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Abstract: Sodium titanate nanopowder (nominal formula NaisHosTisO7) is directly synthesized using
a continuous hydrothermal flow synthesis process using a relatively low base concentration (4 M
NaOH) in process. The as-made titanate nanomaterials are characterised using powder X-ray
diffraction, X-ray photoelectron spectroscopy, energy-dispersive X-ray spectroscopy, Raman
spectroscopy, Brunauer—Emmett—Teller analysis, and transmission electron microscopy, evaluated as
potential electrode materials for Li-ion and Na-ion batteries. Cyclic voltammetry studies on half-cells
reveal that the sodium titanate nanomaterial stores charge primarily through a combination of
pseudocapacitive and diffusion-limited mechanisms in both systems. Electrochemical cycling tests at a
high specific current of 1000 mA g7, reveal that the Li-ion and Na-ion cells retained relatively high
specific capacities of 131 and 87 mAhg™, respectively, after 400 cycles. This study demonstrates the
potential of CHFS-made sodium titanate nanopower as anode material for Li and Na ion cell

chemistries.
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1. Introduction

The increasing demand for energy, along with public concerns over the effects of emissions from
burning of fossil fuels, have led to interest in developing renewable and efficient energy
technologies.[1] In particular, developing more sustainable smart grid energy storage devices for solar
and wind energy harvesting sources, has become important in coping with peak energy supply and
demand issues.[2] Since the commercialization of rechargeable Li-ion batteries by Sony in 1991, the
technology has become the dominant energy storage approach in many portable devices due to their
high energy densities.[3] With the increasing costs of lithium, attention has shifted to finding more
readily-accessible, inexpensive, and environmentally friendly alternative charge carriers such as Na-
ions.[4] The apparent similarities of some of the insertion chemistry for Li- and Na-ions, allows for
expertise from existing Li-ion battery research to be transferred and hence, progress in Na-ion batteries
could be accelerated.[5, 6] Furthermore, elemental sodium can readily be easily extracted from natural
sources such as seawater or from molten sodium hydroxide through electrolysis via the Downs[7] and

the Castner[8] processes, respectively.[9]

The energy storage mechanisms of electrode materials for both Na- and Li-ion systems can be
generalized into either insertion, alloying, or conversion-based processes. Intercalation/insertion-based
materials possess the ability to accommodate ions within their structures via n-dimensional channels
(where n is in the range 1 to 3).[10] However, due to its larger ionic radius, Na-ions require a spacing
of 3.7 A for smooth intercalation/extraction which is not satisfied by traditional Li-ion anode hosts, e.g.
graphite.[11] For example, the interlayer distance between graphene sheets is typically 3.35 A, whilst
the diameter of a Na-ions is ca. 2.0 A (compared to 1.5 A for Li-ions), resulting in possible effects on
long-term cycling stability.[12, 13] Hence, efforts have been made to find suitable Na-ion anode
materials, with candidates including hard carbons,[14] transition metal oxides[15] (including
spinels[16]), phosphates, phosphides and sulphides.[17] Of these, metal titanate materials tend to show
promise for Na-ion batteries due to the low cost and high natural abundance of titania, good thermal
stability and a preference for forming layered structures with suitably wide crystal lattice spacing which

favours insertion processes.[6]



Sodium titanates of the form Na,Ti,O2n+1, are characterized by zig-zagged edge- and corner- sharing
TiOs octahedra that form sheet layers with intercalating Na-ions located between them.[18] Sodium
titanates based on the generic formula Na,TizO7, can possess a large interlayer spacing (of as large as
ca. 8 A), which can potentially facilitate excellent cycling performance in both Li- and Na-ion batteries,
particularly under high-power conditions,[18] while possessing higher power densities than
graphite.[19] These materials also possess one of the lowest insertion voltages for Na-ion cells at ca.
0.3 V vs. Na/Na* (versus ca. 1.7 V for Li*/Li for Li-ion cells [20]) and a high theoretical capacity of
177 mAh g? for Na-ion.[21] Furthermore, the inherent layered structure of such titanates is ideal in
tolerating large volume changes that occur during cycling, resulting in more stable cycling
performance.[22] Thus, Na,TizO -based structures possess favourable characteristics that make them
potentially suitable anode materials for large-scale grid-storage applications.[23] Nano-sizing of battery
electrode materials can increase rate performance by improving ion access to intercalation channels by
virtue of a higher surface area to volume ratio.[23] In addition, it has been shown that with higher
surface area, a higher surface capacitive contribution can be observed, often resulting in greater specific

stored charge capacity at high specific current.[24]

Previous attempts in the literature to synthesize sodium titanates via batch hydrothermal approaches,
have produced a diverse range of phases and particle morphologies, with titanate products of the
nominal formulae Na;TizO, and NaTi;Og(OH)-2H,0, being made at base concentrations of 10 and 11
M, respectively.[19, 25] However, conventional batch hydrothermal methods, may have some
disadvantages such as batch to batch variations, long reaction times, energy or chemically intensive

syntheses and often poor control over particle properties such as size, shape, and morphology.[26]

