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Abstract

Sodium titanate anodes synthesized via “chimie-douce” methods generally require a post-synthesis dehydration step. Their crystal structures are sensitive to
the heating conditions such as temperature, resulting in distinct sodium storage performance. Herein, using in situ and ex situ high-temperature X-ray
diffraction, we studied in detail the structural changes of Nag74Tiisi5%0.1550421.27H,O (NTO) under various heating conditions. Electrochemical
characterization revealed that NTOs heated at lower temperatures with layered structures deliver larger capacities than those heated at high temperatures
with tunnel structures. Moderate temperature heat treatment greatly improves the capacity retention of NTO, especially stabilizing the high voltage
processes that are major contributors to the capacity fading, because of the modified crystal structure and surface chemistry. Our findings suggest that post-
synthesis heating is a simple and effective strategy to tailor the crystal structure, surface chemistry, and electrochemical properties of sodium titanate
anodes.

Introduction

Lithium (Li)-ion batteries have made today’s mobile society possible; however, soaring energy demands raise concerns about the sustainability of
lithium sources and the transition metals used for manufacturing electrode materials.' With the intrinsic advantage of resource abundance, sodium
(Na)-ion batteries are expected to relieve pressure on Li supplies. Furthermore, sodium metal oxide cathodes can be made from naturally abundant
metals (e.g., iron, manganese, and titanium), making Na-ion batteries a sustainable and cost-effective complement to Li-ion batteries in application
scenarios such as stationary energy storage and short-range, low-cost electric vehicles.”* After decades of academic and industry research, the
Faradion Na-ion chemistry can now exceed the energy densities of LiFePO.//graphite Li-ion batteries (Faradion Na-ion: ~ 160 Wh kg in 32 Ah
pouch cells, Pylontech LiFePO,//graphite Li-ion: ~ 145 Wh kg™ in 25 Ah pouch cells), with similar rate performance, improved safety and lower
cost.” Nevertheless, advanced anode and cathode materials are needed to further push the specific energies of Na-ion batteries towards 200 Wh kg~
12

Sodium titanates are among the most promising anode materials for Na-ion batteries, due to their low cost, possibility of high tap density,
and relatively higher operation voltage compared to the commonly used hard carbons, which can prevent metallic sodium plating.> However, these
oxides have a finite number of sites for ion insertion, which limits the Na* storage capacity, and thereby the achievable energy densities. The
sluggish Na* (de)intercalation kinetics and poor electronic conductivity are other impediments to the practical capacity. The presence of mobile
cations (e.g., Li*) instead of less mobile ones (e.g., Mg®) in the metal oxide layers has previously been shown to provide additional diffusional
pathways for Na* and improves the practical capacities.® This observation motivated us to design and synthesize lepidocrocite-structured titanates
with titanium vacancies in the transition metal layers, on the assumption that these vacancies will have similar beneficial effects as mobile cations.’
The non-stoichiometric sodium titanate Nag74Ti,55%0.1550421.27H,0 indeed shows a higher capacity of 229 mAh g™, however, its cycling stability
still needs to be improved.” Titanates synthesized via “chimie-douce” methods generally require a post-synthesis dehydration step and their crystal
structures are highly dependent on the dehydration conditions such as temperature, time, atmosphere, initial water content efc., leading to distinct
electrochemical properties when used as anode materials.®!" Identifying the correlation between heating-induced structural changes and
electrochemical properties is relevant for the performance optimization of titanate anodes. For instance, Katogi et al. reported that, upon heating to
350 °C, the hydrous P-type (space group Pmmm) Nayo[Ti, sLio3]O,nH,O transforms into the anhydrous C-type (space group Cmcm) phase as a
result of gradual removal of the interlayer water.'" The C-type Nayo[Ti,;Liy3]O, electrode shows more pronounced plateau features and higher
initial Coulombic efficiency although no significant difference was found in the cycling performance.'!

