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The development of alternative anodes is crucial for next generation

lithium-ion batteries that can charge rapidly while maintaining high

lithium storage capacity. Among the most promising candidates are

conversion/alloying metal oxides like SnO2, for which, however, the

irreversibility of the conversion reaction provides a great hurdle – not

least with respect to the substantial charge loss and, thus, limited

energy density. Herein, we report on the improved reversibility of the

conversion reaction by incorporating a transition metal dopant like

iron, cobalt, or manganese. While all these dopants provide substan-

tially enhanced capacities due to their beneficial effect on the alloying

and conversion reaction, a detailed comparison concerning the

achievable capacity at lower voltages, i.e., less than 2.0 V, reveals that

the careful selection of the dopant plays a decisive role for the

achievable energy density on the full-cell level. In fact, the highest

energy density is obtained when doping SnO2 with manganese rather

than cobalt or iron because of its relatively lower redox potential and

when setting the anodic cut-off to 1.5 V – despite the lower capacity.

These results may serve as a general guideline when designing and

evaluating alternatives for graphite – in particular, those including

a conversion step.
Lithium-ion batteries (LIBs) are the power source of choice for
a large variety of applications, covering, e.g., small-scale devices
like portable electronics and large-scale applications like elec-
tric vehicles.1–3 Particularly for the latter, however, there is
a strong need for enhanced energy and power densities to meet
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the market and consumer demands.3,4 Especially the realization
of quickly rechargeable LIBs appears of great importance, as
this will allow to compete with combustion-engine-powered
vehicles also when traveling long distances – largely indepen-
dent of the eventual driving range, i.e., the energy density of the
battery.3 Nonetheless, the fast charging of LIBs is hampered by
the state-of-the-art anode, graphite, as a result of the hazardous
deposition of metallic lithium at the anode surface, the poten-
tial formation of lithium dendrites, and the occurrence of
severe exothermic reactions, resulting in worst case in a ther-
mal runaway.5,6 Hence, to eventually enable a safe and rapid
charging of LIBs, alternative anode materials, which can
reversibly host lithium by conversion or alloying, are considered
to be the key,7 while allowing for, at least, comparable
gravimetric and volumetric energy densities.8–11 One of the
most investigated active materials in this regard is SnO2,
which theoretically provides specic capacities of about
1494 mA h g�1, if both reactions, i.e., alloying and conversion
are considered fully reversible (SnO2 + 8.4 Li+ + 8.4 e� 4 2
Li2O + Li4.4Sn). The reversible conversion reaction, however, is
hindered by the increasing grain size of the tin particles formed
upon reduction.12,13 Thus, even if the alloying reaction can be
stabilized, the theoretical capacity decreases to ca.
782 mA h g�1, accompanied by a large irreversible capacity loss
in the initial cycles. In recent years, there have been essentially
three different approaches to render the conversion reaction
reversible. The rst one is based on the design of advanced
SnO2/transition metal oxide nanostructures.14–19 Interestingly,
only those composites reveal high reversible capacities, i.e.,
capacities exceeding the alloying contribution, for which two
requirements are fullled: (i) an “intermixing” of the two
different compounds on the nanocrystalline level and (ii) the
incorporation of a metal oxide, which is reduced prior to tin
oxide, such as iron, nickel, molybdenum, or cobalt. Both
requirements underline the necessity of a high electronic
conductivity within the active material composite to enable the
reversibility of the conversion reaction.11 The second approach
is based on a composite of SnO2, a metallic transition metal
Sustainable Energy Fuels, 2018, 2, 2601–2608 | 2601
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(e.g., iron, cobalt, or manganese), and graphite.20,21 Also in this
case, the intimate contact between the metallic transition metal
and SnO2 appears to be the key to enable the reversible
conversion reaction, though requiring rather large fractions of
the metal, i.e., about 30 wt% with respect to SnO2. The third
approach is based on the incorporation of transition metal
cations into the SnO2 lattice as, for instance, in Fe-,22–24 W-,25 or
Co-doped26–28 doped SnO2. This approach provides the great
advantage of an intrinsic mixing of the different cations on the
atomic level, a combined reduction of the different cations, and
the need for reduced amounts of the transition metal, as
a doping concentration of 10% (TM to Sn) appears to be
sufficient.28

