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Abstract Using the methods of X-ray phase and DSC

analyses, a correlation is established between ordering/

disordering of the structure of lithium pentaferrite (LPF—

Li0.5Fe2.5O4-d) and its nonstoichiometry with respect to

oxygen. Ferrite specimens with a reduced content of oxygen

were prepared by thermal annealing in vacuum (P = 2 9

10-4 mmHg). It is shown that this treatment results in

oxygen nonstoichiometry and causes a transition of LPF

into a state with random distribution of cations in the crystal

lattice. Using nonisothermal thermogravimetry (TG), the

kinetic dependences of oxygen absorption by the anion-

deficient LPF are investigated within the temperature

interval T = (350–640) �C in the course of its oxidation

annealing in air. The kinetic experiment data are processed

with the Netzsch Thermokinetics software. The oxidation

rate constants, the effective coefficients, and the activation

energy of oxygen diffusion in the material under study are

derived. Their values are in a satisfactory agreement with

those earlier obtained for the lithium–titanium ferrite

ceramic material of the following composition: Li0.649

Fe1.598Ti0.5Zn0.2Mn0.051O4-d. The effective activation

energy of oxygen diffusion in LPF calculated within the

temperature interval T = (350–640) �C is found to be

Ed = 1.88 eV. In its value, it is close to the activation

energy of oxygen diffusion along grain-boundaries in the

lithium–titanium ferrite ceramic material.
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nonstoichiometry � Diffusion � Activation energy

Introduction

Lithium pentaferrite (LPF) (LiFe5O8 or Li0.5Fe2.5O4) is the

simplest basic material for a variety of chemical compo-

sitions of lithium ferrospinels. LPF has the structure of

inverted spinel. Its crystal structure can exist in two forms:

ordered (space group P4332) and disordered (space group

Fd3m) [1–3]. Recently LPF has been in the focus of

investigation with an outlook of its practical application in

electronic devices for microwave engineering [3, 4], as

cathode material for chemical current sources [5], chemical

sensors [6], and solid-state electrolytes [7].

It is well known that for a given cation composition the

properties of a ferrite ceramic material may vary in a wide

range as a function of a number of technological factors

(temperature, composition, and gas medium pressure) [3, 4,

8–11]. This variation is due to a significant influence of

structure imperfection of the oxygen sublattice of oxide

materials on their functional properties.

Generally, ferrospinels do not exhibit ideal stoichiome-

try. Due to the effective course of redox reactions at ele-

vated temperatures ceramic structures can be formed,

which are characterized by either excessive or deficient

oxygen content. This inevitably gives rise to a change in

the charge state of transition metal ions and, hence, the

functional properties of ferrites. This special behavior of

ferrosinels is very promising as concerns a deliberate

control over their electromagnetic properties.

Since oxygen exchange between the ferrite ceramic

materials and the environment has a diffusion nature, the

study of diffusion in these materials becomes increasingly

important both from the fundamental and applied points of

view. There are few works dealing particularly with oxygen

diffusion in lithium ferrospinels [12, 13]. Previously [13],

we investigated the oxidation kinetics of oxygen-deficient
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lithium–titanium ferrite ceramic materials using thermo-

gravimetry (TG). The oxidation rate constants and the

effective coefficients of oxygen diffusion into the ferrites

under study were determined. The values of diffusion

activation energy derived in that work were consistent with

the experimentally obtained [12] activation energy of oxy-

gen diffusion along the grain boundaries in the lithium–

titanium ceramic material.

This work continues the previous investigation. The

purpose of the present study is to experimentally determine

the basic kinetic parameters characterizing the efficiency of

oxidation reactions in LPF. To obtain these data is espe-

cially challenging to get an insight into the character of the

influence that a chemical composition of the cation lattice

of lithium ferrospinels exerts on the processes of their

oxygen exchange with a gas medium.

Experimental procedure

Lithium ferrite was synthesized using a standard ceramic-

manufacturing process from a mixture of initial compo-

nents (Li2CO3 and Fe2O3) of a stoichiometric composition.

The procedure for obtaining synthesized ferrite powders

(SFP) is detailed in [14].

Bismuth trioxide (2 wt%) was added to the powders

thus synthesized. Pellets measuring 18 mm in diameter and

3 mm in thickness were prepared from the resulting mix-

ture, followed by roast-sintering in air at T = 1320 �C for

2 h in a resistance furnace. The heating and cooling rate

was 10 �C/min. This roast-sintering mode yielded the

ceramic material with higher porosity (h & 11%). Accord-

ing to the layer-by-layer measurement of electric conduc-

tivity of the ceramic samples, their higher porosity favored

a more effective and uniform oxidation of the samples,

which occurred during cooling, and yielded the ferrite

material with the highest oxygen saturation.

