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Abstract
Magnetic nanocrystals with a narrow size distribution hold promise for many applications in different areas ranging from biomedi-

cine to electronics and energy storage. Herein, the microwave-assisted sol–gel synthesis and thorough characterization of size-

monodisperse zinc ferrite nanoparticles of spherical shape is reported. X-ray diffraction, 57Fe Mössbauer spectroscopy and X-ray

photoelectron spectroscopy all show that the material is both chemically and phase-pure and adopts a partially inverted spinel struc-

ture with Fe3+ ions residing on tetrahedral and octahedral sites according to (Zn0.32Fe0.68)tet[Zn0.68Fe1.32]octO4±δ. Electron micros-

copy and direct-current magnetometry confirm the size uniformity of the nanocrystals, while frequency-dependent alternating-cur-

rent magnetic susceptibility measurements indicate the presence of a superspin glass state with a freezing temperature of about

22 K. Furthermore, as demonstrated by galvanostatic charge–discharge tests and ex situ X-ray absorption near edge structure spec-

troscopy, the as-prepared zinc ferrite nanocrystals can be used as a high-capacity anode material for Li-ion batteries, showing little

capacity fade – after activation – over hundreds of cycles. Overall, in addition to the good material characteristics, it is remarkable

that the microwave-based synthetic route is simple, easily reproducible and scalable.
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Introduction
Spinel ferrites of the general formula MFe2O4 constitute a well-

known class of materials with unique physical and chemical

properties and they hold promise for use in various fields of

nanotechnology [1,2]. One of those properties is magnetism. In

recent years, it has been shown that particularly size-monodis-

perse nanoparticles provide an attractive platform for future

magnetic data storage and theranostics (that is, imaging and

therapy in biomedicine). The challenges and prospects in using

Fe-based nanoparticles for such applications have been de-

scribed in excellent papers elsewhere and will therefore not be

discussed here [3-8]. The magnetic properties of spinel ferrites

are known to be strongly dependent upon their size [9-11]. Part

of the reason for this is that, for example, significant spin

disorder occurs when the particle size is reduced to the

nanometer level. Nevertheless, the cation site occupancy also

plays a central role in the magnetism (exchange interactions)

and usually exhibits a variety among different synthesis

methods. Overall, this means that the magnetic properties

can be tailored to some extent by means of the preparation

conditions.

Furthermore, spinel ferrites have been shown to be capable

of reacting electrochemically with Li to form Li2O and

reduced metal phases [12-14]. However, bulk forms of

these materials have not proven to be of interest for battery

applications because of sluggish conversion reaction kinetics

and fast capacity decay on cycling. Since small-size

particles can better accommodate the strain from the Li inser-

tion, nanocrystallinity seems to be playing the key role to

achieving “good” charge storage characteristics or, in other

words, high performance.

Various synthetic methods to produce single-phase spinel ferrite

nanoparticles have been reported in the literature, including

hydrothermal, mechanochemical and sol–gel routes (to

name but a few) [15-19], and in particular solution-phase

approaches seem promising with respect to exercising control

over size and shape [20,21]. As an example, the preparation of

uniform 4–8 nm diameter MFe2O4 (M = Fe, Co, Mn, Ni)

nanoparticles has been achieved by microwave-assisted

nonaqueous sol–gel synthesis using benzyl alcohol as a high-

boiling solvent [22,23]. Inspired by this work, we show here

that high-quality and size-monodisperse zinc ferrite (referred to

as ZFO in the following) nanocrystals can be produced via

facile microwave synthesis by the use of rac-1-phenylethanol.

1-Phenylethanol exhibits excellent solvent properties –

especially for anhydrous zinc acetate – and therefore

ensures that both salt precursors are completely dissolved, so

that the formation of impurity phases, such as Fe3O4, can be

avoided.

Experimental
Synthesis
In a typical synthesis, anhydrous zinc acetate (91.7 mg, 99.99%,

Sigma-Aldrich) was dissolved by sonication in dry rac-1-

phenylethanol (15 mL, 98%, Sigma-Aldrich). Then, iron(III)

acetylacetonate (353.2 mg, 99.9%, Sigma-Aldrich) was added,

followed by sonication for 5 min. The resulting dark red solu-

tion was transferred to a borosilicate vial (30 mL), sealed with a

screw cap and heated at 200 °C under microwave irradiation for

25 min. The stirring rate was set to 300 rpm. After quenching

with compressed cold air, the ZFO nanoparticles were precipi-

tated by addition of n-pentane and collected by centrifugation,

followed by washing twice with a solution of acetone and

ethanol. Finally, the obtained brown powder was allowed to dry

at room temperature.

Microwave syntheses were performed using both Monowave

300 and Masterwave BTR reactors (f = 2.45 GHz, Anton Paar

Germany GmbH) equipped with either one or two 850 W

magnetrons. The temperature was monitored with a ruby ther-

mometer (fiber-optic probe) placed inside the reaction vial

(Monowave 300) and with an IR sensor (Pt100) mounted at the

bottom of the Masterwave BTR cavity. Pressure sensing was

accomplished by a hydraulic sensor.

Electrode processing
ZFO nanoparticle electrodes were prepared by casting a water

slurry containing 79 wt % ZFO, 11 wt % Super C65 carbon

black additive (Timcal) and 10 wt % Selvol 425 poly(vinyl

alcohol) (Sekisui) onto Cu foil (Gould Electronics), followed by

drying in vacuum at 80 °C for 12 h. The areal loading was

2.4 mgZFO/cm2 on average. Coin-type cells with 600 µm-thick

Li metal foil (Rockwood Lithium Inc.) and glass microfiber

film separator (Whatman, GF/D grade) were assembled

inside an argon-filled glovebox (MBraun) with [O2] and

[H2O] < 1 ppm. The electrolyte was 1 M LiPF6 in fluoro-

ethylene carbonate and ethyl methyl carbonate (1:1 weight

ratio). The cycling performance was evaluated at rates ranging

from C/10 to C/2 (1C = 1000.5 mA/gZFO).

Characterization
Powder X-ray diffraction patterns were recorded on a STOE

diffractometer with a Mo Kα1 radiation source, focusing Ge 111

monochromator and a Dectris Mythen strip detector. Rietveld

refinement was performed by use of the FullProf software.

