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Crystalline spinel quaternary ferrites MxZn1Fe204 (M = Co, Ni; x = 0.2, 0.35, 0.5, 0.65, 0.8) were synthesised through

conventional batch hydrothermal synthesis (HT) at 135°C as well as via continuous flow hydrothermal synthesis (CHFS). The

as prepared compounds were thoroughly characterised from a compositional (ICP-MS, XPS) and structural (XRD) point of

view in order to compare the synthetic approaches and achieve a greater understanding of both how the chosen approach

influences the characteristics of the resulting spinel.

Introduction

Spinel ferrites MFe,;04 are versatile inorganic materials, with
numerous functional properties ranging from magnetic,3 to
dielectric,* > to catalytic®® and beyond, which allow them to find
applications in a wide array of fields. The final properties of the
material can strongly depend on numerous factors, including
composition, size and shape of crystallite as well as pore size
and distribution (in the case of porous ferrites).1012 As a
consequence, the exploration of a wide array of ferrites with
different synthesis routes and parameters, can allow the
discovery of materials with specific characteristics that can be
suited to different applications.’31> As a corollary, when
exploring these synthetic avenues, it is also important to have a
good understanding of how different methodologies and
approaches will influence the characteristics of the synthesised
materials (and therefore, in turn, their functional properties).

Quaternary spinel ferrites (a subset of spinel ferrites, also
known as mixed ferrites, containing two metals (M, M’) and
having chemical formula MxM’14Fe;04) are inorganic crystalline
materials of particular interest, because of the presence of two
metal species (having different electronic configuration) within
the same spinel lattice can give rise to several interesting
magnetic,6 17 electrical!® and catalytic properties.® This allows
applications in a broad variety of fields ranging from CO;
decomposition catalysts,’® 20 to gas sensing!® and several
magnetic devices including spin valves, MRAM and
spintronics.’® Among such ferrites, the zinc spinel ferrite
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ZnFe;04 is a well-known compound with a normal spinel
structure?! (that is to say, Zn" occupies tetrahedral A sites within
the spinel matrix, whereas Fe'" occupies octahedral B sites).?2 By
partially substituting Zn with other metals that have the
tendency to yield inverse (such as Co)23 or partially inverse
spinels (such as Ni),2* changes are generated in its crystal
structure allowing the tuning of the electronic and magnetic
properties of the materials. This allows the preparation of
materials with extremely useful functional properties,
especially in the field of magnetic devices?> 26 due to its well
documented magnetic and dielectric properties.?’-31

Most approaches aiming to prepare mixed ferrites involve
combustion reactions!?- 28 32 or coprecipitation followed by a
heat-treatment step at higher temperatures.1® 18 19, 25 QOther
approaches!? such as solid-state reactions,?> micro-emulsion,33
batch hydrothermal,1®
routes.3> 36

This paper we explore for the first time the synthesis of
crystalline quaternary ferrites CoxZnixFe;04 and NixZnixFe;04
(X =0, 0.2, 0.35, 0.5, 0.65, 0.8, 1) through a low-temperature
conventional batch hydrothermal (HT) synthesis as well as
through continuous hydrothermal flow synthesis (CHFS) under
supercritical conditions. The former approach was adapted

reverse micelle3* and evaporation

from a protocol previously used for the synthesis of binary
ferrites3’: 38 by adding a further metal salt. The CHFS method is
an extremely versatile synthesis approach that
minimal adaption from pre-existing protocols3® with all metal
salt solutions pumped through a single feed. Continuous flow
hydrothermal synthesis (CHFS) is a scalable route for the rapid
synthesis of nano-materials, applicable to a diverse range of
applications. Metal salts are intimately mixed with supercritical
water (T >374 °C, P >22 MPa) in a patented confined jet mixer,
inducing instantaneous mixing of the two fluids, such that the
solubility of the metal source decreases, and the nucleation of
nanoparticles (titanates, ferrites, sulphides etc)
Reaction times are typically <5 s, additionally both nucleation
and growth processes can be controlled and

required

ensues.
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Tab. 1. Solution volumes employed per target compound during batch hydrothermal (HT) synthesis.

