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ABSTRACT

The increasing interest in Na-ion batteries (NIBs) can be traced to sodium abundance, its
low cost compared to lithium, and its intercalation chemistry being similar to that of lithium. We
report that the electrochemical properties of a promising negative electrode material, Na;Ti307,
are improved by exfoliating its layered structure and forming 2D nanoscale morphologies,
nanoplatelets and nanosheets. Exfoliation of Na,Ti;0; was carried out by controlling the amount
of proton exchange for Na" and then proceeding with the intercalation of larger cations such as
methylammonium and propylammonium. An optimized mixture of nanoplatelets and nanosheets
exhibited the best electrochemical performance in terms of high capacities in the range of 100 to
150 mAh g ' at high rates with stable cycling over several hundred cycles. These properties far
exceed those of the corresponding bulk material, which is characterized by slow charge storage
kinetics and poor long-term stability. The results reported in this study demonstrate that charge-
storage processes directed at 2D morphologies of surfaces and few layers of sheets are an
exciting direction for improving the energy and power density of electrode materials for NIBs.

Keywords: Na-ion battery, 2D materials, anode, nanomaterials, electrochemistry, high-rate
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INTRODUCTION

The ubiquitous nature of electrochemical energy storage (EES) has led to improvements
in areas ranging from grid reliability to vehicle electrification and portable electronics. The
development of low-cost EES systems for the electric grid is particularly attractive because of
the prospect of handling peak demand without the need to build additional generating capacity.'*
Secondary batteries possess a number of desirable features for EES systems including scalability,
pollution-free operation, high round-trip efficiency and flexible power and energy characteristics
to meet different grid functions. Among the various battery technologies, Li-ion batteries (LIBs)
have emerged as the most attractive one for grid storage since this technology outperforms
competing battery technologies by a substantial margin.' The high energy density, safety and
reliability demonstrated by LIBs for mobile applications are also beneficial for stationary energy
storage and a number of grid demonstration projects are underway.”

There is, however, growing concern that the demand for lithium will impact the existing
world reserves and its abundance will become an economic concern. For this reason, there is
renewed interest in Na-ion batteries (NIBs) as there are ample reserves of sodium and its
intercalation chemistry is similar to that of lithium.>® Some fundamental differences impede the
immediate implementation of NIBs such as the larger ionic radius of Na" (1.02 A) compared to
Li" (0.76 A), its mass (23 gmol_l) is three times heavier than Li" (6.9 gmol_l), and the standard
reduction potential (-2.71 V vs. S.H.E.) is slightly more positive compared to Li" (-3.04 V vs.
S.H.E.);? these differences inevitably lead to lower energy densities and possibly lower power
densities. Nonetheless, there have been several reports indicating that Na-ion insertion
compounds can exhibit capacities of up to 150 mAh g for use as positive electrodes.>®” It
should be noted that the number of positive electrode materials that have been studied far
outweighs the number of studies of negative electrode materials.”®

The two basic reversible approaches that have been developed for LIB negative
electrodes, namely the use of alloying and intercalation reactions, have been extended to NIBs.
Group 14 and 15 elements (metals and metalloids) are known to alloy with Na', and Na alloys
with P, Sb, and Sn lead to capacities in excess of 500 mAh g™, much greater than what can be
achieved with commercial lithium negative electrodes based on graphite.” However, the high
volume expansion that occurs on alloying lithium also plagues sodium-based alloys, making
these materials difficult to utilize for energy storage as the high volume expansion limits long-
term cycling. Upon continuous charge-discharge cycles, alloy materials suffer from mechanical
stress caused by volume expansion and repeated passivation of the electrolyte.® Although
intercalation compounds are not capable of storing as much capacity compared to that of alloying
compounds, their limited volume expansion and overall stability upon repeated cycling make this
a promising class of materials for negative electrodes.

Intercalation compounds based on metal oxides, in particular sodium titanates, are
currently being studied as negative electrode materials for NIBs. These sodium titanates include
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a variety of metastable and stable compounds (i.e., Na,Ti307, Na,;Ti5O0,3, NaTi;0¢(OH)2H,0,
and lepidocrocite structures) that have low operating voltages vs. Na/Na".'®'* With Na,Ti;0-,
the subject of this paper, Senguttuvan et al. first demonstrated that layered Na,Ti307 can reach
capacities of 200 mAh g™ at relatively low potentials (0.3 V vs. Na/Na"), albeit at a slow
charging rate (C/25)."> After this initial report, Rudola ef al. and Pan et al. investigated several
process-related parameters such as smaller particle size and ball-milling. This approach led to
high capacities of approximately 190 mAh g at slightly faster rates.'*'® However, one of the
biggest limitations for this material is its long-term cycling performance where a capacity of
190 mAh g decreases about 60% after 100 cycles.'* Moreover, there has yet to be any report
where Na,Ti307 exhibits rapid charge storage and retains high capacity.

