This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

http://pubs.acs.org/journal/acsodf

Article

Synthesis and Characterization of a Multication Doped Mn Spinel,
LiNi0.3Cu0.1Fe0.2Mn1.4O4, as 5 V Positive Electrode Material
Priyanka Sharma, Chittaranjan Das, Sylvio Indris, Thomas Bergfeldt, Liuda Mereacre, Michael Knapp,
Udo Geckle, Helmut Ehrenberg, and Mariyam Susana Dewi Darma*

Downloaded via KIT BIBLIOTHEK on November 10, 2020 at 14:40:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: ACS Omega 2020, 5, 22861−22873

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: The suitability of multication doping to stabilize the
disordered Fd3̅m structure in a spinel is reported here. In this work,
LiNi0.3Cu0.1Fe0.2Mn1.4O4 was synthesized via a sol−gel route at a
calcination temperature of 850 °C. LiNi0.3Cu0.1Fe0.2Mn1.4O4 is
evaluated as positive electrode material in a voltage range between
3.5 and 5.3 V (vs Li+/Li) with an initial speciﬁc discharge capacity
of 126 mAh g−1 at a rate of C/2. This material shows good cycling
stability with a capacity retention of 89% after 200 cycles and an
excellent rate capability with the discharge capacity reaching 78
mAh g−1 at a rate of 20C. In operando X-ray diﬀraction (XRD)
measurements with a laboratory X-ray source between 3.5 and 5.3
V at a rate of C/10 reveal that the (de)lithiation occurs via a solidsolution mechanism where a local variation of lithium content is observed. A simpliﬁed estimation based on the in operando XRD
analysis suggests that around 17−31 mAh g−1 of discharge capacity in the ﬁrst cycle is used for a reductive parasitic reaction,
hindering a full lithiation of the positive electrode at the end of the ﬁrst discharge.

■

INTRODUCTION

Elemental doping is considered to suppress impurity
formation and enhance electrochemical performance. Doping
modiﬁcations such as cation doping (Na,9 Al,10 Cr,11 Fe,12
Cu,13 Sm,14 Zr,15 Nb,16 Mo,17 etc.), anion doping (S,18 P19),
or composite doping20 of LNMO are amply reported. Among
various cation substitutions, Fe inﬂuences the electrochemistry
of spinels favorably.12,21,22 In the previous work carried out in
our group, it was found that the introduction of a small
quantity of Fe in LNMO led to improvements in electrochemical performance owing to the suppression of Ni6MnO8 in
addition to reduced strain due to a dominant single-phase
cycling process.23 The best cycling performance of LiNi0.5−xFe2xMn1.5−xO4 was found for x = 0.1. However, this
material system still required a calcination temperature of 1000
°C to obtain the cation-disordered structure. Therefore, as a
further step of a multication doping strategy, the inﬂuence of
partial substitution of Ni by Cu in the parent compound is
investigated. Multication doping is considered to increase
entropy in the system, which might lead to the stabilization of
a disordered spinel at lower temperatures. Following this

The rapid development in the electric automobile and energy
sectors has led to the demand for improved lithium-ion
batteries (LIBs). Since the electrochemical performance of a
battery is mostly limited by its positive electrode, materials
with high rate capability, speciﬁc capacity, and long cycling life
are required. Recently, LiNi0.5Mn1.5O4 (LNMO) spinels have
gained much attention due to their high operating potential,
environmental friendliness, low cost, and good thermal
stability.1−7 However, their electrochemical properties are
dependent on the crystal structure. It has been previously
reported that LNMO with a disordered Fd3̅m structure shows
better electrochemical performance than the ordered (P4332)
structure. It is argued in the literature7 that a perfectly cationordered spinel with a space group of P4332 resists the solidsolution phase transition behavior because the Ni/Mn ordering
is incompatible with the ordering of Li+ and vacancies during
delithiation, whereas the introduction of Ni/Mn disordering
into the spinel structure results in a gradual increase in stability
for a solid-solution reaction. This leads to improvement in the
electrochemical properties by reducing the mechanical stress/
strain due to lattice mismatches in the absence of a singlephase process. Nevertheless, the disordered structure is
obtained at higher temperatures, which is accompanied by
oxygen loss and formation of rock salt impurities like
LixNi1−xO/Ni6MnO8.8
© 2020 American Chemical Society

Received: May 10, 2020
Accepted: July 23, 2020
Published: August 31, 2020

22861

https://dx.doi.org/10.1021/acsomega.0c02174
ACS Omega 2020, 5, 22861−22873

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

approach, we report the synthesis and characterization of a
LiNi0.3Cu0.1Fe0.2Mn1.4O4 spinel. The characterization results
show the successful formation of a disordered spinel at a
temperature of 850 °C, which is lower than the synthesis
temperature of the parent compound LiNi0.4Fe0.2Mn1.4O4. The
cycling mechanism has also been studied and follows a solidsolution process.

■

RESULTS AND DISCUSSION
This section is organized into four parts: characterization of assynthesized LiNi0.3Cu0.1Fe0.2Mn1.4O4, electrochemical performance of LiNi0.3Cu0.1Fe0.2Mn1.4O4 (calcined at 850 °C) as
positive electrode material, surface analysis by X-ray photoelectron spectroscopy (XPS), and mechanism of lithium
(de)intercalation.
Characterization of As-Synthesized LiNi0.3Cu0.1Fe0.2Mn1.4O4. In this section, the elemental
composition, morphology, crystal structure, and local environment of lithium of as-synthesized materials are elaborated
using diﬀerent methods, which include Inductively coupled
plasma and optical emission spectrometry (ICP-OES),
scanning electron microscopy (SEM), X-ray diﬀraction
(XRD), Raman spectroscopy, and NMR spectroscopy.
The elemental analyses of the sample calcined at 850 °C are
given in Table 1. The chemical composition of the sample,

Figure 1. SEM images of (a) uncalcined (dried at 400 °C) and (b)
calcined (850 °C) powder samples. (c) XRD patterns for uncalcined
(dried at 400 °C) and (b) calcined (850 °C) powder samples.