Herein, we employed a post-synthesis heating strategy to tune the crystal structure and thereby to optimize the electrochemical properties of
lepidocrocite-type sodium titanate anode Nag 74 Ti; 51500.155041.27H,O (NTO). In situ and ex situ high temperature X-ray diffraction (XRD) together
with ex situ Raman spectroscopy were first employed to investigate the structural changes of NTO upon heating from room temperature to 800 °C.
Coupling structural studies and electrochemical characterization, we uncovered the correlations between heating-induced structural changes and
their sodium storage behavior. Furthermore, we demonstrated that the optimized performance could be achieved by heat treatment at moderate
temperature (500 °C). In contrast to the 60 “C-heated material which retain only 64.8 % of its reversible capacity (228.1 mAh g) in the 50" cycle
at a current rate of 8 mA g, the 500 °C-heated material shows stable cycling with 94.3 % of its reversible capacity (184 mAh g™') in the 50" cycle
at current rate of 8 mA g™ and 80.1 % of its reversible capacities (150.8 mAh g™) in the 743" cycle at elevated current rate of 200 mA g™'. Ex situ
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synchrotron XRD and X-ray absorption spectroscopy were also employed to unravel respectively the cycling-induced structural evolutions and the
reaction mechanisms of 60 °C- and 500 °C-heated NTOs.

Results and Discussion

Lepidocrocite (y-FeOOH)-type sodium titanate (nominal composition of Nag74Ti; 815%0.13504-1.27H,0, termed NTO hereafter) powders were
prepared by high-temperature reaction from Cs,COs; and anatase precursors followed by aqueous Cs*/Na* ion-exchange, as detailed elsewhere.’
The body centered orthorhombic Immm structure of NTO was confirmed by X-ray diffraction (XRD)". To study its heating-induced structural
changes, in situ high-temperature synchrotron XRD measurements were conducted under air from room temperature to 775 °C (Figures la & 1b).
Le Bail analyses of the XRD patterns suggest that the initial layered /mmm structure was largely maintained during heating from room temperature
to 150 °C (Figures lc & S1). A right-shift of the (020) diffraction line located at 260 = 9.86" and a decrease in intensity of the (040) reflection
located at 26 = 19.8° are observed, indicating shrinkage of the interlayer distance caused by dehydration. Upon further elevating the temperature,
new diffraction peaks appear at 26 = 12.1°, 29.8°, 32.5°, and 39.0° at the expense of the parent ones, indicating the formation of a new layered
phase at 200 °C. A transition from the hydrous Pmmm phase to the anhydrous Cmcm phase due to heating-induced lateral gliding was reported for
other lepidocrocite-like titanates such as Na,[Ti,..;sLi,3]04nH,0,"" ' so we performed a structureless Le Bail fitting on the pattern collected at 200
°C using the Cmcm space group. The calculated pattern agrees well with the observed one with sufficiently small R-values (Figure 1d). The
interlayer Na* is located within a rectangular prism coordinating with eight oxygen atoms in the Immm structure, while it is surrounded by six
oxygen atoms in a trigonal prism in the Cmcm structure (Figures 1c & 1d). The refined unit cell parameters of the pristine and heated materials are
compared in Table 1. The much smaller interlayer spacing of the 200 °C-heated phase (doo = b/2 = 7.28 A) compared to the room temperature
phase (8.968 A) indicates the removal of interlayer water. When the sample was further heated to higher temperatures, the (020) reflection
gradually lost its intensity, and broad shoulders appear at both the higher- and lower angle side. Additionally, multiple new broad peaks began to
develop in the 26 range of 28 ~ 35° and 40 ~ 45°. These broad peaks merge, evolve, and become sharper as the temperature increases to the end of
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heating at 775 °C. The disappearance of

Figure 1. (a) Two-dimensional contour plot and (b) selected in situ high-temperature synchrotron XRD patterns of NTO collected from room temperature to 775 °C during
the heating process in air. Note that the x-axes have been converted to 26 CuKa values in (a) and (b). Le Bail fitting of XRD patterns collected at (c) room temperature using the
Immm space group and (d) 200 °C using the Cmcm space group. The right side of panels (c) and (d) show the crystal structures of NTOs heated at (c) room temperature and (d)
200 °C visualized with VESTA. Gold spheres represent Na atoms and blue spheres represent Ti in octahedral sites.

