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ABSTRACT: The inability of graphite to store Na' jons at low 1
potentials necessitates the use of disordered materials as anodes in Na-
ion batteries, wherein complex degradative pathways limit cycle life.
This study delineates the influence of synthetically induced material
disorder in facilitating stable, high-rate sodium ion storage in a series of
anatase titania analogs. The degree of disorder in the titanium
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oxyhydroxide (TiO,(OH),-T,p,) materials, synthesized via a simple, < 0%3 ordered ¢ Disord
solution-phase sol—gel protocol employing a Ti(Ill) precursor, is high d,sorde,- ':?::;:Sn:o’: o
) L 3 L 3 L ) > 1l
systematically varied by tuning the postsynthesis annealing temperature RT 200 400 600 v O-vacancies
(Tannea)- The variable disorder in TiO,(OH), T,y stems from the Temperature v Ti(11I) sites

distribution of residual Ti(III), N-dopants, and O-vacancies in these

materials as a function of T, as mapped by XPS, bulk-sensitive resonance inelastic X-ray scattering (RIXS), and EPR
spectroscopy. In terms of electrochemical performance, we observe a unique, nonmonotonic dependence of Na* storage capacity on
the synthetically induced degree of disorder in TiO (OH) -Tomneay instead of a simple inverse size dependence, as normally seen in
the case of fully crystalline anatase materials. Further in contrast to crystalline anatase, the disorder in TiO,( OH) -Tnneal OPENS UP A
bulk mode of Na" storage instead of a purely surface confined or capacitive mode, as determined by scan rate-dependent cyclic
voltammetry. TiO (OH) -400, with an intermediary amount of disorder in the prepared series of materials, shows the highest
specific capacity (~188 mAh/ g) and cycling stability for Na* storage at elevated rates. These results are in agreement with our first-
principles simulated data exhibiting a higher number of possible sites that Na* can occupy at an intermediate degree of disorder in a

TiO,(OH), structure.

1. INTRODUCTION

The intermittency of renewable energy sources such as solar
and wind necessitates the adoption of inexpensive storage
solutions at the GW scale." Rechargeable sodium-ion batteries
(SIBs) are promising candidates for such applications due to
their similarity in manufacturing to Li-ion batteries, lower
reliance on critical minerals, and nominal energy density.”’
Despite their similarity to Li-ion, several challenges centered
around cathodic, anodic, as well as interfacial instabilities
remain, which limits their long-term cyclability.”> As graphite
cannot be used to store Na* ions at low potentials,”’
disordered materials such as hard carbon are often employed
as anodes in SIBs.® Despite possessing a high specific capacity
for sodium storage (250—300 mAh/g), long-term cyclability
has been a challenge in hard carbons due to significant
microstructural variabilities arising from differences in their
biomass precursors and/or synthesis conditions.”'® Further-
more, since a significant fraction of the capacity in hard carbon
originates below 0.1 V vs Na*/%'" operating at high charging
currents can induce Na plating, thus, raising safety concerns.

Titania (TiO,)-based materials have attracted interest as
anodes due to their abundance, ease of synthesis, and the
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corresponding ability to modulate electronic structure, as well
as nominal storage capacity for alkali metal ions such as Li* and
Na*."”~'* While their specific capacity can be a function of
several factors including particle size and exposed crystallo-
graphic facets, they display a sloping voltage profile during Na*
insertion throughout the voltage window, unlike the high-
voltage plateau observed during Li insertion (~1.75 V wvs
Li*/%).">™"7 To improve the specific capacity of crystalline
TiO, particles, nanosizing has been demonstrated to be an
effective strategy, with gravimetric capacities approaching 200
mAh/g with sub-10 nm sized TiO,.'"® The smaller size can
improve Na* diffusivities and buffer mechanical stresses during
19-21

repeated cycling. Additional modifications such as doping,

defect engineering, and external carbon coatings can improve
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Scheme 1. Aqueous Solution-Phase Synthesis Route for TiO,(OH),-T
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Figure 1. (A) pXRD spectra; (B) variation of the fwhm of the (101) peak; (C) Fourier transform infrared (FTIR) spectra, and (D) TGA data for

the various TiOx(OH)y-Tmneal samples.

their electrical conductivity and overall electrochemical
performance.””

The sodium storage mechanism in anatase TiO, consists of a
combination of insertion, conversion, and pseudocapacitive
pathways™® with concomitant Ti**/** redox, and an expansion
of the interslab spacing.lg’24 In the fully sodiated state, below
0.3 V vs Na*/%, there is a notable loss of crystallinity of the
parent anatase structure, with some partial recovery upon
desodiation.”>*° As a result, the sodium insertion/deinsertion
in the subsequent cycles takes place in the disordered
amorphous Na,TiO, domains resulting from cation mixing
between Ti and Na upon sodiation.”” Upon desodiation, the
structure transforms into a highly distorted 3D network, while
maintaining local anatase structure.”” Subsequent reversible
sodiation/desodiation occurs between these two phases with a
sloping volta§e profile characteristic of a solid solution type of
mechanism.”

Recently, it has been reported that the extent of
amorphization in crystalline anatase is closely related to
particle size,'® with initial sodiation generating a thin (3—5 nm
thick) amorphous layer. Such partial amorphization resulting
in a core—shell structure can be disadvantageous in terms of
the specific capacity for larger particles. Furthermore, kinetic
studies in anatase nanocrystals through scan-rate-dependent

cyclic voltammetry (CV) suggest that sodium storage is
predominantly surface-confined irrespective of particle size,
unlike the faradaic mode of charge storage typically observed
in case of lithium insertion.'® The unique mechanism of Na*
storage in anatase and the purported effect of material disorder,
therefore, highlight the need to systematically control the
extent of disorder for achieving high-rate cyclability.