Sample name Compound Vsol A (mL) Vsol B (mL) Vsol C (mL)
HTO1 Coo.2Zno.sFe;04 0 2 8
HT02 C00.35ZNn0.65F€204 0 3.5 6.5
HTO3 Coo.5ZNno.sFe;04 0 5 5
HT04 C00.65Zn0.35F€204 0 6.5 3.5
HTO5 Coo.8ZNno.2Fe204 0 8 2
HT06 Nio.2Zno.sFe204 8 2 0
HTO07 Nio.35Zno.esFe204 6.5 3.5 0
HT08 Nio.sZnosFe;04 5 5 0
HT09 Nio.esZno.3sFe204 3.5 6.5 0
HT10 Nio.sZno.2Fe204 2 8 0
HTZn ZnFe;04 10 0 0
HTNi NiFe,04 0 10 0
HTCo CoFe204 0 0 10

Tab. 2. Solution concentrations employed per target compound during continuous flow (CHFS) synthesis. A 0.1 mol-dm-3 concentration of Fe(NOs); was utilised in the metal feed of

all samples.
M Co(NO:s)2 M Ni(NO:s)2

Sample Name Compound M Zn(NOs); (Mol-dm3) (Mol-(dm'3)) (Mol(-dm'3))
CFZn ZnFe;04 0.05 - -
CF01 (Co0.2ZNo.8)Fe204 0.04 0.01 -
CF02 (Coo.35ZNn0.65)Fe204 0.0325 0.0175 -
CF03 (Coo.5Zno.5)Fe204 0.025 0.025 -
CF04 (Coo.65Zn0.35)Fe204 0.0175 0.0325 -
CF05 (Coo.8Zno.2)Fe204 0.01 0.04 -
CFCo CoFe204 - 0.05 -
CF06 (Nio.2Zno.s)Fe204 0.04 - 0.01
CFO7 (Nio.35Zno.65)Fe204 0.0325 - 0.0175
CF08 (Nio.sZno.s)Fe204 0.025 - 0.025
CF09 (Nio.6sZno.35)Fe204 0.0175 - 0.0325
CF10 (Nio.sZno.2)Fe204 0.01 - 0.04
CFNi NiFe,04 - - 0.05

manipulated by varying process parameters, which yields
various benefits over conventional batch hydrothermal
syntheses. The materials resulting from the two synthetic
approaches were thoroughly characterised from a structural
(XRD) and compositional (XPS, ICP-MS) point of view and the
results were evaluated in order to achieve a good comparison
between batch hydrothermal and CHFS hydrothermal
approaches.

Experimental section

Synthesis of M,Zn1..Fe,0, ferrites (M = Ni, Co) via low-
temperature HT synthesis

Reagents were purchased from the following suppliers and used
as-purchased: potassium hydroxide, Fe'' nitrate nonahydrate,
cobalt nitrate hexahydrate, nickel nitrate hexahydrate and zinc
nitrate hexahydrate were purchased from Sigma Aldrich (Milan,
Italy).

HT synthesis of nanoparticles

For the synthesis of the spinel ferrites through batch HT
synthesis, three solutions were prepared: solution A [104.46
mM Fe(NOs)3-(H20)s, 52.23 mM Zn(NOs)s+(H,0)e], solution B
[104.46 mM Fe(NOs)s:(H20)s, 52.23 mM Ni(NO3)s:(H20)s] and
solution C [104.46 mM Fe(NOs)s:(H20)s, 52.23 mM
Co(NOs)3:(H20)e]. Different volumes of each solution were
places in a 23 ml PTFE liner (A255AC Parr Instrument Company)
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according to the stoichiometry of the desired final compound
(Table 1), under stirring.

To each liner, 1 mL of 10 M KOH solution was added under
vigorous stirring. After two further minutes vigorous stirring,
the liners were sealed and placed in mod. 4745 General Purpose
Acid-Digestion Bombs (Parr Instrument Company Parr
Instrument Company). The bombs were placed in an oven at
135 °C for 24 hours. The resulting powders were isolated
through centrifugation at 10 kRPM, washed with deionised
water and dried in an open-air oven at 75 °C.

