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Synthesis of Na,TizO; nanorods by a V-assisted
route and investigation of their battery
performance
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We report the V-assisted synthesis of Na,TizO; nanorods via a conventional solid state reaction technique.
Energy dispersive X-ray spectroscopy (EDS) mapping showed that V-ions are not incorporated into the
main structure of the nanorods but rather V behaves as a flux agent during the growth of the nanorods.
The cyclic voltammetry (CV) analysis of the samples shows changes in the redox peaks as a function of V
content. Our detailed ex situ X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS) analyses after
1000 cycles show that the degradation mechanism is the formation of various titanium oxide impurity
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1. Introduction

Although Li-ion batteries have conquered the portable
electronics market, their limitations due to the high cost and
availability of Li have prevented them to be used in large scale
applications. Na is a promising alternative due to its natural
abundance and similar intercalation properties to Li. Despite
their rich redox chemistry, Na-ion batteries have lower energy
density and voltage than Li-ion batteries. More studies have
to be performed to optimize the electrode materials in the
Na-ion battery field in order to catch up with the Li-ion
battery technology. Most studies have been related to positive
electrodes; however, less attention has been paid to the
negative electrodes for Na-ion batteries."?

The performance of a battery depends on the working
potential which is the difference between the potentials of the
positive and negative electrodes. Therefore, a low ionization
voltage, i.e. between 0 and 2 V, is a good criterion for anode
materials. Among the various types of anode materials for Na-
ion batteries such as carbonaceous materials, Na alloys and
compounds and Ti-based compounds,® Na,Ti;O, is promising
due to its very low potential (0.3 V).* Na,Ti;O, consists of
zigzag layers of TiOs octahedra with a monoclinic crystal
structure (P24/m space group). Up to 3.5 Na ions per formula
unit can be intercalated into the interlayer space, leading to a
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phases which inhibits the Na-ion diffusion.

theoretical capacity of 311 mA h g™'.> Experimental capacity
values are far from the theoretical value for now, therefore
extensive research efforts are required to improve the capacity
of Na,Ti;O,. Na,Ti;O;, can be synthesized via various
techniques in several forms: nanosheet® and nanorod’ forms
via hydrothermal synthesis, bulk form from solid state
reactions* and microsphere form with a spray drying
method.® The capacity value of Na,Ti;O; is very sensitive to its
synthesis technique and its morphology. For instance, a
capacity value of 188 mA h g™" at a current rate of 0.1 C was
reached by solid state synthesis.” However, the capacity
decreases to 60 mA h g™ for the 60th cycle. Man et al. have
synthesized sheet-like Na,Ti;O;, materials by solid state
synthesis with hollow sphere TiO, as the Ti source.
Electrochemical measurements show that an initial charge
capacity of 191 mA h g™" at a 0.1 C rate decreases to 101 mA h
g after 50 cycles."® Ding et al. synthesized carbon-coated
Na,Ti;O5 via the solid state reaction method. They report an
initial discharge capacity of 215 mA h g™ at a 20 mA current
rate which shows a sharp decrease for the 25th cycle down to
~60 mA h g”"."" All these solid-state synthesis reports yield
Na,Ti;O, in bulk form. However, the effects of nanosized
electrode materials on battery performance have been
reported repeatedly’’* and conventional solid-state
synthesis is useful for large scale production due to its
simplicity. Therefore, it is important to synthesize Na,Ti;O; in
nanosize via solid state synthesis. There has been one recent
study reporting synthesis of a mixture of Na,Tiz0,/Na,TisO;3
nanorods via the solid state reaction by adding carbon during
synthesis."” These nanorods showed promising
electrochemical performance especially at high rates (%
95Na,Ti;0,/%5Na,Tig01; with an initial specific discharge
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capacity of 92 mA h g " at a 5 C rate). In this work we report a
new route for solid state synthesis of Na,Ti;O, nanorods by
adding vanadium. Our results confirm that the V ions do not
diffuse into the lattice of Na,Ti;O, nanorods, instead they
behave as a flux agent in the main matrix that assists the
formation of the nanorods. We have tested the
electrochemical properties of Na,Ti;O, nanorods in Na-ion
batteries and used ex situ characterization techniques to study
their capacity fade mechanism.