the (020) peak and growth of new peaks clearly indicate that the layered Cmcm structure undergo=s_successive phase transitions. The resulting
diffraction pattern at 775°C is like that of Na,TicO;, although the relative intensities of (200) and (2011) peaks (260 =11.8° and 13.9°) compared to
the (110) peak (26 = 24.4°) differ. Le Bail fitting of the pattern using the space group of Na,TisO,; (C2/m) gave a reasonably good fit of the peak
positions (Figure S1d). Note that the parent NTO has a higher Na:Ti ratio (0.41) than that of Na,TicO;; (0.33), suggesting possible loss of
interlayer Na* due to high-temperature heating. To maintain the charge neutrality caused by Na™ loss, the formation of oxygen vacancies could also

be expected, as previously discussed in other systems.'> '3



Table 1. Structural parameters of NTOs heated at various temperatures during the in situ high-temperature synchrotron XRD experiments.

Temperature (°C) Space group a(A) b (A) cd) BCO) R, R, X

Room temperature Immm 3.79023(5) 17.936(3) 2.98568(4) 90 6.07 8.79 0.86
100 Immm 3.79758(11) 17.4395(11) 2.98114(10) 90 5.44 9.29 1.26
125 Trmm 3.800078) | 17.331(1) 298163(7) 9 6.17 9.14 0.964
150 Tmmm 3.80208(13)  17.0748(13)  2.98406(12) 9 6.11 105 1.62
200 Cmcm 3.80255(7) 14.5614(5) 2.97737(6) 90 4.65 8.36 1.00

Broadening of the diffraction peaks, most likely due to the structural disorder, e.g., the positions of sodium ions inside the crystalline lattice,
makes the profile fitting of XRD patterns collected at moderate and high temperatures difficult. Therefore, Raman spectroscopy was performed on
NTOs heated ex-sifu to gain additional structural information. In previous works on other sodium titanates, the Raman bands below 400 cm™ and
between 600 and 800 cm™ have been attributed to Na-O bond vibrations and Ti-O stretching vibrations in edge- and corner-shared
TiOg octahedra, respectively. Bands at higher frequencies (800 ~ 950 cm™) have been assigned to short Ti—-O bonds of low coordination.” '* As
shown in Figure 2a, similar Raman spectra were obtained for the samples heated at 60 °C and 100 °C, showing Raman-active modes expected from
the lepidocrocite structure of NTO.” "> As the heating temperature continues to increase, the broad band at 796 cm™ that was assigned to Ti-O-H
vibrations became weak and finally disappeared, as a result of loss of OH- between TiOj layers caused by dehydration.'® In addition, new bands
grew in the ranges of 153 ~ 247 cm™ and 325 ~ 410 cm’', along with the bands located at 659 and 705 cm™ gradually merged into a single band.
Raman spectra of the samples heated at 700 °C and 800 °C show similar characteristic bands as Na,TicOy3,'" ' providing additional evidence for
their structural similarity. The Raman band at 871 cm™ corresponds to the vibrations of the shortest Ti-O bonds in the tunnel structure of
Na,TicO,;. Raman bands at 658 and 680 cm™, and 744 cm™ are characteristic of the Ti-O-Ti stretch in the edge- and corner shared TiO octahedra,
respectively.'* Although bands were observed at similar positions of 167, 194, 223, 392, and 411 cm™ in the spectra of the 500 °C- and 600 "C-
heated materials as in the spectrum of Na,TisO;, their overall spectra are clearly different from Na,TisO,;. We speculate that the 500 °C- and 600
°C-heated materials could be intermediate phases with either pseudo-tunnel or layered/tunnel intergrown structures. Altogether, in situ high-
temperature synchrotron XRD and ex sifu Raman results demonstrated that the layered hydrous Immm structure of NTO first converts to a layered
anhydrous Cmcm structure at 200 °C, and eventually transforms to a Na,TisO,s-like tunnel structure (space group C2/m) at high temperatures of
700 °C and above. Schematic illustrations of these structures are provided in Figure S2.
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Figure 2. (a) Raman spectra and (b) laboratory XRD patterns of NTOs heated ex situ in air at temperatures ranging from 60 °C to 800 °C.

