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Abstract

We introduce a novel chemical preintercalation based synthesis technique based on
hydrogen peroxide induced sol-gel process to obtain alkali ion containing ternary layered titanates
(MTO, where M = Li, Na, K). Synthesis parameters leading to the formation of single-phase
materials with homogeneous elemental distribution are reported for each of the preintercalated ion.
Our analyses indicate that the interlayer spacing in the structure of the layered titanates increases
with the increase of the radius of the hydrated preintercalated ion. Scanning and transmission
electron microscopy imaging revealed morphological diversity: the LTO phase crystallized as
nanoplates assembled in “peony-like” spherical agglomerates while NTO and KTO particles
exhibited one-dimensional nanobelt or wire-like morphology, with the KTO nanobelts being
shorter and more aggregated than the NTO nanobelts. Structural refinement corroborated by
electron diffraction and high-resolution transmission electron microscopy revealed that the
structure of the LTO phase is built by stacking Ti-O layers containing a single straight layer of
connected TiO4 octahedra. The layers in NTO and KTO structures form differently and consist of
double Ti-O layers with ragged arrangement of units built by TiOg octahedra with two titanium

rows. The NTO electrodes exhibited the highest electrochemical performance in cells with aqueous
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1 M Na,SO;, electrolyte, followed by the KTO electrodes and then LTO electrodes, and this trend
is maintained at various scan rates. The established relationships between the structure and
electrochemical performance reveal that, in addition to interlayer distance and chemistry of the
interlayer region, the structure of the layers can play an important role in charge storage properties
of layered oxide electrodes. The double Ti-O layers in the structure of NTO and KTO phases
provide a larger number of redox centers which could contribute to the superior electrochemical
performance as compared to the LTO electrodes. Our findings indicate that layered materials
containing double transition metal oxide layers are promising candidates for exfoliation and
assembly with electronically conductive layers with the aim to create 2D heterostructures with

high electrochemical performance.

Keywords: sol-gel process; chemical preintercalation; layered titanium oxides; aqueous

energy storage systems
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1. Introduction

With the current focus on transitioning towards renewable and cleaner sources of energy
generation, such as solar, wind and hydroelectric, so as to reduce the global carbon footprint and
achieve the ambitious “net-zero” emission goal by 2050, due to their intermittent nature it is
imperative to develop safe, economically viable, robust and reliable energy storage systems'-.
Toward this objective, high-performing, environmentally friendly, affordable, stable and scalable
synthesis procedures and materials systems with the ability to perform reliably in aqueous
electrolyte systems need to be developed3-©.

Titanium based oxides are earth-abundant, economically feasible and non-toxic materials
that are stable in water, and thus they address many of the challenges posed in this search for novel
material systems for advanced electrochemical energy storage’®. It is expected that in
intercalation-based energy storage , the Ti**/Ti** redox couple will be accessible which will enable
significant redox activity. However, there are several challenges that still need to be overcome to
realize the full potential of titanium oxides for electrochemical energy storage applications. For
example, the three most thermodynamically stable titanium oxide phases, i.e. anatase, rutile and
brookite, exist as three-dimensional densely packed structures and do not present well defined
channels for the diffusion of ions®. As a result of dense packing of atoms, their electrochemical
activity is limited to surface based reactions, leading to unimpressive performance!®.

Therefore, it is essential to develop novel materials systems coupled with scalable yet facile
synthesis techniques, such that both electrochemical activity and charge storage capacities are
enhanced, along with improved kinetics. An important way in which all these aspects can be
achieved together is by designing electrodes such that they offer pathways for more efficient
intercalation-based storage phenomena. Among the novel materials being considered, layered
materials have received considerable research interest, due to the presence of two-dimensional
structural channels available for reversible intercalation of electrochemically cycled ions'!-!2.
Alkali ion preintercalated oxides of titanium (titanates), existing solely as A-Ti-O (A = Li, Na, K)
ternary alkali titanates and presenting lamellar ordering of the structural layers, have therefore,
drawn considerable attention as electrode materials for energy storage'3-'4. The structural Ti-O
layers are built by TiOg octahedra that share corners and/or edges, while the interlayer region is
occupied by alkali metal ions, protons and water molecules'>-1¢. Due to the multiple possibilities

of connecting TiO4 octahedra, the structure of Ti-O layers can vary substantially. However, the
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details of structural arrangement of Ti and O atoms in layers cannot be easily understood from the
analysis of XRD patterns since the latter are dominated by reflections corresponding to the lamellar
stacking of the layers. Therefore, some inconsistencies exist in literature with respect to the
structure of layered titanates.

The structural versatility of layered ternary alkali titanates can be clearly seen in the Na-
Ti-O system. The general formula describing phases forming in this system can be written as
Na,O-nTiO,. The material composition and structure depend on the value of n: Na,Ti307 (n = 3),
Na,TigO13 (n = 6), Na,Ti;O;5 (n = 7) and Na,TigO19 (n = 9)'> 7. Based on the number of Ti atoms
in unit formula, the latter material is called sodium nonatitanate, and this is the most widely studied
layered ternary alkali titanate for energy storage applications.

