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Abstract: Although titanium dioxide has gained much attention as a sodium-ion battery anode
material, obtaining high specific capacity and cycling stability remains a challenge. Herein, we report
significantly improved surface chemistry and pseudocapacitive Na-ion storage performance of TiO,
nanosheet anode in vinylene carbonate (VC)-containing electrolyte solution. In addition to the
excellent pseudocapacitance (~87%), the TiO, anodes also exhibited increased high-specific capacity
(219 mAh/g), rate performance (40 mAh/g @ 1 A/g), coulombic efficiency (~100%), and cycling
stability (~90% after 750 cycles). Spectroscopic and microscopic studies confirmed polycarbonate
based solid electrolyte interface (SEI) formation in VC-containing electrolyte solution. The superior
electrochemical performance of the TiO, nanosheet anode in VC-containing electrolyte solution is
credited to the improved pseudocapacitive Na-ion diffusion through the polycarbonate based SEI
(coefficients of 1.65 x 10~1# for PC-VC vs. 6.42 x 1071 for PC). This study emphasizes the crucial
role of the electrolyte solution and electrode—electrolyte interfaces in the improved pseudocapacitive
Na-ion storage performance of TiO, anodes.

Keywords: electrolyte; additive; interface; pseudocapacitance; intercalation; energy storage; sec-
ondary battery; sodium-ion

1. Introduction

Lithium-ion batteries (LIBs) are widely used in the current generation of portable
electronics, electric vehicles, and smart grids coupled with renewable energy sources [1-4].
Despite their high energy density, moderate power density, and good cycle life, there
are concerns regarding the future large-scale implementation of LIBs due to the limited
availability of expensive ($17,000 per metric ton) lithium resources, where market demand
will be up to two to six times extraction capacity in the next two decades [5,6]. Rechargeable
sodium-ion batteries (SIBs) are very attractive in this regard, due to the abundance of
inexpensive sodium resources [3,5,7,8]. Moreover, the similar electrochemistry and redox
potentials of lithium and sodium (—3.02 and —2.71 V vs. SHE, respectively), make it a
suitable candidate for efficient electrochemical energy storage [9-11]. However, the larger
size of Na-ions compared to Li-ions (1.02 and 0.76 A radius, respectively) hinders their
intercalation in the most commonly used Li-ion battery anode material, graphite (interlayer
d-spacing of 3.4 A) [1,12,13]. Shuttling of solvated Na-ions between individual electrodes
is also sluggish, leading to the poor rate performance and cycling stability of Na-ion
batteries [14]. Hence, numerous studies have focused on the development of alternative
high-performance anode materials [15-20].

Carbonaceous materials with large interlayer spacing, such as hard carbon, graphene,
and amorphous carbon have been widely investigated as anode materials [16,17]. How-
ever, these anodes exhibited low specific capacities, poor rate performances, and mediocre
cycling stability. Despite the high specific capacity of conversion (Co304, SnO;, Fe30y,
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NiO, CuO, MnOy, etc.) and alloying type (Sn, Ge, Sb, etc.) anodes, rapid capacity fading
associated with huge volume changes make them less attractive for Na-ion battery applica-
tions [18-20]. Insertion type metal oxides, such as Nb,Os, Na; Ti3O7, TiO,, and LigTisO1p
are another class of Na-ion battery anodes [21,22]. Titanium dioxide (TiO;) has received
much attention among anode materials due to its high chemical stability, non-toxicity, abun-
dance, low volume change during Na-ion intercalation, and inexpensive nature [23-26].
Amorphous and different crystalline (anatase, bronze, rutile, etc.) polymorphs of TiO;
have been investigated as promising Na-ion battery anodes [7,27-30]. The existence of
2D intercalation channels in crystalline polymorphs make them superior to amorphous
TiO, for Na-ion storage [4,9,31]. Hence, anatase TiO, composed of TiOg octahedra and
zigzag edges of the 3-D network have become the most studied polymorph [4,32]. Bronze
polymorph of TiO, has recently attracted a lot of attention as a Na-ion battery anode due
to the presence of more open channels and layered crystal structure [29,33]. The Na-ion
intercalation kinetics” dependence on crystal structure and orientation has also been proved
in recent studies [22,33]. Nevertheless, TiO, anodes suffer from low electronic conductivity,
mediocre specific capacity, poor rate-performance, and low cycling stability [25,34].

Numerous strategies such as carbon coating, doping with other transition metal
ions, and the synthesis of different morphologies in the nanoscale have been established
for improving the Na-ion storage performance of TiO; anodes [23,26,34]. Nevertheless,
these methods have only resulted in a trivial improvement of specific capacities and cy-
cling stabilities. Another advanced approach to improve the electrochemical performance
is to increase the diffusion independent pseudocapacitive-type Na-ion storage [14,21].
This surface/near-surface ion storage is independent of the electronic and ionic conductiv-
ity of the electrode material [21]. In addition to the excellent rate performance and cycling
stabilities, due to negligible structural changes during the charge—discharge process, high
specific capacities can also be achieved due to the synergy with diffusion limited Na-ion
storage [30,35]. Improved pseudocapacitance can usually be achieved by either precise
nanostructuring, or the formation of hybrids with carbonaceous materials. These ap-
proaches were recently demonstrated for enhancing the intrinsic (~4%) pseudocapacitive
Na-ion storage of TiO, anodes [22]. For instance Chen et al. demonstrated the excellent
electrochemical performance of TiO,-nanosheets grown on RGO [36]. Our recent study
demonstrated the significantly improved pseudocapacitance of nanointerface engineered
anatase-bronze hybrid TiO; nanosheets [9]. The formation of additional Na-ion diffusion
pathways, and efficient charge separation were responsible for the improved pseudocapac-
itance of these electrodes [37].

