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Abstract
Nano-sized Mo-doped titania (Mog 1 Tip 9O,) and Nb-doped titania (Nbg »5Tig 750,) were directly
synthesized via a continuous hydrothermal flow synthesis process. Materials characterization
was conducted using physical techniques such as transmission electron microscopy, powder
x-ray diffraction, x-ray photoelectron spectroscopy, Brunauer—Emmett—Teller specific surface
area measurements and energy dispersive x-ray spectroscopy. Hybrid Li-ion supercapacitors
were made with either a Mo-doped or Nb-doped TiO, negative electrode material and an
activated carbon (AC) positive electrode. Cells were evaluated using electrochemical testing
(cyclic voltammetry, constant charge discharge cycling). The hybrid Li-ion capacitors showed
good energy densities at moderate power densities. When cycled in the potential window
0.5-3.0V, the Moy ;Tig90,/AC hybrid supercapacitor showed the highest energy densities of
51 Whkg ' at a power of 180 W kg~ ' with energy densities rapidly declining with increasing
applied specific current. In comparison, the Nbg »5Tig750,/AC hybrid supercapacitor
maintained its energy density of 45 Whkg ™' at 180 W kg~ " better, showing 36 Whg ™" at
3200 W kg ', which is a very promising mix of high energy and power densities. Reducing the
voltage window to the range 1.0-3.0 V led to an increase in power density, with the
Moy 1 Tig.00,/AC hybrid supercapacitor giving energy densities of 12 Whkg ' and 2.5 Whkg ™'
at power densities of 6700 Wkg ' and 14 000 W kg ', respectively.

1

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

A worldwide increase in energy demand, and concerns over
air pollution and global warming, have led to the widespread
application of renewable energy sources as well as to an
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and for the move away from fossil fuels. Li-ion batteries have
dominated in the drive towards personal electronics and
electric vehicles (Palacin 2009). Whilst Li-ion batteries ben-
efit from low self-discharge and high energy density, super-
capacitors utilizing electrochemical double layer capacitance
(EDLC) show more promise for applications with a higher
power demand such as regenerative breaking in hybrid elec-
tric vehicles (Ibrahim et al 2008, Li et al 2016). However,
EDLC:s suffer from significantly reduced energy densities (Hu
et al 2015), unless the specific surface area of the active
carbon is sufficiently high to allow high energy and power
densities simultaneously (Lust et al 2002, Stoller et al 2011,
Héarmas et al 2016). This problem can be addressed by
developing Dbattery-supercapacitor hybrid devices (Li
et al 2015, Zuo et al 2017). Hybrid Li-ion capacitors employ
a high energy battery electrode in combination with an EDLC
electrode in an organic electrolyte (Plitz et al 2006). This
approach allows for improved energy density as a con-
sequence of fast Faradaic redox reactions on or near the
surface of the battery electrode and the large potential win-
dow due to the organic electrolyte (Deng et al 2014).

Various materials have previously been used as negative
electrode and positive electrode in combination with activated
carbon (AC), including LiyTisO, (Naoi et al 2010),
LiCrTiO4 (Aravindan et al 2014), VO, (Xia et al 2015),
porous TiO, (Brezesinski et al 2009) and anatase TiO,-
reduced graphene oxide composites (Kim e al 2013). Other
Li-ion hybrid capacitors have used CNT cathodes with
LisTisO, (Zuo et al 2015) or TiO, microspheres wrapped
with graphene nanosheets versus a graphene nanosheet
positive electrode (Wang et al 2016).

Nano-sized TiO, is a very promising material for use in
anodes in hybrid supercapacitors because of its favourable
redox potential (Aravindan et al 2014) of ca. 1.8 V versus Li/
Li" (Yang et al 2009), which allows for a convenient voltage
window when using an AC cathode, which lies within the
stable potential window of liquid electrolytes. Some of its
polymorphs (including anatase (Wang et al 2007), Nb-doped
anatase (Liibke er al 2015), TiO,(B) (Dylla et al 2013), and
TiO, bronze (Liu et al 2011)) have been shown to exhibit
pseudocapacitive charge storage behaviour. It is important,
however, to consider the imbalances in energy and power
densities between the Faradaic charge storage in the battery-
like electrode and the non-Faradaic charge storage on the
surface of the AC electrode. In particular, the much slower
charge storage due to intercalation into the bulk of many
insertion type materials has been a limiting factor in high
power applications (Kim et al 2013). The much faster nature
of the surface or near-surface reversible redox reactions
associated with pseudocapacitance on the other hand, allows
for higher charge storage for significantly faster charge/dis-
charge regimes (Augustyn et al 2014).