The first report for the synthesis of sodium nonatitanate was by Watanabe et al., who
synthesized it by a hydrothermal procedure using amorphous TiO, and aqueous NaOH solution as
precursors'8. While understanding of correlations between XRD patterns and structure of layered
titanates, especially for Li- and K-containing phases, is lacking, Sasaki ef al. have determined that
the sodium containing system demonstrates a P-type orthorhombic structure!®. It has also been
observed that the time of hydrothermal treatment strongly affects the final morphology and
structure of the materials. Huang et al. have demonstrated that when TiO, was hydrothermally
treated in NaOH for different time periods, nanotubes were obtained at around 12 hours of
hydrothermal treatment, which converted to nanowires when hydrothermal treatment was
extended beyond 40 hours?’. Structural characterization has shown that the nanowires crystallized
in NaTi,04(OH) phase, whereas nanotubes corresponded to NaTi,Os-H,O phase?.

Therefore, it is these favorable structural aspects of the layered titanates i.e. diversity of
phases with tunable morphology, interlayer spacing and hydration content and open channels
facilitating ion diffusion contributing to greater electrochemical activity, that have made them
attractive as electrode materials for lithium (LIB) and sodium-ion batteries (SIB)?!-22. Pioneering
work involving the application of sodium nonatitanates in battery systems have been performed
by Shirpour ef al.'>16- 23, They demonstrated a specific capacity of 125 mAh g'! in non-aqueous
LIB system, with interstitial water hindering the ability to obtain good reversibility and stable
cyling!3. Performance degradation was ascribed to electrochemical and chemical processes in the
cell associated with free water that may have deintercalated from the electrode structure during

cycling. Such degradation mechanisms, however, can be mitigated when aqueous systems are
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used. Fleischmann ef al. synthesized a family of layered hydrogen titanates, among which H,Ti;0;
delivered a maximum capacity of 80 mAh g! at a scan rate of 10 mV s-! in 1 M H,SOy solution®*.
The superior capacity value was attributed to structural protonation which reduced the structural
strain during reversible proton intercalation processes?*. However, there is no comprehensive body
of work that has studied the performance of layered titanates as electrode materials in neutral
aqueous electrolytes with charge carrying ions larger than protons.

Many existing reports show only a single layered titanate phase or a few materials. No
systematic studies of a series of samples, from which correlations could be derived, exist. In this
work, the synthesis, structure and electrochemical properties of layered M, Ti0,.,-nH,0 (M = Li,
Na, K) titanates are characterized carefully. Based on the nature of interlayer ion, we call
synthesized materials LTO (Li,TiOp,'nH,0), NTO (Na,TiO,.,-nH,0) and KTO
(KTi0,.,-nH,0). We show the influence of the facile sol-gel process-based synthesis conditions
on the morphology, structure and electrochemical performance of layered titanates in a neutral
aqueous electrolyte. Our results indicate that the structure of the Ti-O layers can be a factor in

redox activity of layered electrode materials.

2. Experimental processes and techniques
2.1 Materials synthesis

The inorganic alkali ion pre-intercalated layered titanates have been synthesized using an
aqueous sol-gel route, modified from previous reports?>-?’. Empirically, the sol-gel process
involves the dissolution of metallic Ti in a strong basic solution by addition of hydrogen peroxide
to form an intermediate peroxo-titanate complex consisting of TiO4(OH), octahedra as the building
blocks. The rearrangement and intergrowth of building blocks starts the process of the formation
of the layered structure with alkali metal ions from the basic precursor being trapped in the
interlayer region. Further hydrothermal treatment of the aged precipitate converts the structure of
the material to a more uniform layered phase, with the preintercalated alkali ions residing between
the layers. Therefore, the role of these preintercalated ions is to guide and preserve the lamellar
stacking of Ti-O layers by acting as “pillars”. A schematic illustration and characteristic
photographs of the synthesis process consisting in a sol-gel step, followed by extended aging?® and
hydrothermal treatment is shown in Figure 1. Concentrations of the MOH (M = Li, Na, K) base

solution in which Ti was dissolved (X) and during hydrothermal treatment (Y), volume of 30 wt.
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% solution of hydrogen peroxide (V) and temperature of the hydrothermal treatment (T) were
optimized individually for each alkali ion studied in this work to produce single phase layered

titanates (Table 1).
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Figure 1. Synthesis process for the preparation of layered titanates stabilized by alkali (Li*, Na*
and K¥) ions. (a) Schematic illustration of the process. (b) Photographs of the materials at various
stages of the synthesis. The metallic Ti powder is dissolved in basic aqueous solution via addition
of H,0,. On subsequent aging for a week, short range order develops in the structure (proto-
layering) which converts to a more ordered and layered morphology during hydrothermal
treatment 28, The parameters shown in blue are alkali ion specific and the values leading to the
single-phase formation are shown in Table 1.

Table 1. Concentrations of the MOH (M = Li, Na, K) base solution in which Ti was dissolved (X)
and during hydrothermal treatment (YY), volume of 30 wt. % solution of hydrogen peroxide (V)
and temperature of the hydrothermal treatment (T) leading to the formation of single phase LTO,
NTO and KTO layered titanates.

Alkali metal, M X (M) V (ml) Y (M) T (°C)
Li 1 15 1 150
Na 10 2 3 220
K 10 5 3 220

Experimentally, the optimization of the synthesis parameters was critical, as the sol-gel process
proceeds differently for the three materials, dictated by the thermodynamics and kinetics of the
reaction system. Detailed discussion of the optimization of the synthesis parameters for each
system is provided in the Supporting Information. The final optimized synthesis conditions
established in this work are provided below.

