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� Phase-pure and Sn-doped TiO2 nanoparticles (<7 nm) are synthesized via CHFS.
� The nanomaterial can be used directly after synthesis as a Li-ion battery anode.
� TiO2 retains excellent high power performance at current rates up to 10 A g�1.
� Doped Sn4þ in the TiO2 is electrochemically active.
a r t i c l e i n f o

Article history:
Received 28 January 2015
Received in revised form
20 May 2015
Accepted 7 June 2015
Available online 19 June 2015

Keywords:
Tin doped titania
Continuous hydrothermal flow synthesis
Lithium ion battery
Anatase
Anode
High power
* Corresponding author. Christopher Ingold Labora
istry, University College London, 20 Gordon Street, Lo

E-mail address: j.a.darr@ucl.ac.uk (J.A. Darr).
1 Research webpages http://www.ucl.me.uk.

http://dx.doi.org/10.1016/j.jpowsour.2015.06.039
0378-7753/© 2015 The Authors. Published by Elsevie
a b s t r a c t

A range of phase-pure anatase TiO2 (~5 nm) and Sn-doped TiO2 nanoparticles with the formula Ti1-
xSnxO2 (where x ¼ 0, 0.06, 0.11 and 0.15) were synthesized using a continuous hydrothermal flow
synthesis (CHFS) reactor. Charge/discharge cycling tests were carried out in two different potential
ranges of 3 to 1 V and also a wider range of 3 to 0.05 V vs Li/Liþ. In the narrower potential range, the
undoped TiO2 nanoparticles display superior electrochemical performance to all the Sn-doped titania
crystallites. In the wider potential range, the Sn-doped samples perform better than undoped TiO2. The
sample with composition Ti0.85Sn0.15O2, shows a capacity of ca. 350 mAh g�1 at an applied constant
current of 100 mA g�1 and a capacity of 192.3 mAh g�1 at a current rate of 1500 mA g�1. After 500 charge/
discharge cycles (at a high constant current rate of 382 mA g�1), the same nanomaterial anode retains a
relatively high specific capacity of 240 mAh g�1. The performance of these nanomaterials is notable,
particularly as they are processed into electrodes, directly from the CHFS process (after drying) without
any post-synthesis heat-treatment, and they are made without any conductive surface coating.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

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

Continued interest in high performance lithium-ion batteries
has driven the development of new electrode materials and their
synthesis techniques, often targeting scalable production of high
quality nanoceramics (<100 nm in diameter), which may offer
performance improvements. However, there are a number of hur-
dles, which need to be overcome to move away from current batch
tories, Department of Chem-
ndon, WC1H 0AJ, UK.

r B.V. This is an open access article
synthesis methods that offer poor reproducibility or lack of control
over crystallite attributes, particularly at larger scale syntheses.

Continuous hydrothermal flow synthesis (CHFS) processes are a
promising route for the direct and controlled manufacture of Li-ion
battery electrode nanoceramics. Such processes use superheated
water and metal salt mixtures as reagents. In a typical CHFS reac-
tion, a feed of supercritical water (above the critical point of water
(TC ¼ 374 �C and Pc ¼ 22.1 MPa), is rapidly mixed in an engineered
mixer [1] with ametal salt/base aqueous precursor feed (at ambient
temperature and the same pressure), resulting in rapid formation of
the corresponding nanocrystallite oxide in the water. This nucle-
ation dominated reaction occurs as a result of the metal salts being
supersaturated upon mixing with sc-water and also instantly being
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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hydrolysed and dehydrated under these exotic reaction conditions.
The nascent nanocrystallite metal oxide stream in water is then
cooled in process and then can be constantly collected from the exit
of the CHFS process as an aqueous nanoparticle slurry at ambient
temperature. The cleaned crystallites (e.g. via dialysis) can be ob-
tained as a wet solid and then freeze-dried to retain maximum
surface area and reduce agglomeration.

Compared to batch hydrothermal syntheses, CHFS type pro-
cesses typically produce very small nanoparticles (<10 nm) with a
narrow size distribution [2e4]. Additionally, CHFS processes are
highly scalable (>1 kg per hour in the lab of the UCL authors [5])
and can be used to make high quality nanoparticles at scale, with
little or no significant variation between those made on the smaller
CHFS laboratory scale process. The general CHFS reactor design
used by the authors for the synthesized nanomaterials herein, is
presented in Fig. 1 [1,5e8].