Herein, the authors demonstrate, for the first time, that
doped anatase nanomaterials such as MogTip9O, or
Nbg25Tig 750, synthesised via a continuous hydrothermal
flow method can be incorporated into hybrid supercapacitors
with an AC cathode to show high energy densities at high
power densities.

2. Experimental section

2.1. Materials

The precursors used were TiBALD (Titanium(IV) bis
(ammonium lactato)dihydroxide solution, 50 wt% in H,O,
Sigma Aldrich, Dorset, UK), 99.98% ammonium molybdate
tetrahydrate (Sigma Aldrich, Dorset, UK), >99.99% ammo-
nium niobate(V) oxalate hydrate (Sigma Aldrich, Dorset, UK)
and KOH (Fisher Scientific, Loughborough, UK). The
syntheses of both nano-TiO, and Nby,5Tig 750, have been
described in the literature previously (Liibke er al 2015).

2.2. Synthesis

TiO,, Mo 1Tig90, and Nbg,sTig 750, nanomaterials were
synthesized using a laboratory scale continuous hydrothermal
flow synthesis (CHFS) reactor that was similar to processes
previously described in the literature, at the pilot (Gruar
et al 2013) and lab (Chen et al 2011) scales. The rate of
production was calculated to be ca. 75 g per hour. However,
the pilot scale equivalent process can manufacture >2 kg of
the materials per hour. The CHFS process of the authors on
all scales employed a patented co-current confined jet mixer
(CIM, US Patent No. 20130136687), made from standard
Swagelok™ parts (Swagelok Company, Hertfordshire, UK)
that allow efficient mixing of the supercritical water stream
with the ambient temperature aqueous metal salt solution
stream. The CJM used herein has previously been described
elsewhere (Gruar et al 2013, Tighe et al 2013). In the CHFS
process, three diaphragm pumps were pressurized to
24.1 MPa and used to supply the three liquid feeds. Pump 1
supplied DI water (10 MS) at a flow rate of 80 mlmin ',
which was heated in flow to 450 °C (or 400 °C for undoped
titania) using a 7kW customized electrical water heat-
exchanger (that is above the critical point of water of
T.=374°C and P.=22.1MPa. Pump 2 supplied the
ambient temperature metal salt precursor mixture at a flow
rate of 40 ml min~ ' and Pump 3 supplied 0.3 M KOH (or DI
water for the synthesis of undoped titania) at a flow rate of
40 ml min~"'. The feeds from pump 2 and 3 were first com-
bined in flow in a dead-volume tee-piece at room temperature,
before they were mixed with the supercritical water flow to
give a reactor mixing temperature of 335 °C (or 305 °C in the
case of undoped titania) with a residence time of ca. 5s.
Full details of the synthesis conditions including the
concentrations of reagents used are given in the supplemen-
tary information (table S1 is available online at stacks.iop.
org/NANO/28/195403 /mmedia). After nucleation of the
nanoparticles in the mixer, a pipe-in-pipe heat exchanger (1 m
in length) was used in the CHES process to cool the temp-
erature of the product stream to ca. 40 °C, after which the
nanoparticles exited the reactor via a back-pressure regulator
valve. The particles were then collected and cleaned by dia-
lysis in DI water for 48 h before being freeze-dried (Virtis
Genesis 35XL, Biopharma process systems, Winchester, UK)
via first cooling to —40 °C under vacuum of 13.3 Pa and
subsequent heating to room temperature over the course of
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22 h under vacuum. The as-synthesised, freeze-dried powders
were used to make printed anodes without any further treat-
ment whatsoever.

2.3. Physical characterization

Powder x-ray diffraction (PXRD) was performed to collect
diffraction patterns in a 26 range of 2°-40°, with a step size of
0.5°, and a step time of 20 s on a STOE StadiP diffractometer
(STOE, Darmstadt, Germany) using Mo-Ka radiation
(A= 0.71A).

