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A B S T R A C T

Nine different transition metal doped (<10 at%) tin dioxides and undoped SnO2 nanopowders with
similar specific surface areas were made using a continuous hydrothermal process and then investigated
as potential negative electrode materials for lithium ion batteries. The as-prepared nanopowders were
characterized via a range of analytical techniques including powder X-ray diffraction, X-ray
photoelectron spectroscopy, X-ray fluorescence spectrometry, transmission electron microscopy,
thermogravimetric analysis and Brunauer-Emmett-Teller surface area measurements. Doped SnO2

materials were grouped into two classes according to the potential redox activity of the dopant (those
presumed to be redox inactive: Nb, Ti, Zr; and those presumed to be redox active: Fe, Co, Cu, Zn, Mn, Ni).
The role of the transition metal ion dopant on the cycling performance (overall capacity and voltage
hysteresis), was elucidated for the first cycle via cyclic voltammetry measurements in half cells versus
lithium metal. In particular, the authors were able to evaluate whether the initial Coulombic efficiency
and the delithiation potential (vs. Li/Li+) of the doped samples, would be likely to offer any increased
energy density (compared to undoped SnO2) for lithium ion batteries.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepa ge: www.elsev ier .com/locate /e lectacta
1. Introduction

High energy lithium ion batteries are a key technology with the
potential to meet future requirements for energy storage in hybrid
electric vehicles and other portable electronic devices [1,2]. High
energy can be achieved with a high cell voltage (via a low operating
voltage negative electrode and a high operating voltage positive
electrode) and high specific capacities [3]. Conversion and alloying
negative electrode materials have been shown to have very high
theoretical capacities, e.g. Fe2O3 = 1007 mAh g�1, Si = 3579 mAh g�1,
Sn = 993 mAh g�1, and SnO2 = 782 mAh g�1 [1,4]. To date, alloying
materials are favored compared to the conversion materials, due to
the lower operating potential (vs. Li/Li+) and far lower voltage
hysteresis of the former [4]. A voltage hysteresis can be understood
$ Research webpages http://www.ucl.me.uk.
* Corresponding author at: Christopher Ingold Laboratories, Department of

Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ, UK.
E-mail address: j.a.darr@ucl.ac.uk (J.A. Darr).

http://dx.doi.org/10.1016/j.electacta.2017.05.029
0013-4686/© 2017 The Author(s). Published by Elsevier Ltd. This is an open access art
as a massive shift of the electrochemical potential activity from low
potentials during lithiation, towards high potentials during
delithiation for the negative electrode side. SnO2 has attracted
interest as a negative electrode in lithium ion batteries because it is
relatively inexpensive, readily synthesized, non-toxic and shows
high capacities [5–16]. The relevant electrochemical processes that
occur during cycling are described in Equations 1-3:

x Li+ + electrolyte + xe�! SEI (xLi) (1)

SnO2 + 4 Li+ + 4e�! Sn + 2 Li2O (2)

Sn + x Li+ + xe�$ LixSn (0 � x � 4.4) (3)

Eq. (1) corresponds to the initial solid electrolyte interphase
(SEI) formation during the first and following few cycles. The
conversion of SnO2 towards metallic Sn during initial lithiation,
causes extreme structural and volume changes (Eq. (2)). During
further lithiation, up to 4.4 mol of lithium ions are stored in
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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themetallic Sn at low potentials (Eq. (3)) and this reaction is
considered fully reversible. There has been considerable dis-
agreement regarding the reversibility of the conversion process
shown in Equation 2; some researchers suggest this reaction is
irreversible [17–19], whilst other researchers claim it is reversible
[20–22]. The origin of this disagreement can be found in the
additional delithiation capacity for high surface area SnO2

materials at higher potentials (in the range ca. 1.2 to 2.0 V vs.
Li/Li+). In an attempt to show the reversible formation of Sn4+, ex-
situ X-ray photoelectron spectroscopy (XPS) measurements
[21,23] and ex-situ high resolution-transmission electron micros-
copy (HR-TEM) studies [23,24] were used after the first
delithiation step at ca. 3.0 V vs. Li/Li+. Conversely, Lee et al.
suggested that the origin of this increased capacity could be
mainly found in the electrochemical activity of LiOH/LiH/LiO2 [25];
such species were also believe to be responsible for the additional
storage capacities observed for RuO2 (generated due to the
presence of H2O, which leads to electrochemically active LiOH in
the sample) [26]. Therefore, convincing evidence for a reversible
conversion reaction is still missing to date, thus, we will not
discuss this further herein.