the calcined sample as shown in Figure 1c, obtained from
Rietveld reﬁnement. The impurity phase might be formed due
to the oxygen loss at elevated temperatures. When the oxygen
loss becomes signiﬁcant, the spinel decomposes and forms an
oxygen-deﬁcient spinel and Li2MnO3.27 For this class of
material, XRD is frequently used to predict the structural
stability of the system, i.e., by evaluating the relative integrated
intensity of the 311 reﬂection with respect to the 400 reﬂection
(I311/I400), which is related to the degree of tetragonal
([M]2O4) distortion in the spinel framework. For a good
structural stability and enhanced cycling retention, this ratio
should be in the range of 0.96−1.10.28 The ratio of I311/I400 for
the spinel calcined at 850 °C is 1.01, which lies within this
range.
The stabilization of the Fd3̅m phase can be related to the
increased entropy in the system due to the incorporation of
multiple cations. The conﬁgurational entropy, ΔSmix, for the
present system is computed as 1.24R (R is the universal gas
constant), which lies within the range of medium entropy
oxides (MEOs).29 Such a high value of ΔSmix might be
responsible for suppressing cation ordering (and forming a
more stable structure of Fd3̅m).
Mn-based spinels can also be formed as an ordered phase
exhibiting P4332 symmetry. This P4332 symmetry is marked by
the presence of additional weak reﬂections at 2θ ≈ 15.3, 39.7,
45.7, and 57.5°. These reﬂections are not observed for the
calcined sample presented here, suggesting the formation of
crystalline material in Fd3̅m symmetry. However, XRD cannot
exclude the formation of an amorphous phase or a very low
amount of impurities. Further investigation of the crystal
structure was done by Raman spectroscopy, which can be used
to characterize both crystalline and amorphous phases. Raman
spectra between 100 and 1000 cm−1 from both the uncalcined
sample dried at 400 °C and calcined sample at 850 °C are
plotted and indexed in Figure 2a. The samples reveal broad
bands at approximately 633 cm−1 (A1g), 590 cm−1 (F2g), 490
cm−1 (F2g), 390 cm−1 (Eg), 208 cm−1 (vw), and 158 cm−1 (s).
Mn−O stretching corresponds to the strong signal of the A1g

Table 1. ICP-OES and carrier gas hot extraction (CGHE)
Analyses of LiNi0.3Cu0.1Fe0.2Mn1.4O4 Calcined at 850 °C
element

wt %

standard deviation

measurement accuracy

Li
O
Mn
Fe
Ni
Cu
total wt %

3.6
33.6
42.55
5.46
9.52
3.44
98.17

0.03
0.6
0.11
0.02
0.01
0.01

0.09
2.92
0.89
0.12
0.2
0.13

obtained from ICP-OES, is LiNi0.3Cu0.1Fe0.19Mn1.41O4, which
is quite close to the composition calculated based on the
stoichiometric amount of the corresponding precursors
(LiNi0.3Cu0.1Fe0.2Mn1.4O4).
SEM images of the powder before and after calcination are
shown in Figure 1a,b, respectively. The precursor dried at 400
°C lacks well-deﬁned edges with particle sizes in the range of
20−80 nm. The particle sizes for the calcined sample range
from 300 nm to 1 μm. The crystallized particles have a
truncated polyhedral shape which might be a result of the
dopants. It has been shown that truncated {100} surfaces in
LNMO improve the diﬀusivity of Li+ ions and stabilize
interfacial behavior.25 Therefore, an increase in the ratio of
(100) to (111) facets can improve cycling stability and rate
capability.
Figure 1c shows XRD patterns for the powder before and
after calcination. The diﬀraction data for both samples reveal
the formation of a cubic spinel phase with an Fd3̅m space
group as the main phase. The lattice parameters for the
uncalcined and calcined samples are calculated as 8.1829(2)
and 8.2046(3) Å, respectively. The lattice parameter of the
calcined sample is larger than that of the uncalcined sample,
which can be explained by the reduction of Mn4+ to Mn3+ with
a larger ionic radius due to oxygen deﬁciency.26 Li2MnO3 with
a layered structure (C2/m) appears as 2.6(6) wt % impurity for
22862
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Figure 2. (a) Raman and (b) 7Li MAS NMR spectra of the (uncalcined) sample dried at 400 °C and the sample calcined at 850 °C.

Figure 3. Cyclic voltammetry at a sweep rate of 0.1 mV s−1 for (a) the ﬁrst eight cycles of LiNi0.3Cu0.1Fe0.2Mn1.4O4 (b) ﬁfth cycle of undoped
LiNi0.4Fe0.2Mn1.4O4 (taken from Figure 5b in ref 23) and doped LiNi0.3Cu0.1Fe0.2Mn1.4O4 for comparison. (c) Cycling stability (charge/discharge
rate of C/2), (d) Coulombic eﬃciency, and (e) rate capability of LiNi0.3Cu0.1Fe0.2Mn1.4O4 calcined at 850 °C within a voltage window of 3.5−5.3
V. Three samples were used for cycling stability test whereas two samples were used for the rate capability test. The standard deviation reﬂects the
spread in the measured capacities.