High-resolution transmission electron microscopy (TEM)
using a Jeol JEM 2100—LaBg filament (Joel, Hertfordshire,
UK) was used to determine size, interlayer spacing and par-
ticle morphology. A Gatan Orius digital camera was used for
image capture of the samples that were pipetted on a 300
mesh copper film grid (Agar Scientific, Stansted, UK).
Energy dispersive x-ray spectroscopy (EDX) also used the
Jeol JEM 2100 for elemental analysis of the samples.

The valence states of the metal ions were determined
using x-ray photoelectron spectroscopy (XPS) collected on a
Thermo Scientific K-alpha" spectrometer using Al-Ka
radiation equipped with a 128-channel position sensitive
detector. High-resolution regional scans for the elements were
conducted at 50 eV. Processing of the XPS data was per-
formed using CasaXPS' software (version 2.3.16) and by
calibrating the spectra using the C 1s peak at 284.8 eV.

Brunauer—Emmett-Teller (BET) surface area measure-
ments were carried out using liquid N, in a Micrometrics
Tristar IT (Micrometrics UK Ltd, Hertfordshire, UK). The
samples were degassed at 150 °C (12 h) using Ar gas before
measurements were undertaken.

The tap density of the synthesised nanopowders was
estimated by filling the powder (2 g) into a graduated mea-
suring cylinder (10 ml), followed by tapping it vertically on
the bench 300 times by hand.

2.4. Electrochemical characterization

The negative electrodes were prepared by mixing of the active
material (doped or undoped TiO,) with binder (poly-
vinylidene fluoride, PVDF, PI-KEM, Staffordshire, UK) and
conductive carbon black (Super P, Alfa Aesar, Heysham, UK)
in a ratio of 80:10:10 wt%. A 10 wt% solution of PVDF in
N-Methyl-2-pyrrolidone, NMP (Sigma Aldrich, Dorset, UK)
was prepared using a magnetic stirrer and then mixed by hand
with the conductive carbon and the active material and further
NMP (ca. 2.5 ml) was added to give a viscous slurry. The
slurry was ball-milled at 800 rpm for 1 h before being cast on
9 um thick copper foil (PI-KEM, Staffordshire, UK). The
electrode sheets were dried on a hotplate at ca. 150 °C for
20 min. The active mass loading of the anodes was in the
range 1.2-1.5mgcm 2.

Positive electrodes were prepared by mixing AC active
material (YPSOF, Kuraray Chemical Co., Osaka, Japan) with
binder (PVdF, 8 wt% solution in NMP) and carbon black
(Super P) in a Buhler high torque mixer for several hours. The
mass ratio of active material to binder to carbon was 87:8:5.

The resulting ink was then coated on a Megtec reel-to-reel
coater in comma bar setup before passing through a three-
phase oven for drying. Residual solvent and any water were
then removed by further drying under vacuum at 120 °C for
12 h. The mass loading of the final positive electrodes was
5mgem 2.

The initial half-cell testing of the individual electrodes
using the different TiO, active materials, or AC, were per-
formed in CR2032 coin cells using galvanostatic charge
discharge measurements and potentiodynamic cyclic vol-
tammetry (CV) in half-cells against lithium. All the full-cell
testing of the hybrid supercapacitors, using an anode with
doped or undoped TiO, as active material and an AC positive
electrode, was carried out in two-electrode Swagelok-type
cells. All cells were assembled in an Ar-filled glovebox with
O, and H,O limited below 3 ppm. Whatman (Buckingham-
shire, UK) GF/B glass microfiber filters were used as
separators and drenched in electrolyte of 1M LiPFq in
3:7 wt% ethylene carbonate/ethyl methyl carbonate (BASF,
Ludwigshafen, Germany). For half-cells, lithium metal foil
(PI-KEM, Staffordshire, UK) was used as counter electrode,
whereas in the full cells, the doped or undoped TiO, elec-
trodes were used as the anode and the AC electrodes were
used as cathodes. The half-cell constant charge/discharge
(CCD) cycling was carried out on an Arbin Instrument Model
BT-2000 battery tester (Caltest Instruments, Guildford, UK)
at room temperature of ca. 20 °C. For the TiO, electrodes,
tests were carried out in the range 1.0-3.0 V versus Li/Li* at
specific currents in the range 0.1-15 A g~'. The AC electro-
des were tested in the range 3.0-4.2V versus Li/Li" at
specific currents in the range 0.1-0.5 A g~ '. CV for the half-
cells were recorded in potential windows of 1.0-3.0 V versus
Li/Li" for the TiO, electrodes and 3.0-4.2 V versus Li/Li"
for the AC cathodes, at scan rates in the range
0.05-50mV's ™.