Recently, several reports have claimed that the electrochemical
performance of SnO2 could be improved by introducing transition
metal dopants into the host lattice or by addition of secondary
metal oxide phases. Examples of such elements include Fe [5,27–
29], Cu [30], Mn [29], Co [21,29,31,32], Co-Ni [12,33], Zn [34–36], Ti
[37] and Ni [38,39]. More details can be found in a comprehensive
review by Bresser et al. [40]. Unfortunately, only a few of the
aforementioned studies reported the specific surface areas of the
doped/composite SnO2 and the pristine SnO2 materials. Indeed, in
some cases, the surface area of the pristine SnO2 was more than
three times lower than the corresponding doped SnO2 [5,21]. In
2000, Li et al. highlighted the importance of using nano-sizing to
improve the electrochemical properties of SnO2 [41]. This was in
agreement with others, who demonstrated drastic differences in
the electrochemical performance with different particle sizes
(essentially higher delithiation capacities with smaller particle
sizes) [42,43]. Thus, in the evaluation of both pristine and doped
SnO2 materials, synthesis methods that can facilitate materials
with both high and similar surface areas are highly desirable,
because this may allow a better deconvolution of the effects of the
dopants on the electrochemical properties (e.g. specific capacity
and Coulombic efficiency).

Herein, the authors employed a continuous hydrothermal flow
synthesis (CHFS) method to produce undoped and doped SnO2

materials with similar (high) surface areas, crystallinity and
dopant contents at a 10 g h�1 production rate. The precursor
concentrations used herein were with the dopant metal at a value
of 10 at% (with respect to Sn). The CHFS process is described in
more detail in the experimental section and supplementary
information; the process has previously been used for the
production of battery materials with high surface areas and
narrow particle size distributions [44]. There are many negative
electrode materials for lithium ion batteries that have been made
via CHFS type processes, including anatase TiO2 (undoped and
doped with Sn or Nb) [45,46], Fe3O4 [47], Li4Ti5O12 [48], semi-
crystalline Nb2O5 [49], VO2 [50], and layered titanates [51]. Nano-
sized SnO2 materials have been made previously via a continuous
hydrothermal route, but have not been evaluated for lithium ion
battery applications to date [52–54].

The as–prepared nano-sized doped materials were investi-
gated using a range of analytical methods as well as being tested
electrochemically as potential negative electrodes for lithium ion
batteries. The transition metal dopants were grouped into two
classes, namely (i) redox inactive and (ii) possible redox active
dopants. Redoxinactive dopants included Nb, Ti and Zr. Redox
active dopants included Fe, Co, Cu, Zn, Mn and Ni, which were
classified because of the known ability of their corresponding
metal oxides to undergo conversion (alloying) reactions with
lithium ions [55,56]. The electrochemical performance of the as-
prepared nanomaterials, was evaluated via potentiodynamic
methods in order to assess the potentials versus lithium metal.

2. Experimental

2.1. Materials

All chemicals were used without further purification. Potassi-
um stannate trihydrate (99.9%), titanium oxysulfate (�29% Ti as
TiO2), ammonium niobate oxalate hydrate (99.99%) and zinc
nitrate hexahydrate (98%) were purchased from Sigma-Aldrich
(Dorset, UK). Cobalt nitrate hexahydrate (99%), iron (III) citrate
nonahydrate (98%), copper nitrate trihydrate (99%) and zirconyl
nitrate hydrate (99.5%) were purchased from Fisher Scientific,
(Leicestershire, UK). Manganese nitrate tetrahydrate (98%) and
nickel nitrate hexahydrate (98%) were purchased from Alfa Aesar
(Lancashire, UK). For the synthesis, 0.1 M of Sn salt was used for the
production of undoped SnO2 and 0.09 M of Sn salt mixed together
with 0.01 M of the respective transition metal ion salt in solution,
was used for the production of doped SnO2.