In this work, we will show that the careful selection of the
transition metal cation, moreover, results in signicantly
enhanced energy densities on the full-cell level as well as an
improved cycling stability and rate capability. For this purpose,
we synthesized pure SnO2 and TM-doped SnO2 – with the TM
Fig. 1 (a) XRD patterns of as-synthesized, pure SnO2 (in black), Fe-dope
SnO2 (SCO; in pink); as reference given in the bottom is JCPDS card no. 0
of (b) SnO2, (c) SFO, (d) SMO, (e) and SCO. (f–m) TEM/HRTEM microgra
including the characteristic cassiterite lattice fringes for all four samples

2602 | Sustainable Energy Fuels, 2018, 2, 2601–2608
being either Fe (SFO), Co (SCO), or Mn (SMO). The corre-
sponding X-ray diffraction (XRD) patterns are presented in
Fig. 1a, all revealing a tetragonal structure with the P42/mnm
space group, matching well with the JCPDS 01-077-0447. The
patterns show relatively pronounced, rather broad reections,
suggesting the formation of nano-crystalline samples. A closer
examination of the diffractograms conrms that there are no
additional reections present, indicating the absence of
secondary phases down to a level of well below 0.5 wt%.29 The
subsequently conducted Rietveld renement (Fig. 1b–e)
provides an accurate determination of the unit cell parameters
and atomic positions, which are summarized in Table S1.†
According to this in-depth structural analysis the partial
substitution of tin by iron, manganese, or cobalt results in
a small, but appreciable variation of the unit cell volume,
increasing in the order SCO > SFO > SMO compared to pure
SnO2, which is supported by the excellent agreement indices of
the performed t. In fact, these appreciable variations of the
d SnO2 (SFO; in red), Mn-doped SnO2 (SMO; in blue), and Co-doped
1-077-0447 for cassiterite SnO2. (b–e) Rietveld refined diffractograms
phs of (f and g) SnO2, (h and i) SFO, (j and k) SMO, and (l and m) SCO,
in the given HRTEM micrographs.

This journal is © The Royal Society of Chemistry 2018
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unit cell volume indicate the incorporation of the dopant into
the rutile crystalline lattice and its absence in interstitial sites.
The FWHM (full width at half maximum) of the XRD reections
increases in the order SnO2 < SMO < SFO < SCO, meaning that
the crystallite size, calculated using the Scherrer formula based
on the intercepts of the W–H. plots,30 decreases in the same
order, i.e., SnO2 (30 nm) > SMO (16 nm) > SFO (15 nm) > SCO (11
nm).

These results are supported by the subsequent (high-
resolution) transmission electron microscopy ((HR)TEM) anal-
ysis (Fig. 1f–m), revealing the synthesis of well-crystallized,
roughly spherical particles for all four samples with the char-
acteristic lattice fringes of 0.335, 0.264, and 0.176 nm for the
(110), (101), and (211) planes, respectively, in cassiterite-
structured (TM-doped) SnO2 without any apparent lattice
defects.

Further corroboration of the successful doping is provided
by X-ray photoelectron spectroscopy (XPS). The corresponding
survey spectra are presented in Fig. S1,† while a detailed
comparison of the four samples is provided in Fig. 2. In Fig. 2a,
the Sn 3d spectra are depicted, revealing two major peaks for all
samples, related to Sn 3d5/2 and Sn 3d3/2 and located at 486.6
and 495.0 eV, respectively, in case of pure SnO2, conrming its
tetravalent oxidation state.31,32 The spectra for the three TM-
doped SnO2 samples show essentially the same features, but
the two peaks are slightly shied to lower binding energies, i.e.,
by about 0.4–0.5 eV. Likewise, the O 1s transition peak (Fig. 2b)
is slightly shied to lower binding energies for the TM-doped
samples by the same offset. Such decrease in binding energy
is assigned to the presence of oxygen vacancies33,34 as a result of
Fig. 2 XPS analysis of pure SnO2, SFO, SMO, and SCO: comparison of the
SnO2, SFO, SMO, SCO); (c) fitted Fe 3p spectrum for SFO– the Fe 3p spec
Sn 3p peaks; (d) Mn 2p spectrum for SMO; and (e) Co 2p spectrum for S

