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Abstract: In order to further improve the energy and power density of state-of-the-art lithium-ion
batteries (LIBs), new cell chemistries and, therefore, new active materials with alternative storage
mechanisms are needed. Herein, we report on the structural and electrochemical characterization
of Fe-doped ZnO samples with varying dopant concentrations, potentially serving as anode for
LIBs (Rechargeable lithium-ion batteries). The wurtzite structure of the Zn1−x Fex O samples (with x
ranging from 0 to 0.12) has been refined via the Rietveld method. Cell parameters change only
slightly with the Fe content, whereas the crystallinity is strongly affected, presumably due to the
presence of defects induced by the Fe3+ substitution for Zn2+ . XANES (X-ray absorption near edge
structure) data recorded ex situ for Zn0.9 Fe0.1 O electrodes at different states of charge indicated that
Fe, dominantly trivalent in the pristine anode, partially reduces to Fe2+ upon discharge. This finding
was supported by a detailed galvanostatic and potentiodynamic investigation of Zn1−x Fex O-based
electrodes, confirming such an initial reduction of Fe3+ to Fe2+ at potentials higher than 1.2 V
(vs. Li+ /Li) upon the initial lithiation, i.e., discharge. Both structural and electrochemical data
strongly suggest the presence of cationic vacancies at the tetrahedral sites, induced by the presence of
Fe3+ (i.e., one cationic vacancy for every two Fe3+ present in the sample), allowing for the initial Li+
insertion into the ZnO lattice prior to the subsequent conversion and alloying reaction.
Keywords: lithium-ion battery; anode; crystal chemistry; electrochemistry