In contrast to conventional batch hydrothermal or solvothermal synthesis methods, continuous
hydrothermal flow synthesis (CHFS) methods allow for rapid production of inorganic nanomaterials,
offering fast reaction Kkinetics and some control over particle properties.[27] The continuous
hydrothermal synthesis process as developed by the authors is based on introducing one or more metal
salt solution feeds with a flow of supercritical water (typically the latter is at a temperature of ca. 450°C

and a pressure of 24.1 MPa) inside a specially engineered mixer. The resulting sudden changes in



conditions experienced by the metal salts, results in the instant formation of nanocrystals via complex
simultaneous reactions (largely hydrolysis, degradation and dehydration reactions).[28] Successful
examples of CHFS-made products include different metal oxides[15, 29, 30] (including spinels[16]),
phosphates,[31] and nitrides.[32] The inherent capability to alter and control parameters in CHFS (such
as flow rates, concentrations, pH, temperature and pressure) allows for product consistency and some
tunability over the final particle attributes to be obtained.[27] Consequently, CHFS-type processes have
attracted industry attention as demonstrated by the first commercial reactor that was commissioned by

Hanwha Chemicals of Korea in 2010.[33]

Previous reports[23, 34] detailing the synthesis of sodium titanate via CHFS by the authors, used
relatively high concentrations of NaOH base (in the range 12 to 15 M) with the titanium containing
precursor typically in the range 0.2 to 0.3 M, resulting in nano-sized sheet-like morphologies being
observed without the presence of individual small or fine nanoparticles or clusters. In more recent
studies, the sodium titanate synthesized at 12 M NaOH via CHFS was determined to be
H11Nao o Tiz07.[23] This material was shown to possess excellent electrochemical performance in Li-
ion half-cells vs. Li metal at moderate specific currents, displaying a specific capacity of 120 mAh g*
at a specific current of 500 mA g*. During that time, the authors were not aware of comparable literature
on a synthesis (or electrochemical properties) of similar sodium titanates made in flow using base
concentrations below 5 M. Under lower base concentrations, it would be expected that either anatase
or smaller 2D nano-sheets of sodium titanate phases might be formed in flow; if the latter could be

achieved, it would be useful to explore their electrochemical properties in both Li- and Na-ion batteries.

Herein, the authors describe the direct and continuous hydrothermal flow synthesis (CHFS) of a layered sodium
titanate nanomaterial, synthesized at a previously unreported sustainable base concentration (4 M NaOH), which

was then investigated as an electrode material in both Na and Li-ion batteries.

2. Experimental

2.1 Synthesis



Sodium titanate nanopowders were synthesised using a continuous hydrothermal flow synthesis
(CHFS) reactor incorporating a confined jet mixer, CIM (patent no US 9192901, Figure S1 in the
Supplementary Information), that was designed to facilitate highly efficient mixing and eliminate
blockages under these conditions.[16, 35-46] A co-current CIM was made from off-the-shelf
Swagelok™ parts and allowed for efficient mixing of a supercritical water stream with a (pre-mixed)
ambient temperature aqueous metal salt solution stream.[47] Herein, the authors used a laboratory scale
CHFS reactor, which is similar design to the pilot scale CHFS process described in previous

publications,[38, 39] but at ca. one fifth of the pilot plant scale.[48]

The general hydrothermal flow reactor set-up was as follows: three identical pumps (Primeroyal K,
Milton Roy, France) were used to supply three independent feeds, which were pressurised to 24.1 MPa.
An aqueous solution of 0.1 M TiBALD (precursor 1) was supplied at a flow rate of 40 mL min? by
pump 1. A second aqueous feed of 4 M NaOH base and 1 M NaNOsz (precursor 2) was supplied at a
flow rate of 40 mL mint by pump 2, leading to a ca. 40x excess of Na-ions to titanium ions in order to
maximize sodium uptake. Within the CHFS process, these two precursor feeds were premixed in flow
at room temperature (inside a dead volume tee piece) and then this combined mixture was then mixed
with a flow of supercritical water inside a patented confined jet mixer (patent no US 9192901), which
is designed to facilitate highly efficient mixing while minimizing blockage.[16, 35, 40-46, 49] The latter
feed of supercritical water was produced by pumping ambient temperature feed of water at 80 mL min-

Land heating it in flow to reach a temperature of ca. 450 °C (at 24.1 MPa).

The reaction residence time (after mixing) was calculated to be ca. 3 s at a reaction temperature of 335
°C. The newly formed particles were then cooled in process using a pipe-in-pipe heat exchanger, before
they passed through a back-pressure regulator and were collected at ca. 40 °C. Thereafter, the white
nanopowder laden slurry was cleaned by allowing the solids to sediment under gravity for 2 hours
before washing briefly in pH 8 ammonia solution to prevent Na-ions leeching and maximize
electrochemical performance.[50] The resulting wet solids were then freeze-dried (Virtis Genesis
35XL) by warming the samples from -60 to 25 °C for 24 h under a vacuum of <13.3 Pa, resulting in
free-flowing powders. The as-synthesized freeze-dried powders were heat treated at 150, 300, 450, or

800 °C, respectively (Fig. S3).



