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Ultrafine sol-gel synthesized iron oxy-hydroxides B-FeOOH was investigated by XRD, TEM, Mossbauer
and impedance spectroscopies and low temperature nitrogen adsorption. The influence of precursor molar
concentration on the material morphology, crystalline and magnetic microstructures was studied. The
model of initial precursors (FeCls-6Hz0) molarity influence on the mesoporous S-FeOOH formation is
proposed. The electrochemistry performance of obtained materials in aqueous electrolyte (1 M Li2SO4) was
tested and lithium ions diffusion coefficients were calculated. The work is aimed to identify the optimal
conditions for obtaining the perspective electrode material for supercapacitors.
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1. INTRODUCTION

Iron oxides and oxy-hydroxides in particular ak-
aganeite f-FeOOH have a great scientific and techno-
logical interest due to its low cost and good stability as
pigments, catalysts, sorbents and ion-exchange materi-
al [1]. The transition to ultrafine materials allows us-
ing size-related properties and expanding the applica-
tion sphere. Superparamagnetic iron oxides and oxy-
hydroxides nanoparticles have been used for magnetic
resonance imaging contrast enhancement, tissue re-
pair, detoxification of biological fluids, hyperthermia,
and drug delivery [2]. Akaganeite with high specific
surface area is an outstanding adsorbent for removal of
various pollutants [3]. Channel-type structure of B-
FeOOH is suitable for reversible intercalation of lithi-
um ion with theoretical discharge capacity about
302 mAh-g-1. Ultrafine B-FeOOH first approbation as
a positive material for lithium secondary cells demon-
strates good lithium intercalation reversibility with a
capacity of about 275 mA-h/g [4]. There are several
reports on S-FeOOH, e.g. about very high capacitance
up to 1400 mAh-g -1 [5], which is caused by a series of
reactions intercalation and  conversion, for-
mation/deformation of solid-state electrolyte interface
layers and interfacial storage. As a result ultrafine
beta-iron oxy-hydroxide is a promising electrode mate-
rial for high-performance hybrid supercapacitor with
the storage mechanism charge via rapid redox reac-
tions on the electrode/electrolyte boundaries [6]. In
view of these applications the obtaining of iron oxy-
hydroxide materials with mesoporous structure and
controlled morphology has a great significance.

In this paper we investigate the influence of syn-
thesis conditions on the structural, morphological and
magnetic properties of ultrafine akaganeite and test
electrochemical performance of these materials in
aqueous electrolyte.

2. EXPERIMENTAL DETAILS
The iron hydroxides S-FeOOH with tunnel struc-
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ture and rod-like morphology was synthesized by con-
trolled hydrolysis and precipitation. In a typical syn-
thesis, 1 M aqueous NaOH was added dropwise into
aqueous FeCls at 55-65 °C with vigorous stirring. Ob-
tained colloidal solutions were kept at 65 °C for 24 h.
The precipitates were collected and washed with deion-
ized water several times and finally dried at 100°C
overnight. Three systems (F1, F2 and F3) were ob-
tained at different FeCls-6H20 molar concentration in
the initial solution (0.1 M, 0.37 M and 0.55 M, respec-
tively).

Diffraction patterns were obtained with DRON-4-07
diffractometer (Cu Ka radiation). Bragg-Brentano ge-
ometry and a Ni Kp-filter were used. A qualitative
analysis was carried out through ICSD structural mod-
els. The structural model for B-FeOOH was based on
the ICSD records #36400. Annealing at vacuum (850-
900 °C for 4 h) of copper powder with an average grain
size of about 50 um was used as reference sample for
the determination of the instrumental peak broaden-
ing. The size of the coherently scattering domains was

calculated by the Scherrer equation: D = _Ki_ , where
pcosf

K is the Scherrer constant (K=0.9), 1 is the wave-
length (0.15405 nm), S is the FWHM (in radians) and 6
is the peak angular position. Pseudo-Voight was used
for profile shape modeling.

The Mossbauer spectra were measured with a MS-
1104Em spectrometer using a 57Co jray source and
calibrated at room temperature with a-Fe as a stand-
ard (line width 0.29 mm/s). The isomer shifts () are
relative to Fe metal. The fitting was performed using
UnivemMs 701 software.

The specific surface area and pore size distribution
were measured by nitrogen adsorption at 77.2K
(Quantachrome NOVA 2200e porosimeter). Before
taking measurements, the samples were degassed at
150 °C for 6-8 h. The specific surface area was deter-
mined by the multipoint BET method. Pore size distri-
bution was determined by BJH method [7].