CCDs and CVs of the hybrid supercapacitors were per-
formed on a Gamry Interface 1000 (Scientific & Medical
Products Ltd, Cheshire, UK). The CVs were performed at
scan rates in the range 5-100mV s~ ' in the potential win-
dows of 0.5-3.0V and 1.0-3.0V, respectively. CCDs were
performed at current densities in the range 0.5-20 mA cm™*
(relative to the area of the anode, equivalent to specific cur-
rents of ca 0.1-4.0 A g~ ' based on the mass of active material
in both anode and cathode) in the potential windows of
0.5-3.0 V and 1.0-3.0 V, respectively.

3. Results and discussion

The dried nanoparticles were obtained with yields of >90%
for undoped TiOZ, MOO.lTio_QOZ and Nb0_25Ti0_7502.

The PXRD patterns for the as-prepared powders revealed
broad, but distinctive peaks for all samples (see figure 1). The
peaks were in good agreement with JCPDS reference card no.
071-1167, corresponding to anatase TiO, (space group 14,/
amd). Neither of the doped samples showed any additional
peaks, which suggested the Mo- and Nb-ions were doped into
the anatase crystal structure.
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Figure 1. XRD pattern of the three synthesised samples, with the
reference pattern for JCPDS card no. 071-1167 for comparison.

A closer analysis of the PXRD peaks indicated a minor
shift of the peaks to lower two theta values at high angles for
both the Mo- and Nb-doped TiO, samples. This shift was
more pronounced for Nbg,5Tip750, than it was for
Moy, 1 Tig.9O,; the shifts were presumed to be due to homo-
genous doping of slightly larger ions [(Nb°T (0.64 A) and
Mo®" ions 0.62 10%)] into the anatase structure, replacing Ti*"
jons (0.61 A). This observation was in good agreement with
previous reports for both Nb-doped TiO, (Liibke et al 2015)
and Mo-doped TiO, (Zhang et al 2014). Scherrer analysis of
the PXRD patterns, suggested estimated crystallite sizes of
ca. 6nm for all samples. The BET surface area for the
Moy 1Tip.9O, was 236 m’ gfl, which was similar to the value
of 239 m? ;jl previously reported for the NbgsTig 7502
sample.

TEM revealed similar particle sizes and shapes for both
the undoped and doped samples. TEM images suggested an
average particle size of 4.6 = 1.1 nm for Mog ;Tig9O, (100
particles counted), which was comparable to the 4.5 and
4.9 nm for undoped TiO, and Nby,5Tiy750,, respectively,
that were previously reported (Liibke er al 2015). The inter-
layer spacing was determined as 0.34 nm for the Mo-doped
sample, which is consistent with previous findings and cor-
responded to the (101) interplanar spacing of anatase (see
figure 2).

EDX analysis revealed an even distribution of molyb-
denum ions throughout the Mog Tip9O, particles as
expected (see figure 2(b)). This homogeneity has been
previously observed for the Nb-doped sample (Liibke
et al 2015). The mass percentage of Ti and Mo-ions were
compared and the atom percentage of each calculated using
the respective atomic mass. This analysis was in good
agreement with the original Ti:Mo molar ratio used in the
synthesis, suggesting a value of 10 & 0.5 at% Mo in the
structure with respect to Ti.

