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The effects of metal ions (CuII, NiII, CoII and CrIII ) on the morphology and structure of haematite particles,
produced from a forced hydrolysis reaction of FeCl3–HCl at various concentrations of metal ions ranging from
0–0.8 in Me/(Fe+Me) atomic ratio (XMe), were investigated by various means. Spherical and a few double-spherical
haematite particles were altered to diamond-shaped particles with increase in the concentration of divalent metal
ions accompanied by a reduction of particle size up to XMe=0.8. On the other hand, spherical haematite particles
with a few double-spherical particles were formed for the system doped with CrIII at XCr∏0.04 but no pure
haematite particle was produced above this concentration. TEM and XRD suggested that the haematite particles
formed at XCu∏0.4 and XCr∏0.04 are polycrystalline with an enlarged c edge length in the unit cell, though the
diamond-like particles produced at XCu�0.6 exhibited a single-crystal nature. TG and FTIR indicated that the
haematite particles produced with metal ions are hydrohaematite and contain OH− ions in the lattice. The rate of
phase transformation from b-FeOOH to haematite was closely related to the crystal lattice distortion and the
amounts of the lattice OH− ions which affected the morphology and structure of the haematite particles. Part of the
dopants were incorporated into the particles and were concentrated in the particle surface phase.

The formation mechanism of monodispersed particles has ions on the formation of haematite particles from forced
hydrolysis reaction. This work concerns the influence of vari-become an important point that needs to be satisfactorily
ous types of metal ions on the formation, size, porosity andexplained in colloidal systems, although it has empirically been
surface structures of the haematite particles. The resultsrevealed that the preparation of monodispersed particles places
obtained in the present study will contribute to elucidate thesevere restriction on various parameters, such as the concen-
formation mechanism of characteristic haematite particles withtration of reacting components, pH, temperature, mode of
various morphologies.mixing, type of vessel employed, etc.1–3 Recently, several

investigations have attempted to find answers to this subject
employing haematite (a-Fe2O3) particles with different mor- Experimentalphologies and narrow size distribution, synthesized from a
forced hydrolysis reaction of a FeCl3–HCl solution, developed Preparation procedure of haematite particles
by Matijević et al.1,2,4 It has been revealed that spherical

Haematite particles were prepared by a forced hydrolysis ofhaematite particles were formed via a dissolution–recrystalliz-
FeCl3–HCl aqueous solutions containing various amounts ofation reaction following the classical La Mer mechanism, while
metal ions in essentially the same method as employed inellipsoidal particles produced with small amounts of phosphate
previous work.11–13 A pyrex glass vial containing a 30 cm3ions are formed through an aggregation process from smaller
reaction solution was tightly closed with a Teflon-lined screwprimary particles.5–7 Similar aggregation mechanisms were
cap and heated in a forced conventional air oven at 100 °Calso reported for the formation of cubic particles.8 However,
for 7 days. The ageing period was varied, if necessary, tolittle is known about the formation process and structural
follow the formation mechanism of the particles. The relativecharacter of these uniform particles except for our studies.9,10
concentrations of metal ions, Me/(Fe+Me) atomic ratioWe revealed previously that the cubic (edge length ca. 1.00 mm)
(denoted as XMe), were varied from 0–0.8. The total concen-and large spherical (diameter ca. 0.82 mm) particles are polycry-
trations of metal ions and HCl were fixed at 3.12×10−2 andstalline and are constructed by aggregation of fine ferric oxide
3.20×10−3 mol dm−3, respectively. The condition at XMe=0

hydroxide primary particles.9,10 Recently, we also reported the
provides uniform spherical haematite particles.11–13 Divalent

effect of various types of organic compounds such as amines, CuII, NiII, CoII and trivalent CrIII chloride salts were used as
dimethylformamide (DMF ) and dioxane (DX ) on the precipi- additive metal ions. The precipitates were filtered through a
tation of haematite particles and disclosed the structural 0.2 mm Millipore filter, rinsed with deionized and distilled
character of the characteristic haematite particles pro- water, and dried in an evacuated dryer at room temperature
duced.11–13 Besides these organic additives, it can be further for 16 h. All the chemicals used were guaranteed reagent grade
expected that inorganic metal ions will strongly affect the from Wako Pure Chemical Ltd. and were used without further
forced hydrolysis reaction of FeIII in acidic solution on the purification.
build-up of polynuclear species from mononuclear iron species
and vary the morphology of haematite particles. Metal ions