Solid electrolyte interface (SEI) characteristics are crucial in deciding the electro-
chemical performance, in addition to the physiochemical properties of an electrode ma-
terial [38,39]. Carefully engineered electrode—electrolyte interfaces can enable producing
batteries with superior energy/power densities and cycling stabilities [38,40]. Since SEIs
are formed as a result of electrolyte decomposition, the most appropriate approach to
engineer SEI properties is to tune the electrolyte composition [39,40]. Carbonate based elec-
trolyte compositions usually contain solvents such as ethylene carbonate (EC), propylene
carbonate (PC), ethyl methyl carbonate (EMC), etc., and a suitable sodium salt (NaPFg,
NaTFSI, NaClOy, etc.). Electrochemical decomposition of these electrolytes results in
the formation of an electrode-electrolyte interface composed of sodium alkyl carbonates,
sodium alkoxides, polyenes, polycarbonates, and inorganic salts [5,38,41,42]. Excess elec-
trolyte decomposition, due to the extreme reactivity of high surface area nanostructured
electrodes, can often lead to increased SEI formation, which deteriorates the Na-ion storage
performance [24,39]. Only a thin SEI layer capable of protecting the electrode from continu-
ous reaction with the electrolyte solution is necessary to maintain optimal Na-ion diffusion,
and a high degree of reversibility [43]. The chemical stability of SEI components is also
critical to prevent dissolution in the electrolyte solution, which can lead to continuous SEI
formation at the expense of electrolyte decomposition, and cell failure [38,41,44].
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TiO, Nanosheets

Using electrolyte additives is one widely employed strategy to endow the SEIs with
superior electrochemical properties [40,44]. Vinylene carbonate (VC) is one of the most
commonly used electrolyte additives in the case of Li-ion batteries [41,44,45]. This has been
mainly aimed at flexible SEI formation in large volume expansion conversion/alloying
type anodes, and at preventing metal-ion leaching from high voltage cathodes [38,42,46].
The high electrochemical reactivity of VC results in the preferential formation of polymeric
SEls, which prevent further reaction of the electrode material with the electrolyte solution
during extreme operating environments, including high temperature, and large volume
change [40,44,47]. Use of VC in the case of Na-ion batteries is also mainly aimed at improv-
ing the cycling stability of high capacity conversion/alloying type anodes [46]. However,
none of these studies investigated SEI composition tuning to enhance the pseudocapacitive
Na-ion storage of TiO, anodes.

Herein, we report significantly improved pseudocapacitive Na-ion storage and sur-
face chemistry of TiO, nanosheet anodes in VC-containing electrolyte solution. Vinylene
carbonate, a widely used Li-ion battery additive was chosen in this case due to its ability to
form SEIs with superior passivation and Na-ion diffusion properties. The presence of a
double bond is mainly responsible for the preferential decomposition/polymerization of
VC associated with the generation of polycarbonate based SEIs. Ultrathin, mesoporous,
and high surface area TiO; nanosheets were selected as the preferred anode material in
this case, to improve the contact with the electrolyte solution and thereby amplify the
effect of the electrolyte additive on the surface chemistry and electrochemical performance.
The excellent electrochemical performance of TiO, nanosheet anode in VC-containing
electrolyte solution is credited to the superior pseudocapacitance, resulting from the faster
Na-ion diffusion through the polycarbonate based surface film.

Figure 1 shows the different solid electrolyte interface (SEI) composition on TiO,
nanosheet anodes formed in vinylene carbonate (VC)-containing and VC-free electrolyte
solutions.

Figure 1. Schematic of the different solid electrolyte interface (SEI) composition on TiO, nanosheet anodes formed in

vinylene carbonate (VC)-containing and VC-free electrolyte solutions.

2. Experimental
2.1. Materials Synthesis

TiO, nanosheets were synthesized through a solvothermal method [48]. In a typical
synthesis, 4 mL of deionized water and 20% aqueous TiClz (99.99%, Acros Organics)
each were added dropwise in 50 mL of ethylene glycol (99.99%, Fisher Scientific) under
continuous stirring. The dark brown solution was then heated to 150 °C for 6 h in a
PTFE-lined stainless steel autoclave. The subsequent slurry was washed several times with
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deionized water and ethanol, and dried at 80 °C for 24 h to obtain bronze TiO, (TiO,-B)
nanosheets. Hierarchical anatase-bronze hybrid TiO, nanosheets were obtained by heat-
treating TiO;-B nanosheets at 400 °C for 2 h under air flow (heating and cooling rates of
10 °C/min).

2.2. Materials Characterization

X-ray diffraction (XRD) patterns of the samples were collected using a PANalytical
Empyrean high-resolution diffractometer equipped with a Cu-Ka X-ray source (A = 1.5406 A).
The average crystallite size of the TiO, nanosheets was calculated using the Debye-Scherrer
equation (D = K A/B cosfl), where D is particle size, K is the shape factor 0.9, A is the
wavelength of the X-ray radiation of Cu-Ke, and f is the full width at half maximum
(FWHM) of the highest intensity peak. Room temperature Raman analysis was performed
with a Renishaw PLC Raman spectrometer equipped with a 532 nm Nd: YAG laser. Sample
damage was avoided by limiting the laser power to 5 mW. FTIR spectra of pristine and
cycled electrodes after washing with anhydrous acetonitrile (Sigma-Aldrich, 99.9%) were
recorded using a Thermo Scientific Nicolet iS50 in attenuated total reflectance (ATR) mode,
in the range of 4000400 cm . FTIR spectra of pristine, cycled and non-washed electrodes
were also collected for comparison. Microstructural characterization of TiO, nanosheets
was performed using a scanning electron microscope (FEI Helios NanoLab 600i) and high-
resolution transmission electron microscope (FEI Talos F200X FEG). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a SPECS PHOIBOS 150 9MCD
instrument equipped with a Multi-Channeltron detector and a monochromatic X-ray
source of twin Mg anodes. The binding energies of elements in the XPS spectra were set
accordingly to the CC/CH component of the C 1s peak at 284.8 eV. For the quantitative
analysis of SEI, high-resolution core-level spectra were used after removing the nonlinear
Shirley background.