Synthesis of M,Zn,.xFe,0, ferrites (M = Ni, Co) via CHFS

Reagents were purchased from the following suppliers and used
as-purchased: zinc nitrate hexahydrate, 98% (Sigma Aldrich,
Dorset, UK), iron nitrate nonahydrate, 99+% (Sigma Aldrich,
Dorset, UK), nickel nitrate hydrate, 99.99% (Alfa Aesar,
Lancashire, UK), cobalt nitrate hydrate, 99.99% (Alfa Aesar,
Lancashire, UK), hydrogen peroxide, 30% w/w (Honeywell,
Seelze, Germany) and potassium hydroxide (Fisher Scientific,
Leicestershire, UK).

High-throughput CHFS of nanoparticles

A schematic diagram of the reactor setup is shown in Figure 1.
Two pumps (Primeroyal K, Milton Roy, Pont Saint-Pierre,
France) were used to provide the supercritical water (containing
0.5 M H,0,) and base (1.0 M KOH) feeds at 80 and 40 mL min-1,
respectively (pumps P1 and P3). 10 MQ/cm deionised water,
purified using a Millipore Elix® Essential water purification
system was fed from pump P1 and heated to 450 °C in flow
using a 7 kW custom-built electrical water heater. The metal
precursor feed was pumped by P2, delivering a total flow rate
40 mL min-1. The premixed precursor solutions consisted of the
desired ratios of each metal nitrate precursor, with a total metal
salt concentration of 0.15 M (Table 2). The metal precursor feed
delivered from pump P2 was first mixed with the 1.0 M KOH
base feed in flow (from pump P3), before the combined mixture
was introduced to a stream of supercritical water (from pump
P1) in a patented Confined Jet Mixer (CJM).%° The reaction of
the precursor solutions in the CIM, resulted in the rapid
crystallization of nanoparticles, with a theoretical mixing
temperature of 335 °C, based on the flow rates and
temperatures used. The particle-containing aqueous flow was
cooled to ca. 40 °C using a 1.5 m pipe-in-pipe heat exchange
column, before passing through a back-pressure regulator
(BPR). The resultant nanoparticle slurries were collected in
beakers and were then cleaned by repeated centrifugation and
washing with deionised water until the supernatant had
conductivity below 50 uS/cm as measured using a conductivity
probe (model HI98311, Hanna Instruments, Leighton Buzzard,
UK). The concentrated, cleaned slurry was then freeze-dried by
slowly heating from -60 °C to 25 °C, under a vacuum of < 13 Pa,
over 24 h using a Virtis Genesis 35XL freeze-drier.

Sample characterisation
X-ray photoelectron spectroscopy (XPS)

Samples were investigated by XPS measurements with a ®
5600ci Perkin-Elmer spectrometer, using a standard magnesium

This journal is © The Royal Society of Chemistry 20xx

(Mg Kq) source with an energy of 1253.6 eV operating at 220 W.
The choice to employ a standard Mg source (as opposed to the
more common Al Ky source) was made to avoid the overlap of
Co2p and FelLsM4sMgs peaks (both sets falling in the 775-795 eV
interval with an Al source) and of the Fe2p and CoL;M23Mgss (1P)
peaks (all belonging to the 710-720 eV region).*!

The X-ray source employed was located at 54.7 ° relative to the
analyser axis. The working pressure was < 5-10-% Pa ~10-11 torr.
The calibration was based on the binding energy (B.E.) of the
Aud4f;., line at 83.9 eV with respect to the Fermi level. The
standard deviation for the B.E. values was 0.15 eV. The reported
B.E. were corrected for the B.E. charging effects, assigning the
B.E. value of 284.6 eV to the C1s line of carbon.4% 42 Survey scans
were obtained in the 0-1200 eV range (pass energy 58.7 eV, 0.5
eV/step, 25 ms/step). Detailed scans (11.75-29.35 eV pass
energy, 0.1 eV/step, 50-150 ms/step) were recorded for
relevant regions (O1s, Cls, Fe2p, Co2p, Zn2p). The atomic
composition, after a Shirley-type background subtraction,*3 was
evaluated using the Mulipak Program using sensitivity factors
provided by Perkin Elmer. Assighnment of the peaks was carried
out according to literature data.