This journal is © The Royal Society of Chemistry 2018
the aliovalent TM doping to ensure charge neutrality. This
assignment is further supported by the increasing asymmetry of
this peak in presence of the transitionmetal dopants, which can
be deconvoluted in a low binding energy component (LBEC) at
around 530 eV and a high binding energy component (HBEC) at
around 531.4 eV.35,36 An increasing contribution of the HBEC,
which is responsible for this increasing asymmetry, indicates an
increasing presence of oxygen vacancies,35,36 which is in excel-
lent agreement with the Raman and UV-vis spectra depicted in
Fig. S2 and S3,† respectively (see also the corresponding
discussion in the ESI†). In fact, the oxidation state of iron was
determined to be purely trivalent, as indicated by the single
peak at 56.1 eV in the Fe 3p spectrum (Fig. 2c).37,38 This value is
slightly higher than for classic iron oxides (e.g., 55.8 eV for
Fe2O3, 54.9 eV for FeO, and 53.9 eV for Fe3O4), which is attrib-
uted to the different atomic environment in Sn0.9Fe0.1O2,
compatible with the proposed incorporation into the rutile
lattice.39–41 For SMO, the maximum of the Mn 2p3/2 peak is
located at 641.86 eV (Fig. 2d), indicating an average Mn oxida-
tion state slightly above +3 in consideration of the mean values
in the NIST XPS database for MnO (641.2 eV), Mn2O3 (641.7 eV),
and MnO2 (642.3 eV). The lowest oxidation state is recorded for
cobalt, for which the Co 2p spectra (Fig. 2e) show very prom-
inent satellite peaks at �786 and 802 eV, which are a charac-
teristic feature of Co2+.42 Nonetheless, the presence of a fraction
of trivalent cobalt appears plausible based on a tentative t,
using the reference binding energies of the pure TM oxides (not
shown herein). This tentative t and the resulting estimation of
the average TM cationic radius (low spin), which is about 0.69 Å
for tetravalent tin, 0.66 Å for cobalt (average oxidation state of
(a) Sn 3d and (b) O 1s detail spectra for the four samples (top to bottom:
trum is shown instead of the Fe 2p, as the latter overlaps with the strong
CO.

Sustainable Energy Fuels, 2018, 2, 2601–2608 | 2603
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<3), 0.65 Å for trivalent iron, and 0.64 Å for manganese (average
oxidation state of >3) provides also an explanation for the
decrease of the unit cell volume earlier observed (see Table S1†).
This means that the smaller the TM cation the smaller is the
unit cell volume, which nicely illustrates the conformity of the
obtained data. In contrast, the crystal growth is apparently
kinetically hindered, the less similar the oxidation state of the
dopant to the oxidation state of the tin cation.

Aer this careful physicochemical characterization, con-
rming the successful doping in all three cases, we focused on
the investigation of the impact of the TM dopant on the elec-
trochemical behavior. For this purpose, we subjected electrodes
comprising the different active materials to cyclic voltammetry
(CV) tests in a rst step (Fig. 3). Pure SnO2 reveals essentially
three reduction features in the rst cathodic sweep, precisely at
1.22 V (A), 0.92 V (B), and around 0.31 V (C); the latter one being
composed of several peaks (Fig. 3a). Peak (A) is commonly
assigned to the formation of the solid electrolyte interphase
(SEI) as a result of the occurring electrolyte decomposition.43,44

The most intense peak (B) is attributed to the reductive
conversion of SnO2 to metallic tin and lithium oxide, and
feature (C) is related to the alloying of metallic tin and
Fig. 3 Cyclic voltammograms (1st cyclic sweep) for electrodes based o
reversing voltages: 0.01 and 3.0 V vs. Li/Li+). A vertical dashed line at 2.0
discussion in the text on the impact of the dopant nature, highlighting t