To determine the valence state of the metal ions in both
the doped samples as well as the undoped TiO,, high-reso-
lution XPS was performed. The Ti 2p level binding energies

were very similar for all samples, with peaks at 459.2 and
465.0 eV for Ti 2p3/2 and Ti 2pl/2, respectively (see figure
S1). This gives a spin-orbit splitting of 5.8 eV and can be
ascribed to the core level of Ti*". For Moy Ti 005, a high
resolution study of the Mo 3d level showed peaks at 233.2
and 236.3 eV, associated with the core levels of Mo®* of Mo
3d3/2 and Mo 3d5/2, respectively, with a spin-orbit splitting
of 3.1eV (Ji et al 2014). Because of the lack of any additional
peaks in the high-resolution spectra, it was expected that the
only Ti species present in the samples was Ti*" and the only
Mo species present in Moy 1Tip O, was Mo®*. 1t should be
remembered that XPS is only a surface technique and there-
fore only gave an indication of valence state of near-surface
ions. It has previously been suggested that the Mo®" doping
in Ti*" sites leads to Ti*" vacancies in the TiOg octahedra
(Thi et al 2014). A semi-quantative analysis of the peak areas
for the Mo-doped sample suggested an estimated elemental
composition of ca. 11 at% molybdenum, which was similar to
the 1:9 atom ratio for Mo:Ti that was used in the synthesis.

The tap density of the undoped TiO, powder was
1.17 g em >, which increased for both doped samples to high
values of 132 and 1.27¢g em > for Moy TipoO, and
Nbyg »5Tig.750,, respectively.

The electrochemical performance of the individual elec-
trodes, including the AC cathodes, was evaluated before
construction of full cells, using cyclic charge discharge and
CV. The various titania based electrodes were studied in the
potential window of 1.0-3.0 V versus Li/Li*, whereas the
AC carbon electrode was tested in the potential window
3.04.2'V versus Li/Li*. The specific capacities at various
current rates for all samples are shown in figure 3.

At a specific current of 0.5 A g™ !, the specific capacities
were ca. 45, 155, 170 and 160 mAh g~ for the AC, undoped
TiO,, Moy Tip9O, and Nbg,5Tig 750, electrodes, respec-
tively. At higher specific currents, Mo ;Tig.9O, showed sig-
nificantly higher specific discharge capacities than undoped
TiO, of ca. 100 and 65mAhg~' compared to 75 and
45mAh g ', respectively, at 5 and 10 A g~ ', respectively. At
the highest specific current of 15 A g~ ' (equivalent to a C-rate
of ca. 45), the specific capacities for Moy ;Tig9O, and TiO,
were 42 and 25mAh g™, respectively, which showed that
molybdenum doped anatase had significantly better high rate
performance than TiO,, but slightly worse performance than
previously reported Nbg,5Tig 750, (Liibke e al 2015).

To make charge stored in electrodes between samples
comparable, an active mass ratio for anode and cathode of ca.
2:7 was used (see ESI). The CVs of the electrodes in half-
cells versus Li/Li" were also studied. The AC electrodes
showed a nearly rectangular profile as expected for double
layer-type electrodes, whilst Mo-doped TiO, electrodes
showed clear peaks at the expected potentials versus Li/Li*
that are generally associated with redox reactions with Li™
ions (figure 4(a)); the redox peaks were observed at 1.85 and
1.60 V versus Li/Li" at a scan rate of 0.05mV s~ '. Because
all the synthesised anode materials had an average particle
size in the range 4—-6 nm, which resulted in high surface areas,
(extrinsic) pseudocapacitive contributions were expected to
play a significant role herein. This has previously been
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Figure 2. Transmission electron microscopy (TEM) images of the as synthesised Mog Tip9O,, showing an overview of particles and their
agglomeration (a), a detailed agglomerate (c) and inter-lattice spacing (d) for anatase TiO,. Energy dispersive x-ray spectroscopy (EDX)
results showing homogenous distribution of Mo (red), Ti (red) and O (blue) are also shown.
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Figure 3. Half-cell data for the doped titania samples and the
activated carbon electrodes.

reported for anodes in Li-ion batteries using nanosized TiO,
(anatase) (Wang et al 2007), Nb-doped TiO, (Liibke
et al 2015) and potentially Mo-doped TiO, (Thi et al 2014).