Electrochemical process at the electrode / electrolyte
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interface was investigated by cyclic voltammetry method
using AUTOLAB Autolab PG-STAT 12/FRA-2 frequency.
Experiments were carried by using standard three-
electrode scheme. The electrolyte was aqueous 1 M
Li2SOy4, platinum and silver chloride electrode was used as
the counter and reference electrodes, respectively a pow-
der electrode. The plate powder electrodes (area about 1.5
cm?, thickness 0.05cm ) were prepared by nickel grid
covering by paste on the base of synthesized materials
including 10 mass % of C.

3. RESULTS AND DISCUSSION

All samples were monophase S-FeOOH (Fig.1). The
increasing of iron-containing precursors causes the
decrease of material crystallinity: the average sizes of
coherent scattering domains (CSD) for F1 sample are
about 15-20 nm, F2 — 5-6 nm calculated from XRD
reflexes broadening. At the same time F3 sample is
close to amorphous.

. F1
s |
(1]
2
2 | F2
2
=

F3

A ﬂ B-FeOOH
4 AN\ Mo J\_;W
10 20 30 40 50 60

Fig. 1. - XRD patterns of S-FeOOH obtained at different
FeCls-6Hz0 molar concentration
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Fig. 2. — Adsorption/desorption  isotherms of [-FeOOH

obtained at different FeCls molarity

Morphological differences between samples were
observed by adsorption porosimetry method. The ad-
sorption isotherm patterns of obtained samples and
correspondent pores size distribution patterns are pre-
sented in Fig. 2 and 3, respectively.

The continuous pore sizes distribution range from
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micropore to mesopore is observed for F1 sample. Me-
sopore size distribution for F1 sample is uniform in the
2-25 nm range and micropore fraction is present. How-
ever, when FeCl3:6H20 molarity increases to 0.37 M
volume adsorbed at low P/P0 is low and total porosity is
less with preferential reduction in mesoporosity, which
indicates pore shrinkage. Low-pressure hysteresis for
this sample may be associated with the change in vol-
ume of the adsorbent for example, the swelling of non-
rigid pores.
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Fig. 3 — Pore size distribution patterns of f-FeOOH obtained
at different FeCls molarity

Microporosity is absent for F2 and a fraction of meso-
pores is retained for 6-16 nm range. The adsorbtion at
high P/P0 (>0.8) is the maximal for this sample — up to
265 cm?/g which is due to dehydroxylation as well as the
possible structural change. F3 sample is characterized the
narrow mesopore distribution in a range 2-10 nm with the
micropore presence (up to 10 %). Therefore, the adsorption
of isotherm shows a perfect Type V behavior accordingly
to empirical classification of hysteresis loops given by
IUPAC and H4 type hysteresis associated with narrow
slit pores [8]. The specific surface areas for F1, F2 and F3
systems were 138, 143 and 190 m2 /g, respectively. The F3
sample is paracrystalline and exhibit a relatively narrow
distribution of pores only in the mesoporous range. [9].

The effect of concentration on the size and morpholo-
gy of particles is shown in Fig. 4: F1 sample consists of
ellipsoidal agglomerates with the sizes about
40x200 nm. Agglomerates were observed for F3 sample
too. At the same time F2 sample is characterized by
separate particles with the average sizes not more than
30 nm. This result is confirmed by Méssbauer method.

Méossbauer spectra of all f-FeOOH samples are
characterized by presence of a dominating doublet
component correspond to absorption by the nucleus of
tetrahedral coordinated ions Fe3* in the high-spin state
(Fig. 5).
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Fig. 4 — TEM images of samples (F1, F2 and F3)
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Fig. 5 — Mossbauer spectra pS-FeOOH obtained at different
FeCls-6H20 molar concentration

The formation of doublet component is the result of
sizes effects and superparamagnetism phenomena [10].
The obtained materials can be represented as systems of
monodomain clusters with fluctuated magnetic mo-
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ments. For particles with uniaxial magnetic anisotropy
the relaxation time 7 of magnetic moments was calcu-

lated accordingly to relationship:z, =7, exp(%j ,

where 75 * 109, V — wave rage volume of the particle,
K — constant of magneto-crystalline uniaxial anisotropy,
T —blocking temperature. At the relaxation time 7 less
the 57Co excited state lifetime (about 10 -7 s) the particle
became paramagnetic. The fluctuations cause the disap-
pearance of magnetic hyperfine splitting at certain com-
bination of V, K and T parameters. The constant of mag-
neto-crystalline anisotropy K of S-FeOOH with fine par-
ticles was about 2.1-103 J/m3 [11]. For spectra obtained
at room temperature (293 K) the transition from mag-
netically ordered state to superparamagnetic will oc-
curred for particles with the sizes less than 15nm
(spherical approach) due comparatively low values of
magneto-crystalline anisotropy. This result agrees with
XRD data about average sizes of CSR.