A typical lithium-ion battery consists of an anode and cathode,
separated by a separator soaked with a lithium-ion salt containing
electrolyte. One approach to increase the specific capacity and the
cycle life of Li-ion batteries is nanosizing the electrode materials,
because this can not only improve conductivity, but can also facil-
itate faster Li ion diffusion due to a greater portion of Li being closer
to the surface in nanomaterials [9,10]. There are currently many
candidates for anode materials for lithium-ion batteries. Insertion
materials such as titanium oxides, offer good sustainability, low
cost, low risk to the environment, high cell safety, low capacity loss,
high power capability and a very high cycle life due to minimal
volume and structural changes during cycling. Furthermore, such
materials have a narrower operational potential window, which
can decrease specific energy [11,12].

Alternative Li-ion anode materials such as alloys, show far
higher theoretical capacities (e.g. Si¼ 4200mAh g�1, Sn¼ 993mAh
g�1, and SnO2 ¼ 793 mAh g�1 [13]) compared to insertion materials
(e.g. TiO2 ¼ 335 mAh g�1 and LTO ¼ 175 mAh g�1 [14]). The higher
capacities and the wider operating potential windows of such al-
loys, result in higher energy densities, however, they can also show
large irreversible capacity losses during the initial cycles and high
Fig. 1. CHFS reactor incorporating a confined jet mixer (CJM). The metal salt (pump P2, 40
temperature and then combined in a supercritical water flow (pump P1, 80 mL min�1) in the
back-pressure regulator.
capacity fading (poor cycle life) due to the tremendous volume
changes (and subsequent deleterious structural changes) in the
electrode during each lithiation and delithiation cycle (e.g. >200%
volume change for Sn alloys [15]).

Herein, the authors investigated the influence of Sn doping in
nanosized anatase TiO2 on the rate performance and specific ca-
pacity at different current rates (in two different potential ranges).
The doped titanias were investigated in the potential ranges of
1e3 V vs Li/Liþ and 0.05e3 V vs Li/Liþ, respectively. Electrochemical
results suggested that the high surface area (and small crystallite
size) played a crucial role on the rate capability when cycling be-
tween 1 and 3 V vs Li/Liþ. The results also suggest that at potentials
below 1 V vs Li/Liþ, the doped Sn became an electrochemically
active component, resulting in higher capacities (and increased
specific energy density) compared to undoped TiO2. Compared to
pure alloy materials such as SnO2, which can suffer from low cycle
stability, the Sn doped titania samples also showed excellent sta-
bility over 500 cycles.
2. Experimental section

2.1. Synthesis of nanoparticle anode materials

The nanoparticles were synthesised using a continuous hydro-
thermal flow synthesis (CHFS) reactor incorporating a patented
confined jet mixer, the basic design of which is described elsewhere
[1,2]. Briefly, the laboratory scale CHFS process is similar to the
larger pilot plant CHFS process described elsewhere [5,16] but on
ca. 1/5 of its scale. In the process, the metal salt precursor 1 (aq),
which contained the tin and titanium salts in a single solution (flow
rate ¼ 40 mL min�1) was premixed with the precursor 2, base KOH
(flow rate ¼ 40 mL min�1) at room temperature in a dead volume
tee piece and this combined base and metal feed was then brought
into contact with a flow of supercritical water at ca. 400 �C and
24.1 MPa (flow rate ¼ 80 mL min�1) in a confined jet reactor, CJM
(see Ref. [1]). The patented CJM was designed to mix the super-
heated water (inner annulus pipe of CJM) with the metal feed
mL min�1) and base (pump P3, 40 mL min�1) precursor are mixed together at room
CJM. After cooling, the nanocrystallite slurry is constantly harvested from the exit of the
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(outer annulus) and eliminate blockages under these conditions
and facilitate highly turbulent mixing if needed. The Reynolds
number was calculated to be ca. 6565 and the residence time was
ca. 5 sec, with a mixing temperature of 368 �C. For the metal salt
feed, the precursor solution of a mixture of acidified titanium
oxysulphate hydrate (TiOSO4: 29 wt% TiO2 and 17 wt% H2SO4,
Sigma Aldrich, Steinheim, Germany) and tin(IV) sulphate (SnSO4
97%, Acros Organics, Geel, Belgium) were combined to give a total
metal ion concentration of 0.0625 M. The titanium salt was used
with a concentration of 0.0625, 0.06, 0.575 and 0.055 M, whereas
for the last three concentrations, the tin salt concentration was set
to 0.0025, 0.005 and 0.0075 M, respectively. These concentrations
corresponded to a nominal precursor Sn at% of 0, 4, 8 and 12%,
however, the samples were labelled according to actual at% of Sn
measured via EDX, i.e. the actual formulas of TiO2, Ti0.94Sn0.06O2,
Ti0.89Sn0.11O2, Ti0.85Sn0.15O2, i.e. corresponding to 0, 6, 11, and 15 at%
Sn, respectively. The base concentration was kept constant
throughout all experiments at 0.0703 M. At the end of the CHFS
process, the solids in the nanoparticle laden slurry were cleaned by
allowing them to settle before washing (three times) in DI water
(10 MU) with shaking and then finally, the wet solids were freeze-
dried (Virtis Genesis 35XL) at �60 �C for 24 h under vacuum of
<100 mTorr. The as-prepared freeze-dried powders were used
directly for the preparation of anode inks, with no further pro-
cessing or treatments whatsoever.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of the samples were
obtained on an STOE diffractometer using Mo-Ka radiation
(l ¼ 0.71 Å), over the 2q range 2e35� with a step size of 0.5� and
step time of 20 s. X-ray photoelectron spectroscopy (XPS) mea-
surements were collected using a Thermo Scientific™ K-alpha™þ