Ex situ XRD measurements were further employed to provide additional information about the heating-induced structural transitions of NTO
(Figure 2b). Although a similar trend of structural transitions was observed during ex situ and in situ heating at temperatures greater than 350 °C,
obvious differences appeared in the low-temperature range. Upon ex sifu heating from 60 to 175 °C, the XRD patterns were nearly unchanged with
a minor right-shift of the (020) diffraction line. In stark contrast to the in sifu heating experiment, a mixture of the parent layered orthorhombic
Immm phase and the intermediate phase was obtained after ex situ heating at 200 “C. This could be explained by differences in the heating time
and/or temperature between in situ and ex sifu heating, as well as the hygroscopic nature of NTO which causes the anhydrous phase to take up
water and convert back to the hydrous phase in a short time frame that is beyond the detection limit of XRD. Since the electrodes for cell testing
need to be pre-dried under vacuum to remove the water used for electrode preparation, we also evaluated the structures after low-temperature
vacuum drying. The anhydrous layered Cmcm structure was obtained even after vacuum drying at 60 "C (Figure S3a). A mixture of the layered
Immm phase and the intermediate phase was obtained after vacuum drying at 100 °C, which is similar to the phase obtained after ex situ heating
under air at 200 °C (Figure S3b). Overall, these results demonstrated that the thermal behavior of NTO, especially at lower temperatures, is
sensitive to the heating conditions, i.e., heating protocol (in situ or ex situ) and atmosphere (air or vacuum).

Figure 3. (a) Ti K-edge X-ray absorption near-edge structure (XANES) spectra of NTOs heated in air at various temperatures. The inset in (a) shows the magnified view

of the edge region. (b) and (c) show the zoom-in of the pre-edge peaks and the peaks near the absorption edge, respectively.

Next, to investigate the possible change of Ti oxidation state induced by heating, we measured Ti K-edge X-ray absorption near-edge
structure (XANES) spectra of NTOs heated ex situ under air at various temperatures (Figure 3a). The absorption edges of XANES spectra of all
the samples heated above 60 °C are close to the edge position of the anatase TiO, reference, indicating that Ti is primarily in the tetravalent state.
The edge position of the 60 °C air-dried sample is at a slightly lower energy than Ti*, while NTO dried at the same temperature under vacuum
shows a higher edge position close to Ti** (Figure S4). This suggests that the lower Ti K-edge position for the former is due to Ti atoms that are
coordinated with hydroxyl groups. This is in line with the observation that the edge position gradually shifted to higher energy as the heating
temperature increases (inset in Figure 3a). The removal of physiosorbed water by heating to higher temperature was also confirmed by ex situ
Fourier transform infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) mode (Figure S5). Further elevating the heating temperature
to 800 °C resulted in edge shifting slightly towards lower energy, implying some thermally induced Ti* reduction (inset in Figure 3a). All the
investigated NTO materials show similar pre-edge features consisting of four peaks designated Al, A2, A3 and B in Figure 3b. The pre-edge
multiple peaks can be assigned to forbidden transitions from the core 1s level to unoccupied 3d state of Ti**, and their peak intensity is shown to be
strongly dependent on the degree of distortion of the TiO4 octahedron.!® As shown in Figure 3b, the pre-edge peak intensity increases with higher
heating temperature, implying more distortion of TiO4 octahedra. Another noticeable difference is observed in the white line region. NTO heated at
temperatures of 350 °C and above show two distinct white line peaks marked C1 and C2, whereas the 60 ‘C-heated NTO does not exhibit an
apparent C1 peak (Figure 3c). The white line region of the Ti K-edge XANES spectra arises from dipole-allowed transitions from the core 1s to
unoccupied 4p states. The intensity of the C1 peak was proposed to be related to the edge-sharing octahedral width in a previous study.? It was
shown that stepped titanates of H,Ti;0;, H,T1,09°1.2H,0, and H,Tis0,,;°3H,0O exhibit both C1 and C2 excitation peaks with the intensity of the C1
peak gradually decreasing in a sequence from H,Ti;0, (step size: 3), H,T1,04°1.2H,0 (step size: 4), to H,Tis0,,*3H,0O (step size: 5), whereas the
lepidocrocite-type titanate H;Ti;,5%0.175040°H,O in which the step size is one does not show an apparent C1 peak. Ti L-edge XANES spectra were
also collected to provide information about the changes of local environment after ex situ heating. As shown in Figure S6, Ti L-edge spectra of all
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the studied NTOs in total electron-yield (TEY) and fluorescence-yield (FY) modes show similar spectral features of two groups of peaks arising
from the spin-orbit splitting of Ti 2p core level into 2p;, (Ls-edge) and Ti 2p,,, levels (L,-edge). These levels are further split by the strong ligand
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field arising from the surrounding oxygen atoms into two sublevels with t,, and e, symmetry. The e, band is known to be highly sensitive to the
local environment because the Ti e, orbitals point directly towards the 2p orbitals of the surrounding O atoms.?’ The most prominent difference
among the spectra of NTOs is the energy splitting of the fine structure in the Ls-e, band. The L;-e, peak splitting observed in NTOs heated at lower
temperatures of 60 and 200 °C was absent in NTOs heated to temperatures of 500 °C and above. The origin of Ls-e, splitting is still under debate in
the literature; proposed explanations include TiOg octahedra connectivity or local distortion of individual octahedra.” > QOverall, the variations in
the white line characteristics of C1 and C2 observed in Ti K-edge XANES spectra and the difference in the Lji-e, peak splitting of Ti L-edge
XANES spectra suggest a thermally induced conversion of lepidocrocite-type layered to stepped titanate, which agrees well with the structural
insights provided by the high-temperature XRD experiments.