The problem of capacity fade and slow kinetics can be traced to the bulk material
properties of Na,Ti30. First, micron-sized particles inherently face longer diffusion times
throughout the structure due to longer diffusion path lengths. In addition, bulk Na,Ti;07 is
predicted to undergo a moderate amount of volume expansion of 6% from Density Functional
Theory (DFT) calculations.'” The repeated expansion and contraction of the structure may be an
important factor that contributes to poor long-term cycling. For these reasons, we became
interested in the question of whether these limitations can be overcome by changing the
dimensionality of Na,Ti;07 from 3D to 2D, with the latter being in the form of nanoplatelets and
nanosheets.

The extraordinary properties of graphene have led to renewed interest in a wide range of
two-dimensional (2D) materials."® When prepared as nanosheets, various transition metal oxides
and chalcogenides can exhibit interesting modulation of their chemical and physical
properties.'”* Several synthesis strategies have been carried out to obtain 2D nanosheets such
as liquid-phase exfoliation, mechanical exfoliation, thermal decomposition, direct chemical
synthesis, and chemical vapor deposition.’’***> Among the various techniques, liquid-phase
exfoliation offers a scalable process that has the potential to provide large quantities of dispersed
nanosheets that can be processed using existing industrial techniques such as reel-to-reel
manufacturing.20

In the research reported here, we developed a liquid-phase exfoliation method that
enabled us to obtain both 2D nanoplatelets and nanosheets. The motivation for evaluating
nanoplatelets was based on the premise that few layers of sheets can provide for facile Na-ion
intercalation compared to bulk materials. Furthermore, it is not clear whether a single layer
nanosheet can store high levels of charge since there are a limited number of intercalation sites
for Na-ions. By establishing a good understanding of the exfoliation process, we were able to
control synthesis conditions and obtain both nanosheets and nanoplatelets. To achieve charge
storage levels greater than 100 mAh g™, we show that a combination of both 2D nanoplatelets
and nanosheets provides an optimized condition that offers rapid kinetics, high capacities for Na-
ion charge storage, and a wider electrochemical voltage window.
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2. MATERIALS AND METHODS

Synthesis of Na,Ti;O; Nanoplatelets and PA/Ti;O; Nanosheets. Bulk Na,Ti;O; (2
mmol) was prepared by mixing stoichiometric amounts of anatase titanium(IV) oxide (Sigma-
Aldrich, 99.9%) and sodium carbonate (Sigma-Aldrich, 99.9%) and subsequently heating in air
at 800 °C for 40 h with intermediate re-grinding. The first step in the exfoliation process
involved proton exchange for Na-ions present in the layered compound Na,Ti3;O. This process
was carried out by completely dissolving ~0.3 g of Na,Ti;O; powder in 25 mL of 1M
hydrochloric acid and stirring at 1000 rpm for 24 h. The partially protonated form [H,Na, ] Ti;O
was then centrifuged at 5000 rpm. The remaining hydrochloric acid was then decanted and the
resultant [H,Na,,]Ti30; powder was re-suspended in 11 mL of methylamine (80 mol
methylamine per mol of [Ti30,]%") solution (Sigma-Aldrich, 40 wt.% in H,0) and stirred at 1000
rpm for 6 days at 60 °C. Next, the methylamine-reacted mixture [MA,H,.,Na,,]Ti30; was
centrifuged at 5000 rpm and re-suspended with 8 mL of propylamine (80 mol propylamine per
mol of [Tiz07]*) solution (Sigma-Aldrich, >99.9%) after decanting the reacted methylamine
solution. This propylamine mixture [PA,H, ,Na,]TizO7 was then stirred at 1000 rpm for 6 days
at 60 °C. It was important to seal the container tightly with Teflon tape due to the high volatility
of this solvent. This 8 mL solution containing [PA H,.,Na,.]Ti30; was then washed with de-
ionized water and centrifuged at 5000 rpm. The supernatant was decanted and the sedimented
particles were re-suspended with de-ionized water and subjected to ultrasonication for 5 minutes
to exfoliate [PA H,,Na..][Ti30;. After sonication, by adjusting centrifuge conditions, we were
able to obtain solutions comprised solely of nanoplatelets (Na,Ti;O; NP) and nanosheets
(PA/Ti307 NS) or mixtures of both (Na,Ti;O; NP-NS). These solutions give large quantities of
dispersed nanosheets that enable scalable processing using industrial techniques.***