Characterization of the particlesdoped into the crystal structure of haematite particles will also
offer characteristic valuable properties. Indeed, in the elec- Transmission electron microscopy (TEM), X-ray powder
tronic industry, trace amounts of elements (dopants) such as diffraction ( XRD), in situ FTIR, X-ray photoelectron spec-
Nb and Ge are incorporated in haematite to improve its troscopy ( XPS), adsorption experiments of N2 and H2O,
semiconductor properties.14 Dopants are also added to assist CHN elemental analysis and electrophoretic mobility measure-
the reduction of iron ores.14 However, there are no comprehen- ments were employed to characterize the synthesized haematite

particles. The FeIII, CuII and CrIII concentrations were deter-sive reports in the literature to address the effects of metal
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mined by inductively coupled plasma spectroscopy (ICP) after
dissolving in dilute HCl solution. IR spectra of the particles
embedded in KBr pellets (1 mg in 500 mg KBr) were also
measured in air using an FTIR spectrometer. Details of the
characterization of the particles are given elsewhere.9–13

Results and discussion
Particle texture

To investigate the effect of various metal ions on the formation
of haematite particles, XMe was varied widely from 2.0×10−5
to 0.8. Fig. 1 shows typical TEM micrographs of precipitated
particles after ageing for 7 days with various amounts of CuII
and CrIII. Clearly the shape and size of precipitates vary upon
changing the concentration of CuII; large spherical and a few
large double-spherical, large spherical and small diamond-like,

Fig. 2 Changes of mean particle length (Lp) and crystallite sizes fromand small diamond-like haematite particles were produced at
(104) plane (D104) with XMe. Lp: (#) CuII, (%) NiII, (1) CoII, (6)0∏XCu∏0.2, 0.4∏XCu∏0.6 and XCu=0.8, respectively. It is
CrII. D104: ($) CuII, (+) CrIII.noteworthy that higher concentrations of divalent metal ions

strongly affect the shape and size of haematite particles. A
ions in which no remarkable change in particle shape and sizesimilar morphology change was observed on the addition of
was observed, which establishes that the effect of doping CuIIother divalent metal ions. Hence the effects of divalent metal
and CrIII ions is the same in this region. It should be notedions were thereafter examined using CuII only. On the other
that the haematite formation region of the system doping withhand, no remarkable morphological change was seen on the
CrIII is narrower than those of divalent metal ions. Rod-likesystem doped with CrIII at XCr∏0.04 leading to large spherical
b-FeOOH particles were produced together with large sphericalhaematite particles with a few double-spherical ones. This
haematite particles at 0.05∏XCr∏0.18 and no haematite par-concentration region is in the same doping range used for CuII
ticles precipitated at XCr�0.2. This result indicates that the
inhibitory effect of CrIII ions on the formation of haematite
particles is stronger than that for CuII. Fig. 2 shows the change
of mean particle length (Lp) as a function of XMe . The size of
the particles produced with divalent metal ions abruptly
decreases from ca. 500–600 nm to ca. 100 nm at XMe�0.2,
where the diamond-like haematite particles form, while the Lpof particles precipitated with CrIII remains at ca. 500 nm. All
of the particles shown in Fig. 1 and 2 exhibit the characteristic
XRD pattern of haematite. The crystal structure of haematite
was also confirmed by observation of two skeletal vibration
bands of haematite at 577 and 483 cm−1 in FTIR spectra
using KBr disks.