The CVs of the full-cell, hybrid Li-ion supercapacitors
showed profiles that resembled a mixture of the individual
electrode profiles. For the hybrid supercapacitors, there
were clear peaks indicating partial redox reactions on the
insertion-type anode, and double layer contributions from

the EDLC-type AC electrode (see figure 4(b)), as previously
observed for similar devices in the literature (Kim
et al 2013, Lee et al 2014, Lim et al 2014, Lee et al 2015).
The anodic and cathodic redox peaks were observed at ca.
2.35 and 2.15V, respectively, for all studied super-
capacitors at the scan rate of 5SmV s~ '. The CV data for all
supercapacitors was also used to calculate the specific
capacitance of the devices (C.) at different scan rates
using equation (1):

Ceetl = Q/(AV * m), (N

where ¢ is the charge in Coulombs, AV is the voltage
change in V and m is the mass of active material in both the
anode and cathode in g. In the wider potential window
range of 0.5-3.0V, Mo-doped TiO, showed the highest
capacitance of 53 F g~ (corresponding to a specific capa-
city of 37 mAh g~ ') at a scan rate of 5SmV s~ ', whilst Nb-
doped TiO, could retain much of its initial specific capa-
citance of 47 Fg~' (corresponding to a specific capacity of
33mAhg™") at 5mVs~' as well as a value of 37Fg™!
(corresponding to 26 mAh g~ ') at 100mV s,

This can be explained by additional charge storage in the
range 0.5-1.0 V at higher scan rates for the Nb-doped TiO,,
see comparison between the three different hybrid super-
capacitors at 10 and 100 mV s ! (figures 5(a) and (b)). In the
narrower potential window, charge storage for the Mo-doped
TiO, remained nearly the same and appeared much less
dependent on scan rate (figures 5(c) and (d)). In the narrower
potential window of 1.0-3.0V, the hybrid supercapacitor
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with the Mog Tig9O, electrode still showed the highest
specific cell capacitance of 56 Fg~' at 5mV s~ (corresp-
onding to 31 mAh g ') and capacitance retention at higher
scan rates appeared to be significantly improved. This can be
explained by the fact that there is hardly any charge storage
observed in the range 0.5-1.0 V at higher scan rates for the
Moy 1 Tig90,/AC hybrid supercapacitor, and the charge sto-
rage in the potential window 1.0-3.0 V was more reliant on
pseudocapacitive contributions. The Nbg »5Tig750,/AC Li-
ion hybrid capacitor still showed the highest cell capacitance
at the higher scan rate (24.5F g~ ' at 100mV s ', equivalent
to a specific capacity of 14 mAh g™ ).

Galvanostatic charge discharge measurements were used
to investigate electrochemical performance of the hybrid
supercapacitors further. The cell specific capacitance was
calculated using equations (2) and (3):

Ceen = (I X 1) /(AV x m), 2
AV - Emax - Emin, (3)

where [ is the charge current in A, ¢ is the discharge time, AV
is the potential window in V, and m is the mass of active
material in both the anode and cathode in grams. E, ., and
E.in are the potentials at the beginning and at the end of the
discharge cycle. E,.. therefore decreased with increasing
applied current, because increasing current increased the
IR drop.

The cells were cycled in the potential window of
0.5-3.0V as well as 1.0-3.0V, at current densities in the
range 0.5-50 mA cm 2, equivalent to specific currents in the
range of ca. O.l—lOAg_l, based on the mass of active mat-
erial in both cathode and anode. Figures 6(a) and (b) show the
charge—discharge profiles at 0.5, 5 and 10mAcm 2
(equivalent to ca. 0.1, 1 and 2 A g~') in the potential window
of 0.5-3.0 V. The curves for all samples deviated from the
triangular shape expected for electric double layer capacitors
because of the combination of Faradaic and non-Faradaic
charge storage mechanisms. As expected from the specific
capacitance measurements at high scan rates, Nbg »5Tig 750,/
AC hybrid Li-ion capacitors showed the best performance at
high current densities. Compared to the other two samples,
the equivalent series resistance (and therefore IR drop) was

significantly smaller for this hybrid Li-ion capacitor, poten-
tially because of the lower electronic resistivity in
Nbg,5Tip750, compared to undoped TiO, (Liibke
et al 2015). The specific capacitance for the Nbg »5Tig 750,/
AC hybrid supercapacitor was 40, 39, and 39 Fg~' (equiva-
lent to specific capacities of 28, 25, and 23 mAh gfl) at
current densities of 0.5, 5, and 10 mA cm 2 (equivalent to ca.
0.1, 1 and 2 A g "), respectively. In comparison, the Mo-
doped TiO,/AC hybrid Li-ion capacitor showed a high
capacitance of 42F ¢! (equivalent to a specific capacity of
30mAhg~ ") at 0.5 mA cm 2, which declined to 21.5Fg™'
(equivalent to a specific capacity of 10mAhg™') at
10 mA cm 2.