Disorder in TiO, can stem from the presence of dopants,
cationic or anionic vacancies, and, which can influence Na*
mobility and transport kinetics, potentially facilitating high-rate
performance.'>*”*° However, excessive structural disorder can
impede long distance ion or electron transfer pathways,
thereby, decreasing their high-rate electrochemical perform-
Hence, ensuring an optimal amount of disorder in the
material could be beneficial for achieving ideal electronic and
ionic conductivity.

Herein, we report a series of titanium oxyhydroxide
materials (TiOx(OH)y—Tameal) with synthetically tunable
extents of disorder screened for their high-rate Na-ion storage
capability. The specific capacity as a function of particle size in
TiO,(OH), T,y materials with inherent porosity and
disorder deviated from the inverse size dependence observed
in case of fully crystalline anatase TiO,. The high specific
capacity (~188 mAh/g) at elevated rates is posited to derive

31
ance.
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Table 1. Rietveld Refinement Results for the Different TiO,(OH), Materials”

S. No. sample a(A) c(A)
1 TiO,(OH),-RT 3.812 (1) 9.490 (3)
2 TiO,(OH),-200 3.796 (1) 9.476 (3)
3 TiO,(OH),-400 3.788 (1) 9.497 (4)
4 TiO,(OH),-600 3.786 (7) 9.505 (2)

“The numbers in parentheses indicate the error bars.

titanium site occupancy

cation vacancy, p composition

0.7690 0.23 (0.03) Tig77[J02301.0s(OH)g05
0.9068 0.09 (0.02) Tig91 10090 1.64(OH) 36
09737 003 (002) Ti0.97D0,0301.88(OH)0.12
1.0000 0 TiO,

from a bulk-mode Na* storage that is operative in TiO,(OH),-
400, which possesses an intermediary amount of disorder in
the series of materials studied. Detailed electrochemical,
spectroscopic, and computational studies delineate the origin
and role of disorder and the associated electrochemical
behavior.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Physiochemical Properties of Titanium
Oxyhydroxides

The titanium oxyhydroxides (TiOx(OH)y) were synthesized
via a sol—gel protocol involving the controlled hydrolysis of an
aqueous, acidic solution of TiCl; (pH = 0.2) using aq. NH,
under ambient conditions (Scheme 1, see Experimental
Section Details). The solution initially turned deep blue
upon NH; addition, presumably due to the formation of a
Ti(NH;),Cl, complex, subsequently leading to a white
precipitate, viz. the titanium oxyhydroxide precursor
“Ti0,(OH),-RT” upon further hydrolysis. The Ti**/NH,
molar ratio durmg the synthesis of TiO (OH)y was maintained
above 0.7, below which the formation of a fully amorphous
material was observed. The TiO,(OH), precipitate was
sequentially washed with deionized water, isopropanol, and
acetone, respectively, and dried at 80 °C. The TiOx(OH)y—RT
was then divided into batches and annealed to different
temperatures (“Tyuneq”) ranging from 200 to 600 °C for 4 h in
air yielding the corresponding variants, viz. TiO,(OH),-200,
TiO,(OH),-400, and TiO,(OH),-600, respectively.

The powder X-ray dlffractron (pXRD) data for the
nonannealed material, TiO (OH) -RT, showed broad peaks
corresponding to the anatase phase of TiO,, pointing to a
partially amorphous/semicrystalline nature (Figure 1A). These
peaks grew sharper with a concomitant decrease in the fwhm
(Figure 1B) upon annealing, eventually converging to a
nominally crystalline anatase TiO, phase’” in TiO (OH)
600. The larger fwhm in the TiO (OH) T inneal samples
compared to commercial anatase TiO, 1nd1cated a pro-
gressively greater degree of disorder inversely correlated with

Tymeat (Figure 1B). Even for TiO,(OH),-600, the fwhm of the
most intense (101) peak was found to be higher than that of
the commercial anatase sample, indicating the presence of
some residual disorder, albeit to a lesser degree compared to
the lower temperature congeners. Notably these trends were
found to be reproducible across different batch sizes (Figure
S1).

The pXRD data of the TiO,(OH),- T,y samples (RT, 200
°C, 400 °C, and 600 °C) were reﬁned using a structural model
of anatase TiO, in order to obtain the lattice parameters and
the site occupancy factors of Ti. Rietveld analysis confirmed
that the synthesized materials adopt the anatase structure, and
the refinement results are shown in Table 1 and Figure S2. The
refinement results indicated the presence of significant cationic
vacancies for TiO,(OH),-RT that decrease with T, (Table

anneal

1), likely to compensate for the negative charge deficiency
caused by the substitution of O*~ by OH™.*’ Taking the
cationic vacancies into account, a general chemical formula of
Ti;_[1,0,_4,OH,, can be proposed.” Rietveld analysis
indicated the presence of 23%, 9%, and 3% cationic vacancies
for the TiO,(OH),RT, TiO,(OH),-200, and TiO,(OH),-400
samples, respectively. It must be noted here that with the given
resolution of the pXRD data, the Rietveld analysis could not
ascribe cationic vacancies to TiO,(OH),-600, which indicates
near complete removal of the OH™ moieties. Hence, the
chemical composition of the nonannealed sample was found to
be Tig77[1o2301.0s(OH)g9, while the samples annealed to 200
°C, 400 °C, and 600 °C have chemical compositions
Tig01Jo0901.64(0H)036 TinorlJ0.0301.85(OH)o.12 and TiO,,
respectively (Table 1). With increasing Tyy,cq an anisotropic
change in the unit cell parameters was observed, i.e, the “a”
parameter decreases while the “c” parameter increases w1th
increasing T,,n.q (Figure S3), akin to previous reports which
ascribe such shifts to Ti vacancies.”**’