X-ray photoelectron spectroscopy data were obtained on a

VersaProbe PHI 5000 Scanning ESCA Microprobe from Physi-

cal Electronics with an Al Kα radiation source and a hemispher-

ical electron energy analyzer. The C 1s signal from adventi-

tious hydrocarbon at 284.8 eV was used as the energy reference
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Figure 1: Electron microscopy of as-prepared ZFO nanoparticles. (a) Bright-field TEM image. (b) HRTEM image and (c) SAED pattern demonstrating
the crystallinity. Note that only the most intense diffraction rings are indexed in (c). (d) Relative and cumulative particle size distributions. The red line
is a log-normal fit to the data.

to correct for charging. Mössbauer spectroscopy was per-

formed in transmission geometry using a constant acceleration

spectrometer with a 57Co radiation source embedded in a Rh

matrix. The center shifts are quoted relative to α-Fe foil at room

temperature.  The spectra were analyzed using the

WinNORMOS software [24]. Transmission electron microsco-

py was performed on a Tecnai G2-F20ST microscope (FEI)

operated at 200 keV. The bright-field images were analyzed

using the iTEM software. Thermogravimetric analysis was per-

formed on a Netzsch STA 409 PC. The thermobalance was

coupled to a Balzers QMG 421 quadrupole mass spectrometer.

The ionization energy was 70 eV. Gas chromatography-mass

spectrometry was performed on an Agilent 6890 gas chromato-

graph equipped with an Agilent 5973 MSD. Diffuse reflectance

ultraviolet–visible spectra were collected on a Lambda 750

UV–vis–NIR spectrophotometer (PerkinElmer) equipped with a

Praying Mantis diffuse reflectance accessory. An MPMS XL-5

superconducting quantum interference device magnetometer

(Quantum Design) was used for magnetic susceptibility mea-

surements in the field range from +45 kOe (+4.5 T) to −45 kOe

(−4.5 T). Electrochemical measurements were performed in a

BINDER cooled incubator using a MACCOR Series 4000

cycler (Tulsa). 2D imaging of chemical phase transformations

at the nanoscale by full-field transmission X-ray microscopy

using a Carl Zeiss TXM and the corresponding data treatment

steps are described elsewhere [25]. To determine the oxidation

state of Fe, several different Fe-based compounds were

measured and used as the references. The fitting of X-ray

absorption near edge structure spectra is based on a least-

squares linear combination of reference spectra and was carried

out by use of TXM-XANES Wizard after normalization [26].

The quality of fits was assessed by the misfit factor, R.

Results and Discussion
Highly crystalline ZFO nanoparticles were prepared by micro-

wave-assisted nonaqueous sol–gel synthesis using anhydrous

zinc acetate and iron(III) acetylacetonate as the precursors and

rac-1-phenylethanol as a solvent. Details on the formation

mechanism from gas chromatography-mass spectrometry

(GC-MS) are given in Supporting Information File 1, Figure

S1–S4 and Table S1.

The size and shape of the ZFO nanoparticles was investigated

by means of transmission electron microscopy (TEM). The low-

magnification bright-field TEM image in Figure 1a shows that

they are spherical in shape with a narrow size distribution

around 4 nm. Both high-resolution TEM (HRTEM, Figure 1b)

and selected-area electron diffraction (SAED, Figure 1c)

demonstrate the high crystallinity of the ZFO nanoparticles. In

addition, SAED indicates that the sol–gel derived material is

single-phase and adopts a cubic structure. Figure 1d presents the

size distribution obtained by particle counting from TEM

images. These data can be fitted by a log-normal distribution

with a mean of 3.3 nm and standard deviation of 0.2 nm.

The microstructure of the as-prepared ZFO nanoparticles was

analyzed in more detail by powder X-ray diffraction (XRD).

The XRD pattern in Figure 2 corroborates the SAED results,

showing only reflections characteristic of spinel-type frankli-

nite with  space group (ICDD-JCPDS card no. 22-1012)

[27]. A fit applying a modified Thompson–Cox–Hastings

pseudo-Voigt profile function revealed lattice parameters of

a = b = c = 8.4141(7) Å and a crystallite size of 4(1) nm – in

line with the size distribution from particle counting. The

quality of the refinement (NIST Si 640c was used as the instru-

ment line-broadening standard) was assessed by the magnitude

of the weighted profile R-factor (Rwp = 8.0%) and the goodness-

of-fit parameter (χ2 = 0.463). The fact that the observed and

calculated XRD patterns match with each other well and the

latter values are low implies that the fit can be considered good.

As mentioned in the introduction, ZFO belongs to the spinel

ferrite family of the general formula AB2O4. The inversion pa-

rameter, λ, typically serves as a measure of the cation distribu-
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Figure 3: XPS spectra of the (a) Fe 2p, (b) O 1s and (c) C 1s core levels of as-prepared ZFO nanoparticles. The peaks in gray, blue, violet and
orange/green correspond to tetragonal Fe3+, octahedral Fe3+, lattice oxygen as well as hydroxyl oxygen and different organic compounds containing
carbon–oxygen functionalities. The red lines are the sum of the peak fits.

Figure 2: Observed (open circles) and calculated (red line) XRD
patterns of as-prepared ZFO nanoparticles. The difference profile of
the fit is shown in green.

tion according to (A1−λBλ)
tet[AλB2−λ]

octO4. Bulk ZFO has been

shown to exhibit virtually no inversion (λ ≈ 0) and thus is

considered a normal spinel [28,29]. In this structure, the A

cations occupy the tetrahedral 8a sites (Wyckoff notation),

while the B cations reside on two equivalent octahedral 16d

sites. In contrast, the octahedral coordination sites are randomly

occupied in a 1:1 ratio by the A and B cations and the tetrahed-

ral sites are only occupied by the B cations in inverse spinels

(λ = 1). In both cases, the O2− ions form a cubic close-packed

structure and reside on 32e sites. However, nanoscale spinel

ferrites prepared by wet chemical methods are known to often

have a partially inverted structure [30-32]. Therefore, the cation

site occupancy in the ZFO nanoparticles employed in this work

was expected to differ from that of bulk material.