In the narrower potential window of 1.0-3.0V, the
Moy 1Tip 90,/AC hybrid supercapacitor retained specific cell
capacitances of 35, 31, 26 and 21 F gf1 (equivalent to specific
capacities of 20, 16, 12 and 8 mAhg ™', respectively) at
current densities of 2, 5, 10 and 20 mA cm ™2 (equivalent to
ca.04,1,2and 4 A g_l), respectively. The TiO,/AC hybrid
supercapacitor showed capacitances of 34, 27, 22, and
16Fg' (18, 13, 9 and 5SmAhg ', respectively) at the
corresponding current densities. The charge—discharge curves
are shown in figures 6(c) and (d). Coulombic efficiencies for
all charge discharge cycles shown in figure 6 are shown in
figure S2 (see ESI).

The results of the rate testing for the Mog Tig.00,/AC
hybrid Li-ion capacitor are shown in figure 7. At a low current
density (2mA cm™?), a specific capacitance of 37 Fg~' was
measured after 100 cycles, and even at high current densities
of 20mA cm 2, its specific capacitance was still 22 Fg ™"
(specific capacity of 7mAh g~ '). Coulombic efficiencies were
only ca. 99% at 2 mA cm ™2, but above 99.5% for all higher
current densities, and 100% at 50 mA cm 2. Whilst at lower
current densities the Mog Tig90,/AC hybrid Li-ion capa-
citor showed lower specific capacitance but better stability
than comparable devices, performance at high rate was
comparable to a TiO,-(reduced graphene oxide)/AC Li-ion
hybrid capacitor and better at the highest current density of
50mA cm™? (Kim er al 2013). Moy ; Tig40,/AC hybrid Li-
ion capacitors showed consistently higher specific capacitance
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Figure 5. Cyclic voltammetry (CV) analysis of the different hybrid supercapacitors at scan rates of (a) 10 mV s~' and (b) 100 mV s~ when
cycled in the potential window 0.5-3.0 V and in the potential window 1.0-3.0 V at scan rates of (¢) 10mV s ! and (d) 50 mV s ..

than TiO,/AC capacitors at all current densities (see figures
S3(a) and (b)).

Further, the Mog ;Tip90,/AC displayed good cyclabil-
ity, with good stability at current densities of 2 and
5mA cm 2 (see figure S3(c)), and capacity retention of 75%
capacity after 5250 cycles (see figure S4). This was better
than comparable devices from the literature using
LiNigp sMn; 5O4, LigTisOq, or TiO,-B electrodes and AC
cathodes (Aravindan et al 2013, Arun et al 2015, Dsoke
et al 2015).

Both energy (E) and power (P) density were calculated
using equations (4)—(6) to further investigate the performance:

P = AV x (I/m), “)
E =P x (t/3600), (5)
AV = (Emax + Emin)/z, (6)

where E.« and E,;, are the potentials at the beginning and
the end of the discharge, therefore, AV gives the average
potential, / is the current in A, m is the mass of the active
materials in both anode and cathode (in kg) and 7 is the dis-
charge time (in seconds). When cycled in the range 0.5 and
3.0V, the Mog ;Tig00,/AC hybrid supercapacitor delivered
the highest observed energy density of 51 Whkg ™" at a power
density of 180 W kg~ '. However, because of the superior

capacitance retention at higher currents in this potential
window, the Nbg,sTip750,/AC hybrid supercapacitor per-
formed better at higher power densities; the cell yielded a
specific energy density of 41 Whkg ' at 1700 Wkg ' or
conversely an energy density of 36 Whkg ™' at 3200 Wkg ",
which is amongst the best performance found in the com-
parable literature at these high rates.