Rate of phase transformation

As confirmed in our previous studies haematite particles are
formed by a phase transformation reaction from b-FeOOH to
haematite not only in the absence of metal ions but also in
the presence of various organic compounds such as amines,
DMF and DX9–13 as already observed by Matijević and
Scheiner;4 b-FeOOH particles precipitated initially are dis-
solved and recrystallized as haematite. Because the IR bands
of b-FeOOH produced with metal ions are weak and broad
we monitored the IR band due to haematite in the precipitates
formed at various ageing periods over 24 h by the KBr method
to reveal the effect of metal ions on this phase transformation
reaction. Since the rate of transformation was dramatically
varied during the middle of the reaction, we estimated the
half-reaction time (t1/2) which is required to transforming half
of the precipitate into haematite by plotting the relative peak
area intensity of the 577 cm−1 band due to haematite vs. the
ageing time. Here the peak area intensity of haematite after
ageing for 7 days was taken as 100% in each system. Thus the
t1/2 value was determined by monitoring the time required to
reach 50% of the relative peak area intensity of haematite in
each system. The t1/2 values evaluated on the systems doped
with CuII and CrIII are plotted as a function of XMe in Fig. 3.
A minimum for t1/2 occurs for particles produced at XCu=
2.0×10−4 prior to a rapid decrease above XCu=0.4 (open
circles). For CrIII doped systems (filled circles), the variation
of t1/2 is less dramatic than for doping with CuII, with aFig. 1 Typical TEM micrographs of haematite particles produced at

various concentrations of CuII and CrIII. minimum occurring at XCr=2.0×10−3. It is interesting that
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formed [eqn. (2)]

2(PN–OH)+Cu2+A(PN–O)2Cu+2H+ (2)

In the presence of trivalent ions, surface hydroxo species can
be also formed [eqn. (3)]

(PN )FeIII–OH+Cr3++H2OA(PN )FeIII–OCrOH++2H+
(3)

Hence, it is anticipated that dopants may strongly interfere
with the aggregation of PNs (primary particles) and produce
small diamond-like haematite particles. By contrast, in the
presence of high concentrations of metal ions, the enhancement
of aggregation of small PN particles may be anticipated by
reduction of Coulombic repulsion between charged PN par-
ticles. However, Lp dramatically decreases at XCu�0.2 (Fig. 2)

Fig. 3 Changes of half-reaction time of the phase transformation (t1/2) and this opposite result implies that the inhibitory effect of
with ageing time for the systems doped with CuII (#) and CrIII ($) ions. metal ions for aggregation of PNs by forming surface com-

plexes is dominant over the depression of the electric double
layer in bulk solution. Of course, CrIII which has the samethe systems exhibiting slow phase transformation gave large
valency as FeIII can be incorporated into the haematite particlesspherical haematite particles with a few double-spherical ones,
and this subject will be discussed below. Since the abovewhile the fast phase transformation systems led to small
explanation on the particle formation mechanism can bediamond-like particles. This observation is in accord with our
substantiated by other experiments where b-FeOOH and hae-previous results using various amines and DMF; acceleration
matite particles are separately formed, we are currently investi-of phase transformation from b-FeOOH to haematite leads to
gating this subject and a more detailed report will be presentedsmaller diamond-like single-crystal particles.12 However, the
in the future.appearance of minima in the phase transformation reaction at

particular concentrations of CuII and CrIII ions can, as yet, not Chemical composition
be explained.

To discuss the effect of metal ions on the particle formation,
Mechanism of particle formation we assayed the metal contents in the particles [XMe(P)] by

ICP. Table 1 summarizes XMe(P) of the samples produced at
It is well known that cationic mononuclear species various XMe. Unfortunately, XMe(P) of particles produced at
Fe(OH)

x
(H2O)6−x(3−x)+ react with each other to form dinu-

XCu∏2.0×10−2 could not be measured since the CuII content
clear and polynuclear complexes during hydrolysis of FeIII.

was below the detectable limit of ICP. The XMe(P)/XMe ratio
Simultaneously, decomposition of dinuclear and polynuclear revealed that 0.3–1.2% of CuII in the starting solution was
species occurs under acidic conditions, especially at pH<2.15 incorporated into the resulting particles, in contrast to 8–50%
An extensive study of hydrolysis of FeIII in chloride solution of CrIII. This high incorporation of CrIII suggests isomorphous
also revealed conspicuous effects of Cl− on nucleation, growth substitution of CrIII for FeIII. The surface atomic ratios [XMe(S)]
and aggregation of polynuclear species.15 The rates of both

determined by XPS measuring Fe 2p3/2, Cr 2p3/2 and Cu 2p3/2formation and acid decomposition of polynuclear complexes signals, respectively, at 711.0, 577.4 and 935.9 eV are also
are considerably enhanced by Cl−.15–17 This alteration of the listed in Table 1. As expected, XMe(S) rises with an increase in
rate of hydrolysis is one of the reasons why the forced