2.3. Electrochemical Measurements

A Vigor glovebox filled with high-purity (>99.999%) Ar-gas (H,O and O; < 1.0 ppm)
was used to fabricate 2032 type Na-ion half-cells. Metallic sodium foil was used for
the counter and reference electrodes. The separator consisted of Whatman glass fiber
(GF/B type) soaked in 1 M NaClOy4 (>98.0%, Sigma-Aldrich,), in propylene carbonate (PC,
99.7%, Sigma-Aldrich), and 3% vinylene carbonate (VC, 97%, Sigma-Aldrich). Working
electrodes contained 70wt.% TiO; nanosheets, 20wt.% acetylene black (MTI Chemicals),
and 10wt.% of polyvinylidene fluoride (PVDE, MW: 600.000, MTI Chemicals) binder. N-
methylpyrrolidone (NMP, 99.9%, Aladdin Chemicals) solvent was used for preparing
the slurry containing the active material, conductive additive, and binder, followed by
coating on a 10 pm thick copper foil. Working electrodes consisted of an active material
loading of 2-3 mg/cmA Neware BTS4000 model multichannel battery tester was employed
to galvanostatically cycle the assembled half-cells between 0.01-3.0 V (vs. Na*/0) at
25 °C. Specific capacities were expressed, calculated according to the active material
weight, within a 3% error limit. A ZIVE SP1 electrochemical workstation was used for
electrochemical impedance spectroscopy (EIS) measurements (1 MHz to 10 mHz) and
for cyclic voltammetry (CV) measurements (0.1 to 100 mV/s). EIS measurements were
performed using a 3-electrode coin-cell configuration. Diffusion-controlled and diffusion-
independent processes were calculated according to Equation (1).

i(V) = ko + koo? )

k1v and kv represent current contributions for diffusion-independent and diffusion-
controlled processes, respectively. k1 and k; coefficients are the slope and intercept from the
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linear fit of the ploti(V') vs. v, respectively. Na-ion diffusion coefficients of TiO, nanosheets
were determined using Equation (2).

1 RT \?
b= 2(Aanwc> @

where D is Na-ion diffusion coefficient at absolute temperature T, and R denotes the gas
constant. Faraday’s constant, Na-ion concentration in electrolyte, and electrode area are
represented as F, C and A, respectively. Warburg impedance, oy, was calculated from the
slope of the linear plot of Z’ vs. w~1/2.

3. Results and Discussion
3.1. Synthesis and Characterization of TiO, Nanosheets

Hierarchical TiO, nanosheets composed of anatase and bronze nanocrystallites were
synthesized through a solvothermal method, followed by controlled heat treatment. Ethy-
lene glycol was used as solvent to facilitate nanosheet formation through the interaction of
OH groups of glycol with Ti-OH groups [48,49]. This resulted in the free energy change
of the TiO; crystallographic planes and an associated anisotropic crystal growth [29,49].
Selection of a less reactive precursor TiCl; was aimed at controlled hydrolysis and con-
densation, which is necessary for the nanosheet formation [50]. The uniform size/shape
distributions and ultrathin nature of the sheets were also assisted by the high viscosity of
ethylene glycol [9]. Reaction between TiCl3 and ethylene glycol resulted in the formation
of Ti-glycolate complex during the hydrothermal reaction. Further hydrolysis and conden-
sation formed TiO, bronze nanosheets, which was transformed to anatase-bronze hybrid
nanosheets upon controlled heat treatment. Scanning electron microscopy (SEM) images
of the TiO; nanosheets demonstrated their 2D morphology and (Figure 2a) hierarchical
flower like microstructure, composed of numerous petals. High-resolution transmission
electron microscopy (TEM) images (Figure 2b,c) of individual nanosheets verified the
existence of nanograins of 7 + 2 nm size. Lattice spacings of 0.34 and 0.62 nm represent
the (101) and (110) planes of anatase and bronze phases, respectively. The presence of
well-defined anatase-bronze nanograin boundaries is also evident from these images [9].
This was anticipated, due to the mismatch between anatase and bronze crystal structures.
Nanograin boundaries present in metal oxides often result in unique physical/ chemical
properties, including excellent catalytic and electrochemical performance [51]. Nanoint-
erfaces present in these hierarchical TiO, nanosheets can also act as additional sites for
Na-ion storage. Our previous study confirmed the advantages of such nanointerfaces for
enhancing pseudocapacitive type Na-ion storage [9].
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Figure 2. (a) SEM image, (b,c) TEM images, (d) X-ray diffraction pattern, (e) Raman spectrum, (f) N, adsorption-desorption
isotherm, and pore size distribution (inset) of TiO, nanosheets.