The coordination environment around Ti was analyzed
using FTIR spectroscopy (Figure 1C). A broad absorption
band centered around 3400 cm™' was observed in all the
TiO (OH) -Tonneat Samples, which was assigned to the
stretching v1brat10n of surface hydroxyl groups (—OH) and
adsorbed water molecules.>**” Further, the broad envelope of
this feature is posited to contain peaks originating from Ti—
OH stretchlng vibrations that are typically observed around
2920 cm™! and 2840 cm ™. The sharp feature around 1626
cm™!, usually assigned to hydrogen-bonded water molecules
physiosorbed onto TiOH or Ti(OH), groups, was observed in
all our TiO,(OH),-T e Samples. *’ The intensity of all these
features monotonlcally decreased with Ta,meal, indicating a loss
of such moieties at elevated temperatures.”’ The loss of such
moieties with increasing T,,... is posited to decrease the
structural disorder in the material, driving its transformation to
crystalline anatase, as evidenced by the pXRD data. Further,

i—O—Ti vibrational modes were also observed in the FTIR
between 1000 and 400 cm™', which are characteristic features
of titania-based materials, and were found to be largely
invariant with T ' Consistent with the FTIR data, the

4
anneal

total mass loss observed by TGA in the TiO,(OH), Tyea
materials between 25 and 750 °C (Figure 1D) scaled inversely
with T,pea (Table 2). The pXRD, FTIR, and TGA results,
therefore, point to a progressive decrease in disorder with
Tynneal 10 the Tlox(OH) -T nneal Materials.

The TiO (OH) materrals were further characterized with
high-resolution transmission electron microscopy (Figure 2).
The particle size of TiO,(OH),-RT was less than S nm, with
no noticeable agglomeration, conﬁrrning the effectiveness of
the synthesis protocol in achieving a uniform distribution of
nanoparticles without the use of any structure-directing agents.
Upon annealing, an increase in the particle size was observed,
presumably via Ostwald ripening, which was proportional to
the T, (Table 2). The mean particle size of TiO,(OH),-

anneal
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Table 2. Thermogravimetry, Size, and Surface Area
Measurements of TiO (OH) nneal Samples

S. mass loss  average size  Sgzy  pore volume
No. sample (%) (nm) (m*/g) (cc/g)

I TiO(OH)RT  17.3 <5 370.1 0.404

2 TiO,(OH),200 9.6 6 2443 0316

3 TiO,(OH),-400 23 11 120.6 0373

4 TiO,(OH),600 0.9 32 78.0 0273

600 was around 32 nm, which was similar to the corresponding
value for the commercial anatase TiO, powder, viz. ~31 nm.
Increasing the annealing time beyond 4 h had no appreciable
effect on the particle sizes or their uniformity. In the selected
area electron diffraction (SAED) data, the diffuse rings
observed for TiO,(OH),-RT and TiO,(OH),-200 (Figure
2A,B inset) clearly pomted to the higher degree of disorder as
compared to the more crystalline TiO,(OH),-400 and
TiO (OH) -600 samples, in whose case sharper concentric
rings were observed (Figure 2C,D insets). The interplanar
distances determined from the SAED patterns were found to
be 0.352 and 0.238 nm for TiO,(OH),-600, corresponding to
the (101) and (004) reflection planes, respectlvely In contrast,
TiO,(OH),-400 exhibited marginally smaller d-spacing values
of 0.342 and 0.230 nm, corresponding to the same planes. The
surface area of these materials as determined from Brunauer—
Emmett—Teller (BET) N, adsorption studies™ also scaled
inversely with annealing temperature (Figure S4A). While the
nonannealed TiO,(OH),-RT had a surface area of ~370.1 m*/

g, the respective surface area for the material annealed to 600
°C was ~78.0 m*/g (Table 2). The pore volume estimated
using the Barrett—Joyner—Halenda (BJH) method™ also
showed a decrease upon annealing (Table 2, Figure S4B)
pointing to a decrease in material porosity accompanied by a
gradual loss of structural disorder (vide supra). The slight
increase in the pore volume from TiOx(OH)y-ZOO to
TiO,(OH),-400 could be attributed to structural reorganiza-
tion from the evolution of mixed valent Ti-sites during
annealing that levels off at higher temperatures (vide infra).
Further insights into the material composition and disorder
in TiO,(OH),-T,pea Were derived from spectroscopic
analyses. A peak centered at a binding energy (BE) of 401
eV was observed in the N 1s XPS spectra of the nonannealed
TiO (OH) -RT sample (Figure 3A). This peak was assigned to
1nterst1t1al nitrogen species doped into the TiO,(OH),
matrix,** likely originating from NH, employed in the
synthesis protocol. The N 1s peak reduced in intensity as a
function of T,,,., suggesting a progressive loss of nitrogen
species from the TiO,(OH), matrix. The N content was found
to be ~1.51, ~0.51, and ~0.35% by weight in TiOx(OH)y-RT,
TiO,(OH),-200, and TiO,(OH),-400, respectively, by CHNS
analysis (Figure 3B), with no detectable N-containing species
in TiOx(OH)y-600. The significant loss of N upon annealing
suggested the presence of weakly held interstitial N within the
Ti—O—Ti matrix. The presence of this interstitial N is
expected to lead to local disorder affecting the regular atomic
arrangement owing to its strong interaction with nearby

A

0.230 nm

0.342 nm

™

5nm*

0.238 nm

P~
P 352 v

Figure 2. HRTEM images and SAED patterns (insets) for (A) TiOx(OH)y-RT, (B) TiOx(OH)y-ZOO, (C) TiOx(OH)y-400, and (D) TiOx(OH)y-

600.
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Figure 3. (A) N 1s XPS spectra ; (B) weight % of nitrogen from CHNS; (C) Ti-L; resonance inelastic X-ray Scattering (RIXS) spectra; (D)
expanded Ti-L; RIXS spectra; (E) Ti 2p and (F) O 1s XPS spectra for TiOx(OH)y-Tam,eal and their corresponding fits.

oxygens,“’46 which have been shown to result in oxygen
vacancies.”’ TiOx(OH)y-RT and TiOx(OH)y-ZOO were found
to contain trace amounts of chlorine (Figure SSA). The
progressive loss of nitrogen along with other moieties, such as
surface hydroxyls upon annealing (vide supra), likely induces
an atomic rearrangement and densification, leading to more
ordered domains.