Materials Characterization. Transmission electron microscopy (TEM) images were
taken with an FEI Technai T12 TEM (120 keV) using a carbon-coated copper grid as a substrate.
X-ray diffraction (XRD) was carried out by using a Rigaku Miniflex II diffractometer. X-ray pair
distribution function analysis was performed at the Advanced Photon Source 11-ID-B at
Argonne National Laboratory. Total scattering experiments were performed using a
L=0.2112 A (~58 keV) X-ray source with a Perkin-Elmer amorphous Si-based 2D detector,
which allows for rapid acquisition.”® To calibrate the experimental geometry of the
measurements, a N.I.S.T.-traceable CeO, (Standard Reference Material® 674b) standard powder
was used. The sample-to-detector distance for synchrotron XRD was calibrated to 952.276 mm.
Azimuthal angle analysis was performed with NIKA.?’ The sample-to-detector distance for PDF
experiments were calibrated to 181.574 mm. The 2D data were integrated using Fit2D.*® Pair
distribution functions (PDFs), G(r), were calculated from the sine Fourier transform of the
product ¢(S(g)-1) in which S(g) is the structure factor. PDFs were generated with a gm.x = 24 A
using PDFgetX2.% X-ray Photoelectron Spectroscopy (XPS) measurements were collected using
an AXIS Ultra DLD instrument (Kratos Analytical Inc., Chestnut Ridge, NY). All measurements
were conducted under ultrahigh vacuum (10 torr) using a monochromatic Al K, X-ray source
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(20 mA, 14 kV) with a 200 um circular spot size. XPS spectra for all samples were acquired at
300 W (20 mA, 15 kV), with a pass energy of 160 eV for collecting atomic compositions (survey
scans can be found in Figure S10) and a pass energy of 20 eV for collecting high-resolution
spectra. Each scan had a dwell time of 200 ms where each element was swept 20 times. Atomic
force microscopy (AFM) was performed in tapping mode using a Bruker Dimension Icon system.
Details of the sample preparation can be found in the Supporting Information.

Electrochemical Characterization. Cyclic voltammetry experiments were carried out in
a three-electrode flooded cell using a BioLogic VMP-3 Potentiostat. All experiments were
conducted in an argon-filled glovebox with moisture and oxygen levels <1 ppm. The electrolyte
solution used was 1M sodium perchlorate (NaClO4, Alfa-Aesar, 99.8% anhydrous) in a 95:5 (v:v)
mixture of propylene carbonate (C4HsO3 Alfa-Aesar, 98%) and fluoroethylene carbonate
(CsH3FOs, Alfa-Aesar, 98%) and sodium metal foils were used as both the counter and reference
electrodes. The working electrode was prepared by drop-casting a 2 g L™ solution of either
PA/Ti307NS, Na,Ti307 NP or the mixed nanoplatelet-nanosheet system (Na,Ti307; NP-NS) onto
an O plasma cleaned stainless steel current collector (1 cm x 1 cm). These thin-film electrodes
contained neither binder nor carbon as this arrangement enables one to determine the
fundamental electrochemical properties of the electrode material.** After drop-casting, the
electrodes were heated at 120 °C under vacuum overnight to remove excess solvent and also to
provide sufficient binding to the current collector. The amount of active material on the
electrodes, on the order of 40 ug cm 2, was confirmed using a Cahn C-31 microbalance. Cyclic
voltammetry and galvanostatic cycling were performed using cutoff voltages of 2.5 and 0.1 V vs.
Na'/Na. The sweep rates for the former were between 1 and 100 mV s™'. The current densities
used for galvanostatic cycling ranged from 100 to 2000 mAh cm . Based on the capacity of the
Na,Ti307 NP-NS materials, we estimate that 100 mA cm? corresponds to 1C.