For the synthesis of NTO and KTO phases, 2 ml of 30 wt. % H,0, was added to 30 ml of
10 M MOH (M = Na, K). This was followed by the addition of 0.2 g of Ti powder (Sigma, 98 %)
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and the subsequent raising of the temperature up to 95 °C under stirring. The Na-containing
solution formed a greyish-white precipitate almost instantly. In case of the K-containing solution,
to ensure the complete dissolution of all Ti powder, an excess 3 ml of 30 wt. % H,O, was further
added dropwise. In the case of the Na-containing system, the color of the precipitate turned from
pale grey to white rapidly (- 2 h), whereas the K-containing solution turned completely transparent
after about 2 hours of the excess of hydrogen peroxide addition. The Na- and K-containing
solutions were stirred at 95 °C for 8 hours and then aged for a week at room temperature to allow
for the layered phases to form?°. No notable changes were observed in appearance of the white
precipitate in case of Na-containing system over the course of aging. However, in case of the K-
containing solution, small flaky needle-like white particles precipitated from approximately the
fourth day onwards. The step-by-step photographs of the color change and precipitate formation
for the NTO and KTO samples are shown in Figure S1(a-c) and Figure S2(a-e) in the Supporting
Information. The role of aging is important as it strongly influences the development of the
lamellar ordering and as shown in Figure S3 of the Supporting Information. Aging for a week was
followed by hydrothermal treatment in the corresponding base solutions.

For the synthesis of LTO, the initial starting solution consisted of 20 ml of 1 M LiOH and
15 ml of 30 wt. % H,0,. To this solution, 0.2 g of Ti powder (Sigma, 98 %) was added and allowed
to stir steadily at a temperature of 95 °C for 8 hours. The initially formed dark-colored suspension
of metallic titanium powder lightened with time until a white precipitate formed after 2 hours.
After 8 hours, the heat and stirring were both discontinued and the solution was aged for a week
under ambient conditions. It has been observed that starting with 10 M LiOH and 5 ml H,O, does
not result in complete dissolution of the metallic Ti. A substantially diluted initial basic solution,
1 M LiOH, and 15 ml of 30 wt. % H,0O, were found to be the appropriate conditions for the
complete dissolution of titanium powder as shown in Figure S4 (Supporting Information). The
precipitate was dispersed in 1 M LiOH in a Teflon lined autoclave (Parr Instrument) and
hydrothermally treated at 150 °C for 24 hours. For the synthesis of NTO and KTO, the precipitates
were dispersed in 3 M NaOH/KOH solution, respectively, followed by hydrothermal treatment at
220 °C for 24 hours. The solid products of hydrothermal treatment were collected by vacuum
filtration with thorough washing and subsequently dried in air at 105 °C overnight. It is to be noted
that in case of Li-containing system, using high temperature of hydrothermal treatment (220 °C)

resulted in the formation of anatase phase instead of layered titanate structure, whereas the higher
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temperatures (220 °C) helped the formation of the NTO and KTO phases, as shown in Figure S5
in the Supporting Information. On the other hand, the usage of low temperature (150°C) and/or
shorter hydrothermal treatment times for the preparation of NTO and KTO phases, to mimic the
LTO synthesis conditions, did not result in a good phase formation, as observed from the XRD

patterns in Figure S6(a, b) in the Supporting Information.

2.2 Materials characterization

A Rigaku SmartLab X-ray diffractometer with Cu Ka radiation was utilized to analyze the
phase composition of the materials. XRD patterns were acquired in the 20 range of 2 — 60° with a
step size of 0.02°. The interlayer distance was evaluated from the position of peak appearing at 20
of ~10.5—11.5° using Bragg’s law. The particle morphology was characterized using a Zeiss Supra
50 VP scanning electron microscope (SEM), usually at a potential of 5 kV. A Q50
thermogravimetric analyzer (TGA) was used to determine the degree of hydration in the
synthesized materials by analyzing weight loss curves within the temperature range of 30 — 600
°C obtained under a heating rate of 10 °C-min™! in air. The surface area of the prepared materials
was measured with surface area analyzer (NOVA 4200 e instrument) using multi point Brunauer
Emmett and Teller (BET) method. Samples were degassed under vacuum overnight prior to
measurement. Degas temperatures of 200°C and 250°C were used for the first and second
measurements, respectively. Graphic representations of the BET data are provided in the
Supporting Information (Figure S7).

The structures of LTO, NTO and KTO phases were determined via Rietveld refinement of
the XRD patterns collected on a Rigaku SmartLab X-ray diffractometer with a 1760 W Cu Ka X-
ray source and a D/teX Ultra 1D detector. XRD patterns were collected with a step size of 0.05°,
and a collection speed of 2°-min-!. All Rietveld refinements were performed in GSAS-I11.2° The
morphological and structural/chemical analysis of layered titanates was also made by bright-field
transmission electron microscopy (TEM) imaging, annular dark field scanning TEM (ADF-
STEM) imaging, selected area electron diffraction (SAED), high-resolution transmission electron
microscopy (HRTEM), and Energy Dispersive X-Ray Spectroscopy (EDX) using a JEOL 2100F
TEM/STEM operated at 200 kV. The elemental composition was measured using an EDX
spectrometer (Oxford) equipped on the 2100F microscope.