All experimental spectra are the superposition of the
two doublets with close isomeric shift & (about 0.35-
0.37 mm/s) and different quadrupole splitting A (tab.1,
fig.5). The increasing of quadrupole splitting for minor
component in a range 0.91-1.31 mm/s was observed at
the close values of quadrupole splitting for dominant
component.

Table 1 — Parameters of Mossbauer Spectra for Synthesized
Materials

Sample &, As, “ S,
mm/s mm/s mm/s %
F1 0.353 0.583 0.35 83.5
0.364 1.102 0.37 16.5
Fo 0.348 0.641 0.52 77.9
0.333 0.908 0.45 22.1
F3 0.368 0.620 0.38 68.1
0.362 1.311 0.41 31.9

The presence of two doublets caused by the differ-
ence in near surroundings of >”Fe nuclei located in non-
equivalent crystal positions in the inner and outer parts
of sintered B-FeOOH particles which form mesoporous
grid [12].The ratio between relative areas of these two
doublets depends on the precursor molar concentration
for all samples and it is minimal for F1 sample. Only for
F1 sample it has very broad magnetic component of
Mossbauer spectra so the average particle size is close to
15-20 nm.

We can suggest the following model of precursor’s
molarity impact on of iron oxy-hydroxides nucleation.
The first stage of the material synthesis involves the
FeCls-6H20 salts hydrolysis and [Ti(OHz)e]4* monomers
formation where Fe3* ions are in the octahedral coordi-
nation[13]. Applying the partial charge theory [14], the
hydrolysis ratio h for monomers [Fe(OH)n(OHs)s.n]@n*
as a function of pH was calculated. The hydrolysis
products are monomers [Fe(OH)(OHz)s]3* when the pH
of the reaction medium is less 2. If the pH is about
4 and 7 the hydrolysis leads to the formation of the
[Fe(OH)2(OHz2)4]2* and [Fe(OH)3s(OHz2)s]* complexes,
respectively. For pH>8 the sol consists of
[Fe(OH)4(OHz2)2]® monomers and the conditions of sol
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stability are violated. The aqueous NaOH solution as a
pH regulator was used in our case (final pH was 8.5-
9.0). At this stage the formation of the iron hydroxypol-
ymers due olation interaction between hydrocomplexes
will happen. Bridges formation during oxolation reaction
ends with S-FeOOH structure develops [15]. The ten-
dency to average particle sizes decreasing with the
enlarging of precursor’s molar concentration can be
explained by the peculiarities of a gel formation. Slow
aggregation regime leads to enlarging the quantity of
interacting clusters and particles (reaction limited
cluster aggregation mechanism is dominated). The
increasing of molar concentration at these conditions
causes the sizes decreasing of primary clusters at the
gel formation stage [16]. The decomposition of metal-
organic precursor during the dried gel annealing leads
to mesoporous iron oxide formation with morphological
properties depending on the precursor’s concentration.

CVA technique allows to obtain the information
about the kinetics of the electrode process and mass
transport through electrode/electrolyte (1 M aqueous
Li2SOy4) interface (Fig. 6). The simplest system in-
volves a quasi-reversible redox reaction with single-
electron transfer. The charge-discharge reaction for §-
FeOOH is one electron transfer: p-FeOOH + Li* + e~
> LiFeOOH, where Fe(III) is reduced to Fe(Il) during
discharge and Fe(Il) is reoxidized to Fe(Ill) during
charge. The reaction allow estimate about one lithium
ion reversibly intercalate/deintercalate into/from -
FeOOH structure per formula unit.

There are several stages of the lithium-ion interca-
lation reaction near electrode/lectrolyte interface: lithi-
um-ion diffusion transfer in the electrolyte, Li*-ion
transfer through electrolyte/electrode interface and Lit*-
ion insertion and extraction through active materials.
CV curves (Fig. 6) are characterized of a pair of weak
redox peaks indicating the capacitance are induced both
by Faradaic redox reactions and electric double layer
formation.