RESULTS AND DISCUSSION

Preparation of Nanoplatelets and Nanosheets. Several reports have shown that liquid-
phase exfoliation of layered metal oxides is an efficient method for obtaining 2D
nanosheets.'*?** In our study, two different nanoscale morphologies of interest in this project,
titanate nanosheets (PA/Ti;0; NS) and sodium titanate nanoplatelets (Na,Ti;O; NP), were
obtained by modifying a liquid-phase exfoliation process reported by Miyamoto ez al.*' The
synthesis is based on intercalating large cations between slabs of [Ti30;]* sheets from the parent
layered compound, Na,Ti307, and then separating by ultrasonication. The key steps that enable
us to obtain both PA/Ti307 NS and Na,Ti307 NP are through partial proton exchange of the Na-
ions in Na,Ti;07 and varying the centrifugation speed. Energy dispersive spectroscopy
measurements tracking the amount of sodium based on duration of proton exchange are shown in
Figure S1 and the corresponding XRD patterns in Figure S2. Upon proton exchange, the organic
base methylamine is intercalated into the interlayer region of the [Ti;0;]* sheets. The protonated
sheets then work as a Bronsted acid and react with methylamine,® forming an intercalation
compound with now positively charged methylammonium (MA/Ti307). The methylammonium
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intercalation compound is then ion-exchanged with positively charged propylamine to form a
propylammonium (PA") intercalated compound (PA/Ti30-).*'** Upon sonication, only those
layers that were inserted with the larger PA" ions are exfoliated as single layer nanosheets due to
weak sheet-to-sheet interaction. The remaining compound is in the form of nanoplatelets. As
illustrated in Scheme 1, this solution is then centrifuged at 5000 rpm to isolate pure PA/Ti307 NS
in the supernatant. The amount of PA" ions in PA/Ti30; was previously reported to be 0.56 mol
per 1 mol of [Ti307]* with the remainder of the negatively charged sheets compensated by
protons.®' With a slower centrifugation speed of 2000 rpm, a mixture of nanoplatelets and
nanosheets (Na,Ti;0; NP-NS) are obtained where the concentration of nanoplatelets is ~35%.

Step 2: Intercalation

a
@ .
& <

0% g% Step 3: Exfoliation

S LA
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g 8

e g $as

ore v p ‘(;}
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o 5000 rpm PAITi,O,
1M HCI 1. Methylamine Supernatart Nanosheets
(Na*H*) 6 days, 60 °C (NS)
Na,Ti;O;, Na, ,H,Ti;O; PATI;O; Sonicate
1 day P . Na,Ti;0;
e g ¢® 2 Propylamine 2000 rpm Nanoplatelets
Sg@-¢ 2 aba. 6 days, 60 °C Supematant -Nanosheets

H“c\/\NH:

o - gl
A i -
o <

Scheme 1. Exfoliation flowchart for obtaining propylammonium Ti3;07 nanosheets (PA/Ti;07
NS) and mixed nanoplatelets and nanosheets of Na,Ti30; (Na,Ti;0; NP-NS) by altering
centrifugation and ion exchange conditions.

We used differential centrifugation, a technique commonly applied with biological
systems to isolate cellular components, to control the relative concentrations of nanoplatelets and
nanosheets in the Na,Ti307 NP-NS solution.>* This preparation method is described in detail in
the Supporting Information and an illustration of this process is shown in Figure S4. More
importantly, centrifuging the solution of Na,Ti;07 NP-NS at 1000 rpm resulted in the isolation
of Na,Ti3;07 NP. That is, by adjusting centrifuge conditions, we were able to obtain solutions
comprised solely of PA/Ti307 NS or nearly entirely of Na;Ti307 NP. These isolated systems
enable us to obtain control samples for the electrochemical experiments (vide infra). The X-ray
diffraction (XRD) patterns (Figure S5a) and electrochemical characteristics (Figures S5b—d) of
these controls are detailed in the Supporting Information. The best electrochemical results were
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achieved with a combination of nanoplatelets and nanosheets; thus, the focus of this report is on
the Na,Ti307 NP-NS materials.

Structural and Chemical Characterization. Transmission electron microscopy (TEM)
images of bulk Na,Ti;07, PA/Ti;07 NS, and Na,Ti307 NP-NS are presented in Figure 1. The
bulk particles appear darker and more opaque compared to nanosheets and nanoplatelets since
the larger non-exfoliated particles are thicker. On the other hand, PA/Ti307 NS appear nearly
transparent given that the sheet thickness is on the order of 1.2 nm, as confirmed by atomic force
microscopy (Figure S7); this thickness resembles the depth of a single slab of a [Ti;07]*
building block (0.98 nm).>! In Figure 1c, Na,Ti;0; NP within a bed of transparent PA/Ti;0; NS
can be seen. The widths of both the nanosheets and nanoplatelets range from 100 to 200 nm and
their lengths extend from several hundred nanometers to microns.

200 nm S 200 nm A\
1 1 I NG

-

Figure 1. Transmission electron microscopy images of (a) bulk Na,Ti;07 (b) PA/Ti;05
nanosheets, (¢) mixed nanoplatelets and nanosheets of Na,Ti;0.