2.2 Materials Characterisation

Powder X-ray diffraction (XRD) patterns of the samples were collected over the 20 range of 2 to 45°
with a step size of 0.5 © and step time of 10 s on a STOE diffractometer using Mo-Ka radiation (A =
0.7093 A). Crystallite sizes were estimated from the XRD data using the Scherrer equation[51],
KA/ BcosB, where K is the shape dimension factor, A the wavelength of the incident radiation source, 3
the width of the diffraction peak at half maximum intensity (following correction for instrumental
broadening), and 0 the Bragg angle value of diffraction (in degrees). Surface elemental composition
was determined using X-ray photoelectron spectroscopy (XPS) collected on a Thermo Scientific K-
alpha™ spectrometer using Al-Ka radiation. High-resolution regional scans for the Ti 2p, O 1s, C Is,
and Na 1s were conducted at 50 eV. Processing of the XPS data was performed using CasaXPS™

software (version 2.3.16) and by calibrating the spectra using the adventitious C 1s peak at 284.7 eV.

High-resolution transmission electron microscopy (TEM) using a Jeol JEM 2100 TEM fitted with a
LaBs filament was used to determine the crystallite size, interlayer spacing, and morphologies. A Gatan
Orius digital camera for digital image capture of the sodium titanate sample which was prepared by
ultrasonically dispersing the powder in > 99.5 % pure methanol (EMPLURA, Darmstadt, Germany)
and pipetting on to a copper film grid (300 mesh Agar Scientific, Stansted, UK). The same TEM set-up
was used to investigate the elemental composition of the sodium titanate nanopowders via energy-
dispersive X-ray spectroscopy (EDS).

Brunauer-Emmet-Teller (BET) surface area measurements of the powders were carried out using liquid
N2 in a Micrometrics ASAP 2420 instrument. The sample was degassed at 150 °C (12 h) under flowing
nitrogen before measurement. Raman spectra of the powders were collected with a Renishaw inVia™
Raman microscope utilizing a laser excitation source with a wavelength of 514 nm. The sample was
prepared into an ethanol dispersion before being drop-cast on to silicon plate, and then allowed to dry
in air for 2 h before measurement. Thermogravimetric analysis (TGA) was performed using a Pyrisl
TGA instrument (Perkin Elmer) under air with a flow rate of 20 mL min™in the temperature range of

25 to 1000 °C with a heating rate of 10 °C min™,



2.3 Electrochemical characterisation

The electrodes were prepared by mixing the as-synthesized (or heat-treated) titanate nanopowder active
material with conducting carbon black (Super P, Alfa Aesar, Heysham, UK) and binder agents
(polyvinylidene fluoride binder, PVDF, PI-KEM, Staffordshire, UK) at a wt% ratio of 70:20:10. A 10
wt% solution of PVDF was prepared by dissolving the solid 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 briefly in a planetary mill (Pulverisette 7, Fritsch) at 800
rpm for 20 minutes, before the doctor-blading on to aluminium and copper foil (PI-KEM, Staffordshire,
UK) at a thickness of ca. 110 microns for Na-ion and Li-ion cells, respectively. Electrodes with a
diameter of 16 mm were punched out, pressed under 1.5 tons of pressure and finally dried overnight at
70 °C in a vacuum oven. The electrodes had an active material mass loading in the range of 1.0 to 1.1
mg cm2. Electrochemical half-cell tests were performed using two-electrode 2032-type coin cells,
which were assembled in an argon-filled glovebox with O, and H;O level below 0.50 ppm. The counter
electrode was either sodium metal foil (PI-KEM, Staffordshire, UK) or a lithium metal chip (PI-KEM,
Staffordshire, UK), with a glass microfiber filter (Whatman, Buckinghamshire, UK) serving as a
separator. The cell was infused with 1 M NaPFgs or LiPFs in 3:7 wt% ethylene carbonate/ethyl

diethylcarbonate (Kishida Chemicals, Osaka, Japan) as electrolyte.

Constant current charge-discharge, cyclic voltammetry and specific current rate testing of Na-ion and
Li-ion half-cells were performed using a 48-channel Arbin Instrument (Caltest Instruments Ltd,
Guildford, UK) at room temperature. Cyclic voltammetry (CV) measurements were performed in the
potential range 0.1 to 2.5 V (vs. Na/Na* and Li/Li*) at scan rates of 0.05, 0.2 0.5, 2, and 5 mV s*,
respectively. Galvanostatic charge-discharge cycling was performed in the potential range 0.1 to 2.0 V
vs. Na/Na* and 0.1 to 2.5 V vs. Li/Li* at a specific current of 100 mA g* during charge and discharge,
respectively. The specific current test was performed at specific currents of 50, 100, 200, 500, 750,