XMe in solutions, although the XMe(S) values of the materials
hydrolysis reaction of FeCl3–HCl provides various kinds of produced at XCu∏0.6 could not be measured owing to their
morphologically characteristic haematite particles. The chemi-

low content of CuII in the surface phase. Comparing the ratios
cal composition of the polynuclear species, determined by of XMe(S)/XMe(P), XMe(S) is 33–1000 times XMe(P), indicating
Mössbauer spectra of frozen solutions and X-ray powder that metal ions are concentrated in the particle surface phase.
patterns of flocculated polynuclear complexes, is polycationic, Given that the documented escaping depths of electrons in
corresponding to [FeO2/3(OH )4/3(H2O)

x
]
p
(p/3)+.15 Hence, it is XPS of FeIII, CuII and CrIII ions are 0.78, 0.53 and 0.94 nm,20

expected that they coagulate in conjunction with charge com-
the thickness of these surface phases can be regarded as ca.

pensation by chloride ions, to give species such as 1 nm. This high surface metal ion content proves the surface
[FeO2/3(OH)4/3(H2O)

x
Cl1/3]

p
(0.5<x<1.5).15 This fact is sup- complex formation of metal ions with polynuclear surfaces as

ported by the strong effects of Cl− ions on the morphology discussed above [eqn. (1)–(3)].
of the haematite particles. Recently, Bottero et al. also revealed
from synchrotron based X-ray spectroscopy that Cl− ions are Crystal structure
incorporated in the structure of iron() oxyhydroxides and
are easily displaced by OH−,18 supporting an interaction The changes of crystallite sizes (denoted as D104) of the

particles on doping with CuII and CrIII estimated by using thebetween Cl− ions and particles. During the final precipitation
stage, it is plausible to anticipate that aggregation of polynu- Scherrer equation from the half height width of the XRD

peaks due to the (104) plane are shown in Fig. 2 by filledclear species may involve reversible hydrogen bonding between
surface hydroxyl groups. Polynuclear species can be regarded circles and filled triangles, respectively. It can be seen that the

D104 values for both the CuII and CrIII doped systems are ca.as fine ferric oxide hydroxide primary particles as postulated
in our previous work.9,10 100 nm over the whole range of XMe and are smaller than Lp

at XCu∏0.4 though the D104 values of the particles producedIn the presence of metal ions, it is necessary to take into
account the adsorption of metal ions by forming surface at XCu�0.6 are compatible with Lp of the corresponding

particles. This result implies that the particles produced withcomplexes with surface hydroxyl groups of polynuclear com-
plexes (PN) involving the coordination of metal ions and CuII at XCu∏0.4 and those produced with CrIII are polycrystal-

line, while the particles formed at XCu�0.6 can be regardedrelease of protons from the surface,19 e.g., as in eqn. (1)
as a single-crystals.

(PN )FeIII–OH+Cu2+A(PN)FeIII–OCu++H+ (1) To clarify the crystal structure of the particles, unit cell
dimensions of the synthetic haematite particles were measuredThere is also a possibility that surface bidentate complexes are
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Table 1 Properties of haematite particles produced with CuII and CrIII

Me/(Fe+Me)

Me Me/(Fe+Me) in solution XMe Shape In particle XMe(P) In surface XMe(S) XMe(P)/XMe XMe(S)/XMe(P)

Cu 0 Q 0 0 0 0
2×10−5 N — — — —
2×10−4 N

— — — —R
2×10−3 N

Sphere+double sphere
— — — —

2×10−2 N — — — —
0.2 6.0×10−4 — 3.0×10−3 —S
0.4 Sphere+diamond-like 1.6×10−3 — 4.0×10−3 —
0.6 Sphere+diamond-like 3.6×10−3 — 6.0×10−3 —
0.8 Diamond-like 9.3×10−3 0.31 1.2×10−2 33