2604 | Sustainable Energy Fuels, 2018, 2, 2601–2608
lithium.45,46 For the subsequent anodic sweep, feature (D) at
around 0.47 V corresponds to the dealloying process, while the
peaks (E) at 1.23 V and (F) at 1.81 V are generally assigned to the
re-oxidation of tin and backformation of Li2O.43,44

For TM-doped SnO2, the general CV features do not differ
substantially (Fig. 3b–d), indicating that the presence of the
dopant does not alter the reaction mechanism, while substan-
tially enhancing the reversibility of the alloying and, in partic-
ular, the conversion reaction. In addition, the tin particle
aggregation upon continuous cycling is hindered (see Fig. S4†
for the subsequent CV sweeps and Fig. S5† for a comparative
in situ XRD analysis). Nonetheless, there are three remarkable
differences. First, all TM-doped samples (Fig. 3b–d) show
a more pronounced peak (A), which is assigned to the higher
surface area (84 m2 g�1 for SFO, 93 m2 g�1 for SMO, and
95 m2 g�1 for SCO compared to 36 m2 g�1 for SnO2) because of
the smaller particle size and the incorporation of the TM dopant
into the rutile lattice. Moreover, the intensity maximum for
peak (A) varies as a function of the transition metal. For SFO
(Fig. 3b), it appears at 1.21 V, i.e., similar to SnO2, while it is
shied upwards for SCO (Fig. 3d) to 1.34 V and downwards for
SMO (Fig. 3c) to 1.15 V. These variations highlight that the
n (a) SnO2, (b) SFO, (c) SMO, and (d) SCO (sweep rate: 0.05 mV s�1;
V is included to guide the reader's eye in light of the corresponding

he current flow above this voltage in case of Fe and Co.

This journal is © The Royal Society of Chemistry 2018
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elemental nature has a signicant impact on the onset of the
electrolyte decomposition. Second, features (B) and (C) are
broader and less distinct which may be ascribed as well to the
relatively smaller particle size, the presence of anionic vacan-
cies, and the formation of presumably smaller domains of
metallic tin and TM. Third, and most important for the
following considerations, aer peak (F), i.e., for E > 2.0 V there is
essentially no current ow in case of SMO (Fig. 3c), while
there is still a signicant current owing for SFO (Fig. 3b) and
SCO (Fig. 3d). These observations can be explained by the
re-oxidation of the corresponding TM, since the redox
potential of Fe and, in particular, of Co is substantially higher
than that of Mn.

To quantify this effect in terms of capacity as a function of
the anodic cut-off voltage, we conducted galvanostatic cycling
(Fig. 4). A comparison for the rst dis-/charge cycle of SFO, SMO,
and SCO – each with pure SnO2 – is provided in Fig. 4a. Elec-
trodes based on pure SnO2 reveal the characteristic potential
prole47 with a rapid potential drop to about 1.5 V, followed by
a weakly dened feature at about 1.2–1.3 V, which is in excellent
agreement with the CV data – just like the general impact of the
TM doping on the electrochemical response. The incorporation
of cobalt results in the highest reversible capacity, when
charging up to 3.0 V, i.e., 1340 mA h g�1, compared to
1230 mA h g�1 for SMO, 1170 mA h g�1 for SFO, and only
850 mA h g�1 for pure SnO2. While the choice of such a high
anodic cut-off voltage is certainly valuable to determine the
Fig. 4 Galvanostatic cycling of electrodes based on SnO2, SFO, SMO, an
SMO, and SCO (from top to bottom) always in direct comparison with the
current: 20 mA g�1); (b) direct comparison of the 1st cycle charge profiles
a function of the half-cell voltage at selected points of 0.5, 1.0, 1.5, and 2
when assuming a theoretical LiNi0.5Mn1.5O4 cathodewith a (constant) disc
cathode ratio of 1 : 1 in specific capacity).