An additional cause of local disorder in these materials is the
presence of Ti*" in the TiO,(OH), matrix. To ascertain the
presence and distribution of such species, the TiO,(OH),-
T nneal Samples were further characterized by RIXS. The bulk-
sensitive Ti-L; RIXS spectra showed features near the elastic
line ranging from ~455—457.5 eV of emission energy, which
typically correspond to non-d® Ti-species in the bulk of the
TiO,(OH),-RT (Figure 3C). The weak intensity of the
detected species suggests that the material is predominantly
composed of Ti*, with only a minor presence of Ti**. The
observed decrease in the bulk Ti** concentration as the
synthesis temperature increases (Figure 3D) correlates with
the corresponding decrease of disorder with T, in
TiO,(OH),-Typea- Interestingly, the Ti 2p XPS (Figure 3E)
of TiO (OH) -RT predominantly contained features at BE
values of 458. 70 and 46442 eV correspondlng to Ti*, with
minor contributions to the intensity from Ti** species centered
at BE values of 457.50 and 462.60 eV."® Therefore, upon
progressive annealing, the bulk becomes enriched in Ti** (d°)
relative to Ti*" as evidenced by the Ti-L; RIXS.

The XPS results, on the other hand, showed an enhanced
contribution from Ti** species on the surface directly
correlating with T, ... The Ti**/Ti*" ratio as determined by
XPS was found to increase between those of TiO,(OH),-RT
and TiO,(OH),-600 (Figure SSB). The distribution of T13+/
Ti*" as observed from XPS and RIXS could be rationalized by
the synthesis protocol which relies on the aerial oxidation and
hydrolysis of a Ti** precursor. Faster hydrolysis relative to
aerial oxidation likely leads to some trapped Ti*" in the bulk of
the precipitating TiO,(OH),-RT particles. Upon annealmg,
the Ti** species in the bulk were found to convert fully to Ti*"

as evidenced from Ti-L; RIXS. The increase in surface-
confined Ti’* upon annealing as observed by XPS is likely
caused by the reduction of surface Ti** groups during the
progressive release of N-species with Ty,,.. (vide supra). The
presence of Ti** was further corroborated by EPR measure-
ments of TiO,(OH),-Tyypea samples (Figure SSC), where a
signal corresponding to a g-value of 1.98 was observed,
progresswely increasing in intensity with T, .., i agreement
with the XPS data.*

The O 1s XPS data of the TiO,(OH),- T, samples
(Figure 3F) indicated contributions from TieO—Ti linkages
(~529.92 eV and ~528.50 V), Ti—OH species (~531.00 V),
adsorbed water on the oxygen-deficient regions occurring at
higher BEs (~532.50 eV), and adsorbed OH groups (~531.50

eV).>"™* The O 1s XPS fits pointed to a progressive loss of
the Ti—OH groups and oxygen-deficient regions with an
increase in T, ., A concomitant shift to lower BE for the Ti—
O—Ti moiety was also observed, particularly for the
TiO,(OH),-400 and Tlox(OH) -600 samples, supporting an
increasing presence of Ti*" on the surface at high T, (vide
supra). An enhanced intensity of the adsorbed OH component
in TiO,(OH),-600 likely includes contributions from weakly
held Ti—OH groups, the amount of which was below the
detection limit of the XRD (vide supra). This observation
further augmented the existence of some residual disorder in
the TiO,(OH),-600 sample. The detailed material character-
ization results, therefore, demonstrated that the controlled
annealing in these titanium oxyhydroxide precursors facilitates
tuning of material disorder and porosity, which in turn can
influence sodium ion storage (vide infra).

2.2. Electrochemical Studies

The electrochemical performance of the different TiOx(OH)y—
T nneat Samples were first evaluated under galvanostatic charge/
discharge (GCD) cycling conditions in a half-cell configuration
against a sodium metal counter electrode at a current density
of 260 mA/g between 3 V and 10 mV vs Na™/°. Assuming a
theoretical specific capacity of 260 mAh/g for insertion of
sodium into TiO,, the applied current density corresponds to a
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1 C rate. At this rate, the GCD profiles for all of the
TiOx(OH)y—Tanneal (Figures 4A and S6A) materials showed a
sloping voltage profile, lacking any discernible low voltage
plateau across several charge—discharge cycles. Owing to their
nanoscale dimensions, all the four TiO,(OH),-T,yeq Vvariants
exhibited low Coulombic efliciencies in the first cycle, which,
however, quickly recovered and stabilized in the subsequent
cycles (Figure S6B). In terms of cycling performance, the
moderately disordered TiO,(OH),-400 surpassed all of the
other variants (refer Table 3) w1th an average discharge

Table 3. Sodium Storage Performance of Different
TiOx(OH)y-Tanneal Materials at 260 mA/g

S. No. sample average Quischarge(Na) (mAh/g)
1 TiO,(OH),RT 402
2 TiO,(OH),-200 101.2
3 TiO,(OH),-400 187.8
4 TiO,(OH),-600 122.8

capacity (Qgischarge(na)) Of ~188 mAh/g for over 100 charge—
discharge cycles with good cycling stability (Figure 4B,C).
Given the larger surface area of TiO,(OH),-400 compared to
that of TiO (OH) -600 (Table 2), capacity fadmg in the initial
cycles is observed which eventually stabilizes. The observed
nonmonotonic trend of specific capacity as a function of
particle size with TiO,(OH), T, deviates from the strict
inverse particle size dependence of the specific capacity in case
of purely crystalline TiO,.'° The synthetically induced

disorder, therefore, likely enables optimal rate performance
in TiO (OH) -400 up to a rate of 1.3 A/g or 5 C (Figure
S6C).

