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The work is devoted to the study of nanocomposites of bismuth ferrites (BFO) and bismuth lanthanum
ferrites (BLFO). The effect of substitution of Bi cations by La cations on the crystal structure and thermo-
dynamic properties of bismuth ferrites was studied. These composites were prepared by the modern meth-
od of sol-gel synthesis. Scanning electron microscope (SEM) images of the prepared samples were obtained.
Using SEM method, it was established that the morphology of BFO and BLFO is similar. All samples have
a granular microstructure with granule sizes from 20 to 100 nm. This means that, at a scale above 200 nm,
all samples are morphologically indistinguishable, while structural features appear at smaller scale levels.
X-ray diffraction analysis was preformed, and the thermodynamic properties of these bismuth ferrites were
studied. X-ray diffraction study revealed the crystallinity of bismuth ferrites at a scale level of less than
one nanometer. It was found that the formation of nanocomposites based on bismuth ferrites occurs accord-
ing to the nucleation mechanism of non-isothermal crystallization. When cooled, the BFO sample is a
three-component material. As a result of the substitution of La cations for Bi cations, a more homogeneous
two-component BLFO structure is formed, which consists of BiLaFeOs crystallites and BisFesOg crystallites
with approximately equal dimensions (about 0.400 nm3). It was also found a decrease in the heat capacity,
enthalpy, entropy and Gibbs energy modulus in BLFO compared to BFO, which indicates an improvement
in the thermodynamic compatibility of components due to a decrease in heat losses at structural defects.
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1. INTRODUCTION

The most unique properties of bismuth ferrites are
their high magnetic and electrical characteristics at
room temperature [1]. Nowadays, to improve the fer-
roelectric and magnetoelectric behavior of nanocompo-
sites based on bismuth ferrites, the effects of replacing
Bi cations with cations of other rare-earth elements
with a close ion radius, similar type and size of crystal-
lites, etc. are widely studied.

According to statistical thermodynamics, the maxi-
mum degree of packing of crystallites is achieved using
chemical elements with different atomic radii [2]. This
leads to minimum configurational entropy, configura-
tional enthalpy, and configurational Gibbs free energy
for arbitrary melts of multicomponent materials.
Therefore, it is quite logical that substitution of Bi cati-
ons by cations of other rare-earth metals can greatly
improve the properties of bismuth ferrites [3].

In accordance with the principles of nonequilibrium
chemical thermodynamics, it is energetically advanta-
geous to replace a chemical element with an element
with a smaller atomic radius and/or with a lower atom-
ic weight [4]. Therefore, it will be efficient to replace Bi
cations (standard atomic weight 209) with isovalent La
cations (standard atomic weight 139) in BiFeOs-based
nanocomposites. Thus, in recent years, much attention
has been paid to the effects of such a replacement.

In our previous work, it was found that an increase
in the annealing temperature from 600 to 700 °C
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makes it possible to improve the structural organiza-
tion of bismuth ferrite, since with an increase in ther-
mal mobility, bismuth cations are able to fill defective
vacancies in bismuth ferrite crystallites [5]. It was also
discovered that the formation of bismuth ferrite by
cooling from the melt occurs according to the nucleation
mechanism and further non-isothermal crystallization.
The main idea of this work was to add a small number
of La cations to bismuth ferrite as nucleation centers
for further crystallization.

This paper presents studies of the effect of doping
bismuth ferrite with a small number of La cations on
the crystal structure and thermodynamic properties of
nanocomposites based on BiFeOs.

2. OBJECTS OF STUDY AND EXPERIMENTAL
METHODS

2.1 Objects of Study

The objects of research were samples of bismuth
ferrite (BFO) and bismuth ferrite doped with 7 wt. %
lanthanum cations — (Bio.gsLao.o7)(FeOs) (BLFO). The
samples were synthesized by the sol-gel method, iso-
thermal annealing at a temperature of 600 °C for 1 h,
followed by non-isothermal crystallization upon cooling
to room temperature.

To obtain the samples, the following reagents were
used: bismuth nitrate pentahydrate Bi(NO3)s x 5H20,
iron nitrate nanohydrate Fe(NOs)s x 9H20, lanthanum
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nitrate La(NOs)s, diluted lemon acid CsHsO,, and
glycerol CsHsOs.