the investigated system. The peak at 300 cm−1 in the
uncalcined sample is identiﬁed as the Ag CuO phonon
peak.32 The absence of CuO reﬂections in the XRD pattern
of the uncalcined sample is due to its low amount.
Interestingly, the Ag CuO phonon peak is not observed for
the sample calcined at 850 °C in Figure 2, suggesting that Cu
has successfully been incorporated into the spinel lattice during
calcination. The peaks (A1g, F2g) observed for the high-

band (the symmetric Mn−O stretching vibration of MnO6
octahedra) and the broad signal of F2g.30 The peak positions of
the material reported here deviate slightly compared to the
values reported in literature, which can be attributed to the
nature and concentration of the dopant ions used. In the case
of cation ordering, splitting of the F2g band at 590 cm−1 has
been reported.31 The absence of such a splitting further
conﬁrms the formation of a structure with Fd3̅m symmetry in
22863
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rated into the spinel phase after calcination. The peak positions
in this voltage region are slightly diﬀerent from the positions
reported by Verrelli et al. for Li0.85Ni0.46Cu0.1Mn1.49O4 material,
which are at 4.02 V for Mn4+/Mn3+ and 4.28 for Cu3+/Cu2+.13
The diﬀerence in chemical composition might explain this
slight deviation; the peak position and its shape are strongly
aﬀected by the local environment.13 Additionally, these two
peaks are very broad and strongly overlapping, making it
diﬃcult to determine precisely their peak positions.
Two intense peaks centered at 4.74 and 4.84 V are
associated with the Ni4+/Ni2+ redox couples.23 A weak
shoulder at around 5.0 V is located at the same position as
the shoulder reported for the parent compound LiNi0.4Fe0.2Mn1.4O4.23 Based on in situ Mössbauer spectroscopy
and X-ray absorption spectroscopy analysis of the Fe-doped
spinel material, Dräger et al. conﬁrmed that this weak shoulder
can be assigned to the Fe4+/Fe3+ redox couple.34
The cycling stability and Coulombic eﬃciency for the
calcined sample are displayed in Figure 3c,d, respectively. The
capacity is measured with the charge/discharge rate of C/2.
The charge capacity in the ﬁrst cycle is larger than that in the
following cycles (143 mAh g−1 in the ﬁrst cycle vs 134 mAh
g−1 in the second cycle). The Coulombic eﬃciency of the ﬁrst
cycle is only 90%, and it increases to 96% in the second cycle
and reaches slightly above 98% from the 44th cycle onward.
The capacity retention of this positive electrode is 89%
(equivalent to 112 mAh g−1) after 200 cycles, which is
comparable to that observed without Cu doping.23 The Li+
incorporation might actually be facilitated by the truncated
octahedral morphology. In addition, the presence of Mn3+ in
the spinel resulting from oxygen loss at high calcination
temperatures improves the electronic conductivity due to the
electron hopping between Mn3+ and Mn4+.35 This is
particularly advantageous for enhanced capacity retention.
To evaluate the rate capability of this material, the calcined
LiNi0.3Cu0.1Fe0.2Mn1.4O4 was charged by applying a constant
current (at C/2) followed by a constant-voltage step at 5.3 V
for 15 min, but then the electrodes were discharged with
diﬀerent rates. The rate-dependent discharge capacity is given
in Figure 3e. The discharge capacity at the rate of 20C is
equivalent to 62% capacity at the rate of C/2, which makes it a
suitable candidate for high-power applications.
The reported material showed an initial speciﬁc discharge
capacity of 126 mAh g−1 at a rate of C/2 in a voltage range
between 3.5 and 5.3 V (vs Li+/Li). The material exhibits a
better capacity than those doped with Al,10 Cu,13 and Zr with a
disordered LNMO structure,15 but it is fairly similar to those
doped with Na.9
It should be noted that the electrode mass loading used in
this study is relatively low, 2.2 ± 0.4 mg cm−2. It is anticipated
that thicker electrodes will aﬀect the electrochemical performance of this material as a positive electrode; in particular, the
rate performance above 1C might be lower as reported here.
Surface Analysis by XPS. To shed more light onto the
oxidation states at the surface of the positive electrode material,
ex situ XPS was performed for positive electrodes at selected
potentials. For all samples, Mn 2p, Mn 3s, Cu 2p, Ni 2p, O 1s,
F 1s, and C 1s core-level spectra were recorded. The signal-tonoise ratio is low in the case of Ni 2p, Cu 2p, and Fe 2p
spectra, caused by lower concentration of these elements in the
electrode. Therefore, a reliable ﬁtting method cannot be
applied to these spectra to obtain the proper chemical states of
these elements. Moreover, the oxidation state of these

temperature sample are slightly shifted toward lower
frequencies as compared to the uncalcined powder. The lattice
parameter is increased at this calcination temperature.
Consequently, the bond lengths of Mn−O and Ni−O bonds
become longer, resulting in the corresponding Raman peaks at
lower frequencies. To ensure a representative result, Raman
mapping of both the samples was done (see Figure S3 in the
Supporting Information). Weak peaks at around 400 cm−1 in
the Raman mapping of the calcined sample are observed in a
nonsystematic appearance; this might be caused by the very
small and randomly distributed Li2MnO3 impurity.33
The local environment of lithium was investigated by 7Li
MAS NMR. Figure 2b shows 7Li MAS NMR spectra of the two
samples. The spinning side bands of the isotropic peaks at 855
and 0 ppm are marked with * and +, respectively. The two
spectra look very similar except for the small peak near 0 ppm,
which belongs to a diamagnetic impurity, most likely Li2CO3.
The origin of this phase could be attributed to the organic
compounds used during the sol−gel synthesis. A broad peak at
855 ppm dominates the spectra. The width results from the
many diﬀerent transition metals and consequently many
diﬀerent local environments around Li in the system. The
position of this peak at 855 ppm is consistent with the values
already reported for pure and Fe-doped LNMO.23 The
absence of other signals conﬁrms that Li+ is located exclusively
on tetrahedral sites in the spinel structure.
Electrochemical Performances of LiNi0.3Cu0.1Fe0.2Mn1.4O4. The electrochemical performance of
LiNi0.3Cu0.1Fe0.2Mn1.4O4 positive electrode material was
evaluated from cyclic voltammetry (CV) and galvanostatic
cycling at diﬀerent charge rates. CV curves of this positive
electrode are plotted in Figure 3a, showing that the general
shape of the CV curves is preserved for the ﬁrst eight cycles.
However, it is also obvious from this ﬁgure that the position,
width, and intensity of the peaks between 4.5 and 5.3 V in the
ﬁrst cycle are slightly diﬀerent from the successive cycles,
indicating that the lithiation mechanism of the ﬁrst cycle might
not be the same as for the following cycles. This small
deviation is further investigated with in operando XRD
measurements.
Figure 3b shows a comparison between the CV curve of the
parent compound of LiNi0.4Fe0.2Mn1.4O4, which was synthesized without Cu doping in our group,23 and that of
LiNi0.3Cu0.1Fe0.2Mn1.4O4 reported here. To serve as a
qualitative comparison, the current is normalized to the
maximum value. Above 4.4 V, all characteristic peaks observed
in undoped material are also observed in the doped material,
even though the peak positions and their corresponding widths
are not exactly the same. A slight diﬀerence is observed in the
lower potential region. The CV curve of the doped material
between 3.8 and 4.4 V shows a weak and very broad feature.
Further inspection of this voltage region suggests that this
feature consists of two overlapping peaks at around 4.08 and
4.21 V, resulting in an almost plateau-like crest (see the zoom
in Figure 3a). The position of the ﬁrst peak at 4.08 V is similar
to the position of the redox couple Mn4+/Mn3+ for the parent
compound LiNi0.4Fe0.2Mn1.4O4 (see Figure 5b in ref 23). This
peak is weak because most of the Mn in the calcined sample is
already in the 4+ state (see the section about XPS analysis).
The additional peak centered at 4.21 V for the doped material
is most likely associated with the redox couple of Cu3+/Cu2+.13
The activation of Cu is also supported by the conclusion from
Raman spectroscopy that Cu has been successfully incorpo22864
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Figure 4. XPS spectra of (a) Mn 2p, (b) Ni 2p, (c) Mn 3s, and (d) Cu 2p of noncycled and precycled positive electrodes. For the samples at
selected potentials, the positive electrodes were precycled with a rate of C/4 followed by the constant-voltage (holding time at selected potential for
24 h) step.