The sintered ceramic pellets were ground in an agate

mortar. The freshly prepared powders were then screened

through a series of sieves to separate a fraction with the

grain size up to 40 lm. The volume of the resulting frac-

tion was divided into two halves. The first half was left as-

sieved, it was the initial powder termed here as LPF1. The

other part was annealed in vacuum (residual gas pressure

P = 2 9 10-4 mmHg) at T = 800 �C for 2 h to produce

ferrite material with a reduced content of oxygen. This

powder is referred to as LPF2.

The X-ray structure analysis of the powders in question

was performed in an ARL X’tra diffractometer using

monochromatized Cu Ka radiation.

Changes in mass of the samples under study due to their

interaction with the gas medium were registered directly in

the course of thermal treatment using an STA 449 C

Jupiter Analyzer (Netzsch-Geratebau GmbH, Germany)

with the sensitivity of balance 0.1 lg. Use was made of an

Al2O3 crucible shaped as a cup. To ensure accurate base-

line measurements, the crucible was loaded with inert

powdered Al2O3, whose mass was equal to that of the

powder under study. Heating was performed in a linear

mode at the rates 0.5, 1.0, 5.0, and 8.0 �C/min. For the

DSC measurement, the powder sample was heated at a rate

of 50 �C/min.

Experimental results

The first stage of investigation consisted in the X-ray phase

and thermal analyses of the initial state of as-prepared

samples. For the sake of illustration, shown in Fig. 1a and b

are typical X-ray diffraction patterns from the LPF1 and

LPF2 powder samples.

A full-profile analysis of the X-ray patterns using a

Powder Cell 2.4 software demonstrated that the set of

reflections observed in them corresponds to the superpo-

sition of reflections from a single spinel phase. The pres-

ence of high-intensity superstructure reflections in the

diffraction patterns from LPF1 is indicative of ordering of

the lithium spinel structure. These reflexes are indicated by

asterisks in Fig. 1a. This type of ordering was also char-

acteristic for SFP.

No superstructure reflections were observed in the dif-

fraction pattern from LPF2 (Fig. 1b). This implies that

thermal annealing of the powder in vacuum resulted in a

distortion of ion ordering and a transition of LPF into a

state with random cation distribution in the crystal lattice.

Table 1 lists the lattice parameter values (a) of the

materials under study. The values obtained in this work

(a) for SFP and LPF1 are in a satisfactory agreement with

that typical for lithium ferrite with stoichiometric compo-

sition [15, 16]. Note that LPF2 is characterized by a higher

lattice parameter value, which indicates a deficit of oxygen

in this material [13, 15].

In order to determine the level of oxygen nonstoichi-

ometry in different ferrite powder samples, we analyzed

variation of their mass during thermal annealing in air

using TG. The annealing runs were performed as follows.

The analyzed sample was heated to T = 640 �C at a rate of

3.0 �C/min. This was followed by a long isothermal tem-

pering at this temperature till equilibrium with the gas

medium, which was determined from the conservation of

the sample mass in the isothermal stage. According to the

TG analysis, the interaction of lithium ferrite at this tem-

perature is mostly oxidative in character.

The experiments showed that the mass of the SFP and

LPF1 powder samples virtually did not change, while that

of the LPF2 powders increased due to absorption of
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oxygen. Table 1 lists the values of the relative mass

increment and the respective variations of the nonstoichi-

ometry parameter Dd, calculated using the formula

Dd = (Dm/m)�(M/Mo), where Dm is the mass variation

during transition from the initial conditions to the state of

equilibrium with the gas medium, m is the oxide mass

under the initial conditions, M is the molecular mass of the

oxide under study, and Mo is the atomic mass of oxygen.

It is evident from the data listed in Table 1 that the LPF2

powder samples are characterized by nonstoichiometry

with a deficit of oxygen. It is for this reason that heating

gives rise to oxidation of the sample analyzed and results in

an increase of its mass. On the other hand, the mass of the

samples during annealing is maintained constant. This

suggests that SFP and LFP1 have a stoichiometric com-

position with respect to oxygen.