The X-ray diffraction pattern of the TiO, nanosheets (Figure 2d) also confirmed the
coexistence of anatase and bronze polymorphs in the sample. Peaks designated as (101),
(004), (200), (105), (211), (204) corresponded to anatase phase (JCPDS 21-1272). Whereas,
(001), (110), (002), (310), (103), (003), and (204) signals represented bronze phase (JCPDS
46-1237) [9]. The anatase and bronze content, calculated from the relative intensity of the
(310) bronze peak and (004) anatase peak, was found to be 83% and 17%, respectively.
Particle size calculation, using a Debye-Scherrer equation also revealed the existence of
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7 £ 2 nm sized crystallites, which was in good agreement with the TEM results. A more
surface sensitive technique, Raman spectroscopy was used to further confirm the phase pu-
rity and uniform nanoscale distribution of the anatase and bronze polymorphs (Figure 2e).
Raman active modes were 144, 197, 399, 514, and 639 cm ! for anatase, and 123, 145, 161,
172,196, 201, and 259 cm~! for bronze polymorphs [52]. These results and the quantifi-
cation of anatase/bronze content from high-resolution Raman spectra (Figure S1) were
also in line with the XRD results, confirming the coexistence and nanoscale distribu-
tion of anatase and bronze nanocrystallites [52]. The textural property investigation of
TiO, nanosheets was performed through N, adsorption—-desorption analysis (Figure 2f).
This active material exhibited a high surface area of 106 m?/g. Type IV isotherms and H3
type hysteresis, characteristic of a mesoporous structure were identified in this case [13].
Mesoporosity was also evidenced by the higher steepness of the isotherm at high relative
pressure (P/P0 = 0.4-1.0) [13]. Barrett-Joyner-Halenda (BJH) method pore size distribution
measurements (Figure 2f inset) further confirmed the mesoporosity of the TiO, nanosheets.
Such high surface area and mesoporosity of the active material are advantageous for im-
proved Na-ion storage due to the superior contact with the electrolyte solution, and the
possibility of pore/defect assisted pseudocapacitive type ion storage [49]. Thus, it can
be summarized that controlled hydrolysis and condensation of TiClz in ethanol water
mixture followed by calcination resulted in the formation of mesoporous hierarchical
anatase-bronze hybrid TiO, nanosheets.

3.2. Electrochemical Performance of the TiO, Nanosheets

The sodium-ion storage electrochemical performance of the TiO, nanosheets was
investigated in VC-containing (PC-VC/NaClOy4) and VC-free (PC/NaClOy) electrolyte
solutions. Second galvanostatic voltage profiles at different current densities (Figure 3a,b)
indicated the marginally superior specific capacities of the TiO, nanosheet anodes in PC-
VC/NaClOy electrolyte at various charge—discharge rates. First cycle coulombic efficiencies
of 36% and 44.5% were observed in the PC/NaClO4 and PC-VC/NaClOy electrolyte
solutions, respectively (Figure S2). Irreversible capacity loss in the first cycle was attributed
to unavoidable electrolyte decomposition, and irreversible Na,O formation associated
with sodiation. Coulombic efficiency reached ~100% after the first charge—discharge in PC-
VC/NaClOy electrolyte, demonstrating the complete formation of high quality SEI during
the first cycle. However, coulombic efficiency never reached ~100% on extended cycling in
PC/NaClOy electrolyte, which indicated the formation of an SEI with inferior passivation
properties. This is also apparent from the consecutive cyclic voltammograms presented
(Figure 3c,d). The TiO, nanosheet anodes exhibited a similar electrochemical response,
irrespective of the electrolyte composition. Three different electrochemical processes
constitute the first cathodic response in both systems. The high-voltage region between
2.25and 0.7 V represents diffusion-independent pseudocapacitive Na-ion intercalation [53].
SEI formation resulting from the electrolyte decomposition could be identified from the
cathodic response between 0.7 and 0.5 V [9]. Lack of this signal in the second cathodic scan
confirmed complete SEI formation in the first charge—discharge cycle [32,54]. A low voltage
region between 0.2 and 0 V corresponded to the diffusion controlled Na-ion intercalation
into the anatase and bronze crystal structure [36]. These electrochemical responses were
in line with the plateau at low potential and sloping voltage profiles. Anodic response in
the voltage range of 0.2 V, and a broad signal between 0.5 and 2.25 V represented Na-ion
deintercalation through pseudocapacitive and diffusion dependent process, respectively.
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Figure 3. Galvanostatic voltage profiles of TiO, nanosheet anodes in Na-ion half-cells containing: (a) PC/NaClOy, and (b)

PC-VC/NaClOy electrolyte solutions at various current densities. Cyclic voltammograms of TiO, nanosheet anodes at a
scan rate of 1 mV/s in (¢) PC/NaClOy, and (d) PC-VC/NaClOy electrolyte solution.

Sodiation over a wide voltage range was observed in this case, which was noticeably
different from the intercalation reaction at specific potentials for previously reported TiO,
anodes [27]. Distinct Na-ion storage was also evidenced by the marginally different
shape of the voltammograms compared to earlier reports [37]. Although cathodic signals
corresponding to SEI formation disappeared in the first cycle, there was a clear indication
of irreversibility and incomplete SEI formation during the consecutive cycles of the VC-
free battery, which was not observed in the case of the VC-containing Na-ion half-cells.
This was a clear indication of efficient SEI formation on the TiO, nanosheet anodes in
the VC-containing electrolyte solution. Thus, disappearance of the SEI formation peak
in the first cycle and stable consecutive cycles confirmed the highly reversible Na-ion
intercalation reactions of the TiO, nanosheet anodes in VC-containing electrolyte solution.
The galvanostatic rate performance of the TiO, nanosheet anodes in both VC-free and VC-
containing electrolyte solutions is presented in Figure 4a. Second cycle specific capacities
were 247 and 219 mAh /g, respectively. Slightly higher capacities were identified in the case
of VC-containing electrolyte solution during the following cycles at 25 mA /g. Capacity
differences became more prominent at higher current densities, and also increased on
reducing the current density to 25 mA /g. This was a clear indication of the capacity fading



Batteries 2021, 7, 1

9of21

Specific Capacity (mAh/g)

600

500

of TiO; anode in VC-free electrolyte, which was further verified during the extended
galvanostatic cycling (Figure 4b).