spectrometer using Al-Ka radiation and a 128-channel position
sensitive detector. Survey scans were conducted at an energy of
150 eV and high resolution region scans were conducted at 50 eV.
The XPS spectra were processed using CasaXPS™ software (version
2.3.16). The binding energy scale was calibrated by a C 1s peak at
285.0 eV.

The size and morphology of the crystallites were determined by
transmission electron microscopy (TEM) using a Jeol JEM 2100 e

LaB6 filament. The systemwas equipped with a Gatan Orius digital
camera for digital image capturing. Samples were prepared by
briefly ultrasonically dispersing a few mg of the powder in ethanol
(>99.5%, EMPLURA, Darmstadt, Germany) and pipetting drops of
the dispersed sample on to a copper film grid (300 mesh e Agar
Scientific, Stansted, UK). The average crystallite size was deter-
mined by the average of at least 150 crystallites with ImageJ soft-
ware. BrunauereEmmetteTeller (BET) surface area measurements
were carried out using N2 in a micrometrics ASAP 2420 instrument.
The samples were degassed at 150 �C (12 h) under vacuum before
measurements.

2.3. Electrode preparation and electrochemical characterization

Sn-doped TiO2 samples were used as the electrode active ma-
terial without any further post-synthesis heat-treatment. The
slurry for the electrode was prepared with a content of 70 wt%
active material, 20 wt% conductive agent (carbon black, Super P,
Alfa Aesar, Heysham, UK) and 10wt% polyvinylidene fluoride, PVDF,
(PI-KEM, Staffordshire, UK). PVDFwas dissolved in NMP (N-Methyl-
2-pyrrolidone, Sigma Aldrich, St. Louis, USA) for at least 1 h at room
temperature, before adding the active material and conductive
agent. The mixtures were milled and the slurry was cast on a
copper foil (PI-KEM, Staffordshire, UK) and dried in an oven at 70 �C
for 1 h and then left overnight at room temperature. Electrodes
with a diameter of 16 mm were punched out, pressed, and finally
dried overnight at 70 �C. The electrodes had active material mass
loadings in the range of ca. 1e4 mg cm�2.

Electrochemical experiments were performed using a two-
electrode 2032-type coin cell, which was assembled in an argon-
filled glovebox with O2 and H2O limited below 50 ppm. The
counter electrode was lithium metal foil (PI-KEM, Staffordshire,
UK). The separator (glass microfiber filters, WHATMAN, Buck-
inghamshire, UK) was saturated with an organic electrolyte of LiPF6
in 3:7 wt% ethylene carbonate/ethyl methyl carbonate (BASF, Lud-
wigshafen, Germany).

All electrochemical measurements were performed using a 48-
channel Arbin Instrument (Caltest Instruments Ltd, Guildford, UK)
at room temperature. The electrochemical performance was first
investigated by CV (cyclic voltammetry) in the potential range
0.05e3 V vs Li/Liþ with a scan rate of 0.05 mV s�1. Galvanostatic
charge/discharge cycling was also performed in the range 1e3 V
and also in the range 0.05e3 V vs. Li/Liþ, applying a specific current
during charge/discharge of 300 mA g�1 and 382 mA g�1, respec-
tively. The specific current rate test was performed in sequence for
10 scans each at 100, 200, 300, 500, 1000 and 1500 mA g�1. For the
pure TiO2 electrode material, the specific current rates were
increased up 10 A g�1 (i.e. 10,000 mA g�1). The specific current and
specific capacity was calculated based on the mass of active ma-
terial in each printed electrode.