1. Introduction
Rechargeable lithium-ion batteries (LIBs) are now the technology of choice for electrochemical
energy storage, and are consequently employed in a wide range of devices ranging from portable
electronics to electric vehicles and stationary energy storage [1–4]. However, in order to eventually
achieve the highly challenging goal of fully replacing gasoline-powered vehicles by electric ones,
both the energy density and power density require further improvement [5]. With respect to the
anode side, the state-of-the-art active material graphite has essentially reached its limits in terms of
specific capacity and charge rate capability [6,7]. Therefore, new cell chemistries and, accordingly,
new anode materials, presumably based on alternative lithium-ion storage mechanisms, are being
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presently investigated. The two most prominent ones in this context are conversion- and alloying-type
materials [6,8–10].
Both mechanisms, however, suffer from substantial intrinsic drawbacks, such as large volume
changes upon (de-)lithiation in the case of alloying materials (leading to short cycle life) [8,10] or
high voltage hysteresis in the case of conversion materials [9]. As an example, pure ZnO, a material
widely investigated for semiconductors [11], suffers from essentially irreversible Li2 O formation upon
initial lithiation when applied as an anode material in LIBs. Hence, it typically offers low specific
capacities of around 330 mAh g−1 , solely originating from the reversible Li-Zn de-/alloying reaction
(theoretical specific capacity of 988 mAh g−1 , if fully reversible) [12]. When Zn is partially substituted
by transition metals (e.g., Fe, Co) within the wurtzite structure, however, the reversibility of the
Li2 O formation is substantially enhanced [12–14]. Consequently, transition metal-doped zinc oxides
combine both conversion and alloying mechanisms in one active material and are accordingly classified
as conversion-alloying materials (CAMs) [14]. Several studies have already revealed the outstanding
electrochemical performance of, for instance, carbon-coated Fe-doped ZnO, when applied as negative
electrode materials in LIBs, delivering reversible specific capacities of almost 1000 mAh g−1 [12,15].
Nevertheless, the exact role of the transition metal for the lithiation mechanism in CAMs, enabling the
reversible formation and decomposition of Li2 O, has still not been fully unraveled.
Herein, we report the detailed investigation of the structural and electrochemical properties of
Zn1−x Fex O (with x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) by means of X-ray diffraction (XRD), X-ray
absorption spectroscopy (XAS), galvanostatic cycling, and cyclic voltammetry. The results suggest that
an increasing amount of cationic vacancies as a result of the substitution of Zn2+ by Fe3+ leads to a
substantial lithium ion insertion into the wurtzite lattice, accompanied by the reduction of Fe3+ to Fe2+ ,
prior to the subsequent—in such case facilitated—conversion/alloying reaction.
2. Results and Discussion
2.1. Synthesis and Basic Characterization
The synthesis of the Zn1−x Fex O sample series was conducted following a synthesis route
developed earlier [12]. In excellent agreement with a previous study [15], the color of the samples
varied, becoming increasingly orange for increasing iron concentration. The particle size was well
in the range of a few nm (10–20 nm—depending on the Fe content; see Appendix A Figure A1).
The Zn:Fe ratio was determined by means of inductively coupled plasma optical emission spectroscopy
(ICP-OES), confirming the targeted Fe concentrations of x = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12 within
an experimental error of around 1%.
2.2. Powder XRD Characterization and Structural Refinement
The X-ray diffraction patterns of the as synthesized samples are shown in Figure 1, arranged from
bottom to top for increasing Fe content. All the diffraction reflections could be indexed according to
the hexagonal ZnO structure (P63 mc space group), whereas the absence of other reflections allowed
the exclusion of the presence of crystalline impurities such as other zinc and/or iron oxide phases.
The increase of the diffraction reflections’ Full Width at Half Maximum (FWHM) was evident (from
bottom to top), revealing that the ZnO crystallinity and/or crystallite size was remarkably affected by
the Fe concentration.
Rietveld refinement provided an accurate determination of the unit cell parameters and atomic
positions for all the samples. Table 1 summarizes the disagreement indexes, the most relevant
structural parameters, and the average crystallites sizes (calculated using the Williamson-Hall (W.-H.)
method [16]), whereas in Figure 2, a typical comparison between observed and calculated XRD patterns
is displayed.
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(i.e., 0.49 and 0.60 Å, respectively [18]). In particular, the increase of the a0 parameter could be fitted
in the XRD patterns of the doped samples suggests that Fe was successfully inserted as dopant into
by a linear trend a0 = 3.2518(6) + 0.043(9)XFe (R = 91.4%), for which the slope of the linear function is
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Similar to previously published data [17], the substitution of Zn by Fe resulted in a small but
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Zn2+ (i.e., 0.49 and 0.60 Å, respectively [18]). In particular, the increase of the a0 parameter could be
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Materials
11, 49
Materials
2018,2018,
11, 49

Materials 2018, 11, 49

5 of 13 5 of 13

5 of 13

Figure
Refined
unit
cell
parametersof
of the
the as
as
synthesized
samples
(error
barsbars
shown
within
symbols)
3. Refined
unit
cell
parameters
of
the
(error
bars
shown
within
symbols)
Figure
3. Refined
unit
cell
parameters
assynthesized
synthesizedsamples
samples
(error
shown
within
symbols)
as
a
function
of
the
Fe/(Fe
+
Zn)
ratio.
The
linear
fits
for
the
refined
data
are
also
shown.
as
a
function
of
the
Fe/(Fe
+
Zn)
ratio.
The
linear
fits
for
the
refined
data
are
also
shown.
as a function of the Fe/(Fe + Zn) ratio.
linear fits for the refined data are also shown.

samples,
revealing
a marked
decrease
in
Figure 4. Crystallite
Crystallite size
sizevs.
vs.Fe
Fecontent
contentofofthe
theasassynthesized
synthesized
samples,
revealing
a marked
decrease
crystallite
size
specifically
forfor
FeFeconcentrations
in
crystallite
size
specifically
concentrationsasassmall
smallasas0.02
0.02and
and0.04,
0.04, whereas
whereas for
for higher Fe
Figure
4. Crystallite
sizeinvs.
Fe content
the pronounced.
as synthesized samples, revealing a marked decrease in
contents
the decrease
crystallite
size of
is less
pronounced.