To further elucidate the role of disorder in influencing the
mechanism of Na* storage in these materials, CV experiments
were conducted. The CV curves after IR compensation for all
the TiO (OH) -T,nnea Materials except the TiO, (OH) -RT
showed prominent redox features with an E, , of 0.73—0. 76 A%
vs Na*/? at a scan rate of 0.1 mV/s, assigned to Ti*/3* redox
(Figure SA). The broadness of the CV observed in case of
TiO, (OH),-RT or the smearing of the Ti*"/3* redox potentials
across a wider potential window likely stemmed from the
presence of disordered domalns, resulting in a distribution of
chemical environments.”® To elucidate the mode of Na*
storage in TiO,(OH), T,y the peak current from the CV
data obtained at different scan-rates after IR compensation
(Figure S7) for each T10 +(OH),-T a1 Was fitted to the scan-
rate according to eq 1.°7 The electrode loadings were reduced
to 0.3—0.7 mg/ cm? for these measurements to minimize the
effect of transport resistance in the porous electrode and
ensure semi-infinite diffusion dominates the current re-
sponse.””

i=at (1)

In such cases, b = 1 would denote a purely capacitive, surface-
confined mode of Na* storage, whereas b = 0.5 would denote a
diffusive, faradaic process 1nvolv1ng Na" insertion into the bulk
of these electrode materials.'® From the scan-rate dependent
cyclic voltammograms, the “b” values determined for the
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TiO,(OH),-RT and TiO,(OH),-200 samples were found to
be around 0.85—0.90, whereas the corresponding values for
TiO,(OH),-400 and TiO,(OH),-600 were found to be
between 060 and 0.70 (Figure SB) Hence, in case of the
smaller TiO,(OH),-T,,p. samples, the higher “b” value
suggests a surface-conﬁned Na" storage mechanism, while in
the larger TiO,(OH),-T ey samples, a mechanism involving
sodiation in the bulk of the particles is likely operative. The “b”
values determined herein are in contrast to those observed in
the case of fully crystalline anatase TiO, nanoparticles, wherein
the “b” value is close to 1 1rrespect1ve of the partlcle size
ranging from 1 to 100 nm.'® The difference in “b” values,
therefore, suggests that the inherent structural disorder in the
TiO,(OH),-Typpea class of materials and resulting internal
porosity facilitate the movement of the sodium ions into the
bulk of the material. This intrinsic porosity scales inversely
with Tyneq (vide supra), reaching an optimal value at
TiO,(OH),-400 unlocking superior high-rate sodium ion
storage properties (vide infra). Therefore, the temperature-
dependent material disorder in Ti-oxyhydroxides (TiO,(OH),-

Tonea) induced by our synthesis protocol leads to the breaklng
of the inverse scaling relationship between particle size and
Quischarge(na) that is observed in the case of fully crystalline TiO,
particles.'® The breaking of this inverse correlation resulted in
the highest Qgischarge(na) and cycling stability at elevated rates in
case of TiOx(OHgy—400, the material with intermediary size,
porosity, and disorder in the series of materials prepared
herein.

Upon examining the TiOx(OH)y—4OO and TiOx(OH)y—600
electrodes ex-situ with pXRD after a few sodiation/desodiation
cycles at 260 mA/g, broadening was observed, which indicated
the growth of disordered domains with Na cycling (Figure
S8A,B). To further probe TiO,(OH),-400's evolution during
cycling, in situ Raman spectra were collected for TiOx(OH)y-
400 at different states-of-sodiation during the first cycle in a
specially designed coin cell (Figure S8C,D, see Experimental
Section). The initially observed Raman features around 144,
399, 514, and 636 cm ™!, corresponding to the E By Aly/Big
and E, vibrational modes of anatase TiO,,>” respectively,
were found to progressively weaken and eventually disappear
with increasing extent of sodiation. Further, during the
subsequent desodiation cycle, these peaks were not found to
reappear, thus pomtmg to irreversible structural changes during
the first sodiation.”*®" Also, no new features were observed to
appear in the Raman spectra, which negate the possibility of
formation of new phases plausibly linked to the water content
and proton-related redox in these materials.””~®* The former
was determined from the TGA data (Figure 1D), assuming
that only water loss contributed to the observed mass loss in
TGA, which would correspond to an upper bound. Given the
low amount of residual water in TiOx(OH)y—400 (Table S1),
which also scales inversely with T, ..., we posit that it is
unlikely to be correlated to the structural changes observed
herein, even though irreversible loss of protons from water/
OH type moieties is expected at these low potentials.
Therefore, the local disorder induced from synthesis in
TiO,(OH),-400 is likely responsible for its superior high-rate
Na-storage. To measure the kinetic threshold below which, the
synthetically induced disorder would be disrupted, the
TiO,(OH),-400 samples were subjected to a modified cycling
protocol with five initial sodiation/desodiation cycles at 13
mA/g, which corresponds to a slow rate of 0.05 C. Indeed, it
was observed that upon subsequent high-rate cycling at 260

mA/g, there was a drop in specific capacity in TiO,(OH),-400
(Figure S9).