The distribution of Fe among the tetrahedral and octahedral

sites was studied by X-ray photoelectron spectroscopy (XPS)

and Mössbauer spectroscopy. Figure 3a–c presents detailed

XPS spectra of the Fe 2p, O 1s and C 1s core level regions. The

Fe 2p spectrum shows a single doublet with strong satellite

peaks around 8 eV higher in binding energy than the main

peaks. This result is characteristic of Fe in the Fe(III) state

[33,34]. The apparent asymmetry of the Fe 2p peaks suggests

that the inversion parameter must be greater than zero. The

main peaks at binding energies of (724.59 ± 0.05) eV and

(710.65 ± 0.05) eV for the 2p1/2 and 2p3/2 orbital lines, respec-

tively, correspond to octahedral Fe3+ ions and the minor

peaks at (727.12 ± 0.05) eV and (713.05 ± 0.05) eV to

tetrahedral Fe3+ ions [35-37]. The inversion parameter was

determined to be 0.68 by comparing the areas under the

peaks. Accordingly, the formula can be expressed as

(Zn0.32Fe0.68)tet[Zn0.68Fe1.32]octO4±δ. The deconvolution of the

O 1s spectrum identified three different oxygen bonding states.

The main peak at (529.60 ± 0.05) eV corresponds to lattice

oxygen and the minor peaks at higher binding energies of

(531.11 ± 0.05) eV and (532.07 ± 0.05) eV can be assigned to

hydroxyl oxygen/oxygen from C–O and C=O functionalities,

respectively, with the latter originating from surface ligands.

The C 1s spectrum can also be fitted into three peaks at

(284.56 ± 0.05) eV, (286.06 ± 0.05) eV and (288.49 ± 0.05) eV.

We ascribe the main peak centered at 284.6 eV to sp3-

hybridized carbon (C–C); the minor peaks at higher binding

energies arise from organic compounds containing C–O and

C=O bonds, respectively. The fact that the as-prepared nanopar-

ticles are not “naked” was also confirmed by thermogravi-

metric analysis-mass spectrometry (TGA-MS). The TGA-MS

data of vacuum-dried material in Supporting Information File 1,
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Figure 4: Low-temperature Mössbauer data of as-prepared ZFO nano-
particles. The gray spectrum represents Fe3+ on tetrahedral sites,
while the blue spectra correspond to Fe3+ residing on octahedral sites.
The red line is the sum of the different sub-spectra.

Table 1: Summary of fitted Mössbauer parameters.a

Site CS (mm/s) QS (mm/s) BHf (T) Area ratio

oct-1 0.45(1) 0.16(1) 50.0(5) 0.45(2)
oct-2 0.46(1) −0.04(1) 45.0(1) 0.23(1)
tet 0.45(1) −0.26(1) 49.6(1) 0.32(2)

aCS: center shift relative to α-Fe at 298 K, QS: quadrupole splitting,
BHf: magnetic hyperfine splitting.

Figure S5 indicate a mass loss of 13% in the temperature range

between 150 °C and 400 °C due to release of water and

combustion of acetate and acetylacetonate ligands.

To verify the XPS results, 57Fe Mössbauer spectroscopy was

performed on the ZFO nanoparticles. A representative spec-

trum measured at 5 K is provided in Figure 4. It reveals a sextet

pattern because of the presence of magnetic ordering. This is in

accordance with both the magnetometry data below and temper-

ature-dependent Mössbauer spectra shown in Supporting Infor-

mation File 1, Figure S6. The low-temperature data can be fitted

reasonably well with three sub-spectra, in line with findings by

Chinnasamy et al. on nanoscale ZFO prepared by ball-milling

[10]. They identified two octahedral B-site components (oct-1,

oct-2) due to different local environments of the Fe3+ ions and

one tetrahedral A-site component (tet) using Mössbauer spec-

troscopy with and without an external magnetic field. Table 1

summarizes the fitted parameters, which agree with the ratio of

tetrahedral to octahedral Fe in the partially inverted spinel struc-

ture from XPS. In addition, Figure 4 confirms that all Fe ions

are in the Fe(III) state. This is also corroborated by the fact that

the formation of acetophenone can be ruled out on the basis of

the GC-MS data (Supporting Information File 1, Figure S1).

The latter compound is found in the microwave synthesis of

Fe3O4 nanoparticles under identical conditions due to partial

oxidation of 1-phenylethanol (data not shown), which is accom-

panied by the reduction of Fe3+ to Fe2+.

The magnetic properties were thoroughly investigated by both

direct-current (DC) and alternating-current (AC) supercon-

ducting quantum interference device (SQUID) magnetometry.

Zero-field-cooled (ZFC) and field-cooled (FC) curves obtained

on the as-prepared ZFO nanoparticles at an applied field of

10 mT are shown in Figure 5. As seen, the magnetic moment

continuously increases until a maximum, Tmax, is reached at

about 22 K. The fact that this maximum is rather sharp supports

the size uniformity of the particles with a similar magnetic

anisotropy. Upon further cooling, the FC curve diverges from

the ZFC curve and the material exhibits ferrimagnetic behavior.

Figure 5: Direct-current SQUID magnetometry of as-prepared ZFO
nanoparticles. ZFC/FC curves measured with µ0HDC = 10 mT.

To determine whether Tmax can be associated with either a

freezing temperature, Tf, for spin glasses or a blocking tempera-

ture, TB, for superparamagnetic particles, frequency-dependent

AC magnetic susceptibility measurements were carried out. We

note that single-domain particle ensembles, in which interpar-

ticle interactions are non-negligible, are referred to as superspin

glasses in the following [38,39]. The amplitude of the AC field

was set to µ0HAC = 0.35 mT and the driving frequency, ν, was

varied from 1 Hz to 500 Hz. Figure 6a,b shows the in-phase, χ’,

and out-of-phase, χ’’, parts of the complex susceptibility (with

χAC = χ’ – iχ’’) in units of µB per formula unit (f.u.). In the plot

of χ’ vs T, Tmax shifts to higher temperatures but lower magneti-

zation values with increasing frequency. In contrast, the χ’’(T)

curve shows an increase in susceptibility with increasing fre-

quency. Unfortunately, such frequency and temperature depen-

dencies are usually found for both (super)spin glasses and

superparamagnets. Therefore, the relative variation of Tmax

(defined as the peak temperature in the χ’(T) curve) per frequen-

cy decade was analyzed in more detail. First, the data were
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fitted according to p = ΔTmax/[Tmax × Δlog(ν)], where p is the