Figure 4. Galvanostatic discharge-charge voltage profiles of sodium half cells containing 500 °C-heated NTO cycled between 0.1 and 2.0 V vs. Na*/Na (a) without and (b)
with an initial ‘activation’ cycle between 0.05 and 2.0 V vs. Na*/Na. The inset in (a) shows the discharge capacity as a function of cycle number. (c) The second cycle
galvanostatic discharge-charge voltage profiles between 0.1 and 2.0 V vs. Na*/Na of NTOs heated to the indicated temperatures (d) the corresponding dQ/dV plots, and (e)
capacity retention over 50 cycles. For the initial cycle, a cycling voltage window of 0.1 - 2.0 V vs. Na*/Na is used for 60 °C- and 100°C-heated NTOs, while 0.05 - 2.0 V vs.
Na*/Na is used for 350 °C-, 500 °C-, and 800 °C heated NTOs. (f) Galvanostatic intermittent titration technique (GITT) voltage profile of 500 °‘C-heated NTO, the inset shows the
evolution of electrochemical impedance spectroscopy (EIS) spectra as a function of discharge potentials. All the cells were cycled at a current rate of 8 mA g™ (0.008 mA cm™)
using a sodium metal anode and a solution of 0.5 M NaBPh, in DEGDME as the electrolyte.

We then evaluated the electrochemical performance of NTOs heated under air at 60, 350, 500, and 800 °C. All the prepared electrodes were
vacuum dried at 60 °C overnight before assembly into sodium half cells using an electrolyte of 0.5 M sodium tetraphenylborate (NaBPh,) in
diethylene glycol dimethyl ether (DEGDME). Electrodes made with 60 °C-heated NTO that were further vacuum dried at 100 °C were also
included for comparison. As shown in Figure S7, when cycled in the voltage window of 0.1 - 2.0 V vs. Na*/Na, the specific charge capacities
obtained in the first cycle for NTOs heated at 350 (111.0 mAh g™) and 500 °C (51.7 mAh g') were rather low compared to 60 °C-heated NTO
(223.9 mAh g"). Nevertheless, when the 350 and 500 °C heated NTO cells were continuously cycled, their capacities steadily increased. One such
cell containing 500 °C-heated NTO is shown in Figure 4a. When using a lower initial discharge cut-off voltage of 0.05 V instead of 0.1 V vs.
Na*/Na, the reversible capacities (2™ discharge capacities) increased substantially from 51.7 to 194.2 mAh g (Figures 4a & 4b). These
observations suggest that NTOs heated at 350 and 500 °C need to be completely ‘activated’ either by more cycles (discharge steps) or discharge to
a lower voltage to assess their whole capacity, similar to what were previously reported for anatase TiO, anodes.*** Therefore, to ensure the
complete ‘activation’ of the materials, we employed a cycling protocol including an initial ‘activation’ cycle for 350, 500 and 800 °C-heated NTO.
The discharge cut-off voltage was set at 0.05 V vs. Na*/Na in the initial cycle and then increased to 0.1 V for the subsequent cycles while the
charge cut-off voltage was always kept at 2.0 V. Figures S8a and 4c compared respectively their first- and second cycle voltage profiles. The three
plateau-like features observed for 60 °C-heated NTO became less visible after vacuum drying at 100 °C, while the 350 °C- and 500 °C heated NTOs
showed rather sloping voltage profiles. The material heated at the highest temperature of 800 °C regained some plateau-like features but at
somewhat higher potentials, as is also clear in the derivative curves (Figure 4d). Note that the voltage profile of cells containing 800 ‘C-heated
NTO is rather like that obtained for Na/Na,TisO,; cells,”” * providing additional evidence for their structural similarity. The initial Coulombic
efficiency (ICE) was found to decrease with the increase of treatment temperature (Figure S8b). Differential electrochemical mass spectrometry
(DEMS) results show less H, generation during the initial discharge in the cell made with 500 °C-heated NTO (0.09 umol mg,eive maeria ') than in the
cell made with 60 °C-heated NTO (0.13 umol mg,uive mueria’) (Figure S9). These observations suggest that H, generation contributes to the initial