Figure 2a and b presents typical results of a DSC

investigation of lithium ferrites LPF1 and LPF2 under the

conditions of heating (Fig. 2a) and cooling (Fig. 2b). The

dependences in Fig. 2a and b plotted as curves 1, 1*, and 2

were obtained during heating and cooling of the powder

samples in a nitrogen flow. It is evident that in the DSC

curve from the ferrite of a stoichiometric composition

(LPF1) there are two pronounced endothermic peaks

(Fig. 2a, curve 1). Similar data were obtained for SFP.

The weak peak at TC = 627 �C corresponds to a mag-

netic phase transition (ferrimagnetic ? paramagnetic). Its

position serves a characteristic of the Curie temperature.

This is confirmed by the fact that during the TG/DSC

measurements in the magnetic field at this temperature

there is a stepwise increase in the sample mass due to the

destruction of ferromagnetic ordering under the action of

heat [14].

A more pronounced high-temperature peak at T =

747 �C is associated with a phase transition of the ordered

structure of Li0.5Fe2.5O4 into a disordered state (a ? b
phase transition). The value of enthalpy of the a ? b
transition characterizes the degree of ordering of the

structure of lithium spinel. This transition is reversible.

Upon cooling, a reverse b ? a transition is observed and

the exothermic peak appearing in curve 1* (Fig. 2b) cor-

responds to this transition.
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Fig. 1 Diffraction patterns

from lithium pentaferrite. Initial

LPF1 (a) and LPF2 annealed in

vacuum at T = 800 �C

for 2 h (b)

Table 1 Characteristics of lithium pentaferrite with different levels of oxygen nonstoichiometry

Powder sample Dm�m-1/% Dd/% a/Å TK/�C Ta?b/�C Qa?b/J g-1 Qb?a/J g-1

SFP 0 0 8.331 628 752 11.4 12.8

LPF1 0 0 8.3307 627 747 12.8 11.8

LPF2 0.251 0.032 8.334 612 – 0.05 11.5
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When LPF2 samples were investigated using the DSC

method, heating was performed in nitrogen, and subsequent

cooling in both nitrogen and air. From the data depicted in

Fig. 2a (curve 2) it is evident that variation in the oxygen

stoichiometry of lithium ferrite shifts the temperature of its

magnetic phase transition. Note that there is practically no

structural endothermic peak (Fig. 2a, curve 2). It should be

underlined that there was no exothermic peak due to the

b ? a transition either, if the gas medium was not changed

in the cooling stage. On the other hand, if an LFP2 sample

was cooled in air, a strong exothermic peak appeared in the

DSC curve (Fig. 2b, curve 2*), which suggested a transi-

tion of the disordered nonstoichiometric lithium ferrite into

an ordered state (b ? a phase transition). These experi-

mental data unambiguously relate the processes of ordering

and disordering of the LPF structure to its oxygen

stoichiometry.

The values of TC and Ta?b, as well as those of the

enthalpy of structural phase transitions (Qa?b) and Qb?a

for the ferrite powders differing in the content of oxygen

are listed in Table 1. These values for the SFP and LPF1

samples are in a satisfactory agreement with the literature

data obtained for stoichiometric a-Li0.5Fe2.5O4 [16–18].

Our results point to a reduced Curie temperature and a

lower enthalpy of the a ? b phase transition in nonstoi-

chiometric lithium ferrite.

In order to produce lithium ferrite in a disordered state at

room temperature, use is typically made of fast quenching

of the specimens from the sintering temperature (T &
1000 �C) [3, 15, 19]. Our experiments demonstrated that

the same could be achieved by varying the oxygen non-

stoichiometry of lithium ferrite. Below we provide an

interpretation of this phenomenon.

Annealing of ferrite at T [ Ta?b destroys the ordered

distribution of cations in the octahedral positions. If this

treatment is performed at a reduced oxygen pressure, the

concentration of oxygen vacancies is concurrently increased

due to volatilization of oxygen. Upon cooling of ferrite, a

reverse process of ordering proceeds through the stage of

formation of the ordered phase nuclei. There is some liter-

ature data that an increase in nonstoichiometry with respect

to oxygen can significantly prevent nucleation of the ordered

phase [3]. Therefore, even if cooling of nonstoichiometric

lithium ferrite samples is rather slow, their disordered state

could still be maintained given a reduced partial pressure.