This journal is © The Royal Society of Chemistry 2018
maximum capacity of an electrode material in context of the
corresponding scientic literature, it is, nevertheless, of limited
insight with regard to the potential application of the potential
anode material candidates in (commercially viable) lithium-ion
full-cells. Thus, we have carefully analyzed the achievable
capacity at lower anodic cut-offs, which moreover provide the
great advantage of enhanced cycling stabilities.12,48 In fact,
beside the incorporation of a TM dopant in general, the choice
of the dopant nature plays a decisive role. The incorporation of
manganese rather than iron or cobalt results in a superior
reversible capacity at lower potentials up to ca. 1.9 V (Fig. 4b),
which is assigned to the substantially lower redox potential of
1.87 V vs. Li/Li+ for Mn/Mn2+ compared to 2.60 V and 2.76 V for
Fe/Fe2+ and Co/Co2+, respectively.49 A plot of the specic
capacity at a certain anodic cut-off voltage (Fig. 4c, see also
Table S2†) underlines this nding, showing that the order in
specic capacity for all these cut-offs is SMO > SCO > SFO >
SnO2. The capacity for SMO at 1.5 V, for instance, is
955 mA h g�1, which is 57 mA h g�1 higher than for SCO and
139 mA h g�1 higher compared to SFO. Translating these
capacity values into gravimetric energy densities with a theo-
retical LiNi0.5Mn1.5O4 cathode (Fig. 4d, see also Table S3†)
further highlights the advantageous effect of carefully selecting
the TM dopant. For a cut-off voltage of 2.0 V, for instance, the
estimated specic energy is 454 W h kg�1 for SnO2,
461 W h kg�1 for SFO, 463 W h kg�1 for SCO, and 472 W h kg�1

for SMO, i.e., about 10 W h kg�1 more compared to SCO and
d SCO: (a) 1st cycle discharge (left) and charge (right) profiles for SFO,
1st cycle dis-/charge profile of pure SnO2 (given in red; applied specific
for all four samples; (c) comparative analysis of the specific capacity as
.0 V; (d) direct comparison of the resulting gravimetric energy density,
harge potential of 4.7 V and a specific capacity of 140mA h g�1 (anode/

Sustainable Energy Fuels, 2018, 2, 2601–2608 | 2605
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Fig. 5 (a to h) (HR)TEM characterization of the carbon-coated samples: (a and b) SnO2-C, (c and d) SFO-C, (e and f) SMO-C, and (g and h) SCO-
C. (i to l) Galvanostatic cycling of electrodes based on carbon-coated SnO2, SFO, SMO, and SCO: (i) plot of the specific dis-/charge capacity and
coulombic efficiency vs. the cycle number for SFO-C, SMO-C, and SCO-C (from top to bottom) – always in direct comparison to SnO2-C,
serving as reference (1st cycle: 20 mA g�1, following cycles: 100 mA g�1); (j) the corresponding potential profiles for selected cycles (10th, 20th,
30th, 40th, and 50th) for SnO2-C, SFO-C, SMO-C, and SCO-C (from top left to bottom right); (k) application of elevated specific currents to
electrodes based on SFO-C, SMO-C, and SCO-C (from top to bottom) – always in direct comparison to SnO2-C (the given capacity values are
averaged over 10 cycles); (l) the corresponding potential profiles for the fifth cycle at each dis-/charge current for SnO2-C, SFO-C, SMO-C, and
SCO-C (from top left to bottom right).