by suppressing the amount of Mn3+, which is a Jahn−Teller
active ion. The Mn 3s core-level spectrum of the positive
electrodes (Figure 4c) has two peaks separated by a distance
ranging from 4.8 to 5.4 eV from each other. The distance
between these peaks is an indication of diﬀerent oxidation
states for Mn.
The peak distances for pre-cycled positive electrodes at 3.5
and 4.172 V are the same, i.e., at around 4.8 eV, which means
that the average oxidation state of Mn for the samples at these
two potentials is 4+. The results are contradictory to the CV
curves where the Mn is supposed to be at a more reduced state
(Mn3+) for the sample at 3.5 V. Note that the samples for the
XPS measurements were precycled with a constant current for
one cycle, followed by the constant-voltage step at 3.5 V for 24
h. This constant-voltage procedure might induce chemical
instability for this sample. The Mn3+ is well known to undergo
a disproportionation reaction, forming Mn2+ and Mn4+ where
Mn2+ is dissolved into a carbonate-based electrolyte. This
might explain that the average oxidation state for the sample at
3.5 V is 4+, rather than a more reduced state.
Manganese is expected to be electrochemically inactive
above 4.2 V; hence, the Mn in samples at higher potential
should have the same oxidation state as for the sample at 4.172
V. However, the peak distances for all of the samples above 4.2
V are 5.4 eV, which means that the Mn is actually in more
reduced states than that of the sample at 4.172 V.38 This
unexpected result might be related to the side reaction(s),
which are reported elsewhere for the oxide-based electrodes
that have been cycled to higher potential. The decomposition
products of both electrolyte and electrode are then deposited
on the surface of the electrode.42−44 Lin et al. reported that the
reduced Mn and Co species are predominantly observed on

elements and their complex chemical nature, i.e., multiple
doping material, make it more challenging to ﬁt these spectra.
The Mn 2p and Ni 2p3/2 core-level spectra are shown in
Figure 4a,b, respectively. It can be observed that there is no
signiﬁcant change in the shape and position of the Mn 2p peak
at diﬀerent potentials. Due to multiple possible oxidation states
and overlapping of their binding energy, it is not straightforward to determine the oxidation state of Mn from Mn 2p corelevel spectra.36 The Ni 2p peak at 854.4 eV corresponds to the
Ni 2p3/2 core-level spectra.37−39 A broad peak close to Ni 2p3/2
is visible, which corresponds to the F KLL Auger peak. At the
X-ray excitation energy of 1436.6 eV, which was used in this
measurement, the strong overlapping between the broad F
KLL Auger peak40 (the F signal comes from the poly(vinylidene diﬂuoride) (PVDF), used as a binder) and the
weak Ni 2p peak increases the complexity of the analysis of Ni
2p to determine the oxidation states of Ni in the sample. Due
to this complexity, the change of oxidation states of the Ni
species at diﬀerent potentials cannot be concluded for this
particular material system.
Fortunately, the Mn 3s spectra can be used to determine the
oxidation state of Mn species in this complex material system.
In general, the Mn 3s core-level spectrum splits into two peaks
due to the multiplet splitting. The oxidation state of Mn is
characterized by the separation of these two peaks: the
distance between these peaks changes from 4.5 eV for Mn4+ to
6.5 eV for Mn2+.41 In the case of the noncycled (pristine)
electrode, the distance between the two Mn 3s peaks is about
4.8 eV, which corresponds to predominant Mn4+ states for the
Mn species; however, the coexistence of a small amount of
Mn3+ cannot be completely excluded. This conﬁrms the
successful strategy to improve the structural stability of a spinel
22865
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Figure 5. In operando X-ray diﬀraction patterns acquired during cycling of LiNi0.3Cu0.1Fe0.2Mn1.4O4 vs Li at a rate of C/10 in the range of 3.5−5.3 V
for (a) the ﬁrst, (b) second, and (c) third cycles.

Figure 6. X-ray diﬀraction (XRD) patterns (a) at the end of charging at 5.3 V and (b) at the end of discharging at 3.5 V, (c) potential vs charge
ﬂow plot, and (d) capacity and Coulombic eﬃciency of the ﬁrst, second, and third cycles during in operando XRD measurements.

the surface of LiNi0.4Mn0.4Co0.18Ti0.02O2, cycled up to 4.7 V.43
Since XPS is a surface-sensitive method, it is likely that the
signals of Mn 3s for the samples above 4.2 V come
predominantly from these decomposition products. The strong
indication of side reactions can also be deduced from in
operando XRD measurements.