The increasing of scan rates leads to the oxidation
and reduction peaks shifting to more positive or
negative potentials, respectively. This indicates
increasing of the electrode internal resistance during
cycling. The specific capacitance of the electrode was

AQ
AU -m

calculated from the CV curves as C= were

u
1 2
AQ =— J- I (U )dU , where C — specific capacitance
14
Ul

(F/g), I - current density (A/em?2 ), Vi and V: is the
potential window (V), v - potential scan rate (mV/s), m
— mass of the electroactive materials (g/cm? ).

The capacitance of the f-FeOOH electrode increases
with the enlarging of material specific surface area
(Fig. 7). A highest specific capacitance of F2 can be
obtained at 1 mV/s — 1 for the F2. When the scan rate
is increased to 50 mV/s the specific capacitance of these
electrode drops to F/g (retain 15 % of its initial value).
For all systems the specific capacitance decreases with
the scan rate increasing which is caused by the
electrolyte ions diffusion limiting at high scan rates.
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Fig. 6 — Cyclic voltammograms at sweep rates 1, 3, 5, 10, 20
mV/s for fFeOOH based electrode (IM Li2SO4 aqueous
solution) spectra f-FeOOH obtained at different FeCls-6H20
molar concentration
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Fig. 7 — Specific capacitance of f-FeOOH electrode as a func-
tion of the scan rates based on the CV curves (1M Li2SO4
aqueous solution) spectra [FeOOH obtained at different
FeCls 6H20 molar concentration

CVA curves at low scan rates are characterized by
redox peaks at 0.60-0.65 V which associated with re-
versible Li* ions intercalation. The reduction peaks
shift negatively and the oxidation peaks shift positively
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with the scan rate increasing. The diffusion coefficient
(D) was calculated from the CVA data using linear
approximation of ip Vs vi2  plot [17]:

i, =2.99x10°(an)"* AACD;/*v'* (where ip — peak current,

v — scan rate, A — the electrode area, o — transfer coeffi-
cient, C — Li-ion molar concentration in electrode, n —
number of electrons transferred in the redox process
(n=1), F — Faraday constant, R — gas constant, T —
temperature. The obtained value of diffusion coefficient
is in a range (1.0-3.0) 10 ~13 cm2-s ~1. This result indi-
cates the 3D-arrangement of intercalated ions during
the intercalation.

4. CONCLUSION

The variation of precursor’s (FeCls-6H20) molar con-
centration during ultrafine f-FeOOH sol-gel synthesis
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allow to obtain the mesoporous superparamagnetic
materials. The growth of precursor’s molarity from
0.10 M to 0.55M leads to average particle sizes de-
creasing and enlarging BET specific surface area in a
range 138-190 m?/g. The pore size distributions and
mesopore relative content depend on the precursor’s
molarity. The synthesized materials can be represented
as systems of monodomain clusters with fluctuated mag-
netic moments. The obtained results are probably
caused by transitions from diffusion limited aggrega-
tion reaction to limited cluster slow aggregation. The
specific capacitances of B-FeOOH samples (calculated
from the CVA data) are about 26-29 F/g. Li* ions diffu-
sion coefficient slightly depends on the scan rate and
changes in a the range of (1.0-3.0) 110 ~13 cm2s — 1.

Yasrpagucnepcusiii f-FeOOH: Biusanue ycinoBuii cuare3a Ha MOP(OIOru4ecKkre, MarHUTHBIE
U JJIEKTPOXMMHYECKHE CBOMCTBA

JI.B. Moxuanxkas!, B.O. Komwobuuckuit!, A.B. I'py6sk2, ®emopuenro C.B.1, C.I. Bopoonén3

1 JIBH3 "[Ipuxkapnamckuli HAUUOHAbHbLIL YHUBepcumem umeru Bacunus Cmeganvika”, yn. Ilesuerko, 57,
76025 Heano-Ppankrosck, Yipauna
2 Hnemumym memannogpusuru um. I.B. Kyporomosa HAH YVrpaumst, yni. Akad. Bepradckozo, 36,
03680 Kues, Ykpauha
3 Cymcruil 2ocyoapcmeerHiil yHugepcumem, yJi. Pumckozo-Kopcarosa, 2, 40007 Cymot, Ykpauna