2.3. Computational Studies

To evaluate the impact of amorphization on sodium
intercalation capacity in silico, melt-quench simulations using
ab initio molecular dynamics (AIMD)® were conducted on
dihydrogen trioxotitanate (TiO(OH),, ICSD database code
195648)°° to obtain amorphous TiO(OH),. Initially, potential
ordered structural arrangements corresponding to the dis-
ordered TiO(OH), structure found in the ICSD were
enumerated. Subsequently, density functional theory (DFT)
calculations were performed on the enumerated structures to
identify the ground-state ordered structure. The Hubbard U
corrected strongly constrained and appropriately normed
(SCAN) functional was used for the DFT calculations to
identify the ground-state of TiO(OH),, applying a U value of
2.5 eV to Ti atoms to accurately represent on-site Coulombic
interactions. 67-70 To minimize computatlonal costs, all DFT/
AIMD calculations were performed on TiO(OH), starting
from its primitive cell as obtained in the ICSD.

The resulting DFT-calculated ground-state structure was
heated incrementally from 0 to 2000 K using a time step of 2 fs
over a total duration of 10 ps. The maximum temperature was
chosen as 2000 K in our heating step since this is
approximately the melting point of titanium, the element
with the highest melting point in our system. To ensure proper
equilibration of TiO(OH), at 2000 K, the structure was
maintained at 2000 K for an additional 10 ps after the heating
step. Subsequently, the structure was quenched to lower
temperatures in a stepwise manner, specifically, 1500, 1000,
600, and 300 K, at a cooling rate of 250 K/ps. Each quenching
process involved cooling the structure to the targeted
temperature at a time step of 2 fs, followed by equilibration
at the target temperature for an additional 2 ps. To circumvent
computational convergence issues caused by hydrogen atoms,
the initial melt-quench simulations were performed using the
generalized gradient approximation (GGA)”' without hydro-
gen atoms. Once equilibrium at the targeted quenching
temperature was achieved, hydrogen atoms were manually
reintroduced into the structure.

To identify potential locations for sodium ion intercalation
in TiO(OH), after the melt-quench simulations, the Voronoi
polyhedra construction method was used, as implemented in
the Topography Analyzer class of the pymatgen’” library, and
constructed a Voronoi polyhedron for each atom within the
structure. Note that the Voronoi polyhedron, which is an
envelope of planes around an atom of interest, represents the
region in space that is closer to the atom of interest than any
other atom in the structure. The vertices of these polyhedra
define potential void spaces within the material that might
accommodate intercalating (or interstitial) ions, signifying
possible sites that Na* can occupy within the TiO(OH),
structure. Furthermore, to assess the stability of Na* in these
Voronoi-identified voids, the Ewald site energy of each possible
nonoverlapping site was calculated using the Ewald Summation
class in pymatgen. The Ewald method efficiently computes the
long-range electrostatic (Coulombic) energy within crystal
lattices by partitioning the calculations into a direct-space sum,
and a reciprocal-space sum, accounting for short and long-
range interactions, respectively. By combining these two terms,
the total Coulombic energy of potential Na sites is accurately
determined. Finally, the Voronoi-identified sites with a
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negative Ewald energy (or negative electrostatic energy) were
considered as possible or stable sites for Na* occupation within
TiO(OH),. A count of the available intercalation sites per
formula unit is displayed in Table 4.

Table 4. Number of Na* Intercalation Sites for Structures
Obtained at Different Quenching Temperatures from the
AIMD Simulations

temperature (K) no. of Na sites per formula unit

1500 0
1000 LS
600 1
300 1

Pair-distribution functions (PDFs) were calculated to
characterize the atomic ordering and structural arrangement
of equilibrated structures, with potential Na intercalation sites,
at quenching temperatures of 1500, 1000, 600, and 300 K, and
have illustrated the calculated PDFs in Figure 6b—e. The PDF
for the ground-state ordered TiO(OH), structure (ie., the
crystalline structure) is shown in Figure 6a, while Figure 6f
depicts an equilibrated structure at 300 K containing Na* ions
occupying identified void spaces. Blue, green, black, and red
lines in Figure 6a—e represent Ti—Ti, O—0O, Ti—O, and Na—
O pairs, respectively. Note that there are no Na—O pairs for
the TiO(OH), structure quenched to 1500 K (Figure 6b)

since we do not identify any stable Na* sites using our
electrostatic energy calculations (Table 4).

In crystalline materials, PDFs exhibit sharp, well-defined
peaks corresponding to specific interatomic distances, which is
consistent with our observation in Figure 6a, with sharp peaks
up to 5 A. Conversely, amorphous materials show broader, less
distinct features, as highlighted by the reduced peak intensities
and increase in the width of all peaks in Figure 6b—e compared
to Figure 6a. Notably, structures quenched to higher
temperatures (e.g,, 1500 and 1000 K) exhibit higher degrees
of amorphization in our simulations than lower quenched
temperatures (e.g., 600 and 300 K), as characterized by sharper
and narrower peaks for Ti—O and Na—O bonds in the 300 and
600 K structures compared to 1000 K. Thus, the simulated
structures become more crystalline with lower quenching
temperatures, which can be attributed to higher availability of
thermal energy at higher simulation temperatures.