Page 8 of 26
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2.3 Electrode fabrication

The electrodes were prepared by thoroughly mixing a 70:25:5 by weight mixture of active
material (layered titanates), carbon black (conducting agent, Alfa Aesar) and
poly(tetrafluoroethylene) (PTFE, binder, Sigma-Aldrich), respectively, in a rotary mixer
(FlackTek™) at 2500 rpm. First, the active material and carbon black were dry-mixed over three
30-second mixing cycles. Then the PTFE with five drops of isopropanol were added and continued
to be mixed for five 30-second cycles. Isopropanol was added to ensure proper wetting and a more
uniform composition. The mixed slurry was poured carefully onto a glass slide and gently kneaded
with a spatula and rolled by a test tube until a homogenous material of uniform consistency was
obtained. This electrode film was then dried overnight in a conventional oven at 105 °C in air.
Since the goal of this work is to establish synthesis — structure — properties relationships, and not
to maximize the performance of layered titanates, no nanostructuring methods were applied to
maximize the surface area of the active material particles. At the same time, all electrodes was

prepared using the same protocol to enable reliable comparison of materials performance.

2.4 Electrochemical characterization

The electrochemical performance of the LTO, NTO and KTO electrodes was evaluated in
aqueous 1 M Na,SO, electrolyte in a 3-electrode Swagelok™ cell setup, where the working,
counter and reference electrodes were the layered titanates, carbon (YP50) and Ag/AgCl,
respectively. All electrochemical tests were carried out using a Biologic™ potentiostat. For initial
analysis of electrochemical activity, cyclic voltammetry (CV) curves were obtained in a voltage
window of -0.25 — 0.8 V at a scan rate of 1 mV s!. Once that had been ascertained, progressively
higher scan rates of 2, 5 and 10 mV s were used to determine the performance of the electrodes
towards faster voltage sweeps. The stability (cycling performance) of the electrodes were

determined at a scan rate of 2 mV s! over 100 cycles of operation.
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3. Results and discussion
3.1 Structural, chemical and morphological characterization of single-phase layered titanates
preintercalated with alkali ions

Figure 2(a) shows the XRD patterns of the synthesized materials. The XRD pattern of Na-
preintercalated titanate resembles the one previously reported for the nonatitanate phase!’, and
corresponding Miller indexes are shown for the XRD pattern of NTO sample in Figure 2(a). The
overall appearance of the three XRD patterns is similar, implying the structural similarity of LTO,
NTO and KTO samples. The presence of only a few pronounced reflections is typical for materials
with lower levels of crystallinity as evidenced by the broad peaks. The interlayer distances were
determined from the positions of the most intense peak that appears at ~10.5 — 11.5° 20 and found
to be 8.25 A in LTO, 7.95 A in NTO and 7.75 A in KTO layered phases. These results are in
agreement with previously observed trends in the structure of chemically preintercalated bilayered
vanadium oxides, where the interlayer distance was found to increase with the increase of the

radius of hydrated interlayer ions?’.
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Figure 2. (a) XRD patterns and (b) TGA weight loss curves of the alkali ion preintercalated layered
titanates, MTO (M = Li, Na, K).

Figure 2(b) demonstrates the characteristic TGA curves of the layered titanates. The
weight loss, corresponding to different types of water, occurs in several steps. Initially, at
temperatures up to 100 °C, the weight loss corresponds to the evaporation of surface water,
followed by removal of the structural water from the interlayer region, between 100 — 600 °C. The

degree of hydration, which has an important role in influencing the interlayer spacing and

10
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electrochemical activity, is different in layered LTO, NTO and KTO materials under study.
However, the accurate evaluation of the hydration degree requires the material unit formulas to be
known and will be discussed in more detail below.

Figure 3 shows the SEM images of the LTO, NTO and KTO samples. Figures 3 (a, d, g)
show the images obtained at low magnification allowing observation of particle agglomerates,
whereas Figures 3 (b, e, h) show images obtained at a higher magnification clearly exhibiting
morphology of the single particles. A considerable degree of variation in the bulk morphology is
observed. The LTO particles (Figure 3 (a, b)) have a flower-like shape with individual two-
dimensional (2D) plates or “peony-petal” like structures emanating from the center. The NTO
(Figure 3 (c, d)) and KTO (Figure 3 (e, f)) samples crystallized as one-dimensional (1D) rod-like
particles, however with subtle differences. The NTO particles exhibit uniform slender nanorod
morphology with lengths of ~1-2 um and the edge dimensions on the order of a few tens of nm.
The KTO particles have similar 1D morphology, however they are thicker and stubbier, having
lengths rarely exceeding 1 pm. High resolution SEM images indicate that particles of both NTO
and KTO phases tend to grow together forming agglomerates of uniaxially aligned nanorods. In
case of KTO, the tendency to agglomerate is more pronounced. Similar 1D rod-like morphology
of sodium nonatitanates have been observed by Zhu et a/*. These results indicate that the variation
of synthesis parameters (Table 1) strongly influences the morphology of layered titanates obtained
via chemical preintercalation synthesis route.

Surface area analyses of the preintercalated layered titanate structures revealed KTO to
have the greatest surface area, evincing a BET surface area of 150.4 m?/g and 146.1 m?/g following
degas procedures at 200°C and 250°C, respectively; whereas, the LTO materials produced surface
areas of 145.4 m?/g and 155.8 m?/g, and the NTO analogue exhibited surface areas of 20.9 m?/g
and 20.4 m?/g following degas procedures at the aforementioned temperatures, respectively. The
dissimilar surface area of the NTO from the others aligns with prior dehydration studies, which

describe the material losing water up to 600°C.13

11
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Figure 3. Morphology of layered alkali metal-ion preintercalated titanates: (a, b) LTO, (¢, d) NTO,
and (e, f) KTO. (a, c, e,) Low magnification and (b, d, e,) high magnification SEM images.

