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In this work, ultrafine powders of B-FeOOH and FesOa (specific surface area values are 101 and 135 m?/g,
respectively) have been obtained by precipitation method. Frequency dependences of electrical conductivity was
analyzed in the temperature range of 20 - 150 °C. It has been found that the both materials show a superlinear
behavior of the frequency dependent electrical conductivity. The values of activation energies for direct current
conductivity, cross-over frequency for the electrical conductivity described by Jonscher power law and the
superlinear law are 0.55, 0.51 and 0.16 eV for B-FeOOH and 0.22, 0.21 and 0.1 eV for FesOas, respectively.
According to cyclic voltammetry (scan rate in the range of 1-50 mV/s) B-FeOOH material shows a specific
capacitance up to 80 F/g, while the one for the FesOs material is about 32 F/g. Galvanostatic cycling
measurements have been done for discharge currents of 0.05 - 0.25 A/g. The specific energy and power of about
8 W h/kg and 20 W/kg were achieved for the B-FeOOH material when FesO4 material demonstrate the specific
power only up to 3.5 W/kg.
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Introduction conductivity is investigated. When approximating the
frequency dependences of the real parts of the electrical
conductivity by Jonscher power law, an exponent n>1 is
obtained, which indicates superlinear behavior. The
obtained iron oxides were tested as an electrode material
for supercapacitors.

Nowadays the improvement of power and energy
characteristics of energy storage devices is the important
problem, as well as reducing the cost of manufacturing
using environmentally friendly materials that can be
implemented using large capacities of materials,
increasing the cell voltage. Supercapacitors are ; ;
considered a good solution in the field of electricity l Experlment technlque
storage due to their attractive characteristics, such as long .
charge-discharge life, low equivalent series resistance _Ultrafme B'F?QOH and _Fe304 povx_/ders were
(ESR), and high power density [[2]]. Oxides and obtal_ned by precipitation _of iron salt_s in- aqueous
oxihydroxides of iron are a good solution to meet all the ~ Solutions. -FEOOH material was obtained using an

above requirements. Iron oxides have two mechanisms of ~ adueous solution of FeCls-6H,0. The pH = 6.0 - 6.5 was
charge  accumulation: EDL  capacitance  and monitored by the addition of 25% ammonium hydroxide

pseudocapacitance [2]. (NH4OH). FesO4 was obtained using agqueous solutions
In this work, ultrafine p-FeOOH and FesOs were of FeCl3-6H,O and FeCl;-4H,0 under the condition of

obtained. The temperature dependence of electrical ~ the ratio Fe*"/Fe**=1/2. Then 25% ammonium
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hydroxide was added to reaction medium and pH = 10.5 -
11.0. Both solutions were kept at 65°C for 24 h,
centrifuged, washed with distilled water and dried at 85 -
95°C to constant weight. B-FeEOOH and FesOs4 were
marked as S1 and S2, respectively.

X-ray diffraction analysis. The crystallographic
analysis of the samples was performed by XRD powder
method using DRON-3.0 diffractometer, equipped with
Cu (K) radiation. A continuous scan was used to collect
20 data from 10 to 60 degrees, to determine the crystal
structure of the samples. “FullProf” software was used to
analyze the XRD patterns.

Porosity of the samples was investigated by nitrogen
adsorption method using NOVA Quantachrome 2200e
adsorption analyzer. Specific surface area values were
calculated by BET method.

The impedance measurements on the B-FeOOH and
Fes04 samples were carried out in the temperature range
of (20-150) °C wusing Autolab PGSTATI12/FRA-2
spectrometer (frequency of 0.01-100 kHz). The samples
were prepared by forming cylinders with a height of
0.3cm and a cross-sectional area of 2.54 cm? and
pressing (the load of 60 kN, used press P-10).

Optical absorption spectra in the wavelength range
of 200-700 nm were obtained at room temperature
using ULAB 102 UV spectrophotometer.

Cyclic voltammetry and galvanostatic measurements
were carried on Autolab PGSTAT/FRA2 workstation
using a three-electrode circuit. 1M Li»,SO4 solution was
used as electrolyte. The cell consisted of a working
electrode, a reference electrode (Ag/AgCl) and a counter
electrode (platinum metal). The working electrode
consisted of 85 wt.% active material, 10 wt.% acetylene
carbon black and 5 wt.% polyvinylidene fluoride in
N-methylpyrrolidone applied to a nickel mesh.
Electrochemical studies were performed in the potential
range from -0.85t0 -0.1 V.