1000, and 2000 mA g,



3. Results and Discussion

3.1 Physical Characterisation Results

The as-synthesized (and freeze-dried) sample was obtained as an off-white powder at a production
rate of 62 g per hour, with a yield of >86 % (based on the titanium precursor concentration), which
can be explained by losses from post-synthesis washing (this rate could be scaled-up in the future to
>300 g per hour by utilizing a scaled up CHFS pilot plant operated by the UCL authours).[27]
Powder XRD patterns for sodium titanates such as Na>TisO; have been previously reported.[19, 52]
The powder XRD pattern of the as-synthesized sample (see Figure 1a), showed good agreement to the
XRD reference pattern (Na:TizO7; JCPDS 31-1329), with characteristic peaks being observed at 20 =
4.0° (001), 11.2° (011), 13.1° (111), 20.0° (401), 21.6° (020) and 29.5° (421). The relatively intense
peak at 20 = 4.0°, suggested some preferential growth in the particles, which has been observed
previously for similar materials in sheet-like form; the position of this peak is also known to shift
depending on interlayer spacing, which can be affected by water content for example.[53, 54] The
difference in intensities observed between the experimental and reference patterns was further
suggestive of preferential growth in different crystallographic directions, which could be attributed to
different morphologies within the sample. Measured BET surface area was 74 m? g,
Thermogravimetric analysis of the as-synthesized powder (see Figure S2 in the Supplementary
Information) revealed a ca. 5 % weight loss in the temperature range of 25 to 150 °C, which was
attributed the loss of weakly adsorbed and strongly bonded water. A small mass loss in the
temperature range of 200 to 400 °C was attributed to the dehydroxylation of intralayer -OH
groups.[55] A further weight loss of 2.5 % was observed in the range of 600 to 800 °C and attributed
to the decomposition and structural rearrangement into the Na-Ti-O1s phase (see Figure S3 in the
Supplementary Information).[19] This is supported by the corresponding DSC pattern, which
displayed a large endothermic process in the temperature range of 450 to 780 °C ; this has previously
been attributed to the formation of new Ti-O-Ti bonds.[56] Literature reports have suggested that

heat-treatment of such sodium titanates can result in a decrease in the Na:Ti ratio of the resulting



titanate phase (e.g. change in the ratio from 1:1.5 to 1:3.5) and formation of a secondary Na,O
phase.[57, 58] These changes that typically occur in the temperature range of 500 to 600 °C have been
attributed to Ti (V) ions repositioning themselves due to a vacancies left by the initial removal of
chemically bonded water and interlayer OH groups (arising from the original deficiency in Na-ions in

the as-synthesized material).[19, 23, 59]
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Figure 1. (a) (i) XRD line pattern for the JCPDS standard reference pattern JCPDS 31-1329 for
Na,TisO7, XRD patterns of (ii) as-synthesized sodium titanate synthesized at 4 M NaOH and (iii)
titanate material heat treated at 150 °C. XPS spectra of as-synthesized titanate material, with spectra in
the regions for (b) Na 1s (red), (c) Ti 2p (2p12 in red, 2pszin blue), and (d) O 1s (red), with background

noise subtracted via the Shirley model.

The average crystallite size for as-synthesized titanate nanopowder made at 4 M NaOH was estimated

via application of the Scherrer equation to the pronounced (001) XRD peak and was determined to be



5.3 nm, while the values derived from the less-pronounced (011) and (401) peaks were 5.2 and 5.6 nm,

respectively . [60]

The valence states of the metal ions in the as-synthesized sample were determined by high-resolution
X-ray photoelectron spectroscopy (Fig. 1 b-d). The position of the oxygen O 1s peak at 529.7 eV was
in agreement with that Ti-O bonds, with the small shoulder at 531.6 eV (Fig. 1d, shown in blue) being
attributable to surface hydroxyl Ti-OH bonds. The peak of the Na 1s orbital at 1071.0 eV was also in
agreement for sodium within bulk Na;TisO7.[61, 62] The Ti 2p level binding energies were ca. 458.3
and 464.0 eV for Ti 2pa2 and Ti 2pas, respectively. These binding energies with a spin orbital splitting
of ca. 5.7 eV, were in good agreement with the core level of Ti*, matching the oxidation state in the
predicted structure of Na,TizO7. In order to better understand the elemental composition, energy-
dispersive X-ray spectroscopy (EDS) measurements were performed on the as-synthesized titanate
sample made at 4 M NaOH (Figure S7). The analysis suggested a Na:Ti ratio of 1:2 in the bulk structure
of the as-synthesized sodium titanate. This suggests that a Na-deficient titanate structure was present
for the as-synthesized sample, with the balance of charge most likely being made via protons. Thus, a
composition of NaisHosTisO7 was proposed as the final structure of the as-synthesized sodium titanate

nanopowder.