Interestingly, our simulated data on crystallinity (Figure 6a—
e), which show increasing crystallinity with lower quenched
temperatures, are seemingly in contrast with our pXRD
observations (Figure 1), which indicate an increase in
crystallinity with higher annealing temperatures. However,
our experimental synthesis traps the metastable amorphous
structure already at room temperature unlike our simulations,
which are designed to get the ground-state structure at all
temperatures. Subsequently, as higher thermal energy is
provided to the system experimentally, it transforms more

As Bs
— - — T
7 — ) 7 T=1500K [— 7
6 — Ti-0 6 — Ti-0
— 5 — 5 B
4 4t
O ; O ;i
2 2}
1 1l
% 1 2 3 4 5 3 7 % 1 2 3 4 5 6 7
r(4) r(4)
Cs Ds
— — T
7 T=1000K oo 7t
6 _ 6f
~5 — __ 5}
4 4t
(&) 3 (&) 3t
2 2t
1 1
% 1 2 3 4 5 6 7 % 1 2 3 4 5 6 7
r(4)
E s
_ T
7 T= 300K oo
6 — Ti-0
— 5 —— Na-0
4
O3
2
1
% 1 2 3 4 5 6 7

r(4)
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readily to the thermodynamically stable crystalline structure
while our melt-quench simulations attempt to trap the
metastable amorphous configuration and prevent it from
becoming fully crystalline. Thus, our simulation temperatures
cannot be compared directly with experimental temperatures,
but the degree of amorphization/crystallinity obtained during
simulations can be compared directly with experimental
observations.

Importantly, our AIMD data indicate that the intermediate
quenched temperature of 1000 K (or structure with an
intermediate degree of amorphization, Figure 6¢) exhibits the
highest number of Na* sites that can be occupied (Table 4). In
other words, when TiO(OH), becomes fully amorphous (at
1500 K, Figure 6b) or closer to the crystalline structure (at 300
K, Figure 6e), the number of possible Na* sites drops
compared to the structure with an intermediate degree of
amorphization (at 1000 K), signifying that the Na*
intercalation capacity should exhibit a nonmonotonic variation
with the degree of amorphization of TiO(OH),, and structures
with an intermediate degree of amorphization should display
higher capacities. This computational observation on the
available Na* sites with a degree of amorphization aligns with
our electrochemical GCD experiments (Figure 4) that
demonstrate moderately disordered (or amorphous)
TiO,(OH),-400 materials exhibiting a higher discharge
capacity than fully disordered or fully crystalline. Thus, the
degree of amorphization in TiO(OH), is an important factor
that governs its electrochemical properties and requires careful
optimization.

3. CONCLUSIONS

In a series of titanium oxyhydroxide materials (TiO,(OH),-
Tomea), the role of material disorder induced from the
synthetic protocol in unlocking high Na® storage capacity at
elevated rates has been demonstrated. These materials were
synthesized via a scalable, solution-phase approach employing
a Ti(Ill) precursor, resulting in a systematic modulation of
disorder as a function of T, through the incorporation of
interstitial N atoms, O-vacancies, and Ti(IIl) sites.
TiOx(OH)y-400, with an intermediary size and extent of
disorder in the series of materials reported herein, showed the
highest specific capacity (~188 mAh/g) and cycling stability
during Na-storage at an elevated current density of 260 mA/g.
Our experimental observations are in line with our computa-
tional data, which show a higher number of possible sites that
Na* can occupy with an intermediate level of disorder in a
TiO(OH), composition. Further, the presence of disorder was
found to break the inverse scaling between size and specific
capacity observed in the case of fully crystalline anatase TiO,,
resulting in a diffusion-driven bulk Na-storage mechanism,
posited to lead to higher specific capacity even for larger
particle sizes. The results inform material design strategies to
unlock high specific capacity and cycling stability at elevated
rates despite Na-insertion-induced amorphization via the
incorporation of specific amounts of disorder through scalable
synthetic approaches.

4. EXPERIMENTAL SECTION

4.1. Material Synthesis

4.1.1. Synthesis of TiO,(OH),~T,npeal- S mL of the TiCl; solution
(15% TiCl; in 10% HC, Sigma-Aldrich) was added to 100 mL of DI
water and stirred at room temperature. To this solution, 400 mL of

aqueous ammonia (13.4 N) was added dropwise under constant
stirring until the formation of a deep blue precipitate. This solution
was stirred under ambient conditions for another 120 min during
which the blue precipitate turned white. The white precipitate was
subsequently filtered under vacuum and dried at 80 °C in air. The
Ti**/NH, molar ratio was maintained above 0.7 during the first step
of the synthesis. The as-obtained TiO (OH) -RT was heated in a
muffle furnace (AntsLab) in air at 200, 400, and 600 °C for 4 h to
obtain the annealed series of TiO,(OH),-T e, materials.

4.2. Sample Characterization

The TiO,(OH),-Typpea samples were first characterized by using
pXRD at room temperature on a Rigaku Smart Lab SE diffractometer
using Cu Ka radiation (4 = 1.5419 A) to confirm phase purity.
Rietveld refinement of the powder XRD patterns was performed using
Profex (version 4.3.3) software.”> The diffraction patterns were
refined using an anatase (TiO,) structural model and the following
parameters was varied during the refinement: unit cell constants,
crystallite size parameter (Bl), Ti site occupancy, and thermal
displacement parameters of Ti and O (By, in nm?).”* FTIR spectra
were recorded on a Spectrum One IR spectrophotometer
(PerkinElmer) fitted with a KBr pellet setup. The spectra were
recorded in the range 4000—400 cm™' after finely grinding the
samples with KBr and pressing them into pellets. The thermogravi-
metric analysis (TGA) for these materials was performed using a
thermo gravimetric mass analyzer (Rigaku Corporation) under N, at a
constant heating rate of 10 °C/min. The morphology of the materials
was analyzed using transmission electron microscopy (Themis 300
G3 TEM, Thermo Scientific) at 300 kV fitted with a scintillator-based
CETA-D camera (Thermo Scientific). The samples for TEM were
prepared by dispersing TiO,(OH),-T,yeq powders in ethanol and
drop casting them on to Cu-coated 200 mesh grids. The elemental
analyses for the TiO (OH) -Tonnea Samples were recorded on a
Thermos Finnigan (FLASH EA 1112 series) microanalyzer. The
surface chemical composition of TiO (OH) -Tonneat Was determined
by XPS (Kratos Analytical Axis Supra, monochromat1c Al Ka X-ray
source, 1486.6 eV). The XPS least-squares fittings were performed
using CASA software, ensuring the chemical environments were fitted
within the range of +0.5 eV and the fwhm constrained between 1.0—
2.5 eV applying a Shirley background. The Ti-L; RIXS spectra were
collected at beamline 8.0.1.1 at Advanced Light Source in Lawrence
Berkeley National Laboratory. The samples for Ti-L; RIXS measure-
ment were prepared in a N,-filled glovebox. All Ti-L; RIXS spectra
were collected at 457.7 eV, which is the Ti-L; t,, resonance of TiO,.
The EPR data were collected on a JEOL FA200 X-band (9.5 GHz)
ESR spectrometer at 25 °C. N, adsorption/desorption was measured
on an Autosorb IQ BET Surface Area Analyzer (Anton Paar), after
degassing under vacuum at 130 °C for 12 h.