I1. Results and Discussion

-FeOOH and Fe30,4 powders with tunnel and spinel
structure, respectively, were obtained by precipitation
method. A similar synthesis method is described in [3]
According to XRD analysis, the material S1 has a
structural ordering for B-FeOOH (JCPDS #34-1266) [4].
Compared to the (400) and (211) reflexes, (310) reflex
broadening is observed. This fact may indicate rod-
shaped particles with an akaganeite structure [5]. For S2,
material the XRD pattern indicates a state close to
amorphous with a hint of spinel structure as it is
evidenced by the maximum intensity of (311) reflex [6]
(Fig. 1).

Fig. 2. shows the frequency dependences of the
specific electrical conductivity and the frequency
dependences of the real electrical conductivity
component (in the temperature range of 20 - 150 °C) for
the B-FeOOH and Fe3O4 samples. For S1 material, the
electrical conductivity increases monotonously (to a
frequency values of 10% - 10° Hz) with increasing current
frequency for real part of electrical conductivity and total
electrical conductivity. At the same time the frequency
dependences of the total electrical conductivity for the
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Fig. 1. XRD patterns of materials of S1 and S2
systems.

sample S2 are characterized by a peak at certain
frequencies for each temperature value (Fig. 2b.).

Both samples have a nonlinear temperature
dependence of the electrical conductivity. For sample S1,
the electrical conductivity increases up to temperature of
100 °C and then decreases at the temperature of 150°C
(Fig. 2,a,c). Sample S2 shows the presence of a
maximum at the temperature of 75 °C with a subsequent
decrease in electrical conductivity (Fig. 2, b, d).

For ferrites, the change in temperature affects the
mobility of charge carriers and has almost no effect on
the concentration of such carriers. Charge carriers are
localized on magnetic ions (iron ions). Thus, electrical
conductivity is provided by the exchange of 3d electrons
between Fe?* and Fe®**. The hopping mechanism of
electrical conductivity is predominant. [7].

The frequency dependences of the real part of the
conductivity for the p-FeOOH and FesOs4 were
interpreted using the Jonscher’s power law (JPL) [8]:
o(w)=0, +Aw", Where o, is a frequency independent

component of electrical conductivity, A and n are
constants. The exponent n is a measure of the strength of
the ionic interaction and characterizes the deviation from
the Debye behavior [8]. From JPL fittings the exponent n
of fractal-power law is obtained. A value of 1<n<?2
(Fig. 3) indicates that the sample shows a superlinear
behavior and can be described by superlinear power law
(SPL).

The change of n with temperature characterizes the
change in the degree of interaction of moving ions and
the lattice around them (Fig. 3). The decrease in n with
temperature increasing (at 20-50°C for S1 sample and at
20-100°C for S2 sample) is the evidence that
percolation mechanism of large polarons is predominant
[10]. The change in parameter n can be caused by
localization and delocalization effects of charge carriers.

It is possible under the condition if electrons energy
is less than electrostatic energy, applied to borders
between grains. The formation of Fe3*-O-Fe?* chains
provides the formation of electrical conductivity
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Fig. 2. The ac conductivity (o) dependencies (a, b) and the real part of electrical conductivity (c”) spectra (c, d) for S1
and S2 at different temperatures.
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Fig. 3. Dependence of characteristic parameters (A and n) on the power law of Jonscher on the temperature for 3-
FeOOH (a) and Fes04 (b).

channels for localized d-electrons transitions. described by a modified JPL as:
SPL behavior is the best demonstrated by the o) = Oye A(T)a)n n B(T)a)m )
c

dependences of dielectric losses on frequency ¢&"(f), ) o )
: where ogc is dc conductivity, the second term with n < 1

&' (v) = ——— Where & is the dielectric constant, (@) jqicates the JPL behavior and third term B(T) is
. . ) . . temperature dependent parameter with m > 1 indicates
is an imaginary part of complex dielectric constant. The SPL behavior, due to two level systems [[13]] or low-
presence of minimum in the frequency response energy excitation modes of vibrations [[14]].

separates the JPL and SPL behaviors [[11], [12]] (Fig. 4). Modified law, to describe the real part of ac
When 1<n <2 the conductivity spectra can be conductivity [15]:
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where, wp1 IS cross-over frequency from dc to JPL and
wpz IS cross-over frequency from JPL to SPL. The
temperature dependences of oqc, ®wp1 and wp2 Show
Arrhenius behavior as follow:

GdcT =0y exp(—EdC / kBT) 3)
@1 = “’Olexr’(_Epl IkgT) @)
a)p2 =, exp(—Ep2 / kBT) (5)

where T is an absolute temperature, Eqc, Ep1 and Ep; are
activation energy at constant electrical conductivity,
cross-over frequency for JPL and cross-over frequency
for SPL, respectively, kg is Boltzmann’s constant.
According to Coupe's theory [16],[17], the electrical
conductivity of ferrites shows a dispersion at frequencies
above 10* Hz, which indicates the presence of grains
with high electrical conductivity, and intergranular
boundaries with a high resistance value. The hopping

energy can be calculated as:W,, = E,+ E,,where Ep is

a thermal energy of motion activation E; is an activation
energy of electrical conductivity according to the band
theory of semiconductors, which is calculated by the

Arrhenius  equation: 5 (T)=¢, exp[— E;_} The
hopping energy W, coincides with the energy Egc of the
transition from dc to JPL. The frequency wp1 was
determined from Inc vs Inf plot (Fig. 5). Where oy is the
point of intersection of two linear areas (shown by
dashed lines) as in [18].

The cross-over frequency wp: for the material FezOs,
coincides with the peak frequency of total electrical
conductivity in Fig.2 b. The cross-over frequency mp2
was determined from frequency dependence of dielectric
loss (the minimum in the plot) (Fig. 4.).

All  Arrhenius plots were linearized in the
temperature range of 20-100°C for material B-FeOOH
and 20-75°C for material FesO4 (Fig. 6, a, ¢) and (Fig.
6, b, d). The calculated energies Wn, Ec, Edc, Ep1, Ep
are given in Table 2.

The authors [19] obtained similar relationships
between the values of activation energies Egc, Ep1 and
Epz.
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Fig. 4. Frequency dependence of dielectric loss for B-FeOOH (a) and FesO. (b) at different temperatures; the
presence of minimum in the frequency response separates the JPL and SPL behaviors.
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Fig. 5. Frequency dependence of electrical

conductivity for sample S1 at 50 °C (the same data as
in Fig. 1), which demonstrates the frequency of
transition from constant electrical conductivity to the
JPL area and to the SPL area.

Table 1

The cross-over frequency wp1 and wp for samples -
FeOOH and FesOq4

®p1, Hz ®p1, Wp2, Hz ®p2,

Tempoecrature, B H b H
FeOOH | Fe30s | FeOOH | Fes04

20 3,4 72 272 3727

50 12,3 139 480 5180

75 268 7197

100 255 27 1096 1000

150 55 2,4 630 372
Table 2

Activation energies obtained from Arrhenius plots
for B-FeOOH and Fes04 materials

Sample | Wh, Eqc =) Er2
B-
FeOO 0.55eB | 0.52eB | 0.51eB | 0.16¢B
Fes04 0.22eB | 0.19¢B 0.21 eB 0.1eB
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Fig. 6. Arrhenius behavior of hopping mechanism of charge transfer and of cross-over frequency from dc to JPL and
from JPL to SPL for B-FeOOH and FezO4 samples.
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Fig. 7. — Determination of the optical band gap energy for direct transition ngt for S1 and S2.

The behavior of SPL is theoretically described by the
double asymmetric potential well (ADWP) model.
Standard ADWP is used in the field of low frequencies
and low temperatures [20]. However, the authors of [21]
noted that it is applicable at high temperatures. It is based
on the assumption that in the system a group of
atoms/ions occupies one of the two non-equivalent
energy positions. The activation energies Ep; and Ep; are
the energy of the height of the energy barriers of the
asymmetric well, and their difference is the energy of
asymmetry.

The band gap width energy E, for S1 and S2
samples was calculated from the Tauc model. The
exponential dependence of the adsorption coefficient a
corresponds to the empirical equation:
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const
a =

- Eg]™ 6)

where h is Planck's constant, v is frequency of incident
light, m = 1/2 i 2 for direct and for indirect transition,
respectively. By plotting (ahv)? as a function of photon

energy (hv), the optical energy band gap for direct ngt

transition was determined. For S1sample, the band gap is
3.39 eV, which is more than the band gap for bulk
akaganeite (Eg about 2.0-2.1 eV [22], [23]). For this
sample there is a direct-band optical transition.