crystallite size specifically for Fe concentrations as small as 0.02 and 0.04, whereas for higher Fe
It is worth
mentioning
once more
cell parameter variations observed here were not
contents
the decrease
in crystallite
size isthat
lessthe
pronounced.
solely related to the ionic radius of the substituting cation (0.49 vs. 0.60 for tetrahedrally coordinated
Fe
Zn2+, respectively
fact, that
besides
compositional
variations,
thehere
samples
It3+ isvs.worth
mentioning [18]).
once In
more
the displaying
cell parameter
variations
observed
were not
studied
here
also
showed
amply
varying
degrees
of
crystallinity
and,
possibly,
presence
of
defects
solely related to the ionic radius of the substituting cation (0.49 vs. 0.60 for tetrahedrally coordinated

Materials 2018, 11, 49

6 of 13

such as cationic vacancies and/or interstitial oxygen [17]. As already reported in the literature for
other oxide systems [21], both crystallinity and defects content could strongly contribute to alter unit
Materials 2018, 11, 49
6 of 13
cell parameters, but not in a predictable way.
2.3.Fe
FeK-Edge
K-EdgeXANES
XANESSpectroscopy
Spectroscopy
2.3.
X-ray absorption
absorption near
near edge
presented
in
X-ray
edge structure
structure (XANES)
(XANES)data
datacollected
collectedatatthe
theFeFeK-edges
K-edgesare
are
presented
Figure
5.
The
XANES
spectra
were
measured
ex
situ
for
various
anode
samples
of
carbon-coated
in Figure 5. The XANES spectra were measured ex situ for various anode samples of carbon-coated
Zn0.9Fe
Fe0.1O. The pristine sample, i.e., a non-cycled electrode, was comparable to that reported in
Zn
0.9 0.1 O. The pristine sample, i.e., a non-cycled electrode, was comparable to that reported in
+/Li displayed a slight shift of
Giuli
etal.
al.[17],
[17],whereas
whereasthose
thoseones
onesdischarged
dischargedtoto1.5
1.5and
and1.2
1.2VVvs.
vs.LiLi
+ /Li
Giuli et
displayed a slight shift of
theedge
edgeenergy
energytoward
towardlower
lowerenergy.
energy.The
Thebackground
backgroundsubtracted
subtractedpre-edge
pre-edgepeaks
peaks(shown
(shownin
inthe
theinset
inset
the
ofFigure
Figure5)
5)also
alsohad
hadsimilar
similarshapes
shapesand
andintensities.
intensities. However,
However, while
while the
the pre-edge
pre-edge peak
peakof
ofpristine
pristine
of
3+), the spectrum of Zn0.9Fe0.1O/C
Zn
0.9Fe0.1O displayed a major component at 7114.4 eV (typical of Fe
3+
Zn0.9 Fe0.1 O displayed a major component at 7114.4 eV (typical of Fe ), the spectrum of Zn0.9 Fe0.1 O/C
discharged to
to 1.5
1.5 and
and 1.2
1.2 VV had
hadaaclear
clearcomponent
componentatatca.
ca. 7112.7
7112.7 eV,
eV, revealing
revealing the
the presence
presence of
of aa
discharged
2+
significantfraction
fractionof
ofFe
Fe2+ ..
significant

Figure5.5. Fe
Fe K-edge
K-edge XANES
XANES (X-ray
(X-ray absorption
absorption near
near edge
edge structure)
structure) spectra
spectra measured
measured ex
ex situ
situ for
for
Figure
carbon-coatedZn
Zn0.9Fe
Fe0.1O anodes before electrochemical testing (pristine) and discharged to 1.5 and
carbon-coated
0.9 0.1 O anodes before electrochemical testing (pristine) and discharged to 1.5 and
+/Li.
+
1.2
V
vs.
Li
1.2 V vs. Li /Li.