2.2. Synthesis

The nanoparticles were synthesized using a laboratory scale
CHFS reactor incorporating a patented confined jet mixer (CJM),
the basic design of which, can be found in the literature [57,58], see
also supplementary Fig. S1. The CJM is essentially an efficient co-
current mixing device made from off-the-shelf SwagelokTM fittings
that efficiently allows the ambient temperature metal salt
solutions to mix with the supercritical water feed to form
nanoparticles “in flow” and without blockages. In the lab-scale
CHFS process used herein [44], three identical diaphragm pumps
(Primeroyal K, Milton Roy, Pont-Saint-Pierre, France) were used to
supply three pressurized (24.1 MPa) feeds. Pump 1 supplied a feed
of DI water at a flow rate of 80 mL min�1, which was then heated to
450 �C in flow using a 7 kW electrical water heater. Pump 2
supplied the metal salt precursors at a flow rate of 40 mL min�1

and pump 3 supplied DI water at a flow rate of 40 mL min�1. The
feeds from pumps 2 and 3 were combined at room temperature in
a dead volume tee-piece before this mixture was then brought into
contact with the flow of supercritical water (co-currently) in the
CJM to give a calculated mixing temperature of ca. 335 �C
(residence time ca. 5 s). Upon mixing of the hot and ambient
temperature feeds in flow, the metal salts rapidly reacted to give
the corresponding metal oxide nanoparticles that were then
cooled to ca. 40 �C in flow over several minutes via a heat
exchanger. At the end of the CHFS process, each of the cooled
particle-laden aqueous flows passed through a back-pressure
regulator (BPR) and was collected in a beaker. The resulting slurry
was cleaned by allowing it to settle, before dialyzing the solids with
DI water (<10 MV) and then freeze-drying (Virtis Genesis 35XL) by
cooling to �60 �C followed by slow heating under a vacuum of <

13.3 Pa over 24 h. The freeze-dried powders were used for further
analyses.

2.3. Materials Characterization

Powder X-ray diffraction (PXRD) patterns of all samples were
obtained on a STOE diffractometer using Mo-Ka radiation
(l = 0.70926 Å) over the 2u range 2 to 40 � with a step size of
0.5 � and step time of 20 s. X-ray photoelectron spectroscopy (XPS)
measurements were collected using a Thermo Scientific K-alpha
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spectrometer using Al-Ka radiation and a 128-channel position
sensitive detector. The XPS data were processed using CasaXPSTM

software (version 2.3.16) and the binding energy scales were
calibrated using the adventitious C 1s peak at 285.0 eV. Elemental
composition of the samples was determined with an X-ray
fluorescence spectrometer (XRF, Rh target, Bruker M4 Tornado).
For recording XRF spectra, pellets of the powders were pressed
under identical conditions (ca. 300 mg, 2 tons of force, 30 s). Lattice
structural information and particle morphology were examined
via transmission electron microscopy (TEM) with a JEOL 2100 TEM.
Brunauer-Emmett-Teller (BET) surface area measurements were
carried out using N2 in a Micrometrics ASAP 2020 Automatic High-
Resolution Micropore Physisorption Analyzer. The samples were
degassed at 120 �C (5 h) under vacuum before measurements.
Thermogravimetric analysis (TGA) was performed using a TGA
Q500 instrument (TA instruments) under nitrogen with a flow rate
of 40 mL min�1. The test started from room temperature to 300 �C
with a heating rate of 20 �C min�1.

2.4. Electrochemical Characterization

The freeze-dried samples were used as the active materials in
electrodes without any further post-synthesis heat treatments.
The slurry for the electrode was prepared with a content of 80 wt%
active materials,10 wt% conductive agent (carbon black, Super PTM,
Alfa Aesar, Heysham, UK) and 10 wt% polyvinylidene fluoride,
(PVDF, Kynar 761). Electrodes of undoped SnO2 were initially
prepared with a ratio of 50:40:10 and carbon black electrodes were
also fabricated with a ratio of 90:10. PVDF was dissolved in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich, St. Louis, USA) for at
least 1 h at room temperature before adding the active material
and conductive agent. The mixtures were combined in a high shear
mixer (model THINKY ARE-310, Thinky, CA, USA) using three cycles
of mixing of 2 min duration at 2000 rpm (each cycle was followed
by a defoaming step of 10 s at 2200 rpm). The doctor bladed
electrodes were dried in an oven at 70 �C for 1 hour, pressed with
800 Kg of force and then left overnight at room temperature.
Electrodes with a diameter of 15.0 mm were punched out, dried
12 hours at 70 �C and then overnight under vacuum. The electrodes
had an active material mass loading of 1.5 � 0.5 mg cm�2.