The CVA curves (Fig. 8) of the obtained B-FeOOH
electrode have a rectangular shape at low scan rate
values. This indicates the contribution of the PES
mechanism of charge accumulation. As the scan rate
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Fig. 8. CVA of the B-FeOOH/Li,SO4 and Fe30./Li,SO4 systems for scan rates from 1 to 20 mV/s.
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Fig. 9. ip(v*?) dependence for the electrode material
F6304.

increases, the CVA curve transforms into an elliptical
one, which is caused by the contribution of the
pseudocapacitive component. The CVA curves of the
obtained Fe3O. electrode show two slight redox peaks
(anode and cathode), which indicates the process of
Faraday reactions on the electrode surface. Redox
processes in electrolytes are caused by transitions
Fe3*«>Fe?*:

Fe304+8H*+2e'<—>3Fe2*+4HzO

There is a visible growth in peak current densities
with increasing of scan rates, this indicates a sufficient
rate of transport during the redox reaction. While, the
anode peak moves towards higher potentials, and the
cathode peak shifts to lower potential values. The reason
is that with increase in scan rate, the irreversibility of the
process increases.

Fig. 9 shows a linear dependence of iy (v'/?), which
indicates the "depletion™ of the electrode capacitance and
redox surface processes are diffusion-limited. This is
characteristic ~ of  quasi-reversible  electrochemical
reactions described by the Randles-Shevchik equation

[24]: i, = 269x10°n3 2 AscDYA Y2 (at 25 °C), where i is

the peak current, A is an area of working electrode (cm?),
n is a number of electrons, (n=1 for the case of a
reaction Fe3* <> Fe?* ), D is an ion diffusion coefficient
Li* (cm?/s), v is a scan rate (V/s), C is an ion
concentration Li* in the electrolyte. The calculated
diffusion coefficients of Li* ions for the subsurface layer
FesO4 are given in Table 3.

The Figure 10 shows the dependence of the specific
capacitance on the scan rate calculated from CVA for
B-FeOOH and Fe304 materials. The value of the specific
capacitance decreases monotonically. The maximum of

Table 3

Diffusion coefficients at different scan rates

Diffusion Diffusion
Scan rate, coefficient at coefficient at
mV/s discharge process, charge process,
cm?-st cm?st
1 5,55-10°18 4,91-1013
2 8,69-1013 7,68°1013
5 2,19-1012 1,94:1012
10 3,82:1012 3,39-101%2
20 9,2:1012 8.13-1012
90 -
1 —o— 51
80 ® —a—S2
70 - \
60 -
o 50+
[
S 40—-
30-. )
20 \ '\
10“ \.\.\
- \\\
0] 2
0 10 20 30 40 50
v, mV/s

Fig 10. Specific capacitance of the B-FeOOH /Li,SO4
system at scan rates from 1 to 50 mV/s.
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Fig. 12. Charge/discharge curves for 3-FeOOH and Fe;0, at different values of current densities

the specific capacitance is 80 F/g for B-FeOOH and
32 F/g for FesOs at scan rate of 1 mV/s.

The redistribution of the contribution to the total
capacitance of the materials of the EDL capacitance and
the Faraday capacitance was calculated using the ratio:

1 1
> 1 -1
Q:Qv:ao+av 2’ Q :QV:O

+bv2, where Q is total
charge calculated at different values of scan rate

(Q=CmaAU = S , S is the total area of the voltaic
2v

curves), Q,_, is a maximum total charge, Q,_, is a

double layer charge, « and b are constants. The
experimental dependences Q(v'?) and Q(v?) are
approximated by linear functions (Fig.11). The
contribution of EDL capacitance to the total capacity is
44 % and 14 % for S1 and S2, respectively.

Galvanostatic  measurements  (Fig. 12)  were
performed at the applied specific currents of 0.05 A/g -
0.25 A/g, in increments of 0.05 A/g. A slight plateau is
observed in the discharge curve for sample S2 at a
current charge/discharge of 0.05 A/g in the potential
range of -0.5 - -0.6V. This behavior of the discharge
curve is a result contribution of pseudocapacitance and
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meets the recovery process.

The Figure 13 shows the dependence of the specific
capacitance on the discharge current density calculated
from charge/discharge curves of materials 3-FeOOH and
Fes0.. The capacitance of the charge/discharge curves is
calculated by the formula: Cspec = IAt mU, where | is the
direct discharge current, m is the mass of active materials
(9), At is the discharge time, AU is the potential
discharge window. The capacitance of B-FeOOH is
higher than the capacitance of FezOa, which correlates
with the CVA data. The maximum of the specific
capacitance is 104 F/g for B-FeOOH and 46 F/g for
Fes0, at a discharge current density of 0.05 A/g.

Specific energy and specific power are important for
the practical use of materials. The values of specific
energy and average specific power are calculated by:

Espec = CSpeCU 2 /2 and Wspec = Espec /t s Where C

is the capacitance calculated from the galvanostatic
study, U is the range of potentials in which the survey
was performed, t is the discharge time. Material S1 has
higher values of specific energy than material S2. The
maximum specific energy for material S2 is about
8 W h/kg at a value of specific power equal to 20 W/kg.
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Fig. 13. Dependence of specific capacitance for S1 and S2 materials on current density (a) and Ragone plot (b) for S1
and S2 electrodes.