3. Results and discussion

The as-prepared pure nano-TiO2 samplewas collected as awhite
powder with a yield above 85%, whilst Sn doping changed the
colour to light yellow. XRD data for all samples, suggested the
presence of phase pure anatase TiO2 [similar to JCPDS pattern
21e12729] for all samples. There were no additional peaks in the
patterns (e.g. such as those for SnO2 or other impurities), whichwas
initially surprising given the high Sn loadings. It was observed
(Fig. 2) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article) that
upon doping, there was a slight shift in peak positions (~0.1�) to-
wards lower angles, e.g. (004), (200), (204) and (215), which can be
explained with the slightly larger ionic radius of doped Sn4þ

(0.069 nm) compared to Ti4þ (0.0606 nm). Another indication for
the substitution of Ti4þ atoms by the dopant in the crystal structure
is a slight increase of the d-spacing of 0.345 nm (TiO2), 0.347 nm
(Ti0.94Sn0.06O2), 0.349 nm (Ti0.89Sn0.11O2) and 0.353 nm
(Ti0.85Sn0.15O2), which is consistent with the (101) planes of a
tetragonal-phase anatase. The BET surface areas of the samples
decreased with higher Sn doping content [TiO2 (245 m2 g�1),
Ti0.94Sn0.06O2 (230 m2 g�1), Ti0.89Sn0.11O2 (208 m2 g�1), and
Ti0.85Sn0.15O2 (178 m2 g�1)] corresponding to an increase of the
average crystallite sizewithmore Sn, which was confirmed via TEM
images (see Fig. 3aec.) [8]. The average crystallite size (sampled
from the size of 150 crystals) increasedwith higher Sn doping, from
ca. 4.0 nm for pure TiO2, to ca. 5.4 nm for Ti0.85Sn0.15O2.

EDX measurements suggested Ti:Sn ratios for the samples of
94:6 Ti0.94Sn0.06O2, 89:11 for Ti0.89Sn0.11O2 and 85:15 for
Ti0.85Sn0.15O2. X-Ray photoelectron spectroscopy (XPS) analysis of
the as-prepared Ti0.85Sn0.15O2 sample is presented in Fig. 3eef. For
each sample, the ratio of Ti to Sn was investigated with the high-
resolution Ti 2p and Sn 3d spectra. The high-resolution spectrum
of Ti 2p showed binding energies for Ti 2p3/2 at 458.16 and Ti 2p1/
2 at 463.97 eV, which were assigned to Ti4þ in TiO2 [17]. The high-
resolution XPS spectrum of Sn 3d, showed peaks corresponding to
the binding energies for Sn 3d5/2 at 486.4 and Sn 3d3/2 at 494.8 eV,
which were assigned to Sn4þ [18]. According to the XPS data, the



Fig. 2. (a) The XRD patterns of undoped anatase TiO2, Ti0.94Sn0.06O2, Ti0.89Sn0.11O2 and Ti0.85Sn0.15O2. (b) BET surface area and average crystallite size determined via TEM, versus the
doping amount of Sn in the TiO2 which was determined by EDX.

Fig. 3. The TEM images of (a) undoped anatase TiO2, (b) Ti0.89Sn0.11O2 and (c) Ti0.85Sn0.15O2. XPS spectra for the Ti0.85Sn0.15O2 sample: high-resolution (d) Ti 2p and (e) Sn 3d spectra.
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doping content x of tin in Ti1-xSnxO2 increased with higher tin
loading: Ti0.94Sn0.06O2 (suggested as 11.5%), Ti0.89Sn0.11O2 (sug-
gested as 18.8%), Ti0.85Sn0.15O2 (suggested as high as 26.5%). These
differences are understandable when one considers that XPS is a
surface technique and given that these Sn doped phases are
metastable forms and possess very high surface areas, it is highly
likely that the larger Sn4þ cations prefer to be nearer to the surface
of these very small crystallites. Therefore, XPS and EDX measure-
ments suggested successful incorporation of Sn4þ into the nano-
particles, with the actual Sn at% increasing as the concentration of
the Sn precursor was increased during the synthesis.