4.3. Preparation of Electrodes and Cell Fabrication

The electrode slurries were prepared by mixing the active material
(TiO, (OH) -Tomea) With carbon black (MTI Corp, stored in a
vacuum oven at 60 °C) and polyvinylidene fluoride (PVDF)
(Arkema) binder in an 80:10:10 ratio by weight in N-methylpyrro-
lidinone (NMP, Sigma-Aldrich). The mixture was thoroughly
homogenized at progressively increasing rotation rates (500 to 2000
rpm) using a planetary mixer (Thinky Corp.) for ~10 min. The
resulting slurries were then tape-cast onto a battery grade 12 um thick
copper foil (Gelon Lib Group Co.) using a blade coater (MTI Corp.)
followed by drying under vacuum at 60 °C for 12 h. The dried slurry
was subsequently calendared (MTI Corp.) to a final thickness of
~120 pm followed by punching into 14 mm discs. The resultant
active material loading in the case of the TiO(OH),- T,y materials
was in the range of 1.3—2.6 mg/cm?”. CR2032 coin cells (MTI Corp.)
were assembled in an Ar-filled glovebox (Jacomex, H,O < 0.1 ppm;
0, < 1 ppm) with the TiO (OH) -Tanneal Working electrodes against a
Na foil (Sigma-Aldrich) counter electrode A Whatman GF/D filter
paper (~800 um thickness) was used as the separator; 180 uL of 1 M
NaBF, (Sigma-Aldrich) in tetraethylene glycol dimethyl ether (or
Tetraglyme, Sigma-Aldrich) was used as the electrolyte. For the in situ
Raman measurements, carbon-free electrodes were prepared by
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mixing TiO,(OH),-400 with PVDF (Arkema) binder in an 90:10
ratio by weight in NMP, followed by coating on a battery grade 12 ym
thick copper foil (Gelon Lib Group Co.) with a wet thickness of ~40
um. After being dried, the coatings were punched into 11 mm discs.
For the ex-situ pXRD measurements, the TiO,(OH),-T ey electro-
des were extracted after carefully decrimping the coin cells in the
charged (desodiated) state inside the argon-filled glovebox. They were
subsequently rinsed with dimethyl carbonate (Sigma-Aldrich), dried,
and transferred to the X-ray diffractometer.

4.4. Electrochemical Studies

Long-term galvanostatic charge—discharge experiments on the
TiOx(OH)y—Tameal materials were performed using a multichannel
BTS 4000 battery cycler (Neware Technology Limited). The
fabricated coin cells were kept at rest for 16 h prior to cycling. The
charge—discharge experiments were performed using a constant-
current (CC) protocol within a voltage window of 0.01—-3.00 V vs
Na*/°. CV scans were performed using a Biologic BCS 805 cycler
(Biologic Instruments) at scan rates of 0.1 mV/s, 0.25 mV/s, 0.5 mV/
s, and 1 mV/s between 0.01 and 3.00 V. The voltammograms were
smoothened using the Savitzky—Golay method using a polynomial
order of 2 and window size of 200 points. For the b-value calculations,
the peak currents were obtained from IR-corrected voltammograms
(Figure S7). The in situ Raman experiments were performed with the
help of a Raman spectrometer (inVia Reflex model, Renishaw, UK)
with 532 nm laser source. A customized coin cell with a perforated
cap and a spacer with a hole was employed. A separator (16 mm in
diameter) and Na metal foil (13 mm in diameter), with aligned holes
in the center, were used to allow the laser to reach the sample (Figure
S8C). The perforation on the cap was sealed with a Kapton tape
during cell assembly inside the argon-filled glovebox. The potential of
the cell was controlled by an SP-150e potentiostat (Biologic
Instruments).

4.5. Computational Details

AIMD simulations were performed using the Vienna Ab initio
Simulation Package VASP, version 6.1.2.7%’° The projector
augmented wave” method was employed to represent the frozen
core electrons, and a plane-wave basis set with a kinetic energy cutoff
of 520 eV was used to expand the one-electron wave functions. To
obtain the ground-state structure of TiO(OH), from the enumerated
structures, the electronic exchange and correlation were modeled
using the SCAN + U meta-GGA functional, while GGA was used for
the melt-quench simulations due to convergence difficulties after
removing the H atoms. A cooling rate of 250 K/ps was fixed during
quenching. The convergence threshold for the total energy and
atomic forces was set to 0.01 meV and 10.01] eV per A, respectively.
The Brillouin zone was sampled using I'-centered Monkhorst—Pack
k-point meshes with a density of at least 48 k-points per unit
reciprocal space vector.
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