Inductively coupled plasma — mass spectrometry (ICP-MS)

ICP-MS analysis was carried out with an Agilent Technologies
7700x ICP-MS (Agilent Technologies International Japan, Ltd.,
Tokyo, Japan). The instrument was equipped with an octupole
collision cell operating in kinetic energy discrimination mode
(used for the removal of polyatomic interferences and argon-
based interferences). Optimal performance was attained by
using the collision cell in He mode. Operating conditions and
data acquisition parameters were chosen according to a
previous work.#* The instrument was tuned daily using a tuning
solution containing 1 pg/L 4°Ce, 7Li, 205TI, and 8% (Agilent
Technologies, UK). A 100 pg/L solution (Aristar, BDH, UK)
containing 115In, prepared in 3.5% HNO;3; (w/w) was used as
internal standard through addition to the sample solution via a
T-junction.

All solutions were prepared in MilliQ ultrapure water obtained
using a Millipore Plus System (Milan, Italy, resistivity 18.2
MOhm cm-1). Multielement standard solutions for calibration
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a) b)
Fig. 1 a) Diagram representing the confined jet mixer CIM. b) Schematic of the CHFS

process, which demonstrates how the heated water from P1 is combined with the
aqueous precursors from P2 and P3 at the CJM mixing point
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Tab. 3. ICP-MS results with recovery values based on expected weight abundance.

Sample Compound Co Yorec Ni %rec Zn Yorec Fe %rec Calculated formula
HTO1 Coo0.2Zno.sFe;04 98 - 100 101 C00.19ZNno.79F€204
HT02 C00.35ZNn0.65F€204 98 - 95 97 C00.35ZNn0.6aF€204
HTO03 Coo.5ZnosFe204 94 - 96 97 Coo.48ZN0.49F€204
HT04 Coo.65ZN0.35F€204 94 - 96 96 Coo.64ZNn0.35F€204
HTO5 Coo.8Zno.2Fe204 98 - 102 100 Coo.78ZNn0.20F€204
HTO06 Nio.2Zno.sFe204 - 96 97 97 Nio.20Zno.soFe204
HTO07 Nio.35Zno.6sFe204 - 89 89 90 Nio.35Zno.c4Fe204
HT08 Nio.sZnosFe204 - 97 99 98 Nio.49Zno.s1Fe204
HT09 Nio.6sZno.3sFe204 - 96 98 97 Nio.6aZno.3sFe204
HT10 Nio.sZno.2Fe,04 - 98 101 98 Nio.goZno.21Fe204
CFO1 Co0.2Zno.sFe;04 102 - 92 99 C00.21ZNn0.74F€204
CF02 C00.35ZNn0.65F€204 102 - 95 96 C00.37ZNno.6aFe204
CF03 Coo.5Zno.sFe;04 101 - 97 100 C00.51ZNn0.49F€204
CF04 C0o0.65ZNn0.35F€204 92 - 81 86 C00.70ZNn0.33F€204
CF05 Coo.8Zno.2Fe204 92 - 87 84 Coo.88ZNno.21F€204
CF07 Nio.35Zno.6sFe204 - 104 100 104 Nio.35Zno.63F€204
CF08 Nio.sZno.sFe204 - 70 66 70 Nio.s0Zno.a7Fe204
CF09 Nio.esZno.3sFe204 - 101 96 102 Nio.64Zno.33Fe204
CF10 Nio.sZno.2Fe204 - 91 89 91 Nio.goZno.2oFe204

aError could not be calculated for this sample, as only one suitable reflection was available

were prepared in 3.5% nitric acid (w/w) by gravimetric serial
dilution at twelve different concentrations (min. 1 ng L™* — max.
100 mg L™1). All regressions were linear with a determination
coefficient (R2) larger than 0.9999.

The internal standard mixture (Agilent, 5183-4681) containing
Bi, Ge, In, Sc, Tb, Y and Li (6) at 10 ug/mL each in 5% HNOs was
used. The internal standard was added to the sample solution
via a T-junction.

Multielement standard solutions for calibration were prepared
by gravimetric serial dilution at five different concentrations
(from 200 pg/L to 1000 pg/L). The solvent used was HNO3 69%
diluted to 5% with MilliQ water. The parameters of the
calibration
nonparametric regression technique.*®

Samples were digested as follows: a suitable amount of sample
(25 mg) was accurately weighed and digested with 3g HNO3 69%
wt. at 100 °C for 2h. The resulting solution was diluted with the
same solvent used for calibrations. The digestion procedure was
repeated 2 times. Each digested solution was diluted to 2
concentration levels and each solution was measured 3 times
with the ICP-MS setup.