frequency sensitivity. From the fit (Figure 6c), we obtained

p = 0.044, which is in the range observed for canonical spin

glasses [35,39,40]. The frequency dependence of the peak tem-

perature can also be described by a critical power law accord-

ing to ν = ν0 × [(Tmax – T0)/T0]zυ with τ0 = 1/2πν0 and

Tr = (Tmax – T0)/T0, where τ0 is the microscopic spin relaxation

time, Tr is the reduced temperature and zυ is the dynamical

exponent [39,41]. The best fit (Figure 6d) was obtained with

τ0 = 1.43 × 10–8 s, T0 = 21.7 K and zυ = 5.9. Both the value of

τ0 and zυ falls within the range expected for canonical spin

glasses [42]. Lastly, the data were fitted according to the

Néel–Brown equation (ν = ν0 × exp[KV/kBTmax)] for ideal non-

interacting superparamagnetic particle ensembles, where K is

the effective uniaxial magnetic anisotropy, V is the particle

volume and kB is the Boltzmann’s constant [43]. As shown in

Supporting Information File 1, Figure S7, the frequency depen-

dence of the peak temperature does not follow Néel–Brown

model, which is supported by the finding that the Néel–Arrhe-

nius relation gave an unphysically large value of Ea/kB

(1365 K). This has also been observed for other materials with

(super)spin glass behavior and thus confirms the conclusion of

spin glass freezing rather than superparamagnetic blocking

[44,45]. For slightly interacting nanoparticle ensembles, the fre-

quency dependence should follow the empirical Vogel–Fulcher

law (ν = ν0 × exp[–Ea/kB(Tmax – T0)] with –Ea = KV), where T0

is the interparticle interaction strength parameter and Ea is the

activation energy [46,47]. From the best fit to the data

(Figure 6e), we obtained τ0 = 1.21 × 10–8 s, T0 = 18.8 K and

Ea/kB = 70.2 K. These values are in good agreement with those

reported in the literature and those obtained from the power law

plot in Figure 6d [38,48]. Overall, the DC and AC magnetiza-

tion data reveal the signatures of a superspin glass state with a

freezing temperature Tf ≈ 22 K.

Figure 7a–c shows results from field-dependent SQUID magne-

tometry. The M(H) curve measured at 5 K (Figure 7a,b) indi-

cates ferrimagnetic behavior with a coercive field HC ≈ 12 mT.

As evident, the magnetization is not completely saturated. Simi-

lar observations have been made for other nanocrystalline solids

and are often associated with spin canting, spin freezing and so

forth. Although the origin of these effects is largely unclear,

they are typically attributed to magnetic frustration, surface

disorder and/or finite size effects [49,50]. However, the theoret-

ical saturation magnetization (3.2 µB per f.u.) based on the

inversion parameter from XPS agrees with the experimental

data. The nonlinearity of the room temperature M(H) curve in

Figure 7c can be interpreted as arising from the presence of

superspin glass clusters – well above their freezing temperature

– in a paramagnetic environment. These data can be fitted using

a simple Langevin model (L(x) with additional paramagnetic

Figure 6: Alternating-current SQUID magnetometry of as-prepared
ZFO nanoparticles with µ0HAC = 0.35 mT. (a) In-phase and (b) out-of-
phase parts of the magnetic susceptibility. (c–e) Frequency depen-
dence of the peak temperature in the χ’(T) curve. The red lines are fits
to the data according to p = ΔTmax/[Tmax × Δlog(ν)] in (c),
ν = ν0 × [(Tmax – T0)/T0]zυ in (d) and ν = ν0 × exp[–Ea/kB(Tmax – T0)] in
(e).

susceptibility term) of the form M = M0L(x) + kH with

L(x) = coth(x) – 1/x and x = µH/(kBT), where M0 is the magneti-

zation of the superspin glass part, k is the paramagnetic suscep-

tibility, µ is the magnetic moment per cluster, kB is the

Boltzmann’s constant and T is the temperature. The best fit was

obtained with M0, k and µ values equal to 0.84 µB/f.u.,

7.8 × 10–2 emu/(T × f.u.) and 1090 µB, respectively. Using

these data and assuming a spherical cluster shape (with eight

f.u. per unit cell), the cluster size was estimated to be 3.7 nm in

diameter, which is in excellent agreement with the crystallite

size determined by Rietveld refinement.

In a nutshell, the results from electron microscopy, XRD, XPS,
57Fe Mössbauer spectroscopy as well as DC and AC magne-

tometry are all consistent and confirm the quality of the
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Figure 7: Field-dependent SQUID magnetometry of as-prepared ZFO
nanoparticles at (a,b) 5 K and (c) 300 K. The dashed lines in (a) indi-
cate the theoretical saturation magnetization. The red line in (c) is the
best Langevin model fit to the data.

partially inverted ZFO nanoparticles. This is also supported by

the analysis of the optical properties. The Tauc plots shown in

Supporting Information File 1, Figure S8 indicate an indirect

band gap transition at about 650 nm (≈1.9 eV), which is in

accordance with literature values and further corroborated by

density functional theory calculations [51,52].

As mentioned above, spinel ferrites can, in principle, be used as

negative electrode materials in rechargeable Li-ion batteries.

However, they have been shown to undergo conversion at low

potential and these electrochemical reactions with Li are accom-

panied by significant volume changes (mechanical strain),

which may result in pulverization of the active material (forma-

tion of reactive surfaces) and poor cycling performance. In ad-

dition, there is usually a large hysteresis between charge and

discharge, which adversely affects the energy efficiency. And

this is why ZFO and other spinel ferrites are not used in com-

mercial secondary batteries, despite high theoretical specific

capacities. Nevertheless, because nanomaterials are known to

better resist stresses, it was worthwhile testing the 4 nm diame-

ter ZFO nanocrystals in Li half-cells.