3.3 Electrochemical performance

The 1%, 50" and 100" cycles CV curves of the cells containing LTO, NTO and KTO
working electrodes with 1 M Na,SOy electrolyte at a scan rate of 2 mV s! are shown in Figure 4
(a-c). A voltage window of -0.25 to 0.80 V vs. Ag/AgCl reference electrode has been selected to
accommodate a large enough voltage sweep window for the electrochemical activity to occur
without the observation of signature increase in current due to the electrochemical water splitting

phenomenon.

12
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Figure 4. Electrochemical performance of alkali ion preintercalated layered titanates in aqueous
cells with 1 M Na,SOj, electrolyte. (a—c) The 1%, 50t and 100™ cycle CV curves of cells containing
(a) LTO, (b) NTO, (c) KTO electrodes cycled at 2 mV s'!. (d) Capacitance retention over 100
cycles of operation.

All three samples demonstrate considerable electrochemical activity, as indicated by the
shape of CV curves. However, the shape of the CV curves is noticeably different. The cell with
the LTO electrode exhibited a CV curve with an essentially rectangular shape and only two small
pairs of peaks at ~-0.05-0.10 V and ~0.4-0.5 V vs. Ag/AgCl (Figure 4(a)). On the other hand, the
cell with the KTO electrode demonstrated a CV curve with a pair of distinct broad peaks at ~-0.10-
0.20 V vs. Ag/AgCl, each of which is likely to be a combination of several peaks (Figure 4(c)).
The cell containing NTO electrode showed a CV curve with both large rectangular area and broad
oxidation/reduction peaks. The differences in the shapes of CV curves imply that the charge
storage mechanism in the synthesized layered titanates could depend on the nature of chemically

preintercalated ion. The NTO electrode exhibits the highest capacitance at the scan rate of 2 mV
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s'! among the three layered titanates, delivering a maximum specific capacitance of 232.21 F g1,
The KTO electrode demonstrates a lower capacitance of 184.88 F g'!, and the LTO electrode
exhibited the lowest capacitances of 115.38 F g-!. Figure 4 (d) shows that the NTO electrode
demonstrated a small amount of capacitance fading over 100 cycles, and was able to retain ~95 %
of the initial capacitance, whereas KTO and LTO electrodes showed no appreciable capacitance
loss. The small capacitance loss can be attributed to the enhanced electrochemical activity of the

NTO sample that could lead to more noticeable electrode degradation.
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Figure 5. Rate performance of alkali ion preintercalated layered titanates in aqueous cells with 1
M Na,S0; electrolyte. (a — ¢) CV curves of the cells containing (a) LTO, (b) NTO, (c) KTO
electrodes at scan rates of 1, 5 and 10 mV-s-!. (d) Capacitance of LTO, NTO and KTO electrodes
cycled for five cycles at increasing scan rates of 1,2, 5 and 10 mV-s.

Figure 5 (a-c) demonstrates the CV curves of the cells containing LTO (Figure 5(a)), NTO
(Figure 5(b)) and KTO (Figure 5(c)) electrodes at the scan rates of 1, 5 and 10 mV s°!, and the

values of capacitance are summarized in Table 2.
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Table 2. Capacitance values of the cells containing LTO, NTO and KTO working electrodes with
1 M Na,SOy4(aq.) electrolyte at the scan rates of 1, 5 and 10 mV s,

Working electrode | Capacitance (F-g') | Capacitance (F-g') | Capacitance (F-g!)
at 1 mV-s! at5mV-s! at 10 mV-s’!
LTO 166.03 108.20 75.29
NTO 260.23 230.92 198.75
KTO 224.08 153.21 115.69

At each of the gradually increasing scan rates, the trend in capacitance values is the same:
NTO >KTO > LTO (Figure 5 and Table 2). Figure 5(d) shows the rate performance of the LTO,
NTO and KTO samples, plotted as capacitance value vs. cycle number at progressively increasing
scanrates of 1,2, 5 and 10 mV s™!. The LTO, NTO and KTO electrodes demonstrated a capacitance
decrease of 57.50 %, 26.28% and 52.49%, respectively, when the scan rate was changed from 1 to
10 mV-s'l. The NTO electrode significantly outperforms both LTO and KTO electrodes with
respect to its tolerance toward fast operating conditions.

Existing literature on layered transition metal oxides used as electrodes in energy storage
systems has examples demonstrating that the electrochemical performance improves with the
increase of the interlayer distance?®2’. This trend was attributed to the larger volume of the
interlayer region enabling facilitated diffusion of electrochemically cycled ions. However, in the
case of the layered titanates studied in this work, it is observed that the trend in capacitance values
is not directly proportional to the interlayer distance. Most notably, the LTO phase that exhibits
the highest interlayer distance shows the lowest values of capacitance.