2606 | Sustainable Energy Fuels, 2018, 2, 2601–2608 This journal is © The Royal Society of Chemistry 2018
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SFO and almost 20 W h kg�1 more with respect to SnO2. When
selecting a lower cut-off of 1.5 V, the gravimetric energy density
is even further enhanced, e.g., 480 W h kg�1 for SMO, since
theoretically less cathode material is required to balance the
anode capacity, while the cell voltage is greater. Considering the
same theoretical setup for a graphite anode results in an esti-
mated energy density of 454 W h kg�1, which is about
25 W h kg�1 less. Critical for this estimation, of course, is the
development of suitable strategies to reduce and/or balance the
initial charge loss – e.g., by decreasing the surface area by
forming advanced secondary particle architectures, stabilizing
the electrode/electrolyte interface, and/or including viable pre-
lithiation strategies.11,50,51 A rather simple, though effective
strategy is the application of suitable carbonaceous coatings.28 A
comprehensive physicochemical characterization of the coated
samples by means of thermogravimetric analysis (TGA), Raman
spectroscopy, and XRD is presented and discussed in Fig. S6.†
The resulting (HR)TEMmicrographs are presented in Fig. 5a–h,
conrming the preservation of the particle size andmorphology
as well as the crystalline structure. Furthermore, the micro-
graphs show that the derived carbon is forming a thin (ca.
5 nm), but continuous layer on the secondary particle surface,
as highlighted by dashed black lines in all micrographs.
Simultaneously, the carbon acts as an electronically conductive
“glue”, interconnecting the single primary particles to larger
secondary particle structures and by this enabling a percolating
network for the electron conduction.

The formation of such secondary structures, indeed, has
a benecial effect on the rst cycle coulombic efficiency: while it
is only 59.9% (SnO2), 61.7% (SMO), 68.5% (SFO), and 70.8%
(SCO) for the non-coated samples, it greatly increased to 74.1%
(SnO2), 75.2% (SMO), 75.0% (SFO), and 75.3% (SCO) aer
applying the carbonaceous coating. We anticipate that the rst
cycle coulombic efficiency can be further improved for opti-
mized secondary particle structures with a reduced surface area
and further stabilized electrode/electrolyte interface, both
leading to a decreased electrolyte decomposition for the initial
cycles. In addition, the carbon coating has also an advantageous
effect on the cycling stability and rate capability as revealed by
comparing the electrochemical performance before (Fig. S7†)
and aer the carbon coating (Fig. 5i–l). Especially in case of
SMO-C and SCO-C no signicant fading is observed for 50
constant current cycles, different from SnO2-C and SFO-C,
which slightly fade aer about 35 and 40 cycles, respectively
(Fig. 5i – see also Fig. S8† for the corresponding CV data). For
the rst cycle (at 20 mA g�1) the cells provide a reversible
capacity of 1041 mA h g�1 for SnO2-C, 1207 mA h g�1 for SFO-C,
1276 mA h g�1 for SMO-C, and 1336 mA h g�1 for SCO-C. At the
50th cycle, a capacity of 772, 949, 1075, and 1130 mA h g�1 is
retained at a constant current density of 100 mA g�1 for SnO2-C,
SFO-C, SMO-C, and SCO-C, respectively. Additionally, the rate
capability is substantially improved for the carbon-coated
samples and, once more, the TM-doped samples clearly
outperform pure SnO2-C (Fig. 5k). Remarkably, at very high
specic currents of 2 A g�1, the reversible capacity is still
511 mA h g�1 for SnO2-C, 613 mA h g�1 for SFO-C, 651 mA h g�1

for SMO-C, and 657 mA h g�1 for SCO-C. This is up to almost
This journal is © The Royal Society of Chemistry 2018
twice the theoretical capacity of graphite (372 mA h g�1), while
such a high current would correspond to a dis-/charge rate of
5.3C for the latter.

In conclusion, we have shown that the incorporation of
a transition metal dopant like Fe, Co, or Mn into the SnO2

crystalline lattice generally results in substantially enhanced
capacities due to an improved reversibility of the alloying and
conversion reactions. This benecial effect is assigned to the
hindered tin particle aggregation and improved electronic
conductivity within the primary active material particles. The
careful choice of the transition metal dopant, however, plays
a decisive role concerning the achievable energy density on the
full-cell level. In fact, when comparing the transition metal
dopants studied herein it turns out that the relatively lower
redox potential of manganese allows for the highest energy
densities – even though the capacity is lower than for cobalt
when cycling the anode in a rather wide voltage range. We may
anticipate that these results will serve as guideline for the
development of new alternative anodes based on a combined
alloying and conversion reaction and, thus, contribute to the
realization of next generation high-energy, fast-chargeable
lithium-ion batteries.
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