A series of X-ray studies were performed to characterize the structural and chemical
properties of the nanoscale morphologies. First, XRD was used to verify the phase of bulk
Na,Ti307, PA/Ti307 NS, and Na,Ti;0; NP-NS (Figure 2a). These materials were compared to
the bulk (P2;/m) structure in which a = 8.565 A, b = 3.802 A, ¢ = 9.128 A, and f=101.5890°
(JCPDS 72-0148). Bulk Na,Ti307 synthesized via solid state reaction agrees with referenced
indices.* After exfoliation, PA/Ti30; NS exists as a purely isolated morphology while Na,Ti;0;
NP-NS exists as two separate morphologies, as shown in Figure 2a. PA/Ti1;07 NS and Na,;Ti;07
NP-NS both exhibit preferential orientation in the (200) plane since the re-stacking of the sheets
leads to alignment in this direction. For pure PA/Ti;07 NS, the (/00) reflection shifts to lower 26
from 10.5° to 8.0° (20), which corresponds to an increased d-spacing from 0.8 to 1.1 nm. The
increased d-spacing is consistent with previous exfoliation results reported by Zhang et al.*® and
Miyamoto et al.*' where both reports consistently found that [Ti307]2_ sheets reassemble and are
separated by the larger positively charged PA" cation that acts as a counter charge to the
negatively charged sheets.’' The (100) reflection is then accompanied by a weaker (200)
reflection with d(200) being 0.54 nm. For Na,;Ti307; NP-NS, the same (/00) as that observed for
PA/Ti307 NS is evident as is the (/00) reflection for bulk Na,Ti307. As a result of partial ion
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exchange, Na' remains between the stacked layers and a characteristic peak for nanoplatelets at
10.5° (20) is observed. The ratio of the concentration of nanoplatelets to nanosheets in Na,;Ti3;0-
NP-NS was estimated to be 9:16 by taking the ratio of the integrated intensities of the two most
intense XRD reflections, one at 10.5° (20) for the nanoplatelets, and the other at 8.0° (20) for the
nanosheets. The estimated number of layers and crystallite thicknesses for all samples using X-
ray diffraction are tabulated in Table S1.”7

Synchrotron X-ray scattering and pair distribution functions (PDFs) of bulk and Na,Ti;05
NP-NS were also studied to compare their morphologies. The X-ray scattering image of
Na,Ti;07 NP-NS is shown in the graphic in Figure 2b. The PA" interspersed layers can be seen
in the decrease in ¢ for the (100) planes at 0.59 A~ (d-spacing = 10.7 A) as consistently
evidenced from benchtop XRD (A = 1.54A). With increased g resolution, we observed additional
(h00) peaks at g = 1.16, 1.72,2.51, 3.04 A for h =2, 3, 4, 5, respectively. These correspond to d-
spacings of 5.46 A, 3.67,2.51,2.06 A (Figure S8). For bulk Na,Ti;07, the (100) peak is
maintained at g = 0.75 A" (d-spacing = 8.38 A) in agreement with the calculated XRD pattern.
The diffraction pattern captures the morphological anisotropy of the 2D nanoplatelets shown in
the azimuthal scans (Figure S9). The bulk PDF matches that of the calculated PDF of the
monoclinic P2;/m structure in Figure 2b. Moreover, the signal from Na,Ti;0; NP-NS PDF is
quickly damped by 7~ 10 A due to smaller particle size.*® The G(r) peak centers corresponding
to bond distances of Ti-O (1.95 A, 2.28 A, 3.75 A, 4.33 A, 7.18 A, 8.90 A), Ti-Ti (3.17 A,

6.23 A), Na-Ti (4.97 A, 8.15 A), and Na-O (2.62 A, 7.57 A) remain unchanged between the bulk
and the NP-NS samples. However, the peak widths are narrower for the bulk sample as
compared to the NP-NS sample. The Na-Ti bond at 9.04 A is damped significantly for the
NP-NS sample relative to that of the bulk sample as a result of the decreased coherence length in
the nanomaterial. The results attained from synchrotron X-ray scattering and PDFs show that the
nanostructure correlation length agrees with the interlayer spacing of the nanosheets as
confirmed by X-ray diffraction.