5



inefficiency, but other factors may also affect ICE such as irreversible reactions involving the electrolytic solution, which are particularly sensitive
to the lower cutoff voltage. NTOs heated at 60 (228.1 mAh g™), 100 (229.8 mAh g™), 350 (234.6 mAh g"), and 500 °C (184.0 mAh g") delivered
higher reversible capacities during the second discharge than NTO heated at 800 °C (82.3 mAh g'), suggesting that NTOs heated at lower
temperatures with layered and/or the unidentified intermediate structure result in higher sodium capacities than NTO heated at higher temperatures
with the tunnel structure. The average sodium storage voltage gradually decreased from 0.75 V vs. Na*/Na for the 60 “C-heated NTO to 0.68 V and
0.60 V for 100 °C- and 350 °C heated NTOs and reached the lowest value of 0.58 V for the 500 ‘C-heated NTO. It then slightly increased to 0.63 V
for 800 °C-heated NTO. The average sodium storage voltages were calculated based on U eree = Eqi / Qi where Eischarge a0 Qischaree rEfer to
energy density and capacity over the full discharge curve. Figure 4e depicts the discharge/charge capacity retention over 50 cycles at the lowest
current rate of 8 mA g™ (0.008 mA cm™). Capacities of 147.9 and 152.7 mAh g™ were obtained at the 50" cycle for 60 °C- and 100 °C heated
NTOs, corresponding to 64.8 % and 66.4 % of the second discharge capacity. In contrast, substantially improved capacity retention was achieved
for NTOs heated at the moderate temperatures of 350 and 500 °C with higher capacities of 191.6 and 173.5 mAh g™ in the 50" cycle, accounting
for 81.7 % and 94.3 % of the second discharge capacity. NTO heated at the highest temperature of 800 °C retained 94.1 % of its reversible capacity
at 50" cycle; however, the capacity is relatively low (77.2 mAh g'). A comparison of the capacity evolution in the high-voltage (1.0 — 2.0 V vs.
Na*/Na) and low-voltage (0.1 — 1.0 V vs. Na*/Na) regions revealed that 500 °C-heated NTO exhibits lower capacity and more stable cycling at high
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voltages than the 60 “C-heated NTO, whereas less significant differences were observed in the low voltage region (Figure S10). In addition,
compared with the 60 “C-heated NTO, the two low-voltage redox peaks located at ¢a. 0.5 and 0.65 V are less obvious and the high-voltage redox
peak at ca. 1.25 V is absent in the cyclic voltammogram for 500 “C-heated NTO (Figure S11). As demonstrated in our previous work,” both the
high- and low-voltage processes show a hybrid reaction mechanism involving surface reactions and reductive intercalation, and the high-voltage
processes are the main contributors to the capacity fading. The reduced gas generation could also contribute to the improved cycling stability of
500 °C-heated NTO. As monitored by DEMS, higher amount of H, (0.10 umol mg,ive mueria) €volves in the 2™ cycle from the cell made with 60
°C-heated NTO than the cell made with 500 °C-heated NTO (0.05 umol mg,ive maeria ). TO further assess the cycling performance of 500 “C-heated
NTO, cells were cycled at elevated current rates after employing the initial ‘activation’ cycle (Figure S12). The results show that 80.1 % of the
reversible capacity (150.8 mAh g') was retained in the 743" cycle at a current rate of 200 mA g™ and 90.9 % of the reversible capacity (137 mAh
g™ was obtained in the 549" cycle at a current rate of 500 mA g™

Figure 5. Ex situ synchrotron XRD patterns of (a) 500 ‘C- and (b) 60 °C heated NTOs as a function of depth of discharge and charge.