The cycling performance of electrodes having a ZFO content of

79 wt % and areal loading of 2.4 mgZFO/cm2 in the potential

range from 0.01 to 3.0 V with respect to Li+/Li was evaluated at

different C-rates through galvanostatic charge/discharge mea-

surements. Top view SEM images (Supporting Information

File 1, Figure S9) obtained on the ZFO nanoparticle electrodes

prior to cycling indicate that they are porous and there are no

major structural defects and inhomogeneities, such as cracks on

the micrometer level. Figure 8a shows representative charge/

discharge profiles of the 1st, 2nd, 5th and 10th cycle. We note

that the first two (formation) cycles were performed at C/20

before increasing the C-rate. The specific capacity in the initial

cycle was always in the range of (1270 ± 20) mAh/gZFO. The

fact that this value exceeds the theoretical specific capacity of

ZFO (qth = 1000.5 mAh/gZFO) indicates that irreversible reac-

tions occurred upon lithiation, including decomposition of sur-

face ligands and formation of a solid electrolyte interface (SEI)

on the nanoparticles. However, this relatively large capacity

loss (≈30%) was limited to the initial cycle.

Figure 8: (a) Charge/discharge profiles and (b) corresponding differen-
tial capacity curves of ZFO nanoparticle electrodes in Li half-cells. The
first two cycles were performed at C/20 and then the rate was in-
creased to C/10 for the subsequent cycles. The Roman numbers in (b)
indicate different electrochemical reactions in the initial cycle.

The electrochemical reaction of ZFO with Li can be expressed

by ZnFe2O4 + 9Li → LiZn + 2Fe + 4Li2O. Bresser et al.

recently investigated the first cycle lithiation of ZFO nanoparti-

cles by means of in situ XRD and correlated the result with data

from charge/discharge measurements [53]. They showed that

different reactions (indicated by Roman numbers in the first

cycle differential capacity plot in Figure 8b) occur depending
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Figure 9: (a) Long-term cycling performance of ZFO nanoparticle elec-
trodes in Li half-cells at C/10 (black), C/5 (green) and C/2 (blue).
(b) Coulombic efficiency of the cell cycled at C/5. The dashed line in
(b) indicates 100% efficiency. After about 220 cycles, signs of dendrite
growth are visible in the curve.

upon the potential, which is consistent with findings of others

[54-56]. According to their study, the weak peak (I) at around

1.45 V can be assigned to the reversible insertion of ≈0.4 Li per

f.u., while the shoulder peak (II) in the potential range from 1.2

to 1.0 V corresponds to the formation of Li0.9ZnFe2O4. The

sharp peak (III) at 0.98 V (first plateau in Figure 8a) indicates

the phase transformation from spinel to rock-salt-type ZnxFeyO

due to decomposition of LixZnFe2O4 (with x ≈ 1.5). However,

we note that the underlying mechanism is not fully understood

yet. The strong peak (IV) at 0.83 V can be attributed to the main

conversion reaction (second plateau in Figure 8a), which results

in the formation of Zn(0), Fe(0) and Li2O. The broad peak (V)

at 0.55 V has not been observed before and likely arises due to

some irreversible reactions associated with the ZFO nanoparti-

cles. The sloping behavior of the curve (VI) below 0.4 V is

characteristic of the alloying of Zn with Li [57]. In the subse-

quent cycles at a rate of C/10, only broad peaks centered at

0.97 V (cathodic) as well as 1.54 V and 1.85 V (anodic) were

observed, which agrees with previous studies and the apparent

amorphization of the material during the initial cycle

[14,53,55].

After the first two cycles at C/20 (Figure 9a), the ZFO nanopar-

ticle electrodes exhibited specific capacities of about

890 mAh/gZFO, 870 mAh/gZFO and 770 mAh/gZFO at C/10, C/5

and C/2, respectively. Regardless of C-rate, they showed some

kind of activation with a minimum in specific capacity between

cycle number 50 and 80. Such behavior has been observed

before for ZFO and other conversion-type anode materials

[53,55,58]. The capacity degradation in the subsequent cycles –

after the specific capacity had leveled off – was quite small

(e.g., 0.017% per cycle at C/10). For the C/2 rate, even an

increase in specific capacity by 20 mAh/gZFO was observed be-

tween the 50th and 500th cycle. After 500 cycles, the cell at

C/10 rate was still capable of delivering an areal capacity of

1.5 mAh/cm2. These results were achieved with a non-opti-

mized electrode structure, thereby indicating that high-quality

ZFO nanocrystals may, in fact, hold promise for battery appli-

cations. We also note that dendrite growth, which was visible in

some of the cells, apparently did not strongly affect the cycla-

bility. Figure 9b shows the Coulombic efficiency of the cell

cycled at C/5. As evident, the Coulombic efficiency stabilized

quickly above 97% after four cycles and then increased

steadily up to 99.8% by cycle number 300. This is notable in

particular for conversion-type materials in Li half-cells. Howev-

er, irrespective of the stable cycling performance and high spe-

cific capacities, there are still issues, such as relatively large

capacity loss in the initial cycle and discontinuous capacity

fading, that prevent such materials from becoming a commer-

cial reality.

To gain further insight into both the electrochemical reactions

of ZFO with Li and the oxidation state of Fe, combined full-

field transmission X-ray microscopy (TXM) and X-ray absorp-

tion near edge structure (XANES) spectroscopy was conducted

on “pristine” and pre-cycled nanoparticle electrodes at the

NANO beamline at the ANKA Synchrotron Radiation Facility

and the preliminary data are shown in Figure 10 [25]. For these

measurements, Li half-cells were disassembled inside an argon-

filled glovebox and the obtained electrodes sealed using Kapton

tape to maintain airtight conditions. Since XANES imaging is

unaffected by the polymer binder, carbon additive, electrolyte

and separator residues, the electrodes were used as is, thus

ensuring minimal effects from cell disassembly. In the present

work, two electrodes of the same batch but at different lithia-

tion states were investigated. The “pristine” electrode was kept

at about 3.0 V with respect to Li+/Li and the other was lithiated

until a potential of 0.85 V was reached, which is within the

main plateau. FeO (wüstite), Fe3O4 (magnetite) and α-Fe2O3

(hematite) were used as the reference materials for Fe(II) in

cubic and cubic/spinel and Fe(III) in trigonal/hexagonal config-

uration, respectively. Furthermore, the partially inverted ZFO

nanoparticles themselves and α-Fe were used as the reference

materials to quantify the amount of spinel-type Fe(III) and for

Fe(0), respectively. Figure 10a shows the integrated XANES
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Figure 10: XANES spectra of ZFO nanoparticle electrodes (a) before
cycling and (b) in a lithiated state and corresponding least-squares
linear combination fits (red lines). (c) XANES reference spectra used
for fitting.