X-ray photoelectron spectroscopy (XPS) was used to determine the chemistry of the
interlayers before and after the exfoliation process. XPS spectra for bulk Na,Ti307, PA/Ti307 NS
and Na,Ti;07 NP-NS are shown in Figures 2c—d. The Na 1s and N 1s characteristic peaks
provide both quantitative and qualitative information about the amount of Na" and -C-NH;". In
addition, each Na 1s and N 1s spectrum was high-resolution fitted to obtain a more accurate
measure of the amount of Na" and —-C-NH;" present; the high-resolution XPS spectra are shown
in Figures S11 and S12 for N 1s and Na 1s, respectively. The corresponding chemical
environment based on the fittings is also listed in the corresponding figures and are consistent
with what is reported in literature for both the N 1s and Na 1s binding energies.”’** As expected,
the N 1s spectrum of bulk Na,Ti;0; shows no indication of —C-NH;" (~401 eV) whereas a peak
is evident for the PA/Ti;07 NS due to the existence of PA" ions in between the [Ti307]2_ sheets.
As for the Na 1s spectrum, the intense Na 1s peak for bulk Na,Ti;O7 (1071 eV) decreases
significantly for PA/Ti;07 NS. For Na,;Ti;07 NP-NS, a strong Na 1s peak is present due to the
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remaining Na-ions in between the layers from the partial exfoliation process. Taken together, the
combination of both the N 1s and Na 1s XPS spectra shows that the concentration of Na" and —
C-NH;" differs dramatically depending on whether we have NS or NP. Using the results from
the scans in Figures S10—S12, we obtained atomic percentages of Na 1s and N 1s for bulk
Na,Ti307, PA/Ti307 NS, Na,Ti307 NP-NS, and Na,Ti;07 NP-NS after cycling in 1M NaClO4 in
PC:FEC (Table S2). To summarize, before exfoliation, the ratio of the atomic percentage of Na"
to —C-NHj3" is 1:0 (bulk Na,Tiz0). After exfoliation, the ratio of the atomic percentage of Na' to
—C-NHj;" for PA/Ti;0; NS was measured to be 1:60. For the material containing both NS and NP,
the ratio of the atomic percentage of Na' to -C-NH; " is 1:6.6.

(a) (100)
A * Z £ AIN AMID
J LA“ (200) NazTi3u7 NP-NS
(100)
=}
®
"?:; -
@ (200) PAITi O_ NS Na,Ti,0, NP-NS
C ey 37
@ -
= (100) (110), *Bulk Na,Ti O, Bulk Na,Ti,0,
JCPDS 72-0148 NagTizOy
r—r 1+ T 1 Tt T 1
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20, degrees r,A
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Figure 2. Na,Ti;07, PA/Ti307 nanosheets, and mixed nanoplatelets and nanosheets of Na,;Ti;0.
(a) X-ray diffraction patterns obtained from the modified exfoliation process. (b) Total X-ray
scattering where evidence of preferential orientation for the (200) reflection is shown. X-ray
photoelectron spectra from the (c) N 1s and (d) Na 1s core-levels.
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Electrochemical Properties. Cyclic voltammetry measurements are able to identify the
electrochemical behavior of Na,Ti;07 NP-NS in comparison to the control samples of pure
PA/Ti307 NS and Na,Ti307 NP. The redox peaks for the nanoplatelets and nanosheets occur at
decidedly different potentials. Individual CVs of pure PA/Ti;07 NS and isolated Na,Ti;O; NP as
control samples are shown in Figure S5. For pure Na,;Ti;07 NP, only low potential redox peaks
in the cyclic voltammograms (CVs) between 0.1 and 0.5 V vs. Na/Na " appear; this behavior
resembles the electrochemical properties of bulk Na,Ti;07, as shown in Figure S5b.14 1 1n
comparison, PA/Ti;07 NS (inset in Figure 3a) exhibit energy storage at higher voltages between
0.5 and 2.5 V (vs. Na/Na"). Thus, specific redox peaks associated with Na,Ti;O; NP occur at
0.18 and 0.26 V vs. Na/Na' for the cathodic and anodic peaks, respectively, whereas the cathodic
and anodic peaks occur, respectively, at 1.1 and 1.2 V vs. Na/Na' for PA/Ti;0; NS.

Combining the energy storage properties of NP and NS offers the opportunity to achieve
energy storage by facile Na-ion diffusion with an expanded electrochemical window ranging
from 0.1 to 2.5 V vs. Na/Na'. As illustrated in Figure 3a, the electrochemical signature for
Na,Ti;07 NP-NS consists of two coupled redox peaks, one from the nanoplatelet morphology
and the other from the nanosheets. Cyclic voltammograms swept from 1 to 20 mV s are shown
in Figure S13a. In addition to a widened electrochemical window, a key feature that
distinguishes Na,Ti307 NP-NS as a prospective anode material for NIBs is its fast charge-storage
properties and high capacity for sodium.'*'*!*** The rate capability and capacity of Na,TizO-
NP-NS compared to pure PA/Ti30;7 NS are shown by the sweep rate experiments in Figure 3b.
The thin-film electrodes used in these experiments utilized low amounts of active material
(~40 pgcm ) but contained neither binder nor carbon in order to assess the fundamental
electrochemical properties associated with the different nanoscale morphologies. For Na,;Ti;0;
NP-NS, a capacity of 150 + 5 mAh g ' is achieved at a rate of 1 mV's™' and 70% of that capacity
(102 £7 mAh g_l) is retained at an order of magnitude faster rate (10 mV s ). In contrast,
PA/Ti;0; NS reach a maximum capacity of approximately 16 + 7mAhg ' at I mVs ™.
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Figure 3. (a) Cyclic voltammograms of mixed nanoplatelets and nanosheets of Na,;Ti307 and
PA/Ti30; nanosheets cycled at 5 mV s from 0.1 to 2.5 V vs. Na/Na" and (b) corresponding rate
capability (capacity vs. sweep rate).