Next, galvanostatic intermittent titration technique (GITT) measurements were carried out in the first discharge to study the initial
‘activation’ process of 500 “C-heated NTO (Figure 4f). The reduced polarization observed at the higher depth of discharge indicates improvement
of electrode kinetics. This observation is consistent with the electrochemical impedance spectroscopy (EIS) result (inset in Figure 4f) showing a
continuous decrease in the cell impedance during discharge. To investigate the cycling-induced structural evolutions of 500 °C-heated NTO, ex situ
synchrotron XRD experiments were performed on electrodes cycled to selected states of discharge and charge (Figure 5a). A continuous decrease
in the XRD peak intensity were observed during the initial discharge, indicating that the pristine material gradually transformed into an amorphous
phase. Most reflections vanished at the end of the initial discharge (0.05 V vs. Na*/Na) and remained nearly unchanged upon subsequent cycling,
indicating that this amorphozation was irreversible and occurred only during the initial sodiation, especially within the voltage range between 0.1
and 0.05 V vs. Na*/Na. The newly formed amorphous phase was electrochemically active and contributed to the subsequent sodium ion storage.
The formation of an amorphous phase from the shell to the core of 500°C-heated NTO particles was also evident from ex sifu high-resolution
transmission electron microscope (HRTEM) images (Figure S13). Note that some residual crystalline fringes were seen at the end of discharge due
to the incomplete sodiation. Overall, the XRD results agreed well with the shape changes of the voltage profiles ( Figure 4b). The long plateau
between 0.1 and 0.05 V vs. Na*/Na in the initial discharge is related to the formation of the amorphous phase. It converted into a sloping voltage
profile during the subsequent charge and maintained its sloping shape for the subsequent cycles. On the other hand, for the 60 “C-heated NTO,
which does not exhibit the initial ‘activation’ behavior nor the voltage profile shape change, the structural evolution was found to be largely
reversible in the initial cycle (Figure 5b). Note that, unlike the anhydrous Cmcm structure obtained for NTO powder that was vacuum dried at 60
°C (Figure S4a), the pristine 60 °C-heated NTO electrode remains a partially hydrated Immm structure showing a broad (020) reflection at ca. 26 =
10.2° (Figure 5b). This discrepancy could be explained by their different initial water content, i.e., the NTO electrode took up additional water
during the water-based electrode preparation. On discharging to 1.0 V vs. Na*/Na and below, the (020) reflection line moved to higher angles.
Simultaneously, the two reflection lines at 26 = 23.9° and 28.0° merged into one single peak at 26 = 25.8° and new broad diffraction peaks
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appeared at 26 = 35.3° and 43.1°, This structural change may also contribute to the cycling instability of 60 “C-heated NTO at higher voltages.
Figure S14 shows the new broad peaks in the synchrotron XRD pattern of the electrode discharged to 0.6 V, but it is difficult to assign these to a
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structure. An earlier report on a similar system, however, showed evidence that the high-voltage plateau at ca. 1.25 V is associated with the co-
existence of two phases; one that is C-type and another that has a triclinic lattice."' The (020) reflection line moves sharply to the right for the
sodiated material, suggesting that residual water in the pristine electrode was expelled upon the insertion of sodium ions, leading to the formation
of a dehydrated structure. Further desodiation to 1.0 V vs. Na*/Na and above resulted in a structure like the pristine phase with the (020) reflection
positioned at a slightly lower angle than that of the pristine one, most probably due to the co-intercalation of adventitious water or solvent
molecules from the electrolyte solution. Such water/solvent co-intercalation behavior has previously been reported for another lepidocrocite-type
sodium titanate anode."’