Electrochemical experiments were performed using two-
electrode CR2032-type coin cells, which were assembled in an
argon-filled glovebox (MB150B-G, MBraun, Garching, Germany)
with O2 and H2O limited to <1 ppm. The counter electrode was
lithium metal foil. The separator (glass microfiber filters, What-
man, Buckinghamshire, UK) was saturated with 120 mL of 1 M LiPF6
in ethylene carbonate/dimethyl carbonate (1:1 v/v, Merck Selecti-
pur LP40, Darmstadt, Germany). The electrochemical performance
was investigated by cyclic voltammetry (CV) in the range 0.05 to
3.0 V vs. Li/Li+ with a scan rate of 0.1 mV s�1 using a galvanostat/
potentiostat (PGSTAT302, AUTOLAB, Metrohm, Utrecht,
Netherlands).

3. Results and Discussion

All materials were obtained as powders with different colours
according to the dopant used (see Fig. 1a and Table 1). Powder XRD
data for the samples revealed tetragonal SnO2 (space group P42/
mnm, ICSD 9163) as the main phase with no impurity peaks (Fig.1b
and d). Magnification of the data at lower two theta angles
suggested that the materials were similarly crystalline (Fig. 1c and
1e). Scherrer crystallite size estimates using the (110) peak,
suggested a crystallite size of ca. 6.8 nm for undoped SnO2, 6.1 nm
for Sn0.9Fe0.1O2 and 6.3 nm for Sn0.9Co0.1O2 (see TEM analyses later
for actual crystallite sizes). XRF measurements suggested that the
dopant concentrations were all in the range 6 to 10 at% (Table 1).
Therefore, transition metal doping had been achieved as antici-
pated with no phase separation.

It is known that nanomaterials are often hygroscopic and that
the presence of such water can result in the formation of LiOH that
can affect the electrochemical performance of negative electrode
materials such as SnO2 (see introduction references [25,26]).
Therefore, TGA measurements were undertaken on all nano-
materials (see supplementary Fig. S2) to assess water contents. A
weight loss of ca. 3 wt% due to weakly associated water, was
observed for all the nanomaterials in the temperature range 25 to
120 �C [59] (with no more than 4 wt% loss overall up to a
temperature of 300 �C). Considering that the electrodes made
herein were heated and dried overnight under vacuum (via the
glovebox), it is safe to suggest there should have been <1 wt%
water in the active materials.

The high-resolution XPS spectrum of the Sn 3d region
(supplementary Fig. S3), revealed two peaks corresponding to
the binding energies for Sn 3d5/2 at 486.1 eV and Sn 3d3/2 at
494.5 eV, which were assigned to Sn4+ and were observed in a
similar range for all materials. The XPS spectra for all dopants are
presented in supplementary Fig. S4 and discussed further in the
supplementary information. The oxidation state of the metal ions
in the precursors did not change (except partly for Fe and Mn)
during the synthesis and therefore, all doped transition metals
remained (mainly) in the same oxidation state as their respective
precursor solutions (Table 1).

The morphology, size and crystallinity were examined by TEM
(Fig. 2). The particles had a rod-like morphology (and spherical),
appeared to be slightly aggregated and were monocrystalline. The
inset in Fig. 2a and 2b displayed an interlayer spacing of 0.34 nm
(110) for both undoped SnO2 and Sn0.91Co0.09O2. The undoped SnO2

appeared to show more rod-like particles compared to Co-doped
SnO2, which showed more spherical particles (Fig. 2c). The average
measured crystallite sizes were in a similar range for both undoped
SnO2 (mean particle length 10.6 nm, mean particle width 5.0 nm;
>160 particles sampled) and Sn0.91Co0.09O2 (mean particle length
8.7 nm, mean particle width 5.5 nm; >160 particles sampled),
which is in line with the similar surface areas of ca. 95.1 and
99.6 m2g�1 for undoped and Co-doped SnO2, respectively. The BET
surface areas of all nanoparticle samples were in the range 85.4 to
123.3 m2g�1, see Table 1.

Overall, the CHFS process facilitated the synthesis of various as-
prepared doped SnO2 materials with similar surface areas,
crystallinity and dopant concentration. The oxidation state of
the dopant was controlled by the choice of precursor in solution.
Thus, for electrochemical investigations versus lithium metal in a
half-cell configuration, the effects of the dopant transition metal
on the electrochemical properties could be compared without
considering any significant differences in the surface area,
crystallinity or water content.