Cr 2×10−5 Q — 9.6×10−2 — —
2×10−4 N 1.0×10−4 1.0×10−1 0.50 1000
2×10−3 R Sphere+double sphere 5.0×10−4 1.4×10−1 0.25 280
2×10−2 N 2.4×10−3 1.9×10−1 0.12 79
4×10−2 S 3.0×10−3 1.9×10−1 0.08 63

with a highly intense X-ray diffractometer source (45 kV, to the crystal field stabilization energy (CFSE) and the change
in lattice energy is also proposed to influence the tendency of120 mA). The literature values of the unit cell dimensions of

haematite are a=0.5034 and c=1.3752 nm.21 Fig. 4 shows a cations to replace FeIII.24 The enlarged c unit cell length upon
addition of metal ions found in the present study is opposite(open symbols) and c unit cell lengths (filled symbols) of the

particles as a function of XMe for the systems doped with CuII to results from the literature. Wolska and Schwertmann pro-
posed the enlargement of the c unit cell length of haematiteand CrIII. The a unit cell lengths of both the systems in Fig. 4

are almost constant at 0.5038±0.0004 nm, corresponding well particles by considering the replacement of O2− ions with
OH− ions for an Fe3+ deficient species with a general chemicalto the literature unit cell a value while the c unit cell length is

much larger than the literature value for haematite and formula a-Fe2−x/3(OH)
x
O3−x.25 The lattice OH− ions con-

tained in haematite particles are necessary to maintain electri-increases with an increase in XMe and then decrease passing
through a maximum at XCu=2.0×10−4 and XCr=2.0×10−3, cal neutrality of Fe3+ vacancies and such haematite is termed

hydrohaematite. Steinwehr predicted that the crystallographicrespectively. The distortion of the crystal lattice in the c-
direction is much more marked for the systems doped with deviations of oxides produced at low temperature (<100 °C )

are attributed to structural imperfections created by the incor-CuII than with CrIII. This large crystal lattice distortion upon
doping with CuII can be interpreted by a strong Jahn–Teller poration of OH− ions into the structure.26 We also reported

that the particles formed with DMF and DX have enlarged ceffect of CuII; CuII has a tetragonally distorted coordination
sphere in an octahedral coordination. It is interesting that unit cell length and were identified as hydrohaematite.12,13
these maxima of c coincide with the minima of t1/2 in Fig. 3,
indicating that the particles produced with a fast phase trans- IR spectra in vacuo
formation rate have an enlarged c unit cell length except for

Fig. 5 shows IR spectra in the OH stretching region of thethe single-crystal samples produced at XCu�0.6. Cation substi-
materials pasted on a thin glass plate. These spectra weretution in haematite is also reported in the literature.21 Although
recorded in vacuo at room temperature after evacuation atthe radius of AlIII (0.0535 nm) is 17% smaller than FeIII
100 °C for 2 h and were obtained by subtracting the spectrum(0.0645 nm), it was reported that up to 1/6 of the Fe positions

of haematite produced below 100 °C can be replaced by AlIII 22
and can be explained by the isostructural nature of these metal
oxides (a-Fe2O3 and a-Al2O3). On the other hand, CuII is
hardly incorporated into the haematite lattice.23 This difference
is probably due to the strong Jahn-Teller effect of CuII
(0.073 nm) as mentioned above. The unit cell length a linearly
decreased with incorporation of AlIII whereas c remained
essentially invariant. In addition to the difference of ionic
radius and valency, the contribution by substituting cations

Fig. 5 In situ IR spectra of haematite particles produced with various
concentrations of CuII and CrIII. XCu: (a) 0, (b) 2.0×10−5,
(c) 2.0×10−4, (d) 2.0×10−3, (e) 2.0×10−2, (f ) 0.2, (g) 0.4, (h) 0.6,

Fig. 4 Changes of unit cell dimensions of haematite particles with (i) 0.8. XCr: (a∞) 0, (b∞) 2.0×10−5, (c∞) 2.0×10−4, (d∞) 2.0×10−3,
(e∞) 2.0×10−2, (f ∞) 0.04.XMe. (#, %) a, ($, &) c; (#, $) CuII, (%, &) CrIII.
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Fig. 6 Changes of the area intensity of inner OH− band with XMe.(#) CuII, (%) CrIII.

of the glass plate. An absorption band centered at ca.
3400 cm−1 was observed for all the materials. We found similar
peaks not only on the characteristic haematite particles with
spherical, cubic, and diamond-like shapes9,10 but also on the
particles produced with amines,11 DMF12 and DX13 and

Fig. 7 Change of specific surface areas of the haematite particlesassigned the band to OH− ions included in the particles. We
produced with various concentrations of CuII (A, A∞) and CrIII ionscan deduce, therefore, that the 3400 cm−1 band observed in
(B, B∞) from nitrogen (SN