Cyclic voltammetry (CV) measurements at a scan rate of
0.05 mV s�1 in the range of 0.05e3 V vs Li/Liþ, are presented in
Fig. 4. A pair of cathodic and anodic peaks were observed in the
potential range 1.5 and 2.3 V vs Li/Liþ, relating to Li-ion insertion
into and extraction from the interstitial octahedral site of TiO2 (see
equation (1)). Under normal circumstances, a two-phase reaction is
expected to occur during lithiation with phase equilibrium of the
Li-poor Li0.01TiO2 (tetragonal) phase and the Li-rich Li0.55TiO2
(orthorhombic) phase [19,20]. The detected specific current peak
decreased with higher amount of Sn, thereby reducing the amount
of pure TiO2. The pure TiO2 sample showed virtually no electro-
chemical activity in the potential range between 1.3 and 1 V vs Li/
Liþ during the first cycle. The increasing specific current during the
first cycle between 1 and 0.05 V vs Li/Liþ, is attributed to solid
electrolyte interface (SEI) formation (electrolyte destruction) at
lower potentials [13]. There was also likely to be substantive SEI
formation at the crystallite surfaces of the Sn-doped materials
compared to the undoped TiO2, as there was significant electro-
chemical activity in the range of 1.3 to 1 V vs Li/Liþ for the former.
However, as the surface area decreases with higher Sn-loading, the
initial capacity loss due to the SEI formation may be expected to
decrease. The general trend in fact showed that with higher Sn-
loading, the initial irreversible capacity loss increased (from



Fig. 4. Cyclic voltammograms for the 1st and 2nd cycles for the as-prepared nano-powder in the potential range of 0.05 and 3 V vs. Li/Liþ for an applied scan rate of 0.05 mV s�1 for
(a) undoped anatase TiO2, (b) Ti0.94Sn0.06O2, (c) Ti0.89Sn0.11O2, and (d) Ti0.85Sn0.15O2. (e) Specific current versus potential of the 2nd cycle for all materials at lower potentials. The
specific current was calculated by taking into account the active material mass loadings.
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363 mAh g�1 for the pure TiO2 and 467 mAh g�1 for Ti0.85Sn0.15O2).
The CVs herein and literature, suggest a plausible explanation

for reaction chemistry of the Sn in the doped anatase nano-
materials. The effect of electrochemically active Sn-dopants in TiO2
was also investigated previously. Wang et al. investigated meso-
porous Sn-doped TiO2 thin films as anode materials. They showed
that 6 at% Sn could be doped into the TiO2 and although the Snwas
doped in the structure, the Sn remained active in the same potential
ranges (1e0.05 V for lithiation and 0.5 V for delithiation), which
also contributed to a higher irreversible capacity loss during the
first cycle and higher capacities during cycling, e.g. compared to the
pure TiO2 (101 mAh g�1) the doped material exhibited a specific
capacity of 253 mAh g�1 at an applied current of 85 mA g�1 [21].
The same behaviour was shown for literature reports on tin titanate
nanotubes, where a synergistic effect of combining the advantages
of “TiO2” in terms of cycle life and “SnO2” in terms of specific ca-
pacity, was observed [22]. For a 27 at% Sn-doped TiO2, a specific
capacity of 240 mAh g�1 was obtained over 300 cycles (compared
to 168 mAh g�1 of the pure TiO2) at an applied current of
250 mA g�1 [22]. Both these reports included CV measurements,
which showed high current peaks at low potentials (0e0.5 V vs Li/
Liþ), which was due to the formation of Li4.4Sn, and a characteristic
peak at 0.5 V vs Li/Liþ for the delithiation of the alloy. Therefore, the
authors suggest that during the first reduction cycle (at low po-
tential) the Sn4þ in the anatase structure is reduced to a separate
phase of elemental tin (Sn0) with Li2O being irreversibly formed (as
suggested in a report by Wang et al.[23] and which could be one
reason for the higher irreversible capacity loss). This is shown in
equation (2) below. At lower potentials, this Sn0 was then lithiated
in the range 1.0 to 0.05 V vs Li/Liþ. Therefore, moving to lower
potentials most likely favours the formation of LixSn alloy (where
0 < x � 4.4), see equation (3) [24,25]. The high volume expansion
during lithiation to its metallic state, followed by more volume
expansion during lithiation of the Sn metal forming an alloy, is
expected to be >200% [23,26]. Therefore, it can be suggested that
the elemental Sn then behaves thereafter, like a separate Sn alloy
material phase. Delithiation of the samples in the potential range
0.05e3 V vs Li/Liþ (forward sweep in the CV) showed a broad
oxidation peak at 0.5 V for, which the specific current response
increased with higher Sn at%. This appears to be due to the deli-
thiation of the LixSn (i.e. the back reaction of equation (3) below).
Thus, after the first cycle, the authors suggest that these doped
materials might form a nanocomposite of Sn and TiO2 in the cell,
which allows buffering of the higher specific capacity Sn (largely
active below 1.0 V vs Li/Liþ) with the less expansive TiO2 (active in
the range of ca. 1.0e3.0 V vs Li/Liþ).