700 120
(a) —e—PC/NaClO, (b) —e—PC/NaClO,
—a—PC-VC / NaClO, S 600 —=—PC-VC /NaCIO, [ o
= ——PC Coul. Eff. 110 o
< 550 —&—PC-VC Coul. Eff. =
£ N
> 400 4% g
= )
3 m
% 300 3
O 5
e 3
5 200 <
2 S
3 o
0 100 4 -
Or——7F—"7—"7——T T T 70
0 100 200 300 400 500 600 700
Cycle Number
600
(c) {(d)
500
400 + CPE
a ] .
g
_= 300 N
x N - Ry Zw
PC / NaCIOQ, 200 PC-VC/NaClO,
—&— Pristine | —a— Pristine
—e— After 10 cycles 100 —e— After 10 cycles
—a— After 20 cycles —a— After 20 cycles
—v— After 30 cycles 0 —v— After 30 cycles
T T T T E T E T y T y
400 600 800 0 200 400 600 800

Z'e 1 O Z'e /O

Figure 4. (a) Galvanostatic rate performance, and (b) cycling performance of TiO, nanosheet anodes in PC/NaClO, and
PC-VC/NaClOy electrolyte solutions. Nyquist plots and equivalent circuit (inset) of TiO, nanosheets in (¢) PC/NaClO, and
(d) PC-VC/NaClOy electrolyte solutions.

Both cells demonstrated ~100% coulombic efficiency after 750 cycles at a current
density of 100 mA/g. Galvanostatic long-cycling performance of electrolyte solutions
containing different amounts of VC confirmed 3% as the optimum concentration (Figure S3).
For instance, at a current density of 100 mA /g, TiO, nanosheet anode in Na-ion half-cell
configuration retained 90% of the initial capacity, with ~100% coulombic efficiency after
750 galvanostatic charge—discharge cycles. On the other hand, Na-ion half-cells containing
VC-free electrolyte solution retained only 16% of the initial capacity, with ~98% coulombic
efficiency.

Electrochemical impedance spectroscopy (EIS) of pristine and cycled electrodes (Fig-
ure 4c,d) is performed to gain further insights into the effect of SEI films on the charge
transfer, and Na-ion diffusion characteristics. High-to-medium frequency part of the EIS
pattern can be assigned to the sum of SEI/contact resistance and charge-transfer resistance
and represented as R and R respectively in the Randles-like equivalent circuit (Figure 4d
inset). Low frequency sloping line corresponds to solid-state diffusion kinetics of Na-
ions shown as Warburg impedance (Z,,) while constant phase element (CPE) is used to
model the surface storage of Na-ions [7,49,55]. Charge transfer resistances of pristine TiO,
nanosheet anodes in VC-free and VC-containing electrolyte solutions, obtained by fitting
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the Nyquist plot to the equivalent circuit, are 39 (2 and 171 () respectively. It is interesting
to observe such impedance difference in pristine batteries as VC is supposed to influence
SEI formation only during the first charge-discharge cycle. This could be related to the
spontaneous SEI formation resulting from the increased reactivity of high surface area TiO,
nanosheets with the electrolyte solution even in the absence of applied potential. Such
surface film formations were also observed previously in the case of pyrolytic graphite,
carbon and silicon nanowire electrodes [41,56,57]. Charge transfer resistance in VC-free
electrolyte solution increased to 517 (2 after 30 galvanostatic cycles. In contrast, resistance
decreased to 105 () in the case of VC-containing half-cells. Na-ion diffusion coefficients
of TiO, nanosheet anodes after 30 galvanostatic cycles in VC-free and VC containing
electrolyte solutions calculated from the Nyquist plot are 6.42 x 10~'¢ and 1.65 x 10~ 14
correspondingly. Hence it is clear that VC-addition significantly reduces the charge transfer
resistance and enhances the Na-ion diffusion kinetics, facilitating improved Na-ion diffu-
sion into the TiO, nanosheets. These results are also in good agreement with the superior
cycling performance of TiO, nanosheet electrodes in VC-containing electrolyte solution.

The sodium-ion storage mechanism of TiO, nanosheets in VC-free and VC-containing
electrolyte solutions was further investigated by collecting cyclic voltammograms at various
scan rates (Figure 5a,b). Considerable differences existed in the voltammograms in the two
different electrolyte solutions. High peak current and area were identified for the TiO,
nanosheets in the VC-containing electrolyte, which is in line with their improved Na-ion
storage performance observed from the galvanostatic rate performance and cycling studies.
The shapes of the voltammograms were also different suggesting different Na-ion storage
mechanisms. Anodic and cathodic current increased with an increase of scan rate in both
electrolyte solutions, which is indicative of pseudocapacitive type Na-ion storage [21].

Sodium ion intercalation of TiO, nanosheets, especially at higher scan rates, occurs
over a wide voltage range in VC-containing electrolyte solution. Such broad signals indicate
the increased diffusion independent behavior of Na-ion intercalation, which is typical in
capacitive type electrode materials [58].

The sodium-ion storage of TiO, nanosheet anodes consists of both diffusion limited
and surface controlled process [59]. These components can be differentiated from the
relationship between peak current density and scan rates, as presented in Equation (3) [21]

i = av? 3)

where current shown as i, the scan rate as v, and a and b are adjustable variables. If b = 0.5,
storage process is identified as diffusion-controlled, and surface controlled if b = 1.0 [60].
Moreover, as the Randles-Sevcik equation dictates, the increase of current is proportional
to the square root of scan rate [55,61,62]. The slope of peak current density vs. scan rate
plot (Figure 5c,d) represented dominant pseudocapacitive type Na-ion storage (increased
slope) in TiO, nanosheets, with a high degree of pseudocapacitance in the PC-VC/NaClOy
electrolyte solution.