Raman spectroscopy was used as a supplementary analysis technique to the powder XRD results in
order to gain valuable structural information. The spectra for the as-synthesized nanopowder sample
(see Figure S4 in the Supplementary Information) exhibited broad bands at 200, 277, 441, 647, 840,
and 900 cm that were broadly similar to literature reports for Na,TisO7.[19, 58, 63] Similar spectra
were observed by Zarate et al. for sodium titanates (made via batch hydrothermal reactions at 5 M
NaOH), which was attributed to a metastable structure that did not possess a 2:3:7 ratio for Na:Ti:O,
but may have been a protonated Na deficient form as observed herein.[63] Herein, specific, bands below

450 cm™ and bands in the range of 600 to 800 cm™, can be attributed to Na-O bond vibrations and Ti-



O stretching vibrations in the distorted TiOg octahedra, respectively. A band at ca. 277 cm™ for the as-
synthesized sample corresponds to long Ti-O bonds such as those typically seen in Na;TizO7. In
contrast, bands in the range of 800 to 900 cm™, correspond to Ti-O bonds of low coordination; the band
at ca. 900 cm™ being due to singly-coordinated Ti-O bond stretching vibrations , representative of short

Ti-O bond lengths (that are typically ca. 1.7 A long).[19]

Transmission electron microscopy images of the as-synthesized titanate nanopowder suggested the
presence of small nanoparticles in clusters mixed with a smaller amount of extended thin nano-sheets
(Fig. 2a). The average primary crystallite size within these clusters was ca. 5 + 0.5 nm (based on 200
particles counted, see Figure S6 in the Supplementary Information) for both titanate samples. Sheet
sizes were ca. 200 nm in width (average ca. 207 £ 21 nm), and 300 nm in length (average ca. 322 = 30
nm), with visible curling observed at sheet edges (Figure S5). In contrast, previous syntheses made at
higher base concentrations (using NaOH concentrations in the range 12 to 15 M) were exclusively
sheet-only morphologies.[23, 34] These observations suggested that the formation of small particles
precluded growth or aggregation into larger sheets and the rate of this process was reliant on the base
concentration. In this study, the use of a lower base concentration (4 M) resulted in a smaller number

of nanosheets during the short synthesis time for the CHFS process.

As expected, TEM images of the sodium titanate nanopowder heat-treated at 150 °C (Fig. 2b-c)
displayed similar particle morphology to the as-synthesized material. The co-existence of both
nanoparticle clusters and sheets led to the observation of two separate interlayer spacings at 0.33 + 0.05
nm (011) and 0.76 + 0.05 nm (001), respectively. The latter spacing was relatively large for a layered
metal oxide, and can be explained by the presence of substantial inter-sheet water or hydroxyl ions
being present.[19, 64] However, this value was still lower than the Bragg-equation calculated spacing
from the powder XRD pattern, where a 26 value of 4.0° for the (001) peak, suggested an interlayer
spacing of ca. 10 A. This discrepancy has been previously reported as a systematic difference between
TEM-observed and XRD-calculated values.[65] This difference may be due to sample dehydration from
the high vacuum and electron beam perforation by the TEM instrument. The presence of particles with

different morphologies and hence, different preferred orientations, may also explain the discrepancy in



peak intensities versus the reference patterns, as the experimental XRD pattern is an average taken over

multiple crystallites.

Figure 2. TEM image of (a) the as-synthesized sodium titanate nanopowder (bar = 100 nm), (b) sodium
titanate heat-treated at 150 °C (inset; interlayer spacing of the same titanate nanopowder). (c) higher
magnification TEM image of the sodium titanate sample heat-treated at 150 °C (bar = 10 nm) (inset;

interlayer spacing of the same titanate nanopowder).

3.2 Electrochemical Characterisation Results

The charge storage properties of the NaisHosTisO7 electrodes were evaluated in Li-ion and Na-ion half-
cells. In order to remove any residual or free water, the sodium titanate electrode materials were first
heat-treated at 150 °C prior to use; cyclovoltammetry measurements were made on these heat-treated
materials using both Li- and Na-ion half-cells; the results are displayed in Figure 3 in the potential range

of 0.1to 2.5V vs. Li/Li* and Na/Na*, respectively.
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Figure 3. CVs for the first three cycles of the half cells incorporating sodium titanate (nanopowder heat-
treated at 150 °C) anode, tested a scan rate of 0.05 mV s for a (a) Li-ion half-cell and (b) Na-ion half-

cell.

For the electrochemical results of the nanopowder heat-treated at 150 °C, both Li-ion and Na-ion
systems showed broad and rectangular profiles with electrochemical activity taking place across wide
operational potential ranges, indicative of more capacitor-like charge storage behaviour. For Li-ion half-
cells, electrochemical activity occurred primarily across the potential range of 2.1 to 1 V vs. Li/Li",
with first-cycle SEI formation coupled with irreversible carbon lithiation at 0.7 V vs. Li/Li*. In contrast,
in the Na-ion half-cell containing sodium titanate heat-treated at 150 °C exhibited electrochemical
activity in the range 0.25 to 1.5 V vs. Na/Na*, with irreversible carbon sodiation observed at ca. 0.5 V
vs Na/Na*.[19, 21] The smoothness of the cathodic insertion peak suggests a larger contribution from
capacitive charge storage over insertion processes. A sharp reduction in peak area after the first cycle
was attributed to the irreversible sodiation of the carbon black additive and formation of a SEI layer.
The SEI layer is a permanent layer of decomposed electrolyte and electrode products that forms at the
inactive and active particle surfaces during the first cycle, serving to simultaneously protect from further

decomposition while hindering electron conduction due to its electronic insulating nature. [19, 66]



Scan rate tests were performed for sodium titanate heat-treated at 150 °C on both Li-ion and Na-ion
cells across the same respective potential ranges as above (Figure 4) at scan rates of 0.2, 0.5, 2 and 5
mV s, These values were chosen to allow sufficient time for ionic diffusion processes. At higher scan
rates, diffusion layers are known to grow much closer to the electrode, resulting in decreased layer size

and a higher flux to the electrode surface and consequently, higher current responses as observed

herein.[67]
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Figure 4. Cyclic voltammetry scan rate tests (at 0.2, 0.5, 2 and 5 mV s?) for half cells incorporating
sodium titanate (nanopowder heat-treated at 150 °C) anodes in (a) a Li-ion half-cell vs. Li/Li* and (b)

a Na-ion half-cell vs. Na/Na*.