TiO2 þ xLiþ þ xe�4LixTiO2ð0 � x � 1Þ (1)

SnO2ðdoped in the titaniaÞ þ 4Liþ þ 4e�4Snþ 2Li2O (2)

Snþ xLiþ þ xe�4LixSnð0 � x � 4:4Þ (3)

Whilst the energy density of the battery is the product of the
specific capacity and the overall cell voltage, power density is the
measure of the rate that energy can be stored and released from a
system. A high power electrode material has to possess high solid-
state ion diffusivity, high electrical conductivity, minimized solid-
state path lengths for ion transport, rapid electron transport and
finally, a high electrode/electrolyte surface area [9]. According to
this, small crystallite sizes and high surface areas, favour high po-
wer performance of electrode materials. Nano-TiO2 crystallites
used herein, had a crystallite size of ca. 4 nm and a BET surface area
of 245 m2 g�1. The total amount of stored charge for such high
surface area metal oxides can be separated into the faradaic
contribution of the Liþ ion insertion process as well as pseudoca-
pacitance (charge-transfer process with surface atoms) and non-
faradaic contributions fromHelmholtz double layer charging.Wang
et al. reported an increase of stored charge via pseudocapacitance
and a decrease of stored Liþ ions inserted into the structure at
higher applied current rates. This effect was shown to increasewith
reduced crystallite size and higher surface area [27]. In Fig. 5, a scan
rate test is presented. The linear relationship of the cathodic and
anodic peak current ip versus the square root of the scan rate n1/2



Fig. 5. Scan rate test for the pure TiO2 material: (a) CV profiles at an applied scan rate of 0.1, 0.2, 0.7, 1 and 2 mV s�1 in the range 1e3 V vs. Li/Liþ. (b) Relationship between the peak
current of the CV profile and the square root of the scan rate.
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indicates a lithium diffusion limited process. The diffusion coeffi-
cient can be calculated with the RandleseSevcik equation [28e30]
(equation (4)), where ip is the peak current in amps, n is the charge
transfer number, A is the contact area between the electrolyte and
the active material (geometric area as approximation 2.011 cm2), cLi
is the maximum concentration of Ti3þ in the lattice, i.e.,
0.024 mol cm�3 for x ¼ 0.5 in LixTiO2 [31]. DLi is the chemical
diffusion coefficient for Liþ in cm2 s�1, which was calculated for
sweep rates between 0.1 and 2 mV s�1.

ip ¼
�
2:69$105

�
n3=2A cLi n

1=2 D1=2
Li (4)

The diffusion coefficient was ca. 2.4$ 10�16 cm2 s�1 for the
lithiation and 5.3$ 10�16 cm2 s�1 for the delithiation. Sn-doped TiO2
did not show a significant trend for the diffusion coefficient with
higher Sn-loading [e.g. for the lithiation: 4.5$ 10�16 cm2 s�1

(Ti0.94Sn0.06O2), 1.8$ 10�16 cm2 s�1 (Ti0.89Sn0.11O2), 2.1$
10�16 cm2 s�1 (Ti0.85Sn0.15O2)]. In general, the reported lithion-ion
diffusion coefficients for titanates vary from 10�9 cm2 s�1 to
10�17 cm2 s�1. However, the diffusion coefficients herein are com-
parable to reported values of high surface area nano-TiO2 in liter-
ature [27,32e34].

The pure anatase TiO2 crystallites were cycled galvanostatically
at an applied current ranging from 0.1 A g�1 which is ca. C/2, (as
1C ¼ 170 mA g�1) to 10 A g�1, which is ca. 60 C, in the potential
range 1e3 V vs Li/Liþ (see Fig. 6). The irreversible capacity loss
during the first cyclewas always lower than 35mAh g�1 @ 0.1 A g�1.
Compared to the existing and reported TiO2 crystallites in litera-
ture, the nano-TiO2 herein, showed excellent performance. For
example, Han et al. investigated the high power rate capability of
Fig. 6. (a) Plot of specific capacity (y-axis) versus cycle number (10 cycles at each rate) for th
1e3 V vs. Li/Liþ. (b) Capacity retention (left y-axis, squares) and the amount x of stored lithiu
3rd cycle at 0.1 A g�1 was set as 100% for the capacity retention.
TiO2 nanotubes, directly grown on the current collector and
randomly orientated. The directly grown TiO2 nanotubes showed
very high rate capability with >130 mAh g�1 at 20 C, which can be
attributed to low resistance between the active material and the
current collector. Keeping in mind that the synthesis was via a thin
film method resulting in lower energy density, the randomly
orientated nanotubes with the same ratio of active mass to
conductive carbon as additive (70:20:10 active:carbon additive:-
binder), only gave a specific capacity of 48 mAh g�1 at 3.35 A g�1