VavrpagucnepcHsiii oxcurugpookcny skesesa f-FeOOH, cunTe3anpoBaHHEBIN 30JIb-T€JIb METOOM, HICCJIE-
JoBaJM ¢ HoMoInbio peHTreHoBckoit, TEM, Mecc6ayspoBckoil U MMIIEAHCHOM CHEKTPOCKOIINY U HU3KOTE M-
meparypHo# agcopbimu azora. M3ydeHo BiausiHIE MOJISIPHOM KOHIIEHTPAIIUY IIPEKYPCOPOB Ha MOPQOJIOTHIO,
KPHUCTAIJIMYECKYI0 ¥ MATHUTHYI0 MUKPOCTPYKTYpPHI MaTepuasa. [Ipesiosxena Moiess BAUSHUS MOJIIPHOCTH
BerxoaHbx mperypcopoB (FeCls6H20) Ha dopmuposanue mezomopucroctu Sf-FeOOH. IIposeneno amexrpo-
XUMUYECKUE WCCJIEJIOBAHUS IIOJIyYeHHBIX MarepuasoB B BogHoM asekrposure (1 M Li2SO4) u paccunranst
roadurmenTts nuddysun nonos autus. Pabora HanpaBieHa Ha olpeseseHUe ONTUMAIBHBIX YCJIOBUMT s
[OJIy4eHUsI IIePCIEKTUBHOTO MaTeprasa JJisi JIEKTPOJIOB CYIIePKOHIEHCATOPOB.

Kinrouessie cioBa: Oxcuruppoorcun sxesnesa, [-FeOOH, Kpucrannuueckas m mMarHwtHasi CTPyKTypa,

Mopdosorusi, Huksrmyeckas BoJIbTaMIIEPOMETPUS.

Yasrpagucnepcuuit f-FeOOH: ertus ymoB cuHTe3y Ha MOpP¢oJI0TiuHi, MAardiTHI Ta €/1IeKTPOo-
ximivHi BIIacTuBocri

JI.B. Moxuarpkal, B.O. Komobuncekuii!, A.B. I'pyosax2, ®egopuenxo C.B.1, C.I. Bopobitos3

1 JIBH3 "lIpuxapnamcokuli HauioHaivHUtl yHigepcumem imeni Bacuns Cmegpanura”, eyn. Illesuenxa, 57, 76025
Isano-@parkiscvk, Yipaina
2 ITnemumym memanogpisuru im. I.B. Kyporomosa HAH Ykpainu, eyn. Axad. Beprnadcvrozo, 36,
03680 Kuis, YVrpaina
3 Cymcoruil deporcasruli yHigepcumem, 8yi. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

Vasrpagucnepcuuit okcurigpookcus 3amsa f-FeOOH, cunresoBaHwmit 301b-T€JIbH METOIOM, TOCIIIKYBA-
U 3a JomoMoro peHtreHiBcbkoi, TEM, MecbayepiBehbKoi Ta iMII€TaHCHUX CIEKTPOCKOII] Ta HHU3bKOTEMIIe-
partypHOl amcopOirii a3oTy. BuBueHO BIIJIMB MOJISIPHOI KOHIIEHTpAIIll IIPeKypcopiB Ha MOPOJIOTi0, KPUCTAII-
YHy Ta MArHiTHY MIKPOCTPYKTYPH MaTepiajy. 3alpollOHOBAHO MOJIE/b BILINBY MOJISPHOCTI BUXIIHUX IIpe-
rypcopie (FeCls-6H20) na dopmysanus mezonopucrocti S-FeOOH. Ilposeneno enexkrpoxiMivni goctiisxeH-
HsI OTpUMAaHUX MaTepiayie y BogHoMmy eserrposirti (1 M LieSO4) Ta pospaxoBano koedimientu qudysii ioHiB
mitioo. Pobora cripsiMmoBaHa Ha BU3HAYEHHS ONTHMAJIBHUX YMOB JIJISI OJIePKAHHS IIePCIIEKTUBHOTO MaTepiay

JIJIST @JIEKTPO/IIB CYIIePKOH/IEHCATOPIB.

Kirouori cnoea: Oxcurinpooxcny 3amisa, f-FeOOH, Kpucramiuna ra maraitaa crpykrypa, Mopdosoris,

[lurmivyHa BOJIBTAMIIEPOMETPIs.
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