848 cm™' can be attributed to bending vibrations
of the Co—OH bond. Absorption at 770 cm' may
correspond to 3(OCO), and the band at 1020 cm™
corresponds to 3(C=0).

Low-temperature N, adsorption—desorption
isotherms and the pore distribution curve of the
samples are presented in Fig. 5. The surface activity of

the isolated samples was studied by the BET method.
The BDC method was used to determine the diameter,
volume and distribution of pores. The adsorption—
desorption isotherms for samples obtained from
glucose and sucrose complexes correspond to type 1V,
indicating strong interaction between the adsorbent and
the adsorbed sample (Fig. 5a and 5c¢). The isotherm for
the sample isolated from the glycogen complex is of a
different type and most likely indicates that this sample
is almost completely mesoporous.

An important textural characteristic of the resulting
material is the pore size distribution. Based on isotherms
and average pore diameters, the porosity of nanosized
particles is represented by mesopores (see Table). Type
IV nanopores are confirmed by the type of adsorption—
desorption isotherms and pronounced hysteresis
associated with capillary condensation of nitrogen in
mesopores.
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Fig. 5. Adsorption—desorption isotherms of N, by nanoparticles isolated from cobalt complexes of glucose (a),
glycogen (b), and sucrose (c). n, is the amount of adsorbed substance, mol-g™'; P/P, is the relative pressure

Table. Some characteristics of the surface of Co,O, particles

(ratio of system pressure to condensation pressure).

Parameters Glucose Glycogen Sucrose

BET analysis

V., cm/g 71.75 49.39 73.47

a pep M/ 312.27 214.96 319.78

C 6366.00 1975.80 9011.80

V, cm’/g 0.26 0.26 0.17

d, nm 3.30 4.84 2.17
BJH analysis

V_,cm'/g 0.16 0.21 0.06

r,, nm 1.64 1.64 1.21

a, m/g 79.64 119.74 41.65
Langmuir plot

V., cm’/g 65.71 45.54 69.61

a,m’/g 286.00 198.20 302.98

Note: V_ is the specific pore volume, a_is the specific pore surface area, C is the BET constant, V' is the total pore volume,
d is the average pore diameter, r, is the average pore radius.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(6):559-571

565



A green synthetic method for cobalt(ILIII) oxide nanoparticles with high surface activity

Based on the analysis of adsorption—desorption
isotherms (Fig. 5), it is clear that monolayers are
formed at relative pressures P/P; equal to 0.076,
0.05 and 0.04, and are completely formed in all
samples. There is a known relationship between
the shape of the hysteresis loop and the nature of
the distribution of mesopores in the joint. The pores
of nanoparticles obtained by thermolysis of glucose
and glycogen complexes with H, type hysteresis
are slit-like (glucose and glycogen) and conical
(sucrose) [32].

BET analysis of the samples shows that the
isolated Co,0, nanoparticles have high surface
activity with almost the same amount (Table).
The large value of constant C (the ratio of the
adsorption  equilibrium  constants in the first
layer and the condensation constant) is probably
associated with the nanosize of the resulting
oxides, since for micro-sized samples its value
usually lies in the range from 50 to 200 [33]. The
significant difference in V_ values in the case
of the samples obtained on the basis of glucose
and sucrose when compared with that for cobalt
oxide isolated on the basis of the glycogen
complex can be explained by the different nature of the
pores.

According to the BDH method, the pore
radius of Co,0, nanoparticles obtained from cobalt
complexes with glucose and glycogen is the same
and equal to 1.64 nm, while for nanoparticles
isolated from a complex with sucrose, it is smaller
and amounts to 1.21 nm (Fig. 6).

The surface activity of a monolayer of
Co,0, nanoparticles obtained using the Langmuir
method is consistent with BET analysis; the order

environmentally friendly synthesis method presented
herein makes it possible to obtain nano-sized
particles with high surface activity.

Studying  the  spectral  characteristics  of
photocatalysts is one of the most important
factors that determines their activity in a special
region of the electromagnetic spectrum. In order to
calculate the band gap of the obtained samples,
electronic absorption spectra were recorded in
the wavelength range from 200 to 800 nm (Fig. 7).
All isolated products have optical density in
a certain wavelength range: 340 nm, 500 nm, and
between 800 and 850 nm, which 1is consistent
with previously published data [34].

To find the best activating region, the Tauc
method (2) was used to determine the band gap:

o= o,(hv—E)n/hv, 2)
where o is the absorption coefficient of the
material, o, is the proportionality coefficient, hv

is the energy of the incident photon (% is the Planck’s
constant, v is the frequency of the incident photon),
E, is the optical band gap, n is the refractive
index. The band gap is obtained from a plot
of (ahv)* versus hv. The value of hv at the point
of intersection of the tangent and the x-axis is
the band gap. Based on the result, band gap values
of 1.53, 2.48, and 3.65 eV were obtained, illustrating
the ability of Co,0, nanoparticles to absorb in
both the ultraviolet and visible regions of the
spectrum.

Co,0, nanoparticles isolated by the proposed
synthesis method have high surface activity,
exceeding that of nanoparticles obtained by other

of surface activity in both methods is the
same (Table). Thus, we can conclude that the new
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Fig. 6. BJH analysis of Co,0O, nanoparticles isolated from cobalt complexes of glucose (a),
glycogen (b), and sucrose (c); dvm/olrp is the derivative of the ratio of specific volume to average pore radius,
r, is the pore radius, nm.
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Fig. 7. Electronic absorption spectra (1) and band gap (2) of Co,O, nanoparticles isolated
from cobalt complexes of glucose (a), glycogen (b), and sucrose (c);
(0v)? is the absorption coefficient squared, cm™'-eV; Av is the photon energy, eV.

methods. A possible reason 1is the combustion
reaction of natural sugars upon ignition, leading
to the formation of carbon and its possible
binding with cobalt to form a carbide, the signals
of which are observed in X-ray diffraction
patterns. The BET constant (C) (see Table),
exponentially related to the adsorption energy

of the monolayer, is very high (>200). This also
illustrates the presence of active carbon on the
surface of the nanoparticles. It has been shown that
a natural saccharide with a large amount of carbon
in its molecular structure provides  greater
surface activity of the synthesized cobalt oxide
nanoparticles.
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A green synthetic method for cobalt(ILIII) oxide nanoparticles with high surface activity

CONCLUSIONS

A new green method has been developed for
the synthesis of nanosized Co,0, particles using
natural saccharides and deionized water. It has
been experimentally proven that natural saccharides,
due to the polymer structure of their metal
complexes and the ability to incorporate carbon on
the surface of nanoparticles, can be wused as
matrices in the synthesis of metal oxide nanoparticles
with high surface activity. In addition, natural
saccharides, due to their environmental friendliness
and low cost, are a good replacement for classical
organic compounds used in previously developed
methods for the synthesis of nanoparticles.
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