spectrum obtained on the “pristine” electrode and the corre-

sponding least-squares linear combination fit. As expected, the

fit matches well with the reference material (R = 0.0024,

χ2 = 0.0022), thereby indicating a ZFO content of virtually

100%. The XANES data for the pre-cycled electrode are

presented in Figure 10b, where the changes in the integrated

spectrum are clearly visible. The fit (R = 0.0021, χ2 = 0.0017)

revealed 12% ZFO, 68% Fe(0) and 20% Fe(II) in cubic config-

uration. Collectively, these data are in agreement with the

conversion of rock-salt-type ZnxFeyO to Fe(0), Zn(0) and Li2O

in this potential range. However, further measurements are

needed to unambiguously identify the apparently amorphous

Fe-based charge/discharge products.

Conclusion
In summary, we have shown that zinc ferrite particles of spheri-

cal shape and uniform size around 4 nm in diameter can be pre-

pared by facile microwave synthesis using rac-1-phenylethanol

as a high-boiling solvent. As evidenced by electron microscopy,

X-ray diffraction, X-ray photoelectron spectroscopy and 57Fe

Mössbauer spectroscopy, the sol–gel derived material is chemi-

cally well-defined and adopts a partially inverted spinel struc-

ture. The magnetization results confirm the size monodispersity

of the zinc ferrite nanocrystals with low-temperature superspin

glass behavior. Furthermore, we have demonstrated that they

can be used as a high-capacity conversion-type anode material,

showing good long-term cycling performance in Li half-cells.

On the basis of the results presented herein, we conclude that

the particles are of good quality and thus hold promise for ap-

plication in various fields of nanotechnology.

Supporting Information
Supporting Information File 1
GC-MS, TGA-MS, Mössbauer spectra, alternating-current

magnetometry and Tauc plots of as-prepared ZFO

nanoparticles; SEM images of ZFO nanoparticle electrodes.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-7-126-S1.pdf]

Acknowledgements
We thank Dr. Leichtweiss, Dr. Schneider and Dr. Marschall for

assistance with the XPS, TEM and UV–vis measurements, re-

spectively. We acknowledge the Synchrotron Light Source

ANKA for provision of instruments at their beamlines and we

would like to thank Dr. Bauer for assistance in using beamline

NANO. C.S. and T.B. acknowledge financial support within the

SIGNO project (03SHWB073) by the German Federal Ministry

for Economic Affairs and Energy (BMWi) and by the German

Academic Exchange Service (DAAD), respectively.

References
1. O’Neill, H. S. C.; Navrotsky, A. Am. Mineral. 1983, 68, 181–194.
2. Hasany, S. F.; Abdurahman, N. H.; Sunarti, A. R.; Jose, R.

Curr. Nanosci. 2013, 9, 561–575.
doi:10.2174/15734137113099990085

3. Lu, A.-H.; Salabas, E. L.; Schüth, F. Angew. Chem., Int. Ed. 2007, 46,
1222–1244. doi:10.1002/anie.200602866

4. Thanh, N. T. K.; Green, L. A. W. Nano Today 2010, 5, 213–230.
doi:10.1016/j.nantod.2010.05.003

5. Ho, D.; Sun, X.; Sun, S. Acc. Chem. Res. 2011, 44, 875–882.
doi:10.1021/ar200090c

6. Priyadharsini, P.; Pradeep, A.; Rao, P. S.; Chandrasekaran, G.
Mater. Chem. Phys. 2009, 116, 207–213.
doi:10.1016/j.matchemphys.2009.03.011

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-7-126-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-7-126-S1.pdf
http://dx.doi.org/10.2174%2F15734137113099990085
http://dx.doi.org/10.1002%2Fanie.200602866
http://dx.doi.org/10.1016%2Fj.nantod.2010.05.003
http://dx.doi.org/10.1021%2Far200090c
http://dx.doi.org/10.1016%2Fj.matchemphys.2009.03.011


Beilstein J. Nanotechnol. 2016, 7, 1350–1360.

1359

7. Lee, J.-G.; Park, J. Y.; Kim, C. S. J. Mater. Sci. 1998, 33, 3965–3968.
doi:10.1023/A:1004696729673

8. Dai, Q.; Berman, D.; Virwani, K.; Frommer, J.; Jubert, P.-O.; Lam, M.;
Topuria, T.; Imaino, W.; Nelson, A. Nano Lett. 2010, 10, 3216–3221.
doi:10.1021/nl1022749

9. Sato, T.; Haneda, K.; Seki, M.; Iijima, T. Appl. Phys. A 1990, 50, 13–16.
doi:10.1007/BF00323947

10. Chinnasamy, C. N.; Narayanasamy, A.; Ponpandian, N.;
Chattopadhyay, K.; Guérault, H.; Greneche, J.-M.
J. Phys.: Condens. Matter 2000, 12, 7795.
doi:10.1088/0953-8984/12/35/314

11. Chinnasamy, C. N.; Narayanasamy, A.; Ponpandian, N.;
Joseyphus, R. J.; Chattopadhyay, K.; Shinoda, K.; Jeyadevan, B.;
Tohji, K.; Nakatsuka, K.; Greneche, J.-M. J. Appl. Phys. 2001, 90, 527.
doi:10.1063/1.1377297

12. Cabana, J.; Monconduit, L.; Larcher, D.; Palacín, M. R. Adv. Mater.
2010, 22, E170–E192. doi:10.1002/adma.201000717

13. Lavela, P.; Tirado, J. L. J. Power Sources 2007, 172, 379–387.
doi:10.1016/j.jpowsour.2007.07.055

14. Chu, Y.-Q.; Fu, Z.-W.; Qin, Q.-Z. Electrochim. Acta 2004, 49,
4915–4921. doi:10.1016/j.electacta.2004.06.012

15. Haetge, J.; Suchomski, C.; Brezesinski, T. Inorg. Chem. 2010, 49,
11619–11626. doi:10.1021/ic102052r

16. Šepelák, V.; Bergmann, I.; Feldhoff, A.; Heitjans, P.; Krumeich, F.;
Menzel, D.; Litterst, F. J.; Campbell, S. J.; Becker, K. D.
J. Phys. Chem. C 2007, 111, 5026–5033. doi:10.1021/jp067620s