Comparing the pre-edge peak integrated intensities and energy centroids with those of model
Comparing the pre-edge peak integrated intensities
and energy centroids with those of model
compounds from literature [16,22–24] provides Fe3+/(Fe2+ + Fe3+) ratios = 0.95(5) for the pristine
compounds from literature [16,22–24] provides Fe3+ /(Fe2+ + Fe3+ ) ratios = 0.95(5) for the pristine
Zn0.9Fe0.1O/C., 0.75(7) and 0.5(7) for the samples discharged at 1.5 and 1.2 V, respectively.
Zn0.9 Fe0.1 O/C., 0.75(7) and 0.5(7) for the samples discharged at 1.5 and 1.2 V, respectively.
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Interestingly, a significantly different behavior was observed for the high-potential region during
Interestingly, a significantly different behavior was observed for the high-potential region during
the initial lithiation, i.e., the potential region from the open circuit voltage down to 0.8 V—or in terms
the initial lithiation, i.e., the potential region from the open circuit voltage down to 0.8 V—or in terms
of specific capacity for the first 100–350 mAh g−1 −(indicated
by the dashed box and magnified in the
of specific capacity for the first 100–350 mAh g 1 (indicated by the dashed box and magnified in
inset of Figure 6a). The Li-storage capacity in this region increased with increasing iron content.
the inset of Figure 6a). The Li-storage capacity in this region increased with increasing iron content.
Combining the previously reported in situ XRD data [12], the herein presented XRD results
Combining the previously reported in situ XRD data [12], the herein presented XRD results (indicating
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capacity contribution observed at high potentials could be ascribed to Li+ insertion into the wurtzite
wurtzite lattice favored by the presence of cationic vacancies and accompanied by the reduction
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lattice favored by the presence of cationic vacancies and accompanied by the reduction of Fe3+ to Fe2+ ,
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Fe to Fe , as schematically illustrated in Figure 7.
as schematically illustrated in Figure 7.
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Figure 7. Schematic illustration of the cationic vacancies in the wurtzite lattice of the pristine material
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of the cationic vacancies in the wurtzite lattice of the pristine material
due to the Fe for Zn2+ substitution (left panel) and the resulting initial lithium ion insertion in the vacant
due to thetetrahedral
Fe3+ for sites
Zn2+atsubstitution
(left
panel)
and
thereduction
resulting
initial
lithium
ion insertion in the
3+ to Fe
2+ (right panel).
higher potentials,
leading
to the
partial
of Fe
vacant tetrahedral sites at higher potentials, leading to the partial reduction of Fe3+ to Fe2+ (right panel).
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that Zn0.98 Fe0.02 O reveals the typical de-alloying peaks (region D), commonly observed for pure
ZnO [13,15],
suggesting
that the upon lithiation formed zinc nanograins are comparably larger for
3. Materials
and Methods
such a rather low iron content [13].
3.1. Material Synthesis
In conclusion, both galvanostatic cycling and cyclic voltammetry highly suggested that the defects
Zn1−x
FexO (withwere
x = 0.02,
0.04, 0.06,
0.08, 0.10, 0.12)
was synthesized
previously into these
in the wurtzite
structure
cationic
vacancies,
allowing
for the according
initial Lito+ ainsertion
reported method [15]. Zinc (II) gluconate (Alfa Aesar, Lancashire, UK) and iron (II) gluconate
vacancies. This lithium insertion resulted in increasing capacities at higher potentials for increasing
Fe content, accompanied by the reduction of Fe3+ to Fe2+ , and followed by the kinetically favored
conversion reaction.
3. Materials and Methods
3.1. Material Synthesis