Constant current measurements were also used to assess the charge storage properties of
Na,Ti;07 NP-NS. On the first cycle, there is irreversible sodium loss from the formation of a
solid electrolyte interphase (SEI) layer (Figure S14). Thereafter the galvanostatic charge-
discharge curves stabilize as shown in Figure 4a. A significant feature of the discharge curves is
that there are no distinct horizontal plateaus and the sloping voltage transients indicate single
phase behavior.* The derivative dQ/dV plots (Figure S15) always show redox peaks at the low
potentials, consistent with the peak positions shown from cyclic voltammetry (Figure 3a). When
cycled at 1C (100 mA cm_z), the Na, Ti3;07; NP-NS material stores nearly 160 mAh g_l. As the
charge-discharge rates are increased further, Na,Ti307 NP-NS retains much of this high capacity
and at a rate of 10C (1000 mA cm ), this material stores 110 mAh g . In addition to the high
capacities, coulombic efficiencies higher than 95% were achieved. As shown in Figure 4c, the
material exhibits excellent cycling stability, maintaining a capacity of 110 mAh g™ for some 300
cycles at 500 mA cm 2. Although nanoscale materials have demonstrated enhanced properties for
a number of systems, a contributing factor here for the improved electrochemical behavior may
be the continuous decrease in potential (Figure 4a) associated with pseudocapacitive charge
storage.44’45 To complement these thin film electrode studies, we carried out galvanostatic
measurements using standard electrodes prepared with exfoliated Na,Ti;0; NP-NS (1 mg cm
loading) to which carbon and binder were added. The results presented in Figure S16 show that
these electrodes have poorer rate capability compared to the thin film electrodes (Figure 4a,b).
However, in comparison to electrodes prepared with bulk Na,Ti307, the performance is
decidedly better (Figure S16b), underscoring the improvement in electrochemical properties by
using these 2D materials.
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Figure 4. (a) 10" cycle galvanostatic charge-discharge curves of mixed nanoplatelets and
nanosheets of Na,Ti;07 cycled at current densities between 100 and 2000 mA cm 2. (b) Capacity
and coulombic efficiency measured from galvanostatic cycling at current densities between 100
and 2000 mA cm 2; 1C is estimated as 100 mA cm . (c) Long-term cycling at 500 mA cm > of
mixed nanoplatelets and nanosheets of Na,Ti307 for 300 cycles.

Kinetic Analysis. The charge-storage mechanisms for the two nanoscale morphologies,
nanoplatelets and nanosheets, were analyzed for the different potential regimes. In this analysis,
the peak current in the cyclic voltammetry experiment is determined as a function of sweep rate.
The peak current (i) follows a power law relationship

i=a’, (1)

where a is a constant and v is the sweep rate. The b-value can change from 0.5, which is
indicative of semi-infinite diffusion to a value of 1, indicating a capacitor-like process.*® This b-
value is obtained by determining the slope of log (i) vs. log (v) as shown for Na,Ti;O; NP and
PA/Ti;0; NS in Figure 5a. At sweep rates ranging from 1 to 20 mV s ', the b-values for the
cathodic peaks associated with the nanoplatelets (0.18 V vs. Na/Na") and nanosheets at (1.1 V vs.
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Na/Na") are calculated to be 0.7 and 1, respectively. The b-values for the anodic peaks associated
with nanoplatelets and nanosheets are shown in Figures S13b,c, respectively. A value of 6=0.7
for the peak at 0.18 V suggests that there is a significant diffusion contribution to the current,
which is expected because these peaks are associated with Na' insertion in Na,Ti;07 and the
accompanying redox reactions. At 1.1 V, the b = 1 value is representative of a surface capacitive
process, as expected for a nanosheet. These results establish that there are two different modes of
charge storage for these different nanoscale morphologies.

The b-value analysis can be extended further to determine the relative contribution for
each of the charge storage processes in Na,Ti;0; NP-NS materials. In this analysis, the current at
a given potential has contributions from both capacitive and diffusion-controlled processes and is

. 47
written as:

i(V)=kV"” +k,v (2)