17. Lefelshtel, N.; Nadiv, S.; Lin, I. J.; Zimmels, Y. Powder Technol. 1978,
20, 211–217. doi:10.1016/0032-5910(78)80051-5

18. Masthoff, I.-C.; Gutsche, A.; Nirschl, H.; Garnweitner, G.
CrystEngComm 2015, 17, 2464–2470. doi:10.1039/C4CE02068E

19. Jeong, U.; Teng, X.; Wang, Y.; Yang, H.; Xia, Y. Adv. Mater. 2007, 19,
33–60. doi:10.1002/adma.200600674

20. Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T.
Angew. Chem., Int. Ed. 2007, 46, 4630–4660.
doi:10.1002/anie.200603148

21. Jun, Y.-w.; Choi, J.-s.; Cheon, J. Angew. Chem., Int. Ed. 2006, 45,
3414–3439. doi:10.1002/anie.200503821

22. Bilecka, I.; Kubli, M.; Amstad, E.; Niederberger, M.
J. Sol-Gel Sci. Technol. 2011, 57, 313–322.
doi:10.1007/s10971-010-2165-1

23. Kubli, M.; Luo, L.; Bilecka, I.; Niederberger, M. Chimia 2010, 64,
170–172. doi:10.2533/chimia.2010.170

24. Brand, R. A. WinNormos-for-Igor Users Manual 2.0l; 2006.
25. Bauer, S.; de Biasi, L.; Glatthaar, S.; Toukam, L.; Geßwein, H.;

Baumbach, T. Phys. Chem. Chem. Phys. 2015, 17, 16388–16397.
doi:10.1039/C5CP02075A

26. Liu, Y.; Meirer, F.; Williams, P. A.; Wang, J.; Andrews, J. C.;
Pianetta, P. J. Synchrotron Radiat. 2012, 19, 281–287.
doi:10.1107/S0909049511049144

27. O’Neill, H. S. C. Eur. J. Mineral. 1992, 4, 571–580.
doi:10.1127/ejm/4/3/0571

28. Verwey, E. J. W.; Heilmann, E. L. J. Chem. Phys. 1947, 15, 174–180.
doi:10.1063/1.1746464

29. Schäfer, W.; Kockelmann, W. A.; Kirfel, A.; Potzel, W.; Burghart, F. J.;
Kalvius, G. M.; Martin, A.; Kaczmarek, W. A.; Campbell, S. J.
Mater. Sci. Forum 2000, 321–324, 802–807.
doi:10.4028/www.scientific.net/MSF.321-324.802

30. Hofmann, M.; Campbell, S. J.; Ehrhardt, H.; Feyerherm, R.
J. Mater. Sci. 2004, 39, 5057–5065.
doi:10.1023/B:JMSC.0000039185.80910.59

31. Hamdeh, H. H.; Ho, J. C.; Oliver, S. A.; Willey, R. J.; Oliveri, G.;
Busca, G. J. Appl. Phys. 1997, 81, 1851–1857. doi:10.1063/1.364068

32. Reitz, C.; Suchomski, C.; Haetge, J.; Leichtweiss, T.; Jagličić, Z.;
Djerdj, I.; Brezesinski, T. Chem. Commun. 2012, 48, 4471–4473.
doi:10.1039/c2cc31006f

33. Yamashita, T.; Hayes, P. Appl. Surf. Sci. 2008, 254, 2441–2449.
doi:10.1016/j.apsusc.2007.09.063

34. Grosvenor, A. P.; Kobe, B. A.; Biesinger, M. C.; McIntyre, N. S.
Surf. Interface Anal. 2004, 36, 1564–1574. doi:10.1002/sia.1984

35. Reitz, C.; Suchomski, C.; Chakravadhanula, V. S. K.; Djerdj, I.;
Jagličić, Z.; Brezesinski, T. Inorg. Chem. 2013, 52, 3744–3754.
doi:10.1021/ic302283q

36. Šepelák, V.; Becker, K. D. Mater. Sci. Eng., A 2004, 375–377,
861–864. doi:10.1016/j.msea.2003.10.178

37. Druska, P.; Steinike, U.; Šepelák, V. J. Solid State Chem. 1999, 146,
13–21. doi:10.1006/jssc.1998.8284

38. Suzuki, M.; Fullem, S. I.; Suzuki, I. S.; Wang, L.; Zhong, C.-J.
Phys. Rev. B 2009, 79, 024418. doi:10.1103/PhysRevB.79.024418

39. Bedanta, S.; Kleemann, W. J. Phys. D: Appl. Phys. 2009, 42, 013001.
doi:10.1088/0022-3727/42/1/013001

40. Chinnasamy, C. N.; Narayanasamy, A.; Ponpandian, N.;
Chattopadhyay, K.; Shinoda, K.; Jeyadevan, B.; Tohji, K.;
Nakatsuka, K.; Furubayashi, T.; Nakatani, I. Phys. Rev. B 2001, 63,
184108. doi:10.1103/PhysRevB.63.184108

41. Cador, O.; Grasset, F.; Haneda, H.; Etourneau, J.
J. Magn. Magn. Mater. 2004, 268, 232–236.
doi:10.1016/S0304-8853(03)00504-3

42. Binder, K.; Young, A. P. Rev. Mod. Phys. 1986, 58, 801–976.
doi:10.1103/RevModPhys.58.801

43. Neel, L. Ann. Geophys. (C. N. R. S.) 1949, 5, 99–136.
44. Goldfarb, R. B.; Patton, C. E. Phys. Rev. B 1981, 24, 1360–1373.

doi:10.1103/PhysRevB.24.1360
45. Nadeem, K.; Krenn, H.; Traussnig, T.; Würschum, R.; Szabó, D. V.;

Letofsky-Papst, I. J. Appl. Phys. 2012, 111, 113911.
doi:10.1063/1.4724348

46. Tackett, R. J.; Parsons, J. G.; Machado, B. I.; Gaytan, S. M.;
Murr, L. E.; Botez, C. E. Nanotechnology 2010, 21, 365703.
doi:10.1088/0957-4484/21/36/365703