2. Experimental section

Nominal Na,Ti;_V,0, compounds, where x = 0.0, 0.025, 0.05,
0.1, and 0.15, were synthesized via the solid state reaction
method. Powders of 99% purity Na,COj3, TiO,, and V,05 were
used as starting materials. The mixed powder was heated at
800 °C in air for 16 hours to remove the carbonates. After
furnace cooling, the powder was mixed with an agate mortar
and kept at 800 °C for 12 hours to obtain the final
compositions.

X-ray diffraction (XRD) measurements were performed
using CuKa (2 = 1.5405 A) radiation with a Siemens Bruker
D5000 computer-controlled X-ray diffractometer at the
University of Illinois at the Urbana-Champaign Materials
Research Laboratory. The data were collected at a constant
scanning rate of 2° min~" at 260 = 2-80°. Unit cell parameters
were determined by the Rietveld refinement technique using
the comprehensive General Structure Analysis System II
(GSAS 11) software."®

For the surface morphology analysis, a JEOL 6060LV
general purpose scanning electron microscope (SEM) was
used at the University of Illinois at the Urbana-Champaign
Materials Research Laboratory. For the transmission electron
microscopy (TEM) analysis, a JEOL 3000F with an energy
dispersive X-ray spectroscopy (EDS) attachment was used at
300 kv at Lund University, Sweden. X-ray absorption fine
structure (XAFS) analysis of the samples was performed at
beamline 64 at DESY synchrotron in Germany.

Pure Na metal was used as a counter electrode for
electrochemical characterization. The nominal Na,Ti; ,V,O-
compositions where x = 0, 0.025, 0.05, 0.1, and 0.15 were
mixed with polyvinylidene fluoride (PVDF) and carbon black
(CB) with a ratio of 70:15:15 for CR2032 coin cells. The coin
cells were pressed in an Ar gas filled glove box. Charge-
discharge and cyclic voltammetry measurements were
performed wusing a Bio-logic VPM3. Charge-discharge
measurements were conducted at 0.2, 0.5, 1 and 2 C rates in
the 0.5-2 V range. CV measurements were taken at 0.1 mV
s in the 0.1-2 V range.

3. Results and discussion
3.1. Growth of the nanorods

The growth of nano-size rod-like crystals is important in
electrochemical processes due to their high surface area and
short diffusion distances.'”'® Also, a crystalline structure is
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essential since ion diffusion occurs through certain
crystallographic directions and planes.'® Although Na,Ti;0,
has been synthesized in nanorod form via various chemical
techniques, solid state synthesis yields bulk materials for this
compound.”®*" Sauvet et al. have reported the single phase
formation temperature of Na,Ti;O; to be 800 °C based on
thermogravimetric and thermal differential analysis data.”?
Fig. 1(a) shows the XRD data of nominal Na,Ti;_,V,0;
compositions annealed at 850 °C. All the samples have the
Na,Ti;O0;, phase as the main phase. Fig. 1(b) shows the
Rietveld refinement of the Na,Ti;O, structure for the x = 0.1
sample.