The diffusion limited and pseudocapacitive contributions of specific capacities were
quantified to further investigate the effect of electrolyte solutions on the Na-ion storage
mechanism. Capacitive and diffusion controlled contributions of Na-ion half-cells con-
taining PC/NaClO4 and PC-VC/NaClOy electrolyte solutions at different scan rates are
presented in Figure 6a,b. TiO; nanosheet anode exhibited superior pseudocapacitive Na-ion
storage in PC-VC/NaClO; electrolyte solution (83% @ 1 mV/s) compared to PC/NaClOy
(63% @1 mV/s). Capacitance calculations were also performed after 30 galvanostatic cycles
(Figure 6¢,d) in order to investigate the capacity fading on extended cycling. The pseudoca-
pacitance contribution of the TiO, nanosheets reduced considerably (37% @ 1 mV/s), and
slightly increased (87% @ 1 mV/s) in the PC/NaClO,4 and PC-VC/NaClQOy electrolyte solu-
tions, respectively (Figure 6e,f). The entirely different shape of the cyclic voltammograms
also signified different Na-ion storage mechanisms in these TiO, nanosheet anodes during
extended cycling. It is worth noting that these results are in agreement with the EIS results
presented earlier, where the impedance of the TiO, anodes continually increased during
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galvanostatic cycling in PC/NaClOy, and decreased in the PC-VC/NaClOy electrolyte so-
lutions. These observations led to the conclusion that the SEI formed in the VC-containing
electrolyte solutions facilitated improved pseudocapacitive Na-ion diffusion into the TiO,
nanosheet anode. Hence, it is clear that the electrolyte composition played a crucial role
in the cycling stability, impedance, and Na-ion storage mechanism of the TiO, nanosheet

anodes.
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Figure 5. Cyclic voltammograms of TiO, nanosheet anodes at various scan rates in (a) PC/NaClOy4 and, (b) PC-VC/NaClO4

electrolyte solutions. Scan rate dependence of peak current density for TiO, nanosheet anodes in (¢) PC/NaClOy, and (d)

PC-VC/NaClOy electrolyte solutions.
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Figure 6. Pseudocapacitance contributions of the TiO, nanosheet anodes (a,b) before cycling, and (c,d) after cycling in
PC/NaClOy4 and PC-VC/NaClOy electrolyte solutions. Pseudocapacitance contributions at a scan rate of 1 mV/s after
30 cycles in (e) PC/NaClOy, and (f) PC-VC/NaClOjy electrolyte solutions.

3.3. Surface Chemical Characterization of TiO, Nanosheets

It is crucial to understand the surface chemistry of TiO, nanosheet electrodes cycled in
VC-free and VC-containing electrolyte solutions due to the significant role of surface films
on electrochemical performance. Surface chemical characterizations of these electrodes
cycled in PC/NaClO4 and PC-VC/NaClOy electrolyte solutions were performed using
ex-situ XPS and FTIR techniques. Electrodes were thoroughly washed with acetonitrile
and dried under vacuum to make sure that there was no residual NaClO, salt and solvent
left to interfere with these spectroscopic measurements. The quantification of elements
present in the surface films formed in VC-free and VC-containing electrolyte solutions
(Table 1) indicated the contribution of both solvent and Na-salt towards SEI formation.
Higher oxygen and carbon concentrations found in the surface film confirmed solvent
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reduction as the major reaction responsible for SEI formation. Surface films formed in
VC-containing electrolyte had a higher carbon and oxygen content, signifying the increased
formation of numerous oxygen containing species, such as Na-carbonate, Na-alkyl carbon-
ate, Na-alkoxides, and Na-polycarbonates, due to PC and VC reduction [63]. Lower Na and
ClI content in this case was a clear indication of reduced Na-salt decomposition, which is
vital to maintain good ionic conductivity during extended cycling. Increased Ti-content
signifies the formation of surface films that allow superior X-ray/ electron penetration and
detection of Ti-atoms underneath.

Table 1. Quantification of elements present in the TiO, nanosheet electrode surface film after 30 cycles
in VC-containing and VC-free electrolyte solutions (based on XPS measurements).

. C Content O Content Cl1 Content Na Content Ti Content
Composition

(at.%) (at.%) (at.%) (at.%) (at.%)
PC/NaClO4 21.101 33.412 0.706 44.590 0.191
PC-VC/NaClO4 27.711 37.928 0.496 33.614 0.251

XPS spectra of the elements of interest present in the TiO, anode surface films
formed in both electrolyte solutions (PC/NaClO; and PC-VC/NaClQOy) are presented
in Figures 7 and 8. These spectra demonstrated a significant difference in the chemical
composition of surface films. Alkyl carbonate solvents (PC and VC in this case) can be
easily reduced to organic and inorganic Na-salts under an applied potential [64].
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Figure 7. High-resolution XPS spectra of TiO, nanosheet electrodes after 30 cycles in PC/NaClOy electrolyte solution for (a)
survey, (b) C1s, (c) O 1s, (d) Cl 2p, (e) Na 1s, (f) Ti 2p.
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Figure 8. High-resolution XPS spectra of TiO, nanosheet electrodes after 30 cycles in PC-VC/NaClO; electrolyte solution
for (a) survey, (b) C1s, (c) O 1s, (d) Cl 2p, (e) Na 1s, (f) Ti 2p.