Zn1−x Fex O (with x = 0.02, 0.04, 0.06, 0.08, 0.10, 0.12) was synthesized according to a previously
reported method [15]. Zinc (II) gluconate (Alfa Aesar, Lancashire, UK) and iron (II) gluconate
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(Sigma Aldrich, St. Louis, MO, USA) were dissolved in ultra-pure water with respect to the desired
dopant ratio (0.2 M total ion concentration). This solution was added dropwise to a second solution
comprising 1.2 M sucrose, and the obtained solution was stirred for 15 min. Subsequently, the solvent
was evaporated at 160 ◦ C and the obtained material was further heated to 300 ◦ C in order to decompose
the sucrose and dry the precursor. Finally, the solid powder was grinded and calcined in a tubular
furnace (Nabertherm, L9/12/P330, Lilienthal, Germany) at 450 ◦ C for 3 h (3 K min−1 heating rate).
ICP-OES was conducted in order to determine the metal ion concentrations by dissolving the samples
in hot hydrochloric acid and via double determination in a Spectro Arcos from Spectro Analytical
Instruments (Kleve, Germany) with axial plasma view. Scanning electron microscopy (SEM) was
performed by means of a Zeiss LEO 1550 (Zeiss, Oberkochen, Germany).
3.2. Powder XRD Characterization and Structural Refinement
The crystal structure of the as-synthesized samples was characterized by powder XRD with
an automated Philips Bragg-Brentano diffractometer equipped with a graphite monochromator.
The long-fine focus Cu tube was operated at 40 kV and 25 mA. Spectra were recorded in the 2θ
range 20–140◦ with a 0.03◦ step and 14 s counting time. The structures were refined with the
program General Structure Analysis System (GSAS) [25]. The reflection shape was modeled with a
Pseudo-Voigt function; the FWHM was refined as a function of 2θ taking into account both Gaussian
and Lorentzian broadening. The refinement was carried out for the space group P63 mc and the starting
atomic coordinates were those of Xu and Ching [26] with the initial values for isotropic temperature
factors (Uiso), arbitrarily chosen as 0.025 Å2 . The O atom sites were designated as fully occupied,
while constrains for fractional occupancies for Fe and Zn were used according to the stoichiometry
of the synthesized samples. The background was modeled with a 9-terms polynomial function.
Cell parameters, scale factor, and the background polynomial function were free variables during the
refinement. Parameters were added stepwise to the refinement in the following order: 2θ zero-shift,
peak shape, peak asymmetry, atomic coordinates, and isotropic thermal factor. The intensity cut-off
for the calculation of the profile step intensity was initially set at 1.0% of the peaks maxima and
were lowered to 0.1% in the final stages of the refinements. Final convergence was assumed to be
reached when the parameter shifts were <1% of their respectively estimated standard deviation.
Estimated errors, provided by the Rietveld refinement program, are ±0.0002 Å for the cell parameters
and ±0.002 Å for the selected interatomic distances. However, the error calculation is probably
over-optimistic, as it does not include the correlation among parameters and other error sources
(like the overlapping of many diffraction reflections, for instance). In order to get an alternative estimate
of the accuracy of the refined structural data, we have compared the set of structural parameters
obtained using different refinement strategies for the same diffraction data. These comparisons show
that realistic estimates of the error bars are ±0.0005 Å for the cell parameters and ±0.005 Å for the
selected interatomic distances. Trials of refinements were also done assuming some of the iron could
be located in interstitial sites. However, the resulting disagreement indexes were higher than in the
case of Fe location in the Zn site. Thus, we assume that all the iron is substituting for Zn and that no
significant amount of iron is located in interstitial sites [17].
3.3. XAS Data Collection and Analysis
Ex situ Fe K-edge XAS spectra were measured on cycled electrodes (section below) at beamline
BM08 [27] of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). A fixed-exit
double-crystal Si(311) monochromator, operated in flat crystals mode, was used to select the energy
of the beam delivered by the bending magnet source. Higher order harmonics were rejected using
two Pd-coated mirrors working at an incidence angle of 3.6 mrad. The second mirror was left unbent.
The beam size at the sample was about 2 mm × 2 mm FWHM. XAS spectra were measured in
transmission mode using ionization chambers filled with N2 and Ar gases at pressures tuned to