We have used the XRD data to calculate the lattice
parameters and unit cell volume of the samples and observed
that addition of V does not cause a significant change in the
cell parameters, as listed in Table 1. This can also be
confirmed by the XRD data shown in Fig. 1(a) where the
peaks do not shift noticeably upon V addition. One possible
explanation is the very small difference between the ionic
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Fig. 1 (@) XRD data of Na,Tiz,V,O; samples with nominal

compositions where x = 0.00, 0.025, 0.05, 0.10 and 0.15. (b) Rietveld
refinement of the Na,TizO; structure for the nanorods scraped from
the surface of the main matrix of the x = 0.1 sample.
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Table 1 Cell parameters of nominal
determined via Rietveld refinement

Na,Tiz_,V,O; compositions

Sample a (A) b (A) c(A) Volume (A%)
0.00 8.5685(14) 3.80054(22) 9.1252(15) 291.125(41)
0.025 8.5613(11) 3.80255(15) 9.1274(16) 291.066(26)
0.05 8.5619(11) 3.80204(12) 9.1264(11) 291.026(15)
0.10 8.5652(16) 3.80156(17) 9.1208(16) 290.945(22)
0.15 8.5644(13) 3.80129(15) 9.1252(14) 291.017(19)

radii of Ti*" and V** ions (for 6-coordinations, the ionic radii
are 74.5 pm and 72 pm, respectively). Another possible
explanation is that the V ions do not incorporate with the
lattice of Na,Tiz;0;, instead they form a vanadium-containing
impurity phase. We have detected impurity peaks in our XRD
data; however, we could not identify these peaks due to their
low intensity. These impurity peaks are not present in the
samples with low V content (x = 0.025) and start appearing at
the x = 0.05 sample. We have performed EDS analysis to
observe if V is present in the nanorods as discussed later in
this section.

Growth of crystals is usually initiated by a nucleus which
is formed on the bulk part of the sample. Grain shapes of
materials are directly related to the thermodynamic
conditions of the environment such as temperature, pressure,
internal energy, etc. A triggering mechanism is needed for
the formation of rod-like grains since the rod-like grain
formation requires more energy than that of the flake-like
grains due to their high surface area.>® In our case, addition
of V triggers the formation of Na,Ti;O, nanorods. Fig. 2

708 A

RN A
Fig. 2 SEM images of Na,TizV,O; samples where (a) x = 0, (b) x =
0.025, (c) x = 0.05, (d) x = 0.1 and (e) x = 0.15.
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shows the SEM images of nominal Na,Ti;_,V,O; compounds.
While the V-free sample (x = 0.0) does not contain any
nanorods, even addition of a tiny amount of V (x = 0.025)
activates the formation of nanorods.

Fig. 3 shows the TEM images of a nanorod and its
diffraction pattern. The nanorod shows the single crystalline
structure with growth along the b-axis. Values of the
interplanar spacings were measured from the high resolution
image and the obtained values (0.83 nm and 0.39 nm)
correspond within error to the values calculated from the
XRD data (Table 1).

The growth of one-dimensional crystals in the form of
nanorods is a curious subject in materials science. There are
several suggested models for the growth of these nanorods
such as vapor-solid-liquid mechanisms, defect-assisted
growth, etc.”**® Based on our results, the most appropriate
mechanism to explain the growth of Na,Ti;O, nanorods is the
defect-assisted  growth. According to this model,
incorporation of V in the lattice forms a defect and such
defects on the surface of the main matrix causes formation of
nuclei for the grains. The grains start to grow on the nuclei
and the V defect does not diffuse into the structure of the
nanorods; rather it behaves as a catalytic role in the growth
process.”” To test this hypothesis we have performed EDS
analysis to observe if the V-ions are present in the nanorods.
We examined several nanorods and found that V-ions do not
incorporate the structure of the nanorods. Fig. 4 shows
investigations into one nanorod as an example. The STEM
image was used to define a region for recording EDS spectra
and mapping the main elements Na, Ti and O. The sum
spectra were obtained from the mapping data and used to
calculate atomic percentages. These were Na 16%, Ti 16%, O
68% and V 0.1%. The discrepancy between these numbers
and the formula Na,Ti;O; probably has two causes. One is
that the calculated percentages depend on the value of
thickness incorporated into the calculation; we estimated 200
nm but over the area of the map there is a large variation and
hence uncertainty. The second is that on other occasions
where spot analyses were attempted, we observed material
loss at the site of the electron probe. The percentage for V was
given at 0.1%. Values below around 1% mean that one
normally concludes that an element is below the detection
limit. The analysis of this EDS spectrum is complicated by an
overlap of the V K,, peak at 4.95 keV and the Ti K peak at 4.93
keV. The strong Ti K,, signal at 4.51 keV and the weaker Ti Kg
peak are clearly visible. The locations of V K peaks, where they
should be present, are marked in red in Fig. 4. The, V Kg peak
location at 5.43 keV must be examined instead of the main V
K, peak. At 5.43 keV, there was no sign of a peak which allows
us to say that V is not detected. We conclude that V-ions are
not incorporated but instead play a catalytic role in the
nanorod growth similar to the growth of Nay,MnO,
nanorods as discussed in detail in our previous report.®