As presented in Scheme 1, two electron PC reduction in the presence of Na-ions
leads to sodium carbonate (NayCOs3) and propylene (CH,=CH-CH3), whereas one electron
reduction results in sodium alkyl carbonate (CH,OCO;Na); and ethylene (CH,=CHy)
formation. On the other hand, PC reaction with perchlorate anion (Cl1O4 ™) forms hydrogen
perchlorate (HClOy), carbondioxide, and acetaldehyde radical [65]. The sodium alkyl
carbonate produced interacting with the trace amounts of water present in the electrolyte
could produce more sodium carbonate (where R = -CHj3, or CH3-CH;), carbondioxide,
sodium hydroxide, and/or ROH species [66]. Protons generated by the dissociation of
HCIO;4 could react with NaClO4 to form HC, and sodium hydroxide (NaOH). Previously
formed NaOH species reacted with the PC solvent to produce sodium alkyl carbonates [67].
Initially formed sodium alkyl carbonates react with the sodium carbonate and hydrochloric
acid (HCl), and in the following steps generating sodium chloride (NaCl), desodiated alkyl
carbonate (ROCO,H), and carbonic acid (H,CO3). This step can also form sodium bicar-
bonate (NaHCOs) instead of carbonic acid [66]. Most importantly, the increased reactivity
of VC due to the presence of a double bond could form higher complexity sodiated poly-
mers, such as sodium ethylene dicarbonate (NaO,CO-C,H;-OCO;Na), sodium butylene
carbonate (CH,CH,OCO;Na),, and poly-vinylene carbonate [41,64,66].
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ROCO,Na + H,O (trace) — Na,CO; + ROH / NaOH + CO,
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R-+Na*+e — RNa
Scheme 1. Reduction reactions of PC-VC/NaClOy electrolyte solution.

Hence, the effect of solvents on the salt reduction can be investigated by comparing the
Cl-concentration in the surface film. Among the carbonate solvents used in this case, VC is
more reactive than PC towards electrochemical reduction, which leads to the difference in
the SEI composition and properties [47]. In the case of PC/NaClOy electrolyte solution,
high-resolution C 1s spectrum (Figure 7b) consisted of three distinct peaks located at
284.8 eV, 286.4 eV, and 289.6 eV, and characteristic of elemental carbon (C-C bonds), C-O-C/
C-O groups of RONa, and C=0 groups of ROCO,Na/ NayCOj3 species, respectively [28,68].
Signals corresponding to alkoxy groups were absent in the case of the VC-containing
electrolyte solution (Figure 8b). The relative intensity of the ROCO,Na peaks was also less,
which clearly indicated difference in the surface film composition. The O 1s spectra of the
TiO, anodes cycled in VC-free electrolyte solution (Figure 7c) could be deconvoluted into
individual peaks located at 531.0 eV, 532.6 eV, and 533.3 eV, corresponding to alkoxides,
ether, and carbonate groups present in the surface film [49,68,69].

Due to the presence of similar functional groups, it was difficult to distinguish
ROCO;,Na present in VC-free and polycarbonate groups formed in VC-containing elec-
trolyte solutions. However, slightly increased O 1s binding energies (531.2, 532.8, 533.5 eV,
respectively) and increased width in the case of PC-VC/NaClOy indicated (Figure 8c) the
presence of higher carbonate concentration in the SEI, possibly due to polycarbonate for-
mation resulting from VC-decomposition. Increased oxygen and carbon content quantified
from the high-resolution spectra (Table 1) also indicated the presence of higher carbonate
content in the case of the VC-containing electrolyte solution. Hence, it can be concluded
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that the surface films formed in both VC-free electrolyte solutions consisted of alkoxides,
carbonates, and ether species. Whereas alkoxides were absent in the polycarbonate rich
surface film formed in the VC-containing electrolyte solution.

High-resolution CI 2p spectra related to both the VC-free and VC-containing electrolyte
solutions exhibited similar features (Figures 7d and 8d). Individual peaks at 198.1 and
199.7 eV correspond to the Cl 2p3,, and Cl 2p;/, components, respectively, of inorganic
chlorides (mainly NaCl) present in the surface film [70]. Signals corresponding to organic
chlorides were not identified in the case of both electrolyte solutions. Increased salt
(NaClOy) decomposition in the case of the VC-free electrolyte solution is also evidenced
by the lower relative amount (Table 1) of inorganic chlorides in the surface film. This can
be credited to the more pronounced ClO4~ reduction in the absence of highly reactive VC
electrolyte additive. High-resolution Na 1s spectra in the case of both electrolyte solutions
(Figures 7e and 8e) were identical, with a prominent peak at 1071.4 eV indicating the
presence of NaCl in the surface film [70]. High-resolution Ti 2p spectra in the case of the
surface films formed in both electrolyte solutions (Figures 7f and 8f) exhibited signals at
458.1 eV and 463.9 eV, which are characteristic of the Ti 2p3,, and Ti 2p;,, components of
Ti** ions [53].

This is in good agreement with the intercalation-type pseudocapacitive Na-ion storage
mechanism we reported earlier for these anatase-bronze hybrid nanosheets [9]. Identical
Na 1s and Ti 2p signals also verified a similar Na-ion storage mechanism of TiO, nanosheets
in both VC-free and VC-containing electrolyte solutions. Increased Na and Ti concentration
in the case of PC/NaClO4 and PC-VC/NaClOy can be attributed to the enhanced NaClOy4
decomposition in the absence of VC, and superior transparency of polycarbonate based
surface film for X-rays/electron beam, correspondingly.