In order to compensate for extreme volume expansions that
occur during cycling in SnO2 negative electrodes, high conductive
carbon loadings are often used in the literature (typically equating
to <63 wt% SnO2 [5–16,60–62]) to allow cells to cycle well without
catastrophic capacity fading. The carbon in such cells can be
introduced via carbon coating, addition of graphene, carbon black
etc. Therefore, the authors first measured the specific capacity for
undoped SnO2 electrodes with only 50 wt% active material in order
to ascertain the baseline electrode performance. In Fig. 3a, the CV is
plotted for undoped SnO2 and the contributions of the carbon black
were calculated based on similar measurements with pure carbon
black electrodes (see red area Fig. 3a). Pure SnO2 underwent two
types of lithiation processes, namely the initial conversion to Sn
metal and Li2O at ca. 0.96 V vs. Li/Li+ (Eq. (2)) and the alloying
reaction of the Sn metal with lithium ions towards LixSn
(0 � x � 4.4) at ca. 0.22 V vs. Li/Li+ (Eq. (3)). There was an additional



Table 1
Characterization of the synthesized materials. The colour is based on the photograph in Fig. 1a, the dopant concentration was obtained via XRF, the oxidation state of the
dopant was identified with XPS measurements and the specific surface area was obtained via BET surface area measurements. All dopants were split into two groups, namely
possibly redox active (conversion reaction ability) and inactive dopants. The calculated capacities are based on analysis of the CVs for the first cycle.

Sample Colour Dopant
conc.
/at%

Oxidation state
dopant

Surface area/
m2 g�1

Expected dopant
reactivity

Lithiation
capacity/
mAh g�1

Delithiation
capacity/
mAh g�1

Coulombic
efficiency/%

SnO2 white 0 – 95.1 – 1299.8 812.2 62.5
Sn0.94Nb0.06O2 light

yellow
5.8 5+ 112.5 redox inactive 960.4 633.2 65.9

Sn0.93Ti0.07O2 white 7.3 4+ 110.8 1061.2 600.8 56.6
Sn0.94Zr0.06O2 light grey 6.1 4+ 98.0 1066.0 628.1 58.9
Sn0.9Fe0.1O2 yellow 9.9 2+/3+ 123.1 redox active 1283.2 753.9 58.8
Sn0.91Co0.09O2 brown 9.0 2+ 99.6 1199.7 952.9 79.4
Sn0.9Cu0.1O2 light green 10.4 2+ 102.0 1314.7 838.9 63.8
Sn0.9Zn0.1O2 white 9.8 2+ 98.4 1256.8 800.7 63.7
Sn0.9Mn0.1O2 dark brown 9.6 2+/3+ 85.4 1323.8 845.8 63.9
Sn0.92Ni0.08O2 light green 8.2 2+ 99.8 1164.7 802.5 68.9

Fig. 1. (a) Photo showing the colour of the doped SnO2 nanoparticles alongside undoped SnO2. PXRD patterns [normalized to the (101) peak intensity] for potential redox
inactive dopants in SnO2 and undoped SnO2 in the 2u range (b) 5.0 to 40.0 � and (c) 10.5 to 16.5 � . PXRD patterns [normalized to the (101) peak intensity] for potential redox
active dopants in SnO2 and undoped SnO2 in the 2u range (d) 5.0 to 40.0 � and (e) 10.5 to 16.5 �.
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Fig. 2. TEM images of (a) undoped SnO2 (bar = 20 nm) and (b) Sn0.91Co0.09O2 (bar = 20 nm). HRTEM inset is shown on the top right of each figure (bar = 5 nm). (c) Normalized
particle amount plotted for the size parameters width and length (>160 particles sampled).