The Cu 2p spectra are given in Figure 4d. The main peak at
around 933.0 eV and a broad peak ranging from 942.0 to 948.0
eV are observed, corresponding to the Cu 2p3/2 and Cu
satellite, respectively.45 The broad and visible satellite peak at
this position indicates that the oxidation state of Cu is 1+ for
all samples.45 This is unexpected because Cu is supposed to be
at 2+ at 3.5 V and oxidized to 3+ above 4.21 V. Again, it
22866
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Figure 7. Measured and calculated 531 and 551 reﬂections at selected charge ﬂows during the ﬁrst charge. The corresponding voltages are given.

the second and third cycles is smaller than that of the ﬁrst
cycle. The diﬀerence between the charge capacity of the ﬁrst
and the second cycle is around 35 mAh g−1, which is around
20% of the total capacity of the ﬁrst charge. This diﬀerence is
labeled as ΔO in Figure 6c and is most likely used for the
oxidative parasitic reaction in the ﬁrst charge.
During discharging, all reﬂections shift gradually to lower 2θ
angles (see the patterns in red, green, and blue in Figure 5);
hence, the lattice parameter increases due to lithium
intercalation into the positive electrode. However, the
contraction and expansion of the lattice parameter is partially
irreversible during the ﬁrst cycle, indicated by overlapping
contributions of doubling reﬂections at the end of discharge of
the ﬁrst cycle. This doubling of reﬂections is clearly visible in
the case of 311, 511, and 531 reﬂections (see the dashed gray
circles), but it is less obvious for other reﬂections because they
overlap with reﬂections from either Li or Al. The doubling of
reﬂections implies the coexistence of two spinels having
diﬀerent lithium contents; they are called the ﬁrst and the
second fraction of the spinel in this paper. With the current
setup where the size of the X-ray beam (in the mm range) is
considerably larger than the particle size of the positive
electrode material (primary particle: hundreds of nanometers,
secondary particle: few micrometers), it is not possible to
locate precisely at which length scale this local inhomogeneity
takes place, whether inside one primary particle or if it rather
occurs in the secondary (agglomerated) particle.
The evolution of the 311 and 511 reﬂections at the end of
discharge at 3.5 V is compared for the ﬁrst three cycles in
Figure 6b. Interestingly, the doubling of reﬂections gets less
visible in the second cycle (relative to the ﬁrst cycle) and it
even disappears in the third cycle. The positions of those
reﬂections are observed at similar 2θ angles, but the relative
intensity between the ﬁrst and the second fraction varies with
the cycle number. The weight percentage of the ﬁrst fraction
increases in the second cycle, and it reaches a maximum in the
third cycle. In other words, the positive electrode is not fully
lithiated during discharging in the ﬁrst cycle, but it becomes
fully lithiated at the end of discharge in the third cycle.
To get a more quantitative and detailed understanding of the
(de)lithiation mechanism, a Rietveld reﬁnement was employed

should be kept in mind that XPS is a surface-sensitive method;
therefore, the results might not necessarily represent oxidation
states of the elements in the bulk.
Mechanism of Lithium (De)intercalation and the
Origin of Poor Coulombic Eﬃciency in the First Cycle.
All electrochemical tests suggest that the (de)lithiation
mechanism of the ﬁrst cycle might not be the same as for
the following cycles. For this reason, in operando XRD
experiments were carried out during the ﬁrst three cycles in
the same voltage range as for the cycling stability test between
3.5 and 5.3 V (vs Li+/Li). Considering that a reasonable
acquisition time for in operando XRD patterns employing a
silver source is 20 min/pattern, the cell was cycled with the
charge rate of C/10 to get suﬃcient data points.
The in operando XRD patterns and their corresponding
potential curves are presented in Figure 5a for the ﬁrst, (b)
second, and (c) third cycles. Due to the high background level
originating from the separator, electrolyte, conductive agent
(Super P), and binder (PVDF), the impurity phase of
Li2MnO3 cannot be observed from these patterns. As it is
seen in these ﬁgures, some reﬂections attributed to the positive
electrode material, such as 222, 440, and 622, overlap with the
reﬂections assigned to Li (as a counter electrode) or Al (as
current collector) metals. On the other hand, the 311, 511 and
531 reﬂections do not overlap with reﬂections of either the
counter electrode (Li) or the current collector (Al). Additionally, those reﬂections are observed at a medium 2θ range,
which make them suitable reﬂections to be compared for
qualitative analysis of the lithiation state at the same potential
but at a diﬀerent cycle number.
It is clear from Figure 5a−c that all positive electrode
reﬂections shift to higher 2θ angles monotonically during
charging (see the shift of gray patterns), which means that the
lattice parameter decreases due to the extraction of lithium
from the positive electrode. To evaluate the lithiation state at
the end of charge at 5.3 V, the 311 and 511 reﬂections are
presented for the ﬁrst three cycles in Figure 6a. As seen in this
ﬁgure, the peak positions of the 311 and 511 reﬂections are
located at the same 2θ position, indicating that the positive
electrode is essentially at the same lithiation state for the ﬁrst,
second, and third cycles, even though the exchanged charge of
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Figure 8. Evolution of the lattice parameter (a−c) and weight percentage of the ﬁrst and the second fraction during charging (d−f) and discharging
(g−i) of the ﬁrst, second, and third cycles, respectively. The error bars from the reﬁnement are not always visible because they are smaller than the
size of the symbols.