The mixture of the total solution was prepared by
mixing the solution of Bi(NO3) (dissolved in deionized
water and in lemon acid CsHsO7) and Fe(NO3)s (dis-
solved in deionized water). Lanthanum nitrate
La(NOs3)s (dissolved in deionized water) was then added
and magnetically stirred at room temperature until a
clear solution was obtained, after which glycerol was
added to the mixture in the required stoichiometry. The
resulting gel was then heated in an oven at a tempera-
ture of 180 °C for 2 h to remove residual water. The
mixture was then heated until all solvents were re-
moved. Further, the obtained substance was annealed
to a muffle furnace at a temperature of 600 °C for 1 h.

2.2 Experimental Methods

SEM/EDS analysis was carried out in high vacuum
using a JEOL JSM 6490LV scanning electron micro-
scope (SEM) coupled with an Oxford INCA energy dis-
persive spectroscopy (EDS) system, comprising Oxford
INCA PentaFETx3 Si(Li) detector and INCA Energy
350 processing software, at 20 kV accelerating voltage,
spot size 50, and 10 mm working distance.

X-ray diffraction data were obtained in 26 scatter-
ing range from 10.04 to 100 °, with a step of 0.04 °, on
an Ulnima4 diffractometer (Ridaku Americas Corporsa-
tion (USA), CuKa radiation, wavelength 1=1.54 A).
X-ray structural analysis and distribution of compo-
nents in the samples were carried out using internal
software and databases of the Ulnima4.

The study of heat capacity and thermodynamic
analysis in the temperature range from 40 to 100 °C
were carried out using a calorimetric module, which is
described in detail earlier [6, 7].

3. RESULTS AND DISCUSSION

SEM images of the studied samples are shown in
Fig. 2 on two scales.

From Fig. 2, it can be seen that the morphology of
BFO and BLFO is similar. All samples have a granular
microstructure with granule sizes from 20 to 100 nm.
To study a smaller scale structure, we investigated the
nanocrystallinity of the samples by the method of XRD
diffraction.

3.1 X-ray Diffraction Study

X-ray diffraction data for BFO and BLFO were ob-
tained in the same 26 scattering range from 10.04 to
100 ° with the same step of 0.04 ° on the diffractometer
Ulnima4 (Fig. 3).

X-ray structural analysis and distribution of com-
ponents in samples were carried out using internal
software and databases of Ulnima4. This program was
used to identify each peak in X-ray scattering curves
and to determine the averaged crystallite parameters
(see Table 1).

Three types of crystallites can be seen on the BFO X-
ray scattering curve (Fig. 3a). These are peaks at small
scattering angles corresponding to BiFeOs crystallites,
which are characterized by the largest averaged volume
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Fig. 2 — SEM images of BFO (a, b) BLFO (c, d)
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Fig. 3 — Experimental curves of X-ray structural data for the
studied samples. BiFeOs is marked as BFO, Bi:FeiOy is
marked as DBFO, bismuth is marked as B, and BiLaFeOs is
marked as BLFO

of the crystal lattice (Table 1), peaks at scattering angles
26 from 32 to 56 °, corresponding to BisFesOg crystallites
with a smaller volume of the crystal lattice (Table 1)
and peaks from bismuth crystallites with the smallest
crystallite sizes.

The level of X-ray scattering for BLFO sample is
much lower than for the initial one (see the scale along
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the ordinate in Fig. 3b). For this sample, we found only
two types of crystallites corresponding to BiLaFeOs and
BisFe4Oo, respectively. Moreover, it was found that the
average volume of BiLaFeOQs3 crystallites is slightly low-
er than the average volume of BFeOs (Table 1) as a
result of the thermodynamically favorable substitution
of bismuth cations by lanthanum cations with a smaller
ionic radius [4, 8, 9].

According to the fundamental theories of X-ray scat-

Table 1 — Parameters of the average crystals lattices
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tering on density fluctuations [10, 11], the total intensi-
ty of X-ray scattering on a sample is proportional to its
heterogeneity and can be calculated from Fig. 3 as:

b 1(20),

20=10,04

1

total —

where I(26) is the intensity of X-ray scattering at each
scattering angle.