Further surface chemical studies of the TiO, were performed by ATR-FTIR spectral
measurements. FTIR spectra of non-cycled TiO; nanosheet electrodes, after cycling in
VC-free and VC-containing electrolyte solutions (Figure 9a), exhibited clear differences
in the surface chemical composition. Presence of ROCO,;Na and Nay;COj3 as the ma-
jor components resulting from PC reduction was evident from these spectra [64,67,70].
Peaks indicative of the symmetric and asymmetric stretch mode of C-O bond (v C-O)
present in ROCO,Na appeared in the 1450-1360 cm ! and 1650-1540 cm ! regions, respec-
tively [67,71]. Scissoring vibrations for OCO, ™ (6 OCO, ™) from the same species appeared
at 871/877 cm™! for both electrolyte compositions [67,72]. C-H stretching (v C-H) bands
appear at higher frequencies between 2999 and 2930, which were identical to the previous
reports for electrodes cycled in VC-free electrolytes [57,67]. Signals in the 23402350 cm !
range indicated the presence of atmospheric CO, [41]. Peaks at 1295 cm~ !, 1075 em ™},
and 1067 cm~! belong to CO stretching/ CHj; deformation coming from the organic
species containing -ONa and/or -OCO;Na functional groups and double bonds [57,71].
Peaks originating from the carbonate group of Na,COj3 (v CO3 ~2) were clearly visible at
1398 cm~1/1400 cm ™! in the spectra [72]. These signals were absent in the spectra of the
pristine TiO, electrode, confirming surface film formation only during the electrochemical
charge-discharge process. Interestingly, additional peaks corresponding to PC/VC sol-
vents and NaClOy salts are not visible in the case of the non-washed electrodes (Figure 54).
This could be due to the dominant FTIR intensities of the SEI components compared to trace
amounts of solvent and Na-salt. Similar FTIR spectra before and after washing confirmed
that the SEI components were not damaged by acetonitrile solvent.
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Figure 9. (a) ATR-FTIR spectra of non-cycled TiO, nanosheet electrodes, and after cycling in PC/NaClO4 and PC-
VC/NaClOy electrolyte solutions. Post-cycling SEM images of TiO, nanosheet electrodes in (b,c) PC/NaClOy, and
(d,e) PC-VC/NaClOy electrolyte solution. (f) SEM image and (g—j) corresponding SEM-EDX elemental mapping of TiO,
nanosheet electrodes after 30 cycles in PC-VC/NaClOj electrolyte solution.

Thus, the FTIR signals clearly demonstrated the formation of alkoxides and carbon-
ates formed as a result of electrolyte decomposition (Scheme 1). The spectra related to
PC/NaClO4 and PC-VC/NaClOy electrolyte solutions are somewhat similar. The major dif-
ference between these spectra is the presence of polycarbonate peaks at around 1780 cm ™!
in the case of the VC-containing electrolyte [57]. It is indeed clear that VC-addition to
PC/NaClOy electrolyte solution resulted in the formation of a polycarbonate rich surface
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film, along with Nap,CO3 and ROCO;,Na species. Post-cycling SEM images (Figure 9b—e)
of the TiO; nanosheet anode confirmed their structural stability during the sodiation-
desodiation process. Individual petals of the agglomerated TiO; nanosheets were clearly
visible through the surface films formed in both electrolyte solutions. EDX mapping of
the TiO; nanosheet anodes cycled in PC-VC/NaClOy electrolyte solution (Figure 9fj) also
verified homogeneous SEI formation. Hence, it is clear that the difference in pseudocapac-
itance and cycling stabilities was a consequence of the different chemical compositions
of the surface films rather than their thickness. This should be expected, considering the
minimal volume changes of the TiO, anode during the charge—discharge process, which
is unlikely to form thicker SEI due to limited electrolyte consumption only in the initial
cycles.

Surface chemical analysis results obtained from the ATR-FTIR measurements were in
line with the XPS results discussed above. These spectral studies enabled us to differentiate
the surface chemical aspects responsible for the increased pseudocapacitive Na-ion storage
in VC-containing electrolyte solution. Surface film formation in the two different electrolyte
solutions can be described as follows: In PC/NaClOy electrolyte, PC reduction into Na,CO3
and ROCO;Na are the primary processes contributing to the surface film. There exists a
competition between the PC and VC reduction in the case of PC-VC/NaClOy electrolyte
solution [47]. VC is the most reactive component, and surface films formed in this case
constitute both VC polymerization and PC reduction products. Polycarbonates formed
during the initial charge—discharge cycles, as a result of VC-decomposition, protect the
highly reactive TiO, anode from further reaction with the electrolyte solution. Improved
passivation also resulted in the reduced decomposition of the NaClOj salt, which is crucial
for maintaining good ionic conductivity during extended charge-discharge cycles. Signifi-
cantly improved pseudocapacitance resulted from the ultrafast Na-ion diffusion through
the polycarbonate based surface film. It should be noted that improved electrochemical
performance of graphite and silicon nanowire anodes in VC/ FEC containing electrolyte
solutions has been observed previously [41]. Nevertheless, such drastic difference in the
pseudocapacitive Na-ion storage mechanism has never been identified. In conclusion VC
electrolyte additive resulted in excellent long term cycling stability and pseudocapacitive
Na-ion storage, a consequence of the superior passivation and Na-ion transport properties
of the polycarbonate-rich surface film.

4. Conclusions

The effects of vinylene carbonate (VC) as an electrolyte additive on the surface chem-
istry and Na-ion storage mechanism was thoroughly investigated. TiO, nanosheet anodes
achieved enhanced long-term cycling stability and pseudocapacitance in VC-containing
electrolyte solution compared to VC-free composition. FTIR and XPS surface chemical char-
acterizations of TiO, nanosheets cycled in VC-containing electrolyte solution confirmed
the formation of polycarbonate rich surface film. Whereas, the VC-free electrolyte solution
resulted in the formation of a sodium alkyl carbonate and sodium carbonate based surface
film. The superior electrochemical performance of the TiO, nanosheets in VC-containing
electrolyte solution is credited to the faster pseudocapacitive Na-ion diffusion through
the polycarbonate-based surface film. These results demonstrated that TiO, nanosheet
anodes in VC-containing alkyl carbonate electrolyte solutions can be utilized for advanced
high-performance Na-ion batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/2313-0
105/7/1/1/s1. Figure S1: High-resolution Raman spectra, Figure S2: Galvanostatic long cycling
performance with different amount of VC additive, Figure S3: First cycle charge-discharge profiles of
TiO;, nanosheet anodes, Figure S4: FTIR spectra of cycled TiO, laminates without washing.
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