Two important factors that can shed light on the electrochemical performance of layered
titanates are crystallinity and morphology of the materials. Figure 3 shows that the NTO nanorods
are well-dispersed, with only a small degree of agglomeration thus providing their entire surface
area available for electrochemical charge storage. The KTO particles, on the other hand, are
clumped/agglomerated which results in a loss of electrochemically active surface area.
Furthermore, the LTO material crystallized as tightly intergrown flakes forming flower-like
particles which also leads to the loss of surface area. Additionally, the broadening of the peaks and
signal-to-noise ratio in the XRD patterns of the synthesized layered titanates (Figure 2(a)) suggest
that the crystallinity of the materials decreases according to the following trend: NTO>KTO>LTO.
However, the external morphology can only explain the electrochemical performance up to a point,

as bulk morphology is only related to surface-based charge storage and does not play a crucial role
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in intercalation type behavior, which is more dependent on the crystallographic structure. In fact,
our BET measurements of the three layered titanates suggested the trend of surface area as
KTO=LTO>NTO. The shape of CV curves shown in Figure 4 and 5 indicated that the mechanism
of charge storage was a combination of surface-based reactions and intercalation. A predominantly
surface ion-absorption limited charge transfer process was noted in the LTO sample, while the
defined CV peaks in KTO suggested a more diffusion-controlled intercalation charge storage
process. Since layered titanates offer 2D interlayer regions for ion intercalation, the differences in
morphology alone cannot satisfactorily explain the observed differences in electrochemical
behavior of the three layered titanates. Therefore, the higher capacitances observed in NTO and
KTO are more closely related to the crystallographic structure rather than the surface area. Also,
as has been pointed out earlier, the layered titanates exhibit a great degree of structural
polymorphism!*-2°, Based on the similar overall appearance of the XRD patterns (Figure 2(a)), it
was initially suggested that the synthesized layered titanates are isostructural. However, the
considerable difference in the shape of the CV curves and variation in electrochemical
performance led us to investigate the crystallographic structure of LTO, NTO and KTO phases in
greater detail.

To understand the structural influence of intercalating different alkali metal cations into
the layered titanate framework, numerous structural models were considered and evaluated by
Rietveld refinement.

A Li,TiO; model was developed for the LTO phase (Cmmm, a=16.924 A, b=3.7917 A,
¢=3.0017 A, PDF #00-047-0123) shown in Figure 6 (a, b), Table 3, and Table S2. The model
accounts for all peaks suggesting that the phase has been accurately described and no impurities
are present (Figure 2a). The structure is layered and characterized by repeating single layers of
edge and corner sharing TiOg octahedra (Figure 6(d)). Water molecules and lithium ions reside in
the large interlayer spaces. The material crystallizes in plate-like nanoparticles where the
crystallites are thinnest along the layering axis (a).

The XRD pattern of the NTO phase fits well to a NaTi;OsOH model (C2/m, a=21.60 A,
b=3.7618 A, c=11.96 A, B= 136.27°, PDF #01-080-7474) as shown in Figure 6 (b, e), Table 4,
and Table S3 with all peaks accounted for and no impurities detected.3! NaTi;O¢OH is a different
way to present a nonatitanate phase, where the unit formula of typically containing nine titanium

atoms is divided by three. The structure consists of double layers of TiOg octahedra that are joined
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by edge and corner linkages (Figure 2(e)). Sodium ions reside in the interlayer space where they
are octahedrally coordinates to water molecules and oxygen atoms in the TiOg layers. The
anisotropic peak broadening suggests that this NaTi;OsOH materials possesses a needle-like

morphology where the crystallites are significantly lengthened along the b axis.
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Figure 6. Analysis of the structure of alkali ion preintercalated layered titanates. (a, c, ) Rietveld
refinements of X-ray diffraction patterns collected of (a) Li,TiO3 (%R,,=4.13), (c) NaTi;00OH
(%Rp=5.29), and (e) K, Ti3017 (%R,,=3.01). The observed data is shown in black, the calculated
data is red, the background is blue, and the difference between the observed and calculated data is
shown in green. The black lines indicate the expected reflections from the models used. (b, d, f)

Schematic illustrations of the crystal structures of (b) Li,TiOs3, (d) NaTi;O4OH, and (f) K;TigOy5.
Titanium is light blue, oxygen is red, lithium is green, sodium is yellow, and potassium is purple.
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The XRD pattern of the KTO phase fits well to a K, TigO;7 model with no impurities (C2/m,
a=15.96 A, b=3.802 A, c=11.93 A, B= 94.09°, PDF #01-080-2023) as shown in Figure 6 (c, f),
Table 5, and Table S4.32 K,TigO;; is composed of edge and corner sharing double layers of TiOg
octahedra with water and potassium ions in the interlayer region (Figure 6(f)). There are also oxide
ions in the interlayer spaces that bridge one layer to the next; the potassium ions that are adjacent
to these oxides are eight-coordinated while the other potassium ions are six-coordinated. The
material possesses a needle-like morphology where the b axis is the dimension where crystallite

lengthening is observed.

Table 3. Structural parameters obtained through Rietveld refinement of the X-ray diffraction

attern of L1,T105.