47. Shtrikman, S.; Wohlfarth, E. P. Phys. Lett. A 1981, 85, 467–470.
doi:10.1016/0375-9601(81)90441-2

48. Ying, Y.; Eom, T. W.; Lee, Y. P.; Ling, L. S.; Mathe, V. L. J. Appl. Phys.
2010, 108, 023911. doi:10.1063/1.3457223

49. Nunes, W. C.; Folly, W. S. D.; Sinnecker, J. P.; Novak, M. A.
Phys. Rev. B 2004, 70, 014419. doi:10.1103/PhysRevB.70.014419

50. Knobel, M.; Nunes, W. C.; Socolovsky, L. M.; De Biasi, E.;
Vargas, J. M.; Denardin, J. C. J. Nanosci. Nanotechnol. 2008, 8,
2836–2857. doi:10.1166/jnn.2008.017

51. Gao, D.; Shi, Z.; Xu, Y.; Zhang, J.; Yang, G.; Zhang, J.; Wang, X.;
Xue, D. Nanoscale Res. Lett. 2010, 5, 1289–1294.
doi:10.1007/s11671-010-9640-z

52. Cheng, C. Phys. Rev. B 2008, 78, 132403.
doi:10.1103/PhysRevB.78.132403

53. Bresser, D.; Paillard, E.; Kloepsch, R.; Krueger, S.; Fiedler, M.;
Schmitz, R.; Baither, D.; Winter, M.; Passerini, S. Adv. Energy Mater.
2013, 3, 513–523. doi:10.1002/aenm.201200735

54. Ding, Y.; Yang, Y.; Shao, H. Electrochim. Acta 2011, 56, 9433–9438.
doi:10.1016/j.electacta.2011.08.031

55. Won, J. M.; Choi, S. H.; Hong, Y. J.; Ko, Y. N.; Kang, Y. C. Sci. Rep.
2014, 4, No. 5857. doi:10.1038/srep05857

http://dx.doi.org/10.1023%2FA%3A1004696729673
http://dx.doi.org/10.1021%2Fnl1022749
http://dx.doi.org/10.1007%2FBF00323947
http://dx.doi.org/10.1088%2F0953-8984%2F12%2F35%2F314
http://dx.doi.org/10.1063%2F1.1377297
http://dx.doi.org/10.1002%2Fadma.201000717
http://dx.doi.org/10.1016%2Fj.jpowsour.2007.07.055
http://dx.doi.org/10.1016%2Fj.electacta.2004.06.012
http://dx.doi.org/10.1021%2Fic102052r
http://dx.doi.org/10.1021%2Fjp067620s
http://dx.doi.org/10.1016%2F0032-5910%2878%2980051-5
http://dx.doi.org/10.1039%2FC4CE02068E
http://dx.doi.org/10.1002%2Fadma.200600674
http://dx.doi.org/10.1002%2Fanie.200603148
http://dx.doi.org/10.1002%2Fanie.200503821
http://dx.doi.org/10.1007%2Fs10971-010-2165-1
http://dx.doi.org/10.2533%2Fchimia.2010.170
http://dx.doi.org/10.1039%2FC5CP02075A
http://dx.doi.org/10.1107%2FS0909049511049144
http://dx.doi.org/10.1127%2Fejm%2F4%2F3%2F0571
http://dx.doi.org/10.1063%2F1.1746464
http://dx.doi.org/10.4028%2Fwww.scientific.net%2FMSF.321-324.802
http://dx.doi.org/10.1023%2FB%3AJMSC.0000039185.80910.59
http://dx.doi.org/10.1063%2F1.364068
http://dx.doi.org/10.1039%2Fc2cc31006f
http://dx.doi.org/10.1016%2Fj.apsusc.2007.09.063
http://dx.doi.org/10.1002%2Fsia.1984
http://dx.doi.org/10.1021%2Fic302283q
http://dx.doi.org/10.1016%2Fj.msea.2003.10.178
http://dx.doi.org/10.1006%2Fjssc.1998.8284
http://dx.doi.org/10.1103%2FPhysRevB.79.024418
http://dx.doi.org/10.1088%2F0022-3727%2F42%2F1%2F013001
http://dx.doi.org/10.1103%2FPhysRevB.63.184108
http://dx.doi.org/10.1016%2FS0304-8853%2803%2900504-3
http://dx.doi.org/10.1103%2FRevModPhys.58.801
http://dx.doi.org/10.1103%2FPhysRevB.24.1360
http://dx.doi.org/10.1063%2F1.4724348
http://dx.doi.org/10.1088%2F0957-4484%2F21%2F36%2F365703
http://dx.doi.org/10.1016%2F0375-9601%2881%2990441-2
http://dx.doi.org/10.1063%2F1.3457223
http://dx.doi.org/10.1103%2FPhysRevB.70.014419
http://dx.doi.org/10.1166%2Fjnn.2008.017
http://dx.doi.org/10.1007%2Fs11671-010-9640-z
http://dx.doi.org/10.1103%2FPhysRevB.78.132403
http://dx.doi.org/10.1002%2Faenm.201200735
http://dx.doi.org/10.1016%2Fj.electacta.2011.08.031
http://dx.doi.org/10.1038%2Fsrep05857


Beilstein J. Nanotechnol. 2016, 7, 1350–1360.

1360

56. Guo, X.; Lu, X.; Fang, X.; Mao, Y.; Wang, Z.; Chen, L.; Xu, X.;
Yang, H.; Liu, Y. Electrochem. Commun. 2010, 12, 847–850.
doi:10.1016/j.elecom.2010.04.003

57. Wang, J.; King, P.; Huggins, R. A. Solid State Ionics 1986, 20,
185–189. doi:10.1016/0167-2738(86)90212-2

58. Ren, S.; Prakash, R.; Wang, D.; Chakravadhanula, V. S. K.;
Fichtner, M. ChemSusChem 2012, 5, 1397–1400.
doi:10.1002/cssc.201200139

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.7.126

http://dx.doi.org/10.1016%2Fj.elecom.2010.04.003
http://dx.doi.org/10.1016%2F0167-2738%2886%2990212-2
http://dx.doi.org/10.1002%2Fcssc.201200139
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.7.126

	Abstract
	Introduction
	Experimental
	Synthesis
	Electrode processing
	Characterization

	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References