In order to better examine the percentage contribution of the pseudocapacitive and diffusion-limited
charge storage mechanisms to the total volumetric charge, Trasatti’s approximation method of charge
storage deconvolution was utilized for the scan rates used above.[68, 69] First, the total specific charge,
calculated by taking the integral of the total area under the discharge portion of the CV curve (or half
of the curve area), was measured for each scan rate. The relationship between the pseudocapacitive and
diffusion-limited contributions to total specific charge can be estimated as q:= gc+ bv °°, where q; is
the total specific charge of the system, g. the pseudocapacitive contribution, and b an arbitrary constant

(Equation S9). By plotting the measured peak specific capacities against the diffusion-limited



component v%®, it is possible to obtain the theoretical charge contribution at infinite scan-rate (Figure
5 (a)); otherwise termed as the maximum pseudocapacitive contribution, as the y-axis intercept of the
plot. From this, an estimate of the pseudocapacitive contribution can hence be expressed as gc/q: x 100%.
The resulting ratios of charge contributions at scan rates of 0.2, 0.5, 2 and 5 mV s for both Li- and Na-

ion systems are shown in Figure 5 (b).

It can be summarized that the anode made from the sodium titanate nanopowder (heat-treated at 150
°C), displays increasing pseudocapacitive contributions with higher scan rates in both alkali-ion
systems, which can be justified by the reduced time units allocated to insertion processes with larger
potential steps. The relative differences between charge storage ratios across increasing scan rates
suggest that both systems exhibit an increasing reliance on pseudocapacitive charge storage, with the
Na-ion system exhibiting pseudocapacitive contributions of ca. 47, 57, 71 and 86 % at scan rates of 0.2,
0.5, 2,and 5 mV s, respectively. In contrast, the Li-ion system features significantly higher diffusion-
limited contributions although a similar increase in pseudocapacitive contributions is observed, with
pseudocapacitive percentage contributions of 32, 41, 58, and 74 % at scan rates of 0.2, 0.5, 2, and 5 mV

s%, respectively.

a) b)

Figure 5. (a) Trasatti plot for electrodes of sodium titanate nanopowder (heat-treated at 150 °C). (b)
Pseudocapacitive contributions (striped, blue and red) to total specific charge at scan rates of 0.2, 0.5,
2mV st and 5 mV s for electrodes incorporating the sodium titanate nanopowder (heat-treated at 150

°C), in Na-ion half cells (blue) and Li-ion half cells (red), respectively.



Pseudocapacitive behaviour in titanate electrodes has been previously observed in the literature that
were attributed to their large surface area and interlayer spacing (ca. 8 A), giving rise extrinsic
(morphological and size dependent) pseudocapacitive characteristics.[70] When comparing Li- and Na-
ion behaviours, the greater preference for insertion processes in the Li-ion cell, might be related to the
relatively smaller dimensions of the Li-ions (ionic radius of Li =0.76 A vs. Na = 1.02 A).[13] Under

such a context, our results are not surprising.

The highly pseudocapacitive nature coupled with a small diffusion-limited insertion component of the
titanate electrode herein is reminiscent of compounds such as NbyOs, where insertion-based 2D
transport of Li-ions occurs for at the near-surface nanoparticles without any accompanying phase
change, in what is termed “intercalation pseudocapacitance”.[66] Materials such as LiCoO; and V,0s
are known to exhibit an almost linear dependence between voltage and stored charge when nano-
sized.[71, 72] This is thought to originate from the formation “solid-solution” of surface sites available
for ionic insertion across a wide range of energies, once a critical crystallite size was reached. This
variance in site energy is due to the inherent structural disorder observed for surface atoms, and changes
with the concentration of ions inserted on to the surface, resulting in a linearly sloped voltage profile
being observed. The linear relationship between cell potential and stored charge was investigated for
electrodes of the sodium titanate active material (heat-treated at 150 °C) through voltage profiles at a
relatively low specific current of 50 mA g* for the first two cycles for both Li- and Na-ion systems

(Figure 6).



Figure 6. Potential versus specific capacity profile for the half-cells made from electrodes containing
sodium titanate (heat-treated at 150 °C) at a specific current of 100 mA g*(a) in Li-ion half-cells in the
range 0.1to 2.5V vs. Li/Li" and (b) in Na-ion half-cells in the range 0.1 to 2.5 V vs. Na/Na". First cycle

discharge shown in black, and second cycle charge-discharge shown in dashed blue.