Solving for the values of k; and £ at a given potential enables one to distinguish between
currents that are related to semi-infinite diffusion and those that have capacitor-like kinetics.
Figure 5b shows the capacitive contribution to the overall charge storage mechanism. The results
are consistent with the b-values described above. Most of the diffusion contributions occur at
potentials less than 0.5 V (vs. Na/Na") where it is expected that Na" will be inserted into the
layers of the Na,Ti307 NP, while capacitor-like behavior occurs at potentials above 0.9 V (vs.
Na/Na") where the nanosheets are found to have their contribution.
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Figure 5. (a) Determination of the b-value using the peak current relationship to sweep rate (1 to
20 mVs™). (b) Cyclic voltammogram of mixed nanoplatelets and nanosheets of Na,Tiz0-
showing 84% capacitive contribution when cycled at 10 mV s ™.
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Electrochemical Ion-Exchange. An interesting feature noticed for the Na,Ti;07 NP-NS
materials is the increase in capacity with continued cycling. This capacity increase is shown in
Figure 6a for cyclic voltammetry experiments when the potential is cycled between 0.1 and
2.5V vs. Na/Na'. After several cycles, a pair of cathodic and anodic peaks appear at 0.18 and
0.26 V, respectively, with a concomitant appearance of an additional pair of cathodic and anodic
peaks appearing at 1.1 V and 1.2 V. As discussed above, the low potential peaks mirror the
behavior of bulk Na,Ti;07 and are attributed to the Na,Ti;0; NP while the peaks at higher
potential are attributed to the PA/Ti307 NS. The latter is consistent with prior results for Na-ion
insertion into Na;_H, Ti1;07 solid solution.*® The development of these peaks produces a
corresponding capacity increase from 95 to 125 mAh g™, which stabilizes after 10 cycles (Figure
S17). The reason for this capacity increase arises from ion-exchange between Na' in the
electrolyte and PA" ions still present in Na,Ti;07 NP-NS. This ion-exchange mechanism during
electrochemical cycling is typical of nanosheets where bulkier positively charged cations are
exchanged for smaller sized cations with a parallel increase in capacity.49 It takes several cycles
to exchange Na' in the electrolyte for the larger PA" ions remaining from the complex synthesis.
Once this occurs, constant Na-ion insertion coupled with a stable SEI formation leads to
coulombic efficiencies above 95%. The first cycle does not show redox peaks at low potentials
(< 0.5 V) since the PA" needs to be exchanged for Na" before the Na' can be fully intercalated.
For the experiments carried out with nearly pure Na,Ti3;07; NP (low concentration of nanosheets),
redox peaks at low potentials are barely detectable for the first cycle (Figure S18a). By the
second cycle, the redox peaks for Na-ion insertion into the nanoplatelets are observed for both
Na,Ti;07 NP-NS and Na,Ti;0; NP (Figure S18b). The intensity of these peaks continues to
increase with cycling.

Ex-situ XPS was used to investigate the ion-exchange process occurring in the Na,Ti;07
NP-NS by determining the ratio between the Na 1s and N 1s peaks before and after
electrochemical cycling. Before cycling, there is an intense N 1s signal and a weaker Na 1s
signal as shown in Figures 6b,c, respectively. After several cycles, a strong Na 1s signal now
appears and although the signal-to-noise ratio is high, there still exists a slight N 1s peak,
indicating that a small amount of PA" is retained after cycling. As indicated in Table S2, the Na"
content after cycling increases from 0.5% to 6.1% and the -C-NH;" content decreases from 3.3%
to 0.6%. Also, there is a slight shift (+0.6 eV) of the Na 1s peak from 1071 to 1071.6 eV. This
change in binding energy for Na was observed previously and was proposed to be associated
with SEI formation.™
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54 Figure 6. (a) Cyclic voltammogram of 1% and 20" cycle for mixed nanoplatelets and nanosheets
55 of Na,Ti307 cycled at 5 mV s™. X-ray photoelectron spectra of mixed nanoplatelets and

o6 nanosheets of Na,Ti;07 from the (b) N 1s and (c) Na 1s core-levels before and after

58 electrochemical cycling.

ACS Paragon FJlﬁs Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces Page 16 of 21

CONCLUSIONS

The sodium charge storage properties of Na,Ti307, a promising negative electrode for
sodium-ion batteries are compromised by the slow kinetics and poor cycling behavior of the bulk
material. In this study, we considered whether exfoliated Na,Ti307 could overcome these
limitations as charge storage would occur on the surface or within a few layers. The liquid phase
exfoliation method developed here produced both nanosheets and nanoplatelets that undergo
redox reactions upon Na-ion insertion. The electrochemical properties benefitted from the ion
exchange processes that occurred during the initial electrochemical cycling. The charge storage
kinetics for the nanosheets is capacitor-like in nature while that of the nanoplatelets is diffusion-
controlled and resembles that of bulk Na,Ti3;0; Materials that combined both nanosheets and
nanoplatelets exhibited far better charge storage properties (110 mAh g™ at 10C) and stable
cycling behavior than that of the corresponding bulk materials, underscoring the importance of
the 2D nanoscale morphology.
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