X-ray Diffraction (XRD)

Samples were investigated by XRD using a Bragg-Brentano
geometry Panalytical having an
angular accuracy of 0.001° and angular resolution better than

lines were obtained by using the Theil-Sen

Empyrean diffractometer,

0.01 employing the CuK, radiation was used. The X-ray patterns
were collected with a A of 1.5406 A, a 0.013° (26) scan step and
200 seconds per step acquisition time in the 10-80° range. The
profiles were fitted using GSAS-Il software.*® A Chebyschev
function?’” with ten coefficients was used to fit the pattern
baseline, the parameters fitted where the sample displacement
and the unit cell parameter.

Results and discussion

Composition

Synthesised ferrites were firstly analysed compositionally in
order to gain accurate information on the stoichiometry of the
produced materials and, in particular, on how well the synthesis
protocols afforded materials with the intended M/Zn ratio.
Given its ability to detect metal traces down to the ppb range,
the ICP-MS technique was chosen as the ideal method for this
purpose.

Results in Table 3 are expressed in terms of recovery, that is to
say the % amount of a given metal that was detected by the
instrument compared to the expected value (based on the
expected stoichiometry and the mass of the analysed sample).
As can be seen from the above table, most samples showed
excellent agreement with the expected values and high
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Tab. 4. Crystallite sizes of the synthesised samples calculated using Scherrer’s equation on different reflections.

Crystallite size
CHFS Batch
Sample Compound Avg. Size (nm) Sample Compound Avg. Size (nm)

CFO1 C00.2ZNno.sFe204 8.2+1.0 HTO1 C00.2ZNno.sFe>04 7.9+13
CF02 C00.35ZNn0.65F€204 7.7+t14 HT02 C00.35ZNn0.65F€204 7.9+0.5
CF03 Coo.5ZNno.sFe204 6.3+0.7 HTO3 Coo.5ZNno.sFe;0s 7.6+1.9
CF04 C00.65sZNn0.35F€204 5.8+0.8 HTO04 C00.65ZNn0.35F€204 6.4 0.5
CFO5 Coo.8Zno.2Fe204 5.6+0.5 HTO5 C00.8ZNno.2Fe204 9.8+1.0
CF06 Nio.2Zno.sFe204 9.6+0.8 HTO06 Nio.2Zno.sFe204 6.5+0.35
CF07 Nio.35Zno.esFe204 10.8+0.9 HTO07 Nio.35Zno.esFe204 9.0+£2.0
CF08 Nio.sZnosFe204 11.0+0.8 HT08 Nio.sZnosFe204 11.2+0.4
CF09 Nio.6sZno.3sFe204 11.0+0.8 HT09 Nio.6sZno.3sFe204 13.7+1.9
CF10 Nio.sZno.2Fe204 7.8+1.4 HT10 Nio.sZno.2Fe204 148+1.9
CFNi NiFe,04 4.8+0.7 HTNi NiFe,04 31.7+3.3
CFZn ZnFe;04 9.8+1.1 HTZn ZnFe;04 10.7+2.3
CFCo CoFez04 4.50) HTCo CoFe;04 5.7+ 0.2

aError could not be calculated for this sample, as only one suitable reflection was available
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Fig. 2 Refined XRD patterns with fitting residuals (green) of the Co,Zn(;.4Fe;0, series
synthesised in CHFS using GSAS2; inset: detail of the (311) reflection throughout the
same series

recovery values (>80 for all samples and >90% for all except CF4,
CF5 and CF8). Nonconformant recovery values were only found
in samples CFO4 and CFO5, where an excess of cobalt compared
to zinc and iron was found.

Crystal structure

XRD analyses showed that the synthesised compounds are, in
general, monophasic and show a crystallographic pattern
typical of spinels (Figure 2). The crystallographic identification
of the different ferrites is based on the determination of the cell
constant (CC) (deducible from the reflection positions in the
diffraction pattern). Both the CHFS and the HT NixZn(ixFe204
samples show bigger crystallites (Table 4) and higher phase

purity than CoxZn@ixFe;0s. In particular, HT-synthesised
CoFe;04 displays two reflections at 47.2° and 48.2° not relatable
to the spinel crystal phase.