Figure 6. Ti K-edge X-ray absorption near-edge structure (XANES) spectra of (a) 60 °C- and (c) 500 °C-heated NTO as a function of depth of discharge and charge during

the initial electrochemical cycle. Insets in (a) and (c) show the zoom-in of the edge region. (b) and (d) show the zoom-in of the pre-edge region.

The reaction mechanisms of 60 and 500 “C-heated NTOs were then investigated by X-ray absorption spectroscopy (XAS) at the Ti K-edge.
For both materials, the absorption edge gradually shifted toward lower excitation energies on discharge and back to higher energies on charge
(Figures 6 & S15), confirming that the reduction and oxidation of titanium compensated for the charge passed during their sodiation and
desodiation. The pre-edge intensities of O-K XAS spectra are known to be strongly dependent on the hybridization strength between orbitals of
oxygen and transition metals, and can represent changes in the oxidation state of transition metals.” As shown in Figure S16, the O-K pre-edge
intensity of NTOs progressively decrease during discharge and increase during charge, indicating a lower titanium oxidation state in the discharged
states and a higher titanium oxidation state in the charged states, which is consistent with the Ti K-edge XAS results. Additional evidence of
titanium reduction was provided by optical images of the discharged carbon-free NTO electrodes showing a color-change from white to dark blue,
characteristic of trivalent titanium (Figure S17). Linear combination fitting of the Ti K-edge XANES spectra using Ti,O; and TiO, references
estimated 13.1 % and 22.9 % of Ti* reduction to Ti** respectively for 60 °C- and 500 °C-heated NTOs. However, on the assumption that all the
experimentally obtained reversible sodium capacities are due to reductive intercalation, 78.7 % and 63.5 % of Ti* should be reduced to Ti** in 60
°C- and 500 °C-heated NTOs at their end of discharge states. This discrepancy suggests that a hybrid reaction mechanism involving both reductive
intercalation and surface reactions is responsible for the large capacities of NTOs heated at 60 and 500 °C, in accordance with our previous
findings based on electrochemical analyses.” Noteworthy, XANES results reveal more Ti** reduction in the 500 °C-heated NTO than in the 60 ‘C-
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heated NTO after discharge despite of slightly lower capaicty for the former, which somewhat in line with previous cycling data showing reduced
surface-related capacities at high voltages (1.0 - 2.0 V vs. Na*/Na) due to modified surface chemistry by heat treatment at 500 °C.

Conclusion

In this work, we studied in detail the structural changes and electrochemical properties of lepidocrocite-type sodium  titanate
Nag74Ti; 515%0.18504°1.27H,0 (NTO) under different post-synthesis heating conditions. In situ synchrotron high-temperature XRD and ex sifu Raman
spectroscopy showed that the layered hydrous Immm structure of NTO first converts to a layered anhydrous Cmcm structure at 200 °C, and
eventually transforms to a Na,TicO,;-like tunnel structure at 700 °C via an unidentified intermediate phase. Electrochemical characterization
revealed that NTOs heated at lower temperatures with layered structures generally exhibit higher capacities than NTOs heated at high temperature
with tunnel structure. The voltage profiles also change as a function of heating temperature, with the materials prepared at higher temperatures
exhibiting less high voltage (1.0 - 2.0 V vs. Na*/Na) capacities than those prepared at lower temperatures. This is significant because the high
voltage processes are primarly associated with surface reactions that result in severe capacity fading. The material heated at 500 °C could retain
94.3% of its capacity of 184 mAh g over 50 cycles at a moderate rate. This material also required an ‘activation’ process involving
amorphization; either by an initial cycle to 0.05 V vs. Na*/Na or prolonged cycling, to reach its full capacity. In contrast, NTO heated at low
temperatures (e.g., 60 °C) remains crystalline and undergoes reversible phase change with a large reversible capacity of 228 mAh g™' but retains
only 64.8 % of its capacity over 50 cycles. NTO heated at 800 °C delivers a low capacity of 82.3 mAh g although the capacity retention is 94.1 %
over 50 cycles. Synchrotron X-ray absorption spectroscopy implied that the relatively large capacities obtained for 60 °C- and 500 °C-heated NTOs
were due to both reductive intercalation and surface reactions.
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