Value
Phase Li,TiO5
Crystal System Orthorhombic
Space Group Cmmm
a (A) 16.924(8)
b (A) 3.7917(8)
c (A) 3.0017(5)
B 90
Interlayer Spacing (A) 8.462(4)
Layering Axis a
Crystallite size ((100), nm) 6.4(1)
Crystallite size ((011), nm) 27.2(8)

Table 4. Structural parameters obtained through Rietveld refinement of the X-ray diffraction

attern of NaTi;040OH.
Value
Phase NaTi;0,0H
Crystal System Monoclinic
Space Group C2/m
a (A) 21.60(8)
b (A) 3.7618(3)
c (A) 11.96(3)
B(© 136.27(6)
Interlayer Spacing (A) 8.27(2)
Layering Axis c
Crystallite size ((010), nm) 64(3)
Crystallite size ((101), nm) 15.0(2)

18

Page 18 of 26



Page 19 of 26

Journal of Materials Chemistry A

Table 5 . Structural parameters obtained through Rietveld refinement of the X-ray diffraction
attern of KzTigOn.

Value
Phase KzTigOn
Crystal System Monoclinic
Space Group C2/m
a (A) 15.96(2)
b (A) 3.802(2)
c(A) 11.93(1)
B 94.09(9)
Interlayer Spacing (A) 7.96(1)
Layering Axis a
Crystallite size ((010), nm) 23.9(6)
Crystallite size ((101), nm) 4.6(1)

These results show that the general layered titanate framework can be preserved upon the
introduction of Li*, Na*, and K™ cations although some structural modification occur. The sodiated
and potassiated materials are essentially isostructural, C2/m and monoclinic crystal system, while
the lithiated material is somewhat different, Cmmm and orthorhombic. Similarly, the K, TigO;7and
NaTi;040H adopt a needle-like morphology although the sodiated phase possesses significantly
larger needles, while the Li,TiO3 adopts a more different plate-like morphology (Tables 3-5) in
agreement with the SEM images (Figure 3).

Structural refinement revealed that the Ti-O layers in the structures of the NTO and KTO
phases are built by double rows of Ti atoms bonded through oxygen atoms (called double layers
below). On the contrary, the Ti-O layers in the LTO phase contain only single row of Ti atoms in
octahedral coordination by oxygen atoms (called single layers below). The double layers are
characterized by a larger number of redox centers that can reduce upon intercalation of the
electrochemically cycled ions, compared to the single layers, which could contribute to higher
values of capacitance that were experimentally observed for the NTO and KTO electrodes as
compared to the LTO electrodes (Figure 4 and Figure 5). When layered titanate phases with
double Ti-O layers are compared to each other, the NTO phase exhibits both the larger interlayer
spacing and higher values of capacitance at various scan rates, compared to the KTO phase, in

agreement with the previously reported findings for the isostructural bilayered vanadium oxides?’.
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Therefore, the observed electrochemical performance can be attributed to not only morphological
features and crystallinity of the chemically preintercalated layered titanates, but also to the
structure of Ti-O layers with Ti*”3* redox centers that play a crucial role in capacitance
contribution due to the bulk intercalation of electrochemically cycled ions. Further studies of
layered phases that can be synthesized as polymorphs with single and double layers, such as a-
V,05 (single layers) vs. 0-V,05 (double layers), are needed to better understand the role of the
layer structure and the number of redox centers in the layer in energy storage.

Understanding of the structure and unit formulas of the three synthesized layered titanates
allowed us to perform a more detailed analysis of the TGA weight loss curves (Figure 2(b)) with
the aim to determine interlayer water content. The LTO, NTO and KTO samples lose ~ 5 %, ~ 8
% and ~4.5 % of their weights in the temperature range of 100 — 600°C, respectively. The
temperature range was selected to exclude contributions from the evaporation of water molecules
bound to the surface. The observed weight loss corresponds to the following hydration degrees:
Li,TiO5-0.34H,0, NaTi;04OH- 1.40H,0 and K, TigO,;,0H- 7.96H,0. XRD analysis of the multiple
batches of the synthesized LTO, NTO and KTO phases revealed that the interlayer distance slightly
changes from batch to batch (Figure S8 in the Supporting Information). This variation can be
attributed to the different water content in the interlayer region, a parameter that is hard to
accurately control experimentally. Table S1 in the Supporting Information provides the variation
of interlayer spacing, with the size of the hydrated preintercalated ion and hydration degrees.

To obtain additional information about the morphology and microstructure of Na- and K-
preintercalated layered titanates, TEM/STEM images were collected using specimens supported
on copper grids. As shown in Figure 7(a), NTO exhibits a nanobelt morphology with lengths up
to micrometers and an average diameter of 87.5 nm (see also Figures S9(a, b) and Figure S10(a)
in the Supporting Information for more images taken from different areas and the corresponding
statistic diameter distribution). SAED patterns were also taken from individual nanobelts, as
illustrated in Figure 7(b) (from the marked area in (a) using dashed line circle), which can be
indexed to the (111) and (201) planes of the monoclinic phase (S.G.: C2/m) with d spacings of
10.4 and 3.57 A, respectively. From local studies using HRTEM (see one example in Figure 7(c)
of a typical NTO nanobelt), we measured an interlayer spacing of 8.25+0.08 A (marked by the
green dashed lines), which is in good agreement with the interlayer spacing along the ¢ axis of

8.27 A, as measured by the XRD results obtained from the same sample. The EDX maps (Figure
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7(d)) demonstrate that Na, O, and Ti atoms are uniformly distributed in the NTO nanobelts without

obvious aggregation.