Overall, an almost linear dependence was observed between potential and stored charge for both Li-
and Na-ion systems, a characteristic trait usually seen for pseudocapacitive charge storage.[73] This is
in direct contrast to traditional bulk materials exhibiting single voltage plateaus or two-phase insertion
mechanism previously described in literature where two separate plateaus were observed that
corresponded to the shift from Na2TizO7 to Nas«Ti307 and then to NasTis07.[55, 74, 75] This difference
has been attributed to the large particle size differences, with larger particles adopting more bulk-
material behaviour and nano-sized sodium titanate (heat-treated at 150 °C) showing a reduced or no
miscibility gap when accommodating Na-ions. This suggested that the half-cell containing the
nanopowder electrode herein was behaving as an extrinsic pseudocapacitor in Na-ion systems.[71]
Similar behaviour has been seen in the literature for other materials such as nano-TiO-, and has been
ascribed to the very small diffusion distances that are characteristic of nano-sized electrode

materials.[76]

The specific capacities at various specific currents were investigated in both Li-ion and Na-ion half-
cells (10 cycles per each applied specific current), with the results plotted in Figure 7. The high drop in
capacity during the initial cycles for the Na-ion cell was attributed to the irreversible sodiation of the

carbon black and the formation of the SEI by Xu et al.[77] The resulting lower reversible capacity was



ascribed to both the formation of the SEI or other reactions involving the decomposition of surrounding

LiPFs or NaPFs electrolyte, respectively.[52, 77]

Both the Li-ion and Na-ion cells of sodium titanate nanopowder heat-treated at 150 °C displayed high
Coulombic efficiencies > 99 % after 20 cycles. For the Li-ion half-cell at specific currents of 50 (~0.3
C, where 1 C refers to the applied specific current needed to charge and discharge the cell to full
theoretical capacity in one hour), 100 (~0.6 C), and 200 (~1.1 C) mA g7, specific capacities of ca. 260,
235, and 205 mAh g%, respectively, were achieved. At higher specific currents of 750 (~4.2 C), 1000
(~5.6 C) and 2000 (~11.3 C) mA g*, the corresponding capacities were 160, 150 and 128 mAh g%,
respectively, before recovering back to 243 mAh g at a specific current of 50 mA g*. For the Na-ion
half-cell, at the same low specific currents (50, 100, and 200 mA g, corresponding to 0.3, 0.6, and 1.1
C, respectively) specific capacities of 152, 135, and 117 mA g%, respectively, were observed. At higher
specific currents (750, 1000 and 2000 mA g, corresponding to 4.2, 5.6, and 11.3 C, respectively) the
capacities were 100, 95 and 83 mAh g%, respectively, before recovering back to 131 mAh gtat a
specific current of 50 mA g. The observed decrease in performance for all cells at high specific currents
has been ascribed to kinetically-limited diffusion processes, although the larger size of the Na-ion
versus Li-ions compared to the titanate interlayer spacing (ca. 8 A)[18], may also have a role at limiting

ionic diffusion for Na-ions at high specific currents.[78]
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Figure 7. (Top) Rate tests for half-cells containing electrodes made from sodium titanate nanopowder
(heat-treated at 150 °C); the cells were cycled at specific currents of 50, 100, 200, 500, 750, 1000, 2000,
and 50 mA g for 10 cycles each for (a) a Li-ion cell in the potential range 0.1 to 3.0 V vs. Li/Li* and
(b) a Na-ion cell in the potential range 0.1 to 2.5 V vs. Na/Na*. (Bottom) Long-term galvanostatic
charge-discharge cycling tests (400 cycles) at a specific current of 1000 mA g* for the (c) Li-ion and

(d) Na-ion cells. Specific capacities (red) displayed with Coulombic efficiencies (green).

Following the rate tests, long-term galvanostatic charge-discharge cycling tests at a specific current of
1000 mA g for 400 cycles for both the Li- and Na-ion half-cells. Following a slow decay for ca. 300
cycles, capacities stabilized at ca. 131 and 87 mA g* for 1000 mA g* for Li-ion and Na-ion cells,
respectively, with high Coulombic efficiencies of > 99 %. The results at the end of the 300" cycle
represented only a ca. 23 and 25 % decrease in charge storage capacities from those of the 10" cycle,
indicating good charge retention capabilities for the Li- and Na-ion half cells, respectively. As,
previously mentioned, the significant drop in first cycle-capacity can be attributed to the formation of
the SEI layer, along with various other parasitic side reactions at the surface level. Such first cycle

losses have been addressed in literature through the use of presodiation, prelithiation, along with



different electrolyte additives such as cyclohexane, nitrate, vinylene carbonate, and fluoroethylene
carbonate. These additives are known to facilitate the formation of a more stable SEI layer through
either limiting the participation of electrons in side reactions, or by removing unstable intermediates to

create more stable SEI components.[79-81]