This standpoint is quite consistent with the fact that for LPF2

the exothermic heat effect Qb?a during the b ? a transition

was found to exceed the value of Qa?b. This result could be

accounted for by the fact that under heating in a nitrogen

flow and subsequent cooling in air, nonstoichiometric fer-

rites absorb oxygen, which restores their oxygen stoichi-

ometry. It is for this reason that upon cooling the material

readily transits into an ordered state. The degree of ordering

is thus increased, which is indicated by higher values of

Qb?a compared to Qa?b. The series of experiments per-

formed so far provide an idea of the initial state of the

nonstoichiometric LPF material under study.

The next stage of the study consisted in determination of

kinetic parameters and diffusion characteristics of oxygen

absorption in Li0.5Fe2.5O4-d (LPF2). The oxidation

annealing runs were performed within the temperature

interval (400–640) �C.

Using the method of nonisothermal TG we measured the

kinetic changes in the powder sample mass during its

heating at different rates.

Note that similarly to the procedure reported in [13] we

used a combined heating regime that included nonisother-

mal and isothermal stages. The sample in question was

heated at a certain rate from the temperature T = 400 �C to

T = 640 �C. It was then isothermally tempered for a long

time at the latter temperature till equilibrium with the gas

medium, which was determined from the persistent con-

servation of the material mass. The kinetic dependences of
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mass variation of the ferrite powder sample during heating

at different rates are plotted in Fig. 3. The arrows show the

time points of a transition from the nonisothermal heating

mode to the nonisothermal tempering.

The results of this kinetic experiment were processed

using a licensed Netzsch Thermokinetics software devel-

oped specially for the users of devices manufactured by the

Netzsch-Geratebau GmbH. The key points of the software

program are reported in [20].

An analysis showed that the D3F model (Fick’s 3D

diffusion model) provides the most satisfactory description

of the resulting kinetic dependences. The calculated kinetic

parameters are listed in Table 2, and the curves constructed

with these parameters are plotted in Fig. 3.

The algorithm for calculating the diffusion characteris-

tics was described earlier [13]. It consisted of the con-

struction of kinetic dependences of the degree of

transformation a = f(t) for isothermal conditions from the

known reaction-rate constants. This was done using the

Netzsch Thermokinetics software. Parameter a represented

a ratio of the current mass increase to the maximum pos-

sible mass increase, which corresponded to oxidation of the

lithium spinel up to a stoichiometric state.

The reaction of oxidation of lithium ferrite occurred in a

diffusion mode in a single-phase spinel structure. There-

fore, in order to derive the coefficients of oxygen diffusion

in ferrite, the resulting kinetic dependences a = f(t) were

analyzed using the solution to the second Fick’s equation

[21].

a ¼ 1� 6

p2

X1

n¼1

1

n2
exp � np½ �2 D

R2
t

� �
; ð1Þ

where D is the diffusion coefficient, R is the particle radius,

and t is the annealing time.

The calculations have shown that the temperature

dependence of the effective diffusion coefficient is described

by the expression D (cm2/s) = 4.1e-1.88/kT. For comparison,

Table 2 lists the kinetic and diffusion characteristics of

oxygen both for LPF2 and for nonstoichiometric lithium–

titanium ferrite Li0.649Fe1.598Ti0.5Zn0.2Mn0.051O4-d. (Dd =

0.03), which were obtained using the TG method [13].

Despite the considerable differences in chemical com-

positions of these materials, numerical values of the

parameters characterizing the diffusion-controlled oxida-

tion of nonstoichiometric LPF and lithium–titanium spinel

turned out to be quite close.

The effective activation energy of oxygen diffusion

into LPF, calculated for the temperature interval

T = (350–640) �C, was found to be ED = 1.88 eV. In its

value, it is close to the activation energy of oxygen diffusion

along grain boundaries in lithium–titanium ferrite ceramics

[12, 13].

This equality of the parameters characterizing the dif-

fusion-controlled oxidation of nonstoichiometric lithium

ferrites fits well into the concepts of the governing role of

the mechanism of oxygen diffusion along grain boundaries

during their oxidation.

Summary

We have shown in this work that annealing of LPF in

vacuum results in oxygen nonstoichiometry of the material

and its transition into a state with random distribution of

cations in the crystal lattice.

In the temperature interval T = (350–640) �C we have

derived the values of oxidation rate constants and effective

coefficients of oxygen diffusion in nonstoichiometric LPF.

It has been demonstrated that the value of activation

energy of oxygen diffusion in LPF samples is in a satis-

factory agreement with that of the activation energy of

oxygen diffusion along grain boundaries in polycrystalline

lithium ferrites.
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