the end of the ﬁrst discharge, only 55 wt % of the positive
electrode is fully lithiated. The remaining 45 wt % of electrode
material is partially lithiated. This of course raises the question
on how the lithiation mechanism in this region proceeds,
which is discussed below.
To get a more quantitative ﬁgure on the diﬀerence between
the lithiation degree at the end of the ﬁrst and the third cycle, a
simpliﬁed estimation is made, based on the assumption that
the lattice parameter varies linearly with the amount of lithium
and that, while discharge capacities measured during the ﬁrst
and the second cycle comprise lithiation and parasitic
reactions, the discharge capacity measured in the third cycle
actually contributes to lithiation only. The lattice parameter of
the ﬁrst fraction of the positive electrode (55 wt %) at the end
of the ﬁrst discharge is at a fully lithiated state; however, as it is
shown in Figure 9a, the lattice parameter of the remaining 45
wt % (red square) is identical with the lattice parameter that is
observed when the state of lithiation at the third discharge is in
the range of 46−70% (blue sphere or blue square). A more
accurate estimation is not possible because two fractions of the
spinel coexist within this range. Considering the two fractions,
where one is only partially lithiated, this means that in total the
average lithiation at the end of the ﬁrst cycle is around 14−
24% smaller than that of the third cycle.
Figure 9b presents a closer look into the discharge curves of
the ﬁrst and the third cycle. The discharge capacity of the ﬁrst
cycle is 2.8 mAh g−1 smaller (∼2%) than that of the third cycle.
This value is much smaller than the diﬀerence in lithiation
degree estimated from XRD analysis. One possible explanation
for this large discrepancy is the coexistence of reductive
parasitic reactions, mostly occurring in the ﬁrst and the second
cycle. A considerable amount of discharge current of around
17−31 mAh g−1 is used for the parasitic reaction in the ﬁrst

for obtaining lattice parameter evolution. At the potential
where the state of charge is locally not uniform, a structure
model consisting of two spinel fractions of an identical space
group having diﬀerent lattice parameters is established. The
aluminum current collector and the lithium metal negative
electrode reﬂections were treated with the Le-Bail proﬁle
matching method.46
The coexistence of the ﬁrst and the second fraction is not
always observed as doubling of reﬂections as it is observed at
the end of the ﬁrst discharge in Figure 6b. In the voltage range
between 4.86 and 5.09 V during the ﬁrst charge, these two
fractions are indicated from the peak shapes at higher angles
(e.g., 531 and 551 reﬂections in Figure 7). The most
pronounced indication is presented in Figure 7b−d where
the 551 reﬂections exhibit plateau-like crests, resulting from
strong overlapping of two peaks. A structure model based on
heterogeneous lithium content in this voltage range improves
the goodness-of-ﬁt parameter (smaller χ value in FullProf). As
it can be seen in this ﬁgure, the peak positions of the ﬁrst and
the second fraction shift continuously to a higher angle
(shaded areas in blue and red). The integrated intensity of the
second fraction becomes smaller as the charging continues.
The evolution of the lattice parameter as a function of
voltage is presented in Figure 8a for the ﬁrst, (b) second, and
(c) third cycles. In the voltage region between 4.86 and 5.09 V,
the lithium deintercalation is indicated by both the gradual
decrease of the lattice parameter and the variation of the
weight percentage of the two fractions. Two spinel fractions
are also observed during discharging. Below 4.5 V, lithium
intercalation leads to an increase of the lattice parameter and
weight percentage of the ﬁrst fraction. Opposite to this, the
lattice parameter of the second fraction is practically constant,
but its weight percentage gradually decreases (Figure 8g). At
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Figure 9. (a) Lattice parameter evolution as a function of discharge
capacity in the third cycle. The corresponding state of lithiation
shown below the ﬁgure is calculated based on the assumption that all
discharge current is used for lithium intercalation. The lattice
parameter at the end of the ﬁrst discharge is also shown. (b)
Discharge curves of the ﬁrst and the third cycle during in operando
XRD measurements.
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Figure 10. SEM images of electrodes (a) before cycling and (b) after
200 cycles with a cycling rate of C/2. (c) Nyquist plots of the positive
electrodes at diﬀerent cycle numbers. (d) Equivalent circuit model to
ﬁt the impedance spectra in (c).

cycle. Applying the same calculation, a discharge capacity of
around 6−10 mAh g−1 is used for the parasitic reaction in the
second cycle.
The coexistence of the two fractions of the spinel at the end
of the ﬁrst and the second charge might be misunderstood as a
two-phase mechanism. However, in operando XRD analysis of
the third cycle conﬁrms that the lithiation in LiNi0.3Cu0.1Fe0.2Mn1.4O4 follows a solid-solution mechanism.
The possible explanation of the two fractions of the spinel at
the end of the ﬁrst and the second discharge is the coexistence
of a reductive parasitic reaction, impeding the lithiation
process. The solid-solution mechanism is further conﬁrmed
by the results of in operando XRD conducted between 3.5 and
5.1 V where only one fully lithiated spinel phase is observed
already at the end of the ﬁrst discharge. The in operando XRD
patterns, the evolution of the lattice parameter, and the voltage
proﬁles are presented in Figures S4 and S5 in the Supporting
Information.
To further investigate the inﬂuence of current on the
parasitic reactions, another in operando XRD experiment was
carried out between 3.5 and 5.3 V for four cycles with rates of
C/10, C/10, C/30, and C/10. The in operando XRD patterns
of the ﬁrst and the second cycle are the same as in Figure 5a,b;
therefore, only the patterns of the third and the fourth cycle
(C/30, then C/10) are given in Figure S6a,b, respectively.
Even though a signiﬁcant amount of capacity of 148 mAh g−1
is measured from 5.08 to 5.3 V during charging at a rate of C/
30, the positions of all reﬂections attributed to the positive
electrode material do not shift any longer in this range, which
indicates that this additionally measured charge is not used for
further lithium extraction from the positive electrode. This last
set of in operando XRD experiments suggests that the use of
low rates at high voltages considerably promotes side reactions,
which detrimentally aﬀects the cycling performance of the
positive electrode.
The side reaction inﬂuences greatly the capacity retention of
the positive electrode by consuming lithium and through
formation of a surface reconstruction layer, which increases the
overall impedance, leading to capacity and power loss. The
change of morphology and impedance due to cycling is likely
and investigated by performing SEM and impedance spectroscopy. Figure 10a,b shows the morphology of active material in
the positive electrode before cycling and after 200 cycles. It is
visible that the surface of the active material gets rougher after