[35]. Chen et al. synthesized ultrathin anatase nanosheets in several
steps, including an autoclave step for 24 h, followed by two heat-
treatments. This gave crystallites with a specific surface area of
170m2 g�1 (TiO2 hereinwas 245m2 g�1). In that work, a capacity of
ca. 95 mAh g�1 was achieved at the highest applied constant cur-
rent of 3.35 A g�1 [36]. In contrast, the TiO2 crystallites generated by
the CHFS reactor herein, gave a specific capacity of 88 mAh g�1 at
5 A g�1 and 70 mAh g�1 at 10 A g�1. In comparison, Wang et al.
reached a reversible capacity of 98 mAh g�1 at an applied constant
current of ca. 5 A g�1 for self-assembled TiO2-graphene nano-
structures, synthesized via co-precipitation and heat-treatment
[37]. Lei et al. used a four-step synthesis to make nano-TiO2 hol-
low spheres with a capacity of ca. 100 mAh g�1 at 1.67 A g�1 [38].
Herein, at an applied current of 2 A g�1, the undoped 4 nm TiO2 still
possessed a capacity of 105 mAh g�1. Chen et al. synthesized Ti3þ

doped TiO2 via a solvothermal batch method and suggested that
the Ti3þ increased electronic conductivity, resulting in an improved
rate performance with a capacity of 81 mAh g�1 at an applied
current of 3 A g�1 [39]. Recently, it has been reported that rutile
TiO2 can exhibit good rate capability [32,40]. Hong et al. investi-
gated self-assembled nanoporous rutile TiO2 mesocrystals, which
e undoped nano-TiO2 at different current rates. The material was cycled in the range of
m in LixTiO2 (right y-axis, circles) versus the specific applied current. The capacity at the
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retained a capacity of 77 mAh g�1 at an applied current of 3.4 A g�1

[41]. Qiu et al. investigated hydrogenated rutile TiO2 nanoparticles
(synthesized by treating rutile TiO2 with hydrogen at high pressure
and temperature). The material retained an excellent specific ca-
pacity of 130 mAh g�1 at a current rate of 1.7 A g�1 [42]. Usui et al.
used Nb-doped rutile TiO2 (synthesized by a sol�gel method fol-
lowed by heat-treatment steps) as a Li-ion battery anode. This
electrode attained an impressive rate capability, with a capacity of
120 mA h g�1 at the highest applied current density of 16.75 A g�1.
The improvements in the performances are attributed to three or-
ders of magnitude higher electronic conductivity of Ti0.94Nb0.06O2
compared to that of pure TiO2 [43]. Considering all these compar-
isons, the TiO2 materials reported herein were made directly using
a single step process in water (and using inexpensive precursors),
which is a much more convenient approach compared to other
more cost-, time- and energy-intensive synthesis routes that are
often reported in the literature. Herein, the high surface area of our
anatase material was also thought to increase the stored charge
capacity via pseudocapacitance and double layer capacitance of the
anode materials.

The influence of Sn-doping on the electrochemical performance
was investigated via C-rate and long-term measurements in the
range 1e3 V vs. Li/Liþ (Fig. 7a and b). The results show that with
increasing Sn-doping (and therefore, with relatively less of the
active TiO2 in this potential range), the overall specific capacity
decreased as might be expected. Considering the decrease in sur-
face area and increase of crystallite size, the C-rate retention did not
benefit from Sn-doping, because a larger crystallite size could be
expected to decrease ionic diffusion (conductivity), and limit the
material as a high power anode. The same trend was observed for
the long-term charge/discharge cycling tests at an applied current
of 300 mA g�1 (range of 1e3 V vs Li/Liþ). With a greater amount of
Sn-doping, the specific capacity decreased, whereas the stability
was generally very high (91% capacity retention after 300 cycles to
Fig. 7. Plots of specific capacity (left y axis) versus cycle number. (a) Variable current rate t
(charge/discharge) cycling tests in the potential range between 1 and 3 V vs. Li/Liþ for all sa
and 3 V vs. Li/Liþ, (d) constant rate (charge/discharge) cycling tests in the potential range b
give a final value of 165 mAh g�1 for the undoped nano-TiO2 at a
current rate of 300 mA g�1). In comparison, the Sn doped samples
at an applied current of 300 mA g�1 (range of 1e3 V vs Li/Liþ)
showed a similar steady retention of their initial capacities, albeit
lower than the sample with the most titania (Fig. 7b).