Phase | e | aum) | bom) | cm) | a(deg) | B(deg) | 7(des) V?rlgln‘ge’ Crﬁ;ilgzﬁ:;ms
BFO sample
BiFeOs 18 0.57 0.57 1.39 90.0 90.0 120.0 0.452 hexagonal
BizFesOo 14 0.79 0.84 0.60 90.0 90.0 90.0 0.398 rhombohedral
Bismuth 14 0.47 0.47 0.47 90.0 90.0 90.0 0.104 rhombohedral
BLFO sample
BiLaFeOs 15 0.56 0.56 1.38 90.0 90.0 120.0 0.432 hexagonal
Bi2FesO9 11 0.79 0.84 0.60 90.0 90.0 90.0 0.398 rhombohedral
* number of peaks
From a brief analysis of the obtained X-ray scatter- o 15
ing data, the following conclusions can be drawn. 5; ‘ BFO
1. The BFO sample is structurally heterogeneous g 4l
and is characterized by three types of crystallites: =
BiFeOs crystallites, BieFe4Og crystallites and residual © 4L
bismuth crystallites.
2. BiFeOs crystallites correspond to the most inten- 12k
sive peaks (see Fig. 3a).
3. Bi2Fe4Oy crystallites are characterized by peaks 11F
of lower intensity.
4. The smallest residual bismuth crystallites with 10k
dimensions from 0.1 to 0.24 nm correspond to scatter- BLFO
ing angles 26 of more than 60 °. 09 -
5. The addition of lanthanum cations leads to a sig- T T

nificant decrease in the inhomogeneity of nanopowders,
probably due to the filling of structural defects with La
cations in BiFeOs crystals and/or the replacement of Bi
cations by La cations (Fig. 3b).

3.2 Thermodynamic Properties

To analyze the thermodynamic properties of sam-
ples, the specific heat was determined as:

c, - (dQ/dT) _ (dQ/dT), )
m pV

where dQ/dT is the relative heat flow measured using
the calorimetric module [12], m is the sample weight, p
is the sample density, Vis the sample volume.

The total heat during heating of the material is
equal to the sum of the heat spent to increase its tem-
perature dQreating and the heat loss dQuss due to the
presence of structural defects in the material [13]:

dQ = theating + dQloss' (2)

Measurements of the specific heat capacity of the
samples were carried out in the same temperature
range for the convenience and correctness of the fur-
ther analysis (Fig. 5).

40 45 50 55 60 65 70 75 80 85 90 95 100
t,C

Fig. 5 — Temperature dependences of the specific heat capaci-
ty of the studied samples

A significant decrease in the heat capacity of the
BLFO sample relatively to BFO indicates an improve-
ment in the crystal structure due to an increase in the
packing density of crystallites that leads to an increase
in the sample density (see the increase in the denomi-
nator in equation (1)) and also due to a decrease in heat
losses at structural defects (see equation (2)).

The change in the enthalpy of the thermodynamic
system AH during heating from temperature 71 to
temperature T2 was calculated by the following equa-
tion [13, 14]:

T,
AH(T, > Ty) = | C,(T)dT . (3)
T,

The temperature dependences of the change in the
enthalpy of the studied samples are shown in Fig. 6.

Lower enthalpy values of BFLO relative to BFO
mean lower heat losses dQuss at structural defects in
the samples.
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Fig. 6 — Temperature dependences of the enthalpy of the studied
samples
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Fig. 7— Temperature dependences of the entropy of the studied
samples

The change in the entropy was found as [14]:
AS; =AH, IT,. 4)

The entropy of BFO is higher than the entropy of
BLFO (Fig. 7). From a thermodynamic point of view,
this means that the BLFO structure is more ordered.

The change in free energy (or Gibbs energy) (G) was
determined as follows [14]:

AGy =AH,, ~T;-AS; . )
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Bruius isoBanienTHOro saminieHsa kariouie Bi Ha kaTionu La Ha repmoguHamivyHi BiiacTUBOCTI
Ta KPUCTAJIYHY CTPYKTYpPY HAHOKOMIO3UTiB Ha ocuoBi BiFeOs

Bonomumup Honromeii!, Onena @ecenro?, Tamapa Iledpienxo2, Anacracia Kiouex?2,
Ceprisi ITomomapenxro?!, Amna Cemuenko3, Biramit Cigcbrmiid