Fig. 3. (a) CVs of the first cycle at a scan rate of 0.1 mV s�1 for undoped SnO2 versus carbon black. The electrode loading wt% ratio was 50:40:10 for SnO2:Carbon:PVDF,
respectively. (b) Cyclic voltammograms at a scan rate of 0.1 mV s�1 for all expected redox inactive dopants in comparison to undoped SnO2. The electrode loading wt% ratio
was 80:10:10 for SnO2:Carbon:PVDF, respectively.
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peak at ca. 0.70 V vs. Li/Li+, which was due to SEI formation (Eq. (3))
on the carbon additive, see comparison with carbon black
electrode and also the results from Fransson et al. [63]. During
delithiation, the lithiated Sn compound dealloyed at ca. 0.50 V vs.
Li/Li+ and also showed additional redox activity at higher
potentials (>1.0 V vs. Li/Li+). As shown, the additional charge/
discharge activity of the carbon additive was not negligible, since
ca. 87 mAh g�1 could be stored and released during delithiation.
This meant that from the overall specific capacity of 511 mAh g�1,
ca. 17 % of the delithiation capacity could have been due to the
contribution from the carbon, see also [63]. If only the delithiation
capacity was calculated (based on undoped SnO2 with no
contributions from the carbon assumed), the specific capacity
would have been 986 mAh g�1. Clearly, the electrochemical
lithiation/delithiation in a carbon/active material composite
electrodes is still not fully understood and an exact determination
of the individual capacity contributions of each material in the
composite is not possible. With this in mind, only 10 wt% carbon
content electrodes were used for further electrochemical testing as
to minimize the additional electrochemical contributions from it.

The CVs for samples Sn0.94Nb0.06O2, Sn0.93Ti0.07O2 and
Sn0.94Zr0.06O2 (assumed redox inactive dopants) versus SnO2 are
presented in Fig. 3b. The lithiation and delithation activity was
lower at all potentials for the doped materials compared to the
undoped SnO2, suggesting that the dopant did not impart any
benefit on improving the capacity performance. Similar to these
results, no capacity improvement at low currents has been
previously reported in the literature for Ti-doped SnO2 versus
undoped SnO2 with similar surface areas (26 and 21 m2g�1,
respectively [37]).

The CV results of all possible redox-active dopants are shown in
Fig. 4a. These dopants might have the potential to (partially)
undergo a conversion reaction themselves. It is known that the
energy density is related to the full cell voltage multiplied by the
charge for an ideal battery. Therefore, the wider the potential
window, the more energy that can be stored. With this in mind, the
authors sought to identify the location of the potential peaks for
charge and discharge in the doped materials and make qualitative
assessments on the likely energy density that would result
(particularly if they were to be made into full cells in the future).

In Fig. 4b, the lithiation peaks are presented via a specific
current versus potential plot and the corresponding specific
lithiation capacities are given in Table 1. Pure SnO2 underwent two
lithiation steps, namely the initial conversion towards Sn metal
and Li2O at ca. 0.85 V vs. Li/Li+ (Equation 2) and the alloying
reaction of the Sn metal with lithium ions towards LixSn
(0 � x � 4.4) at ca. 0.1 V vs. Li/Li+ (Equation 3). These potentials
for the conversion and alloying reactions were lower than those
shown in Fig. 3a. This might be due to increased electrode
resistance due to the relatively low carbon content in the majority
of the electrodes. All samples showed two lithiation peaks,
although the alloying peak was less strong for the doped samples
compared to the undoped counterpart, which could be attributed
to the lower concentration of Sn atoms in the materials. The
conversion peak was higher for the majority of the redox-active
dopants (except for Ni and Fe), which might have corresponded to



Fig. 4. CVs of the first cycle at a scan rate of 0.1 mV s�1. (a) Illustration of all CVs for possible redox active dopants, (b) focus on the lithiation performance and (c) focus on the
delithiation performance showing that for all materials, there is a capacity loss at lower potentials and a capacity win at higher potentials. A schematic plot is presented in (d)
with the capacity loss shown in the red area and gain in the green area. The electrode loading wt% ratio was 80:10:10 for SnO2:Carbon:PVDF, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the initial reduction of CoO [55,64], CuO [65], ZnO [66] and Mn2O3

[67]. Moreover, Sn0.9Mn0.1O2 showed a shoulder around 0.4 V vs. Li/
Li+, which might be related to the Mn oxide in the sample [67]. NiO
may already be active at ca. 1.0 V vs. Li/Li+ [68], which may be so
with the results herein, since the first lithiation peak was broader
compared to the undoped SnO2. Sample Sn0.9Fe0.1O2 showed a
broader lithiation peak at ca. 1.0 V and a second smaller one at ca.
0.6 V vs. Li/Li+. Overall, these results may be an indication that all
“conversion-type” dopants remained (partly) electrochemically
active during cycling, which would be in agreement with the
author’s previous report (where the Sn was the dopant and it could
be activated in nano-sized TiO2 [45]). The first lithiation capacities
were all in the range of ca. 1165 to 1324 mAh g�1. As there were
many potential contributions in addition to the SnO2 activity for
these capacities (e.g. SEI formation, possible electrochemical
activity of the dopant), the origin of all lithiation contributions
is not further discussed in detail hereafter.