2

) and water (SH
2
O) adsorption experiments

the present study is derived from the same origin, supporting as a function of outgassing temperature. (A, A∞) XCu: (#) 0,
the existence of lattice OH− ions in the particles. Fig. 6 (%) 2.0×10−5, (1) 2.0×10−4, (6) 2.0×10−3, (( ) 2.0×10−2,
compares the area intensity of the lattice OH− bands of the (+) 0.2, (×) 0.4, ($) 0.6, (&) 0.8. (B, B∞) XCr: (#) 0, (%) 2.0×10−5,

(1) 2.0×10−4, (6) 2.0×10−3, (( ) 2.0×10−2, (u) 0.04.particles pasted on the glass plate as a function of XMe. It is
clear that the amount of OH− ions incorporated in the lattice
of the particles produced with CuII and CrIII shows maxima at indicates that the particles produced with CrIII are more highly
XCu=2.0×10−4 and XCr=2.0×10−4 . These maxima are fairly crystallized than those precipitated with CuII, in accord with
in accord with the concentrations of metal ions which exhibit the results of lattice parameter measurements (Fig. 4).
the largest c unit cell length for each system in Fig. 4 (XCu= Fig. 8 shows characteristic t-plots for particles outgassed at
2.0×10−4 and XCr=2.0×10−3), however, the maximum con- 100 °C. The t-plots of all the particles are made up of straight
centration of CrIII in Fig. 6 is shifted to lower concentration lines passing through the origin at a low pressure branch up
by one order of magnitude. to t=0.3–0.5 nm but the plots deviate upward above this

point by capillary condensation, implying that these particles
Gas adsorption produce mesopores.28 The voids between primary particles in

the secondary aggregated particles probably constitute a meso-Gas adsorption measurement has been addressed in previous
work from our laboratory to gain information on the crystal-
linity and porosity of colloidal particles. Hence, we conducted
N2 and H2O adsorption experiments on haematite particles
by changing the outgassing temperature (OT ) of the samples.
All the obtained adsorption isotherms were of type II in the
IUPAC classification.26 Then we evaluated the specific surface
areas from the adsorption isotherms of N2 and H2O, denoted
as SN

2

and SH
2
O, by fitting to the BET equation and using the

cross-sectional areas of 0.162 and 0.108 nm2 of N2 and H2O
molecules, respectively.27 The SN

2

and SH
2
O values of the CuII

and CrIII doped systems are plotted as a function of OT in
Fig. 7. The specific surface areas (Sg) of the particles calculated
from each particle size using the density of haematite
(5.26 g cm−3) are 1–6 m2 g−1 . Clearly, as seen in Fig. 7, SN

2and SH
2
O values of all the haematite particles produced with

metal ions are much larger than the Sg values, suggesting that
these particles are porous. This result strongly implies that the
haematite particles examined are constructed by aggregation
of polynuclear species as discussed above and underlined in
our previous work.9 Another finding in Fig. 7(A), (A∞) is that
the SN

2

and SH
2
O values of the particles produced at XCu∏0.4

vary by elevating the OT (open symbols), but those of the
particles formed at XCu�0.6 show almost constant value (filled
symbols), indicating that the crystallinity of the latter particles
is higher than that of the former particles. This result indicates

Fig. 8 t-plot curves of haematite particles produced with variousthat the latter particles have a single-crystal nature as suggested
concentrations of (A) CuII and (B) CrIII ions and outgassed at 100 °C.in Fig. 2 and 4. Similar results were also observed on the (A) XCu: (#) 0, (%) 2.0×10−5, (1) 2.0×10−4, (6) 2.0×10−3,

system doped with CrIII as shown in Fig. 7(B), (B∞). However, (( ) 2.0×10−2, (2) 0.2, ($) 0.4, (&) 0.6, (+) 0.8. (B) XCr: (#) 0,
the variation of SN

2

and SH
2
O values with OT is less marked (%) 2.0×10−5, (1) 2.0×10−4, (6) 2.0×10−3, (( ) 2.0×10−2,

(2) 0.04.than that observed with the CuII doped system. This result
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formation rate from b-FeOOH to haematite by the addition
of metal ions was suggested to be closely related to the crystal
lattice distortion and amounts of the lattice OH− ions with
various morphologies and structure. Part of the dopant is
principally incorporated into the surface of the particles.
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