200 cycles. Some of the decomposition products might be
deposited at the surface, worsening the kinetics of the
electrochemical process.
The impedance spectra of the positive electrode at 4.65 V
(corresponding to the state of charge of 20% at the beginning
of life) are presented as Nyquist plots in Figure 10c for
diﬀerent cycle numbers. It is shown here that the general
features are preserved during prolonged cycling up to 200
cycles. They consist of a nearly straight line of a diﬀusional tail
(Warburg impedance) at a lower frequency range, followed by
a depressed semicircle at a medium- to high-frequency range.
The impedance value at −Im(z) equal to zero (R0), observed
in the high-frequency region, represents the pure Ohmic
resistance of all components in the cell such as electrolyte,
binder and separator.47 The depressed arc is most likely
associated with the charge transfer resistance at the positive
electrode side. Even though the formation of a surface
reconstruction layer is reported elsewhere,42−44 and also
indicated in this study, only one semi-circle is observed. This
is opposite to the impedance spectra of a graphite negative
electrode where the resistance of the solid electrolyte
interphase and charge transfer can be clearly identiﬁed from
two suppressed arcs at higher- and medium-frequency
ranges.48 It is possible that the resistance of this surface
reconstruction layer at the positive electrode side is strongly
overlapping with the charge transfer resistance and has a very
small value compared to the charge transfer resistance so that
the depressed arc is dominated by the charge transfer
resistance.
The equivalent circuit, consisting of an R0 and an RQ
element (see Figure 10d), is used to ﬁt the impedance spectra.
The Warburg impedance is not considered in this ﬁtting. The
diﬀusional tail is actually overlapping with another process,
resulting in a nonlinear tail, which is most obvious for the
spectra in the 200th cycle. The RQ element consists of charge
transfer resistance (R1) in parallel with the constant-phase
element (CPE). Stiaszny et al. suggested to use CPE, instead of
pure capacitance, because it can well describe the porous
electrode.48 The ﬁtted R0 and R1 values are listed in Table 2. It
is seen in this table that both resistances, R0 and R1, increase
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Table 2. Values of Fitted R0 and R1
cycle number
1
2
3
200

R0 (Ω)
1.7
2.0
2.2
5.1

(±0.07)
(±0.1)
(±0.13)
(±0.13)

temperatures are given in Figure S1 in the Supporting
Information. The sample for in operando measurements was
synthesized in a similar way, except that the molar ratio of
citric acid monohydrate to ethylene glycol was 1:8 to ensure
better homogenization.
Material and Electrochemical Characterization. The
metal compositions of the calcined samples were measured by
inductively coupled plasma optical emission spectrometry
(ICP-OES, iCAP 7600 from Thermo Fisher Scientiﬁc). For
this measurement, the sample was dissolved in hydrochloric
acid and nitric acid at 353 K in a graphite oven (Analab). Four
diﬀerent calibration solutions and two internal standards
(sodium and scandium) were used to perform the elemental
analysis. The oxygen content was determined by carrier gas hot
extraction (CGHE).
X-ray diﬀraction (XRD) experiments were conducted on the
as-prepared powder samples for phase analysis (STOE
STADI/P diﬀractometer in transmission geometry, Cu Kα1
radiation, Ge 111 monochromator, Mythen 1D silicon strip
detector). The samples were scanned from 4 to 100 ° (2θ).
Structural reﬁnements were carried out by the Rietveld method
using the FullProf software.24 The instrumental resolution
function was determined from the reﬂections’ half widths from
a Si standard (NIST 640d) pattern. Further conﬁrmation of
the crystal structure of the spinel was done by recording
Raman spectra at room temperature on a HORIBA Jobin Yvon
LabRAM HR Evol system with 632.81 nm laser excitation. 7Li
magic-angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy was conducted on a Bruker Avance 200
MHz system at a magnetic ﬁeld of B0 = 4.7 T, which
corresponds to a 7Li Larmor frequency νL = 77.8 MHz. An
aqueous solution of 1 M LiCl was taken as a reference for the
chemical shift of 7Li (0 ppm). Spinning was performed in 1.3
mm rotors at 40 kHz. Spectra were recorded with a rotorsynchronized Hahn-echo pulse sequence, a π/2 pulse length of
1 μs, and a recycle delay of 1 s.
The morphologies of the as-synthesized powder and
electrodes were investigated by thermal ﬁeld emission (FE)
scanning electron microscopy (SEM), using a ZEISS Merlin
scanning electron microscope (5 kV, in-lens detector). Prior to
the SEM measurements, all samples were sputtered with Au/
Pd (Au = 80% and Pd = 20%) with a thickness of 5 nm to
reduce charging eﬀects.
The electrodes for electrochemical measurements, as well as
for in operando XRD measurements, were prepared by a
magnetically stirred (24 h, room temperature) mixture of 80
wt % active material, 10 wt % carbon (Super C 65, TIMCAL),
and 10 wt % poly(vinylidene ﬂuoride) (Solef PVDF 6020
binder, Solvay) dissolved in N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich), where the weight ratio of NMP and the total
solid content was 2:1. The obtained slurry was coated on an
aluminum foil by a doctor blade method with a wet thickness
of 150 μm for electrochemical measurements and 500 μm for
in operando XRD. The dried coatings were punched with a
diameter of 1.2 cm to form electrode disks. The mass loading
of electrodes was 2.2 ± 0.4 mg cm−2 for electrochemical tests
and 8.8 mg cm−2 for in operando XRD measurements. The
electrochemical characterization was conducted in a half-cell
conﬁguration using CR2032-type coin cells. LiPF6 (1 M) in
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/
v) electrolyte (LP30, Merck) in excess and two layers of
Celgard 2325 as a separator were utilized for building the cells.
Lithium metal was used as a counter electrode.

R1 (Ω)
178
225
316
594
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(±3)
(±4)
(±6)
(±8)

due to cycling. This increase of impedance causes a sluggish
electrochemical reaction at higher cycle numbers.