(c)
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Figure 7. Microscopy observations of layered Na- and K-preintercalated titanates. (a) Bright-field
transmission electron microscopy (TEM) imaging of NaTi;0cOH-nH,0, showing nanobelt shape
with diameters ranging from 30 — 200 nm. (b) Selected area electron diffraction (SAED) pattern
taken from the area marked in (a) using a dashed line circle. (c) High-resolution TEM (HRTEM)
imaging of a single nanobelt with an interlayer spacing of 8.25+0.08 A, corresponding to the (001)
facet of the monoclinic phase (S.G.: C2/m). Inset: intensity profile for calculating the interlayer
spacing. (d) Elemental mapping of Na, O, and Ti atoms, in green, red, and blue, respectively. (¢)
Bright-field TEM imaging of K,TigO;7-nH,0, showing nanowire shape with diameters ranging
from 3 — 20 nm. (f) SAED pattern taken from the area marked in (e) using a dashed line circle. (g)
HRTEM image of a single nanowire with an interlayer spacing of 8.01£0.09 A, corresponding to
the (200) facet of the monoclinic phase (S.G.: C2/m). Inset: intensity profile for calculating the
interlayer spacing. (h) Elemental mapping of K, O, and Ti atoms, in yellow, red, and blue,
respectively.

Similar studies were also made on the KTO sample, with the results presented in Figures
7(e)-7(h). The sample mainly consists of nanowires of varying size, showing an average diameter
of 9.5 nm based on 60 samples (Figure 7(e); see also Figures S9(c, d) and Figure S10(b) in the
Supporting Information for more images taken from different areas and the corresponding statistic
diameter distribution), much smaller than those of NTO material (Figure 7(a)). Similarly, the
lengths of nanowires can reach several microns and the fine nanowires prefer to bunch together.

From the SAED pattern (Figure 7(f); from the marked bunch of nanowires shown in Figure 7(e)),
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the sample exhibits a polycrystalline nature, consistent with the XRD patterns showing feature
patterns indexed to the (200) and (203) planes. The interlayer spacing along the a axis is around
8.01£0.09 A according to the HRTEM (Figure 7(g)), which is in a good agreement with the
structure refinement results shown in Table 5. EDX maps (Figure 7(h)) reveal the homogeneous
distribution of different elements (K, O, and Ti) in the KTO nanowires.

Alkali ion preintercalated layered titanates synthesized in this work served as a model
material system to establish correlations between the crystal structure and electrochemical
performance in an aqueous energy storage system. The electrode fabrication process has not been
optimized. Further improvements can be achieved by applying nanostructuring strategies.
Additionally, low-concentration aqueous electrolytes have been used in this work. The advent of
water-in-salt electrolyte systems opens opportunities to obtain substantially higher performance
parameters shown by layered titanates. Our finding that double layers can exhibit substantially
higher electrochemical activity than single layers is important for future design and synthesis of
2D heterostructure electrodes built by alternating redox active oxide layers and electronically
conductive layers®?. Understanding of the redox activity of differently structured layers is crucial
in selecting the most promising candidates for 2D heterostructure fabrication through
exfoliation/reassembly approach. Our results indicate that in case of alkali ion preintercalated
layered titanates, the NTO phase with nonatitanate structure has the highest potential to lead to
high performance when integrated in 2D heterostructure architecture with conducting layers, such

as graphene-like materials.

4. Conclusion

In conclusion, we report the successful preparation of alkali metal ion pre-intercalated
layered ternary titanates using a novel scalable synthesis method that consist in a sol-gel step
followed by a hydrothermal treatment step, both performed in a basic aqueous environment. The
synthesis process parameters were found for each material to ensure the pure layered phase
formation. Structural characterization results confirm formation of the layered phases; however,
SEM imaging shows distinct morphological variations. The NTO and KTO samples exhibit 1D
nanorod like morphology, with the KTO rods being shorter and more aggregated, whereas the LTO
exhibits intergrown nanoplatelet morphology. The BET measurements suggest the trend of surface

area as KTO = LTO > NTO. The interlayer spacing increases with larger sized preintercalated
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ions, with KTO phase exhibiting the smallest interlayer spacing of 7.75 Aand LTO phase showing
the largest interlayer spacing of 8.25 A Analysis of the MTO (M = Li, Na, K) materials as
electrodes in cells with aqueous neutral electrolyte demonstrates the superior capacitance delivered
by the NTO electrode (260.23 F g!), followed by the KTO electrode (224.47 F g'!) and then the
LTO electrode (166.03 F g!) at a scan rate of 1 mV s !. The obtained capacitance values have been
attributed to a combination of factors, including different morphologies of the layered titanate
particles, interlayer distance, and the number of Ti*"/Ti** redox centers in Ti-O layers. The
observed trend of electrochemical performance is repeated at higher scan rates, with the NTO
sample exhibiting capacitance loss of 26.28 % when the scan rate was changed from 1 to 10 mV's
I, whereas the capacitance decrease under the same electrochemical testing conditions in case of
the KTO and LTO electrodes were 52.49 % and 57.50 %, respectively. To the best of our
knowledge, this report is the first systematic study that deals comprehensively with the synthesis
of varying alkali ion preintercalated layered titanates and their electrochemistry in aqueous energy

storage systems.

SUPPORTING INFORMATION
Images of step-by-step synthesis of NTO, KTO and LTO. XRD patterns of LTO, NTO and KTO

samples synthesized by non-optimal and optimal techniques. Table of hydration degrees, interlayer
spacing and size of hydrated ionic radii. Graphic representation of BET measurements. TEM
images of NTO and KTO nanorods. Table showing Rietveld refinement parameters and atomic

positions.
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