achieve the optimal efficiency at the Fe K-edge absorption edge energy (20% and 80% of absorption
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of the incident beam respectively). The monochromator energy was calibrated by setting the first
inflection point of the edge of metal Fe to 7112 eV. The spectrum of a metal Fe foil placed downstream
of the main experimental chamber was collected simultaneously with any anode spectrum to monitor
and correct the energy scale against possible monochromator instabilities. Fe K-edge pre-edge peak
analysis was carried out following a standard procedure reported elsewhere [22,23]. The pre-edge
peak was fitted by a sum of pseudo-Voigt functions and their intensities along with energy positions
were compared with those of Fe model compounds from literature in order to extract the information
on the absorber oxidation state in the cycled samples. More details on the pre-edge peak fitting method
can be found in references [24,28].
3.4. Electrochemical Characterization
Electrodes were prepared with a dry composition of 75 wt % active material, 20 wt % Super C65
(Imerys, Paris, France) and 5 wt % sodium carboxymethyl cellulose (CMC; Dow-Wolff Cellulosics,
Bollitz, Germany) dissolved in ultra-pure water. Slurries were homogenized in a planetary ball mill
(Fritsch Vario-Planetary Mill Pulverisette 4, Fritsch GmbH, Idar-Oberstein, Germany) for 3 h using
12 mL zirconia jars and zirconia balls. Subsequently, the slurries were cast onto dendritic copper
foil (Schlenk, Bitterfeld, Germany) at 50 mm s−1 with a doctor blade (BYK Additive & Instruments,
Wesel, Germany) and a wet film thickness of 120 µm. The obtained electrode batches were dried at room
temperature overnight before punching 12 mm disc electrodes and drying them in a vacuum glass oven
(Büchi B585, Büchi, Rungis, France) at 120 ◦ C for 24 h. All electrochemical experiments were conducted
in three-electrode Swagelok-type cells. The prepared electrodes were used as working electrodes,
while lithium foil (Honjo Metal Co., Higashi-Osaka, Japan) served as counter and reference electrode.
Glass fiber sheets (Whatman GF/D, Whatman, Maidstone, UK), drenched in a 1 M solution of LiPF6 in
ethylene carbonate and diethyl carbonate (3:7 by wt), were used as separators. Galvanostatic cycling
was conducted on a Maccor Series 4300 battery cycler, applying cut-off potentials of 3.0 V and 0.01 V vs.
Li+ /Li. All applied currents refer to a theoretical specific capacity of 966 mAh g−1 (1C = 966 mA g−1 ).
For cyclic voltammetry experiments, a galvanostatic-potentiostatic VMP multichannel cycler (Biologic
Science Instruments, Seyssinet-Pariset, France) was used, applying a sweeping rate of 50 µV s−1 and
reversing potentials of 3.0 V and 0.01 V vs. Li+ /Li.
For the ex situ XAS measurements, electrodes based on carbon-coated Zn0.9 Fe0.1 O active material
were prepared on carbon paper, serving as current collector, and, apart from the pristine sample,
cycled in three-electrode Swagelok-type cells according to the same procedures as above. Subsequently,
the electrodes were recovered at discrete stages (1.5 V and 1.2 V), washed with dimethyl carbonate
to remove the electrolyte, and sealed within polyethylene (PE) foil in an Ar-filled glove box to avoid
air contamination.
4. Conclusions
Fe-doped Zn1−x Fex O samples (with x ranging from 0.00 to 0.12) have been successfully
synthesized using a self-developed synthesis route. Powder XRD reveals all samples to be phase-pure,
having the same wurtzite structure of pristine ZnO. Galvanostatic cycling and cyclic voltammetry
data of Fe-doped ZnO electrodes highlight an increasing capacity contribution in the initial stages of
lithiation, which is ascribed to the reduction of trivalent to divalent Fe, as also supported by the ex
situ XANES data. In sum, the data reported herein indicate that increasing iron dopant contents lead
to increasing cationic vacancies in the lattice, allowing for the electrochemical insertion of Li+ into
wurtzite-structured ZnO, thus, kinetically favoring the subsequent conversion reaction. We may, hence,
anticipate that these results will further enlighten the role of non-divalent transition metal dopants in
ZnO and, in general, aliovalent transition metal dopants for conversion/alloying materials (CAMs) in
general, ideally paving the way for the development of new CAMs with further enhanced energy and
power densities.
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Figure A1. Top panel: Photograph of the Zn1−xFexO samples with x being 0.02, 0.04, 0.06, 0.08, 0.10,
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