A plot of reported rate performances for selected reports of hydrothermally made Na.TisO; and
Na,TigO13 and TiO, materials is shown in Figure 8. In literature, sodium titanate synthesized via batch
hydrothermal methods have shown varying performance depending on particle morphologies. In Li-ion
cells, micron-sized Na,TisO13 tubes synthesized via a batch hydrothermal and calcination by Dominko
et al., exhibited reversible capacities of 150 mAh g at a specific current of only 5 mA g, while batch
hydrothermal synthesis of titanate nanotubes by Zhang et al. achieved much higher capacities of 135
mAh gt at 50 mA g? in a Li-ion half-cell.[82, 83] Lubke et al. synthesized NaggH11TizO; via a
continuous hydrothermal process, obtaining high reversible capacities of 150 and 125 mAh g! for
specific currents of 50 and 500 mA g, respectively (Li-ion half-cell).[23] The superior performance of
the titanate material reported herein, notably outperforms all of them as evidenced by the higher
capacities of 260 and 160 mAh g* at 50 and 750 mA g*. This advantage may originate from its higher
proportion of inter-layer Na-ions (formula herein was suggested as NaisHosTisO7), facilitating the

creation of greater and more stable 2D- channels for Li-ion insertion processes.

For Na-ion, the electrochemical results reported herein are in agreement with similar materials obtained
in the comparable batch hydrothermal synthesis literature.[25, 84] Na.Ti;O; made via batch
hydrothermal methods at high base concentrations have been used to make half cells with capacities of
72 mAh g at a specific current of 40 mA g, while NaTisOs(OH),-H,0 that was made via a one-step
batch hydrothermal synthesis, exhibited a specific capacity of 100 mAh g* at 30 mA g* (when
dehydrated post-synthesis before making into an electrode).[19, 28] Mixed-phase Na,TizO7 and
Na,TigO13 titanate heat-treated at 800 °C by Vanek et al. was used in an anode and displayed capacities
of 63 mAh g* at a specific current of 39 mA g*, while electrodes made using Na,Ti;O annealed at
850°C, vyielded capacities of 72 and 58 mAh g! at specific currents of 40 and 200 mA g*,

respectively.[85, 86] Similarly at high specific currents, anodes incorporating Na,TizO7 nanotubes made



by Wang et al. exhibited high capacities of 108 mAh g* at a high specific current of 354 mA g (2 C,
or the theoretical rate required to fully charge the cell in half an hour) in Na-ion half-cells. In
comparison, Rudola et al. obtained capacities of ca. 80 mAh g at a specific current of ca. 600 mA g?)
in Na-ion half-cells. [50, 87]. Therefore, the higher capacities of 152 and 100 mAh g* at 50 and 750

mA g from our anodes incorporating sodium titanate nanopowder, dislay clear advantages.

In the literature, Na;TisO; has usually been shown to perform marginally worse than batch
hydrothermally-synthesized TiO; (B), anatase, and CHFS-synthesized anatase, which can be attributed
to the higher number of Li- and Na-ion insertion sites within their unit cells accompanied by a larger
gravimetric energy density: for example, TiO; (B) possesses a high theoretical capacity of 335 mAh g
1 [49, 67, 88-91] Hydrothermally-made TiO- (B) and anatase have delivered capacities of 107 mAh g
tand 177 mAh g at specific currents of 100 and 84 mA g, respectively, in Na-ion cells [6, 90, 92]
In Li-ion cells, hydrothermally synthesized TiO, (B) has exhibited capacities of 200 mAh g at a
specific current of 200 mA g, while anatase TiO2 nanotubes have shown capacities of 182 mAh g*

at a specific current of 180 mA g.[89, 91]
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Figure 8. Plot of charge capacities versus specific current of selected anodes made using titanate and
titania materials, synthesized via hydrothermal methods. (a) Blue circles and triangles refers to results
obtained for titanates in Na-ion half cells, (b) red triangle and circles are for results obtained in Li-ion,

and black stars are the results obtained for TiO, polymorphs in the corresponding system. Numbers in

square brackets are the corresponding reference numbers.

4. Conclusions



Layered phase-pure sodium titanate nanopowder with composition NaisHosTisO7 was synthesised at
relatively low base concentration of only 4 M using a continuous hydrothermal flow synthesis process
at a production rate of 62 g per hour. The material was heat treated at 150 °C and used as an active
electrode material in both Na-ion and Li-ion half-cells. The crystal structure, small crystallite size, and
high surface area of the titanate material, resulted in high overall specific capacities with contributions
from both pseudocapacitive surface effects as well as insertion processes. It was possible to obtain a
specific capacity of 135 and 235 mAh g* at a specific current of 100 mA g for Na- and Li-ion systems,
respectively. Both Na- and Li-ion systems exhibited a combination of diffusion-limited and
pseudocapacitive charge storage mechanisms, with increasing contributions from the latter suggested
to occur with higher scan rates the long-term high-power performance for over 400 cycles for this active
material was also relatively stable, giving capacities of ca. 83 and 131 mAh g* at a specific current of
1000 mA g%, with high Coulombic efficiency of 99 %. Given that sodium titanate materials have been
shown to exhibit adequate insertion behaviour in agueous electrolytes, we believe it worth investigating
if a difference in pseudocapacitance can be observed by our nanomaterial in aqueous systems.[93]
Finally, the feasibility of examining (carbon-coated) titanate production utilizing a scaled-up CHFS

pilot plant will be examined in the future.
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