In order to determine if it was possible to insert the substituting
metal in the crystal structure of the spinel, an analysis of how
the CC changed as a function of the nominal composition was
carried out. A linear behaviour is expected according to
Vegard’s law:4®

CCBXA(l-x) = (1 - X)CCA + XCCB (1)
And linearised as displayed in Figures 3 and 44°-52
CCBxA(l-x)= X(CCB- CCA)+CCA (2)

Where CCA(l_x)Bxis the cell constant of the quaternary ferrite, x is
the molar amount of the substituting metal and CC, and CCg
are the cell constants of the pure ZnFe;04 and MFe;04 ternary
ferrites respectively.

The CC vs. x plots of the CHFS synthesised samples are
displayed in Figure 3. The CC of the ternary ZnFe;04 matches
the one reported in the literature>! and a decreasing trend in
the CC vs. substituting metal concentration values was observed
for both CoxZn(1-«Fe;04 and NixZn@xFe20a4. This is consistent
with equation (2), since CC, > CCg both for the cobalt and
nickel ternary ferrites. In particular, the NixZnFe204 series
shows a linear behaviour and a good adherence to literature
data concerning ternary ferrites. A slight discrepancy between
the experimental and literature reported ternary NiFe,O, CC
could however be evidenced (experimental value - 8.327 A
literature value - 8.342 A). The CoxZn;Fe,Os series also
displays the expected negative trend, showing however an
ending-serie point that does not match the value reported for
CoFe;04 at x = 1 (full square in Figure 3). The first four
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Fig. 3 Vegard plot of CHFS prepared samples. The black data points refer to the literature,
whereas the white data points refer to the measured samples.*%-2

Tab. 5 Surface composition (atomic %) of the samples.
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Fig. 4 Vegard plot of HT prepared samples. The black data points refer to the literature,
whereas the white data points refer to the measured samples.*%-2

Retrieved atomic% Expected ratios Retrieved ratios
Sample Expected Formula Co Zn Co/Zn (Co+Zn)/Fe Co/Zn (Co+Zn)/Fe
CFO1 C00.2Zno.sFe;04 7.4 24.7 67.9 0.25 0.50 0.30 0.47
CF02 Co0.35ZNn0.65F€204 10.5 20.2 69.3 0.54 0.50 0.52 0.44
CF03 Coo.5Zno.sFe;04 17.0 13.7 69.2 1.00 0.50 1.24 0.44
CF04 Coo.65ZN0.35F€204 25.5 12.7 61.8 1.86 0.50 2.00 0.62
CFO5 Coo0.8Zno.2Fe204 29.5 6.5 64.1 4.00 0.50 4.57 0.56
CFCo CoFez04 38.9 N/A 61.1 N/A 0.50 N/A 0.64
HTO1 Coo.2ZnogFe204 9.7 40.4 49.9 0.25 0.50 0.24 1.01
HT02 Co00.35ZNo.6sFe204 8.7 31.2 60.1 0.54 0.50 0.28 0.66
HTO3 Coo.5ZnosFe204 15.0 22.9 62.1 1.00 0.50 0.65 0.61
HTO04 Coo.65ZNo.35F€204 21.7 15.5 62.8 1.86 0.50 1.4 0.59
HTO5 Coo.8Zno.2Fe204 28.5 9.5 62.0 4.00 0.50 3.0 0.61
HTCo CoFe;04 34.8 N/A 65.2 N/A 0.50 N/A 0.53

datapoints (0<x<0.5) seem to point to the CC value of FeCo,04
and the last three points end up settling on a CC value similar to
the ternary NiFe;04.

The Vegard plots for the HT synthesised samples are displayed
in Figure 4. The CC of ZnFe,0, was calculated as 8.373 A
compared to the 8.4419 A value reported in literature for pure
ZnFe;04.51 NixZn(1x)Fe204 shows a near-perfect linear behaviour
and the ternary NiFe;O4 CC is in agreement with the one
reported on literature, while CoxZn(1.x)Fe;04 series shows a less
clear behaviour. The CC of the ternary CoFe;04 matches the one
of the iron cobaltite FeCo,0a.