Conclusions

Ultrafine powders of B-FeOOH and FesOs were
obtained by precipitation method, that is identified by
X-rays analysis. Temperature dependences of electrical
conductivity for materials B-FEOOH and FesOs were
investigated. It was established that the frequency
dependences of the electrical conductivity showed
superlinear behavior. It was established that the value
activation energies for dc conduction, cross-over
frequency for JPL and cross-over frequency for SPL
were: Eqc = 0.55eV, En =0.51 eV, Ep =0.16 eV and
Eda. =0.22 eV, Epp = 0.21 eV, Ep = 0.1 eV for B-FeOOH
and Fes04, respectively. Moreover, B-FeOOH and Fe3O4
materials were used as electrode materials. Specific
capacitance for B-FeOOH is equal to 80 F/g at a scan rate
value of 1 mV/s, while the specific capacitance for FezO,
is 32 F/g.
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YabrpagucnepcHi f-FeOOH T1a Fe3Os, oTpumaHi MeTOA0M 0CAIKEHHS:
NOPiBHAJILHUN aHAJI3 eJIEKTPHYHUX TA eJIEKTPOXIMIYHMX BJIACTUBOCTEH

Ulpukapnamcvkuii nayionansuuii yuisepcumem imeni Bacuns Cmeganuxa, Ieano-Dpanxiscok, Yrpaina, e-mail:
liliamokhnatska@gmail.com
2Jgano-Dpanxiecokuii HayioHanbnuil meouynuii yuisepcumem, leano-Dpanxiscox, Yrpaina, banduracristina@gmail.com
3leano-Dpanxiecoxuii nayionansnuil mexuivnuil yuisepcumem nagpmu i 2asy, leano-®Ppanxiscok, Yepaina

VasrpaguctepcHi nopomku B-FEOOH Ta FesOs 3 muromumu miomamu  mosepxui 101 ta 135 M2,
BiJMOBIIHO, OTPUMYBAJIKCA METOOM ocakenHs. YactoTHi 3anesxnocti (1072 - 10° ') nuToMoi mpoBigHOCTI mux
MaTepianiB aHami3yBanmcs B niamazoHi Temmeparyp 20 - 150 °C. BcraHoBneHo, mo o0uaBa MaTepianu
MPOSIBIIIOTh  CYNEPIiHifiHY IOBEIIHKY YacTOTHOI 3aJIe)KHOCTI MUTOMOI mpoBigHOCTi. EHeprii aktuBamii
MIPOBIHOCT] I MOCTIHHOTO CTPYMy, NEpeXoay A0 €JIeKTPUYHOI MPOBITHOCTI, IO OMHCYETHCS CTEIIEHEBUM
3akoHOM J[XKOHIIIepa Ta Mepexoay 0 CYNepliHiifHOT MOBEeIiHKH MPOBiTHOCTI, ckiaagatTts 0,55; 0,511 0,16 eB ta
0,22; 0,21 10,1 eB mns 3paskiB B-FeOOH Ta FesOas, BinmosiaHo. 3a 1aHUMHU HUKIIYHOT TOTSHIIIOMETPIT pH 3MiHi
IIBUIKOCTI CKaHyBaHHs B fiana3oHi Big 1 - 50 MB/c matepian B-FeOOH nemoncTpye mutomy emMHicTh 10 80 D/T,
B TOH yac sk eMHicTh Martepiany Fes3Os csarae 32 ®/r. ['agpBaHOCTATHYHI BHMIpPIOBAHHS MPOBOIIINCH IS
ctpymiB po3psay 0,05 -0,25 A/r. [ns wmatepiamy [-FEOOH nocsraeTbcss MakcHManbHAa MUTOMa EHEPTis
8 BT rox/kr npu 3Ha4eHHi muToMoi rotyxHocti 20 B1/kr, nis marepiany FesOs no 3,5 B1/kr.

KirouoBi cioBa: okcumu 3aniza, CymepiiHiiiHA 3aleXHICTb, eNeKTPOIHMI Marepial, CyrnepKOHAEHCATop,
iMIIeIaHCHA CIIEKTPOCKOIIsI, eJIEKTPOIPOBIIHICTh, IUKIIIYHA BOJIBTAMIIEPOMETPIsl, TUTOMA EMHICTb.
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