■

SUMMARY AND CONCLUSIONS
LiNi0.3Cu0.1Fe0.2Mn1.4O4 with an Fd3̅m structure has successfully been synthesized via a sol−gel method and subsequent
calcination at 850 °C. The stabilization of the structure could
be attributed to the increased disorder due to multiple-cation
incorporation. The electrochemical performance depends on
various factors such as cation disordering, particle size and
shape, and the presence of Mn3+ and Cu2+. A detailed analysis
of the in operando XRD data reveals that Li+ insertion/
extraction occurs via a solid-solution process. The appearance
of a secondary spinel domain during cycling can be explained
by a non-uniform lithium content across the positive electrode,
leading to a local variation of the state of charge. With the codoping of Cu and Fe in the LNMO system, no signiﬁcant
improvements in the speciﬁc capacity as compared to the
literature could be attained. Nevertheless, the disordered spinel
structure could be obtained at a lower calcination temperature
of 850 °C, in comparison to its parent compound without Cu
doping LiNi0.4Fe0.2Mn1.4O4 (at 1000 °C). Therefore, depending on the choice of dopants and the synthesis route,
multication doping can be considered as an attractive strategy
to stabilize the Fd3̅m structure and enhance the electrochemical properties in high-voltage spinels. Employing ratedependent in operando XRD measurements, it is concluded
that side reactions occur predominantly during charging and
discharging of the ﬁrst cycle. The XPS results suggest that the
surface reconstruction layer, formed due to these side
reactions, consists of species that are in more reduced states
than in the bulk. Fortunately, this layer protects the positive
electrode surface and suppresses the side reaction during
successive cycles. The studies conducted here suggest that the
relevant parameters to control the side reaction are charge/
discharge rate and operating voltage. The use of a higher
cycling rate and decreasing the upper limit of the voltage
window might suppress the side reactions.

■

EXPERIMENTAL SECTION
Synthesis. Stoichiometric amounts of metal acetates, viz.,
manganese(II) acetate tetrahydrate (Merck Millipore, ≥99%),
lithium acetate dihydrate (Alfa Aesar, 99%), iron(II) acetate
anhydrous (Alfa Aesar), nickel(II) acetate tetrahydrate (Alfa
Aesar, >98%), and copper(II) acetate monohydrate (Alfa
Aesar, >98%), were dissolved in a solution of 1:4 citric acid
monohydrate (EMSURE, ≥99.5%) and ethylene glycol
(AnalaR NORMAPUR, ≥99.5%). The homogeneous solution
was then heated to 180 °C to remove excess ethylene glycol.
The viscous gel thus formed was dried at 400 °C for 5 h in a
muﬄe furnace. The obtained material was then calcined with a
rate of 5 °C min−1 in air. In respect to the electrochemical
performance of the synthesized materials, the optimum
calcination temperature was found to be 850 °C. The
electrochemical performance of samples at diﬀerent calcination
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All of the electrochemical measurements were performed at
room temperature. The cells were tested with a BCS (BioLogic Science Instruments) multichannel potentiostat using
the EC-Lab software. The cells were cycled between 3.5 and
5.3 V. The relatively high upper cutoﬀ voltage (5.3 V) was
used to ensure the iron redox activity. Cycling performances
were investigated by cycling the cells at a rate of C/2 (where
1C = 146.7 mA g−1, the theoretical capacity of the current
material) for 200 cycles with the electrolyte in excess. For rate
capability investigations, a constant charging rate of C/2
followed by a constant-voltage step at 5.3 V for 15 min was
employed, whereas discharging rates were varied as C/2, 1C,
5C, 10C, and 20C. For all electrochemical tests, a relaxation
time at the end of charge and discharge was applied for 15 min.
Cyclic voltammograms were measured with a sweep rate of 0.1
mV s−1. To ensure reproducible results, at least two samples
were cycled for each type of experiment.
In Operando XRD Measurements Using Ag Diﬀractometer. In operando XRD measurements were performed
using a dedicated in operando setup, developed at the Karlsruhe
Institute of Technology in close cooperation with the STOE &
Cie GmbH as presented in Figure S2 in the Supporting
Information. The diﬀractometer has a silver source (E =
22.123 keV, λ = 0.55942 Å) with a focusing Ge 111
monochromator. A Dectris MYTHEN 2 2K double detector
with a ﬁxed distance between both detectors of little less than
the width of a module (approximately 18° 2θ) is mounted at a
radius of 130 mm from the central axis of the goniometer,
enabling a simultaneous intensity counting covering the
angular range from 0 to 36° with the eﬀective angular
resolution of 0.015° in 2θ. If necessary, the step width could be
improved to 0.005° by an oversampling routine, which also
increases the measuring time by a factor of 3. The
electrochemical tests with in operando cells were accomplished
using a galvanostatic system μAUTOLAB-FRA2, TYPE III
controlled by NOVA. The cell was cycled at a rate of C/10
between 3.5 and 5.3 V for three cycles. The acquisition time
was 20 min per pattern. Additional in operando XRD
experiments were carried out to study the inﬂuences of cycling
rate and voltage window on the lithium intercalation.
Prior to the in operando measurements, LaB6 (NIST 660b)
was used as a standard to determine the instrumental
resolution ﬁle for the Rietveld reﬁnement of the samples.
Ex Situ X-ray Photoelectron Spectroscopy (XPS). For
ex situ XPS measurements, the positive electrodes were
galvanostatically precycled for one cycle with a constant rate
of C/4. The positive electrodes were then charged to selected
potentials using a constant-current (C/4)−constant-voltage
mode for 24 h. The cells were opened under an argon
atmosphere, and the samples were rinsed with DMC. All
samples were transferred to the XPS instrument without any
air contact. The measurements were carried out using a KAlpha XP spectrometer (Thermo Fisher Scientiﬁc). The
samples were excited with monochromatic an Al Kα X-ray
source, and the analysis spot was 400 μm. Data acquisition and
processing were done using the Thermo Avantage software.
Electrochemical Impedance Spectroscopy (EIS). EIS
was carried out by introducing sinusoidal voltage signals of 5
mV using a multichannel potentiostat (BioLogic VMP3) in the
frequency range of 1 MHz−1 mHz. The impedance data is
evaluated using the RelaxIS software.
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