From XRPD diffraction data analysis it emerged that both
methods allowed predictable results in the NixZng,Fe204
series, while a more complex situation was evident for the
CoxZn(1xFe204 series. It is possible to hypothesise a formation
of Co", possibly related to the presence of the Fe'!/Fel!
equilibrium and the presence of H,0, for the CHFS method.
Indeed, the presence of metals in different oxidation states
from the predicted ones in the crystal structure could result in
cell variations that are not consistent with the Vegard plot.

Surface analysis

Due to XRD suggesting the presence of FeCo,0;, in the cobalt
ferrite samples synthesised by CHFS (see below), XPS analyses

6 | J. Name., 2012, 00, 1-3

were carried out on select samples both to investigate whether
this also occurred on the surface and to gain further insight on
surface composition and chemical environments.

As mentioned in the experimental section, a standard Mg
source (as opposed to the more common Al K, source) was
employed in order to avoid the overlap of Co2p and FeL3M4sMgs
peaks (both sets falling in the 775-795 eV interval with an Al
source) and of the Fe2p and ColL;M33Mss (1P) peaks (all
belonging to the 710-720 eV region).*!

Survey scans were initially collected from samples (Figure S1 in
Information) to identify the
chemical species present on the surface; based upon this data,
high resolution multiplex scans were collected focussing on the
regions of interest (i.e. Cls, O1s, Co2p, Fe2p and Zn2p). From
these scans, quantitative information on the samples was
gained (Table 5 reports a quantitative breakdown of the metals
measured on the surface, whereas the results of a more
comprehensive quantitative analysis are reported in Table S2 in
Electronic Supplementary Information).

Concerning the samples synthesised through CHFS, the
measured zinc content is slightly higher than the expected
nominal ratio, whereas the Co+Zn/Fe ratio oscillates around the
expected value of 0.5. In samples prepared through batch
hydrothermal synthesis though, both the zinc content and the

in Electronic Supplementary
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Tab. 6 Corrected binding energies (after surface charging measured for each element).

Sample Sample nature Fe2ps. Fe2ps; Fe2ps; Co2ps/2 Co2ps/2 Co2ps2 Zn2p3)2
(1 (I (1) 0] (m (1)

CFO1 Coo.2Zno.sFe;04 710.4 712.7 718.6 779.6 780.7 787.6 1020.7
CF02 Coo.35Zno.6sFe204 710.5 712.6 718.6 780.0 782.1 786.6 1020.6
CF03 Coo.sZno.sFe;04 710.4 712.4 718.4 780.3 781.6 786.9 1021.0
CF04 Coo.65Zno.3sFe204 710.3 712.5 717.9 780.1 781.7 786.7 1020.7
CF05 Coo.8Zno.2Fe;04 710.2 712.5 718.2 779.9 781.8 787.0 1020.7
CFCo CoFe;04 709.9 712.1 718.4 780.0 782.1 786.5 N/A
HTO1 Coo.2Zno.sFe204 710.6 713.2 718.5 779.5 780.33 1021.0
HT02 Coo.35Zno.6sFe204 710.6 713.2 718.6 780.2 780.6 786.8 1020.9
HTO03 Coo.5Zno.sFe204 710.6 713.4 718.6 780.2 781.2 787.4 1020.9
HT04 Coo.65Zn0.35F€204 710.3 713.2 718.5 779.9 781.6 786.4 1020.7
HTO05 Coo.sZno.2Fe204 710.3 713.0 718.6 779.9 7819 787.0 1020.6
HTCo CoFe;04 710.4 713.1 718.6 780.1 786.5 N/A

Counts/a.u.

795 790 785 780
Binding Energy/eV

Fig. 5 Fitting of the Co2p region for sample CF03 (binding energies corrected for surface
charging)

Counts/a.u.

1050 1045 1040 1035 1030 1025 1020
Binding Energy/eV

Fig. 7 Fitting of the Zn2p region for sample CF03 (binding energies corrected for surface
charging)

Counts/a.u.

T T T T T
735 730 725 720 715
Binding Energy/eV

Fig. 6 Fitting of the Fe2p region for sample CFO3 (binding energies corrected for surface
charging)

Co+Zn/Fe ratios are higher than the expected stoichiometry
would suggest. Though these results differ from the (more
accurate) data obtained via ICP-MS (See Table 3), they can be
ascribed to differences between surface and bulk composition,
as well as to the lower precision in quantitative measurements
afforded by XPS.