1 Hauionanvruili mexuiwHuil ynisepcumem Yrpainu «Kuiscokuil nonimexniunull tncmumym
imeni Ieops Cirkopcoroeon, IIpocnexm Ilepemoeu, 37, 03056 Kuis, Yikpaina
2 Inemumym ¢izuku HAH Vrpainu, Bioodisi miscrapoOHoi Hayko80i ma IHHO8AUILHOL OlsibHOCMI, mpaHcgepy
mexHo021L ma 3axucmy inmenexmyanvroi snackocmi, Ilpocnexm Hayru, 46, 03039 Kuis, Ykpaina
3 Tomenvevruil Oepocasrutl yrisepcumem imeni Opanyucrka Cropurnu, eyn. Padancvra, 104,
246019 I'omenw, Binopyco

Po6ora mpucesiuena BuBYeHHIO HaHOKOMIIO3HUTIB BicmyT (epuris (BFO) ra Bicmyr smamran depuris
(BLFO). HocmimkeHo BILIMB 3aMillleHHs KaTioHiB Bi kaTiomamu La Ha KpucTaIiyHy CTPYKTYPY TA TEPMOIH-
HAMIYHI BJIACTHBOCTI pepuTiB BicMyTy. JlaHI KOMIIOSUTH OTpHMAHI 3 JOIOMOIOK CYyYaCHOI'O0 METOHY 30JIb-
reJIb CHHTE3y. 3 J0IOMOroI0 CKaHyo4ol eJeKTpoHHOoI Mikpockormmii (CEM) Gyio BuBYeHO MOPQOJIOTiio HAHO-
KOMITO3UTIB. 3a JaHUMM CKAaHYyI4O0l eJIeKTpoHHOoI Mikpockorrii 3pasku BFO 1 BLFO Bussuiucs momiOHmMm.
Bei 3pasku Maiu 3epHHCTY CTPYKTYpY 3 poamipamu 3epeH Bix 20 mo 100 mm. e osHauae, mo B mMaciaTabi,
oimpmomy 3a 200 HM, Bel 3pasku MOP(OJIOTIYHO HEepOo3pisdHeHl, a IX CTPYKTYPHI 0COOJIHUBOCTI MPOSABIISIOTHCA
Ha piBHAX MeHInoro macmrrady. OQHOYACHO IS JOCIIIPKREHHSI KPUCTAJIIYHOI CTPYKTYPH TA4 BHBYEHHS TeII-
710(I3UYHNUX BJIACTHUBOCTEH OyJIM IIPOBEIEH] PEeHTTeHOCTPYKTYPHUM aHaI3 Ta audepeHIiaabHa CKaHyodYa
KaJIOpUMETpisi. 3 JOIOMOrOI PEHTTeHOCTPYKTYPHOrO aHAJII3y OyJIo IIOKA3aHO HASBHICTD KPUCTAJNTIB 3 PO3-
Mipamu MeHmuMu 3a 1 HM. BeraHoBiieHo, 10 3apofpkeHHsT KPHUCTAJIIB HAHOKOMIIO3WUTIB HA OCHOBl BICMYT
epury BinOyBaerhcs 3a MexaHi3MoM HeizorepMiunoi Kpucrasisarii. [Ipu oxonomrenui spaska BFO yTBO-
PIOIOTHCST KPUCTAIITH TPHOX THUIIB. B pedysiprati 3amimenss kaTioHiB Bi Ha kationu La yrBopoersest 61b11
ofHOpigHA, nBoKoMIoHeHTHA crpykTypa BLFO, mo micturs kpucramm BiLaFeOs ta BizFesOg 3 06’'emom
6sm3pko 0,400 HM3. Takok BHSIBIEHO 3HMKEHHS IIUTOMOI TEIJIOEMHOCT], eHTasIbIIil, eHTpormii Ta eHeprii I'i-
66ca g spaskis BLFO. Taxa moBeminka TepMOIUHAMIYHKX ITAPAMETPIB BKA3ye HA IOJIIIIEHHS CyMICHOCTI
KOMITOHEeHTIB y Kommoautax BLFO 3aBaaxu sMeHIIEHHIO CTPYKTYPHHUX TeeKTiB.

Knrouosi cnosa: ®epurnu Bicmyty, Jlanran, Kpucramiuwmicrs, Tepmoguuamivui Biractusocti, HeogaopigHicTs.
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