In Fig. 4c, the delithiation performance was plotted for all SnO2

samples doped with possible redox active dopants. The undoped
SnO2 showed the highest measured current for the dealloying peak
at ca. 0.55 V vs. Li/Li+, which can be again explained with the
highest concentration of Sn atoms of any sample. Overall, there
was no observed capacity win for any sample during delithiation
until 1.5 V vs. Li/Li+. However, there was a capacity win for all
(potential) redox active dopants at potentials higher than 1.7 V vs.
Li/Li+, which might be explained by the additional delithiation
reactions from the conversion of the doped transition metal. CuO
based electrode materials might have been expected to show
additional delithiation activity at 2.5 V vs. Li/Li+ [65], which was not
observed herein and was also not observed for other Cu/Sn oxide
composite negative electrode materials [30,69,70]. Overall, the
samples containing either Fe, Co or Ni, clearly showed the largest
capacity wins at higher potentials.
In Fig. 4d, the delithiation performance is summarized in a
scheme with the data from sample Sn0.91Co0.09O2. All SnO2 based
materials containing dopants that were presumably redox active,
showed a capacity loss relative to undoped SnO2 at lower
potentials (<ca. 1.2 V vs. Li/Li+), but a capacity win at higher
potentials (>ca. 1.7 V vs. Li/Li+). Similar results were obtained
recently for molybdenum-tin oxide composites, which showed a
higher capacity compared to undoped SnO2, but additional
delithiation processes occurred at higher potentials [71]. Herein,
Sn0.9Cu0.1O2 and Sn0.9Mn0.1O2 showed slightly higher delithiation
capacities compared to undoped SnO2. Overall, taking into account
the samples are all of similar surface areas and crystallinity, sample
Sn0.91Co0.09O2 outperformed the undoped SnO2 and all other
samples in terms of Coulombic efficiency and specific capacity
(Table 1). This is unsurprising given the current interest in Co-Sn
oxides in the literature [21,31,32,72–75] and would explain the
current commercial and academic interest in composite C-Sn-Co
negative electrodes, e.g. in Nexelion batteries from Sony (where the
wt% ratio of graphite:Sn:Co was 50:25:25) [76].

The question remains as to whether such mixed conversion and
alloying materials would be expected to offer gains in terms of
energy density if they were evaluated in full cells. Meister et al.
recently investigated various types of lithium ion battery full cells
and showed that for all investigated negative active materials (Si/C
vs. graphite vs. soft carbon vs. ZnFe2O4), energy inefficiency was
mainly caused by a voltage hysteresis between the charge and
discharge curve [77]. As stated before, the energy density of the full
cell might be simply understood as the mathematical product of
full cell voltage and specific capacity. This, in turn, means that a
slight capacity win for a composite material (herein especially
Sn0.9Cu0.1O2) might not give a larger energy density compared to
undoped SnO2, since a high cell voltage is sacrificed through the
voltage hysteresis at the same time. Overall, it was observed that if
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the material’s properties of doped SnO2 were similar to the
undoped one, the benefits (towards high energy full cells) of
doping might not be as evident as proposed by many reports in the
literature. The dopant might have an impact on the cycle stability
and rate capability. However, no effective buffer was used herein
limiting credible investigations. For such a study, carbon/SnO2

composites might be used, where the undoped and doped
materials show again similar materials properties.

4. Conclusions

In this study, various doped SnO2 nanomaterials were made in a
single step using a continuous hydrothermal flow synthesis route.
The as-prepared materials could be directly used (and compared)
as potential negative electrode materials for lithium ion batteries
because they were synthesized with similar dopant concentra-
tions, surface area, crystallinity and water content. Investigation of
the specific capacities as well as a the location of the peak
potentials for the redox events during cycling, suggested that
doping may not necessarily be beneficial for increasing energy
density if the electrodes were to be used in full cells in the future.
Only the sample with 9 wt% Co was observed to stand out due to a
delithiation capacity increase from 812 mAh g�1 for undoped SnO2

to 953 mAh g�1 with increased Coulombic efficiency (79.4 % for the
Co-doped sample versus 62.5 % for undoped SnO2).
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