The Co2p and Fe2p regions for all samples (as well as the Zn2p
region for the zinc-containing samples) were further analysed
through fitting to gain a more accurate understanding of the
oxidation states of the metals involved (which would in turn
yield important information on the compounds’ composition as
well as afford further insights on their structure and degrees of
inversion).53 54 Binding energy values (after correction for
surface charging based upon the adventitious carbon Cls
binding energy — 284.6 eV)*%- 42 for the fitted components are
reported in Table 6. As the 2p;/; is separated from the 2ps/,
component by a fixed binding energy amount (13.1 eV for Fe2p,

Please do not adjust margins




15.0 eV for Co2p and 23.0 eV for Zn2p)*! the 2p1/2 components
are not reported.

Observed values are in agreement with expectations for spinel
ferrites38 55,56 gnd, as can be seen from Table 6, the influence of
the increasing Zn content is not evident. Unfortunately, very
few reports concerning XPS analysis of Zn-Co quaternary
ferrites were found in literature to compare and reference
these findings.

The Co2p region was fitted with three components, the first two
(I and Il in Table 6) attributed to Co" in different chemical
environments and the third to the Co2ps/, shake-up peak (i.e.
the satellite peak — Co2ps/,, sat in Figure 5). Calculated binding
energies for the fitted components are in agreement with
literature reports for Co' in quaternary Zn-Co spinel ferrites.>”
59 The strong shake-up peak is also a very good indicator of the
presence of Co'", as it would be much weaker in the case of
COIII_GO

The fact that binding energies for all components are equal to
or greater than 779.9 eV suggests an absence of Co'", as
literature reports for FeCo,04 ascribe to the Co"' Co2ps/; peak
binding energies of 779 eV,%7 6L 62 which would make them
easily identifiable. The hypothesis of an absence of Co' is
further reinforced by the relative intensity of the satellite peak,
which is typically less intense in the case of Co'".>?

Like Co2p for, the Fe2p region was fitted with three
components, the first two (I and Il in Table 6) attributed to Fe'"
in different chemical environments and the third to the Fe2ps,,
shake-up peak (i.e. the satellite peak — Fe2ps/,, sat in Figure 6).
The measured binding energy values are similar to those found
in bimetallic spinel ferrites.3® 56 63 Based upon the
aforementioned shift in the Fe2ps/; (1) component binding
energy with increasing Zn content, it can be hypothesised that
this first component is relative to iron in close proximity with
the Zn-substituted sites and therefore subject to the influence
of the compositional variation. No data has been however
found in the literature supporting or confuting this hypothesis.
The absence of Fe' is further reinforced by the position of the
shake-up peak, as in the Fe! peak would have lower binding
energy (6 eV higher than the Fe2ps;,, component,®” 64 unlike in
our samples where the energy difference is over 8 eV). This is
also in agreement with previous data reported in literature for
Zn-Co quaternary ferrites.>?

In all quaternary ferrite samples, the Zn2p peak was fitted with
a single component (Figure 7); measured Zn2ps/; binding energy
values are compatible with of the expected binding energy
(1020.6 eV) for a zinc spinel ferrite,3% 38 this lack of significant
shift in Zn2p binding energy is also consistent with previous
report for Zn-Co quaternary ferrites.>7-5°

Conclusions

Two different hydrothermal synthesis routes (continuous flow
hydrothermal synthesis and low-temperature batch
hydrothermal synthesis) were used to prepare quaternary zinc
ferrites MyZni1xFe>04 (M = Co, Ni; x = 0.2, 0.35, 0.5, 0.65, 0.8).
Both methods afforded nanocrystalline powders. The former
(CHFS) requires higher temperatures and a more complex

8 | J. Name., 2012, 00, 1-3

setup, but is capable of continuous synthesis, and thus can
afford a greater quantity of materials over time. By contrast, the
latter method (HT) is far simpler and less time consuming to
implement, but as a batch method, can only yield a limited mass
of products in a given time span.

Compositional analyses via ICP-MS seem to indicate that the HT
protocol was more successful in affording a good compositional
control over the final products, as the M/Zn ratio was different
from the proposed stoichiometry in the two Co/Zn ferrites
synthesised through CHFS with higher Co content
(Coo.65ZNn0.35F€204 and Cop.sZno.2Fe20a).
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