After the initial tests, the potential window was widened down
to 0.05 V vs Li/Liþ. The main benefit from this was in the likely
electrochemical activation of the Sn doped in the anatase, which
thereafter was expected to form a separate phase after the initial
activation. In the variable C-rate tests (as shown in Fig. 7c), greater
Sn-doping increased the specific capacity. At an applied current of
100 mA g�1 (in the C-rate tests) the Ti0.85Sn0.15O2 sample showed a
steady capacity loss with an average capacity of ca. 350 mAh g�1

(for first 10 cycles in the variable C rate tests as shown in Fig. 7a).
Fig. 7d shows the results from the constant rate cycling of the
materials (fixed current rate of 382 mA g�1) in the wider potential
range 0.05e3 V vs Li/Liþ. Interestingly, all the samples bar the one
with the highest Sn loading, showed a steady capacity fade from
initial values near to >200 mA g�1 for the doped samples, down to
below 50 mA g�1 after 300 cycles (Fig. 7d). However, the sample
with the highest Sn loading (starting from ca 270mAh g�1), showed
a steady loss of capacity for the first 100 cycles, down to just over
200 mAh g�1 and then recovered back up to almost its initial value
by ca 400 cycles, after which it was slowly fading again by 500
cycles (Fig. 7d). However, the anode had still retained a specific
capacity of >200 mAh g�1 after 500 cycles. In comparison, meso-
porous CeTiO2eSnO2 nanocomposites (co-assembly method fol-
lowed by two heat-treatment steps) have been reported to possess
a capacity of 300 mAh g�1 at an applied current of only 30 mA g�1

[44], and tin titanate nanotubes (ion-exchange synthesis under
hydrothermal conditions followed by heat-treatment) were re-
ported to have a capacity of 348 mAh g�1 at an applied current of
250 mA g�1 [22]. Co3O4-coated TiO2 nanotubes (synthesized via
electrochemical anodizing method followed by a heat-treatment
ests of all samples in the potential range between 1 and 3 V vs. Li/Liþ (b) constant rate
mples (c) Variable current rate tests of all samples in the potential range between 0.05
etween 0.05 and 3 V vs. Li/Liþ for all samples (1st cycle not shown for c and d).



Fig. 8. Potential versus specific capacity plots for nano-TiO2 and the Sn-doped titania at a constant applied current of 100 mA g�1 (a) in the potential range of 1e3 V vs Li/Liþ and (b)
in the potential range of 0.05e3 V vs Li/Liþ.
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step) showed a reversible capacity of around 400 mAh g�1 at an
applied current of 40 mA g�1 [45]. Usui et al. investigated com-
posites of rutile-type TiO2 and Si, which were synthesized by a
facile solegel method. The binder-free composite electrodes
exhibited very high cycle stability >900 cycles and a specific ca-
pacity of 710 mAh g�1 [46]. The latter two systems are of course not
containing any Sn but show that a mixture of high capacity (e.g. Si)
and low capacity (titania based) materials in such a way can be
useful for giving both stable and high capacity anodes. The sum-
mary of the electrochemical performance of Sn-doped TiO2 can be
seen in Fig. 8. In the potential range 1e3 V vs Li/Liþ, the tin remains
electrochemically inactive and does not appear to contribute to the
stored charge of the anode. If the potential window is widened to
be in the range 0.05 Ve3 V vs Li/Liþ, the tin dopant drastically
improves the electrochemical capacity of the anode through addi-
tional charge storage at lower potentials.

4. Conclusions

Pure anatase nano-TiO2 crystallites were directly synthesized
using a CHFS reactor, and with no further processing of the dried
powders, the materials were made into printed anodes. The
nanoparticles from CHFS showed excellent high power perfor-
mances as a Li-ion battery anode up to an applied current of
10 A g�1 (ca. 60 C). The high surface area and low crystallite size
contributed to the observed rate capability. Doping Sn into the
anatase structure did not improve high power performance in the
potential range 1e3 V vs Li/Liþ. However, if the potential range was
widened to the range 0.05e3 V vs Li/Liþ, the Sn-dopant became
electrochemically active and increased the overall capacity signif-
icantly. The wider operational window and the higher capacity of
the doped materials, would be expected to increase the energy
density in a full cell in the future. The simplicity of the synthesis
process, offers good possibilities for scale-up of the synthesis to
build full cells or larger cells in the future. Thus, the authors plan to
investigate scale-up syntheses of these materials using a CHFS pilot
plant process capable of producing nanomaterials at a rate >1 kg/h.
The results from these endeavours, as well as larger scale cell
manufacture and testing, will be reported in due course.
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