The narrower potential window of 1.0-3.0V led to an
increased average power. The Moy Tip90»/AC hybrid Li-
ion capacitor showed high energy retention at high power
densities, with an energy density of 29 Whkg ™' at a power
density of 2000 W kg ' or 12 Whkg ' at 6700 W kg ' Even
at 14 100 Wkg ', the energy density was still 2.5 Whkg .

To demonstrate the performance of the Li-ion capacitors
compared to similar systems in the literature, a Ragone
graph was plotted showing the data herein alongside Li-ion
capacitors employing different anode materials including
TiO,-Reduced Graphene oxide (Kim et al 2013, 2016) and
anatase TiO, (Kim et al 2013), LisTisO, (Ni ef al 2012, Kim
et al 2016), TiO,-B (Wang et al 2006), TiO,(B) (Aravindan
et al 2013), LiCrTiO4 (Aravindan et al 2012), TigO;; (Han
and Wang 2010), and TiO, microspheres wrapped with gra-
phene nanosheets cycled against a graphene nanosheet posi-
tive electrode (Wang et al 2016) in figure 8. The plot clearly
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Figure 7. Cycling performance at various current densities for the
Moy, Tip.90,/AC supercapacitor cycled in the potential window
1.0-3.0 V. The current densities of 2, 5, 10, 20 and 50 mA cm 2
were equivalent to specific currents of ca. 0.4, 1,2, 4 and 10A g™,
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.0V at different current densities of 2 (solid lines), 5 (dashes), 10

showed that both Nb-doped and Mo-doped anatase TiO,
synthesised via CHFS were promising as active anode mat-
erial of hybrid Li-ion supercapacitors. Among hybrid Li-ion
supercapacitors with TiO,-based anodes and AC positive
electrodes, the devices presented herein showed the best
performance at various power densities because of the
improved pseudocapacitive charge storage at higher rates
which was due to doping and high specific surface area of the
nanoparticles. When compared to devices with more elabo-
rated anodes (such as microspheres wrapped with graphene
nanosheets) and cathodes (graphene nanosheets) (Wang
et al 2016), the observed energy densities were still better at
high power densities.

4. Conclusions

High surface area molybdenum or niobium doped TiO, as
well as undoped titania were synthesised in a single step
process using a continuous hydrothermal flow system. The
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Figure 8. Comparative Ragone plot of the best results from this work
(red and blue plots) with similar devices tested in the literature. The
supercapacitors the devices were compared to here included ones using
anodes such as TiO,-reduced graphene oxide and anatase TiO, (Kim
et al 2013), LiyTisO, (Ni et al 2012), TiO,-B (Wang et al 2000),
TiO»(B) (Aravindan et al 2013), LiCrTiO,4 (Aravindan et al 2012),
TigO;7 (Han and Wang 2010), TiO,-reduced graphene oxide (2016)
and LiyTisOy, (2016) (Kim et al 2016), TiO, microspheres wrapped
with graphene nanosheets versus a graphene nanosheet positive
electrode (Wang et al 2016). Reproduced with permission from the
Society of Polymer Science, Japan, copyright 2017.

high surface area as well as the doping of ions with a higher
valence state than that of the Ti**-ions in titania, improved
the (extrinsic) pseudocapacitive (surface-near) charge storage
in these materials. Nanomaterials synthesised via such a
process were used in supercapacitors for the first time.

Doped TiO,/AC Li-ion capacitors using organic Li-ion
electrolyte showed high energy and high power density, with
energy densities of up to 51 Whkg~'. The most promising
results, however, were achieved at medium power densities
and energy densities, for example the Nbg5Tip750,/AC
hybrid supercapacitor achieved 41 Whkg ™' at 1700 W kg~
and 36 Whkg ' at 3200 W kg ~'. Comparison to similar work
in the literature showed superior performance compared to
other anatase/AC Li-ion capacitor, as well as Li-ion capaci-
tors using more elaborate titanium based active materials.

These results show that nanomaterials synthesised via the
scalable CHFS method hold promise for anodes in hybrid
supercapacitors because of the increased pseudocapacitive
charge storage due to high surface area and doping with
metal ions.
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