Fig. 5(a) shows the Ti-K edge XANES spectra of the samples
of the nominal NaV,Ti;_,O, compounds where x = 0.00-0.25.
The XANES data show seven different featured peaks or kinks

CrystEngComm, 2020, 22, 2483-2490 | 2485
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Fig. 3 TEM images of a nanorod synthesized by V-substitution at the x = 0.05 level and before cycling. Analysis of the high resolution image and
diffraction patterns taken from the same area give spacings along the b-direction as 0.39 nm and along the a-direction as 0.83 nm.

Fig. 4 TEM-EDS image of a nanorod of the nominal Na,Tiz_,V,O; composition where x = 0.05. On the left is a STEM dark field image. Upper right:
The sum spectra recorded during mapping; peaks for O K., Na K, and Ti K, are visible (Cu comes from the copper grid used as a sample holder).
Lower right: The elemental maps indicate a uniform composition across the nanorod.

as labelled in Fig. 5(a). A. Niltharach et al stated that A, is
related to the quadrupole transition from 1s to the ¢,g level of
the TiOs octahedron, A, and A; can be explained by the
transition from 1s to 3d orbitals and B is attributed to the
transition from 1s to 4p orbitals (detailed information can be
found in ref. 29 and 30).

The crystal structure of Na,Ti;O;, obtained from Rietveld
refinement, shown in Fig. 5(b), consists of three Ti sites,
seven oxygen sites and two Na sites. Hennig et al. have
reported that bond lengths obtained from the XRD data can
be less reliable than the values obtained from the EXAFS
data.*’ We have used the Fourier transform (FT) EXAFS data
to confirm the interatomic parameters (bond lengths)

2486 | CrystEngComm, 2020, 22, 2483-2490

obtained from the XRD data. In the FT EXAFS data (Fig. 5(c)),
the peaks are labelled P,, P,, P3;, P, and Ps (Fig. 5(d)) and
corresponding bond types (listed in Table 2) are gathered
from the XRD data. Each peak of the FT data consists of
several bonds in the structure. Although the peak values of
the FT EXAFS data provide the bond lengths of ions, the peak
widths explain the statistical distribution of the bond
lengths.

3.2. Battery performance

Fig. 6a—e show the plot of the galvanostatic test profiles of
nominal Na,Ti;_,V,0, compounds up to 1000 cycles at a 0.5

This journal is © The Royal Society of Chemistry 2020
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Table 2 The relationship between the FT peak positions and bond types

Label in

the FT data Peak start (A) Peak end (A) Peak value (A) Bond types

P, 0.54 1.98 1.15 Ti;-Oy, Ti;—0s, Tiy-0,, Tis-Os, Tis—0,, Ti;-Os, Tiy-Og, Tiz—O;
P, 2.02 3.21 2.6 Ti,—Tis, Tiy-O4, Tiz-Os, Tiy-Os, Ti;—Og, Ti;-O

P, 3.25 3.87 3.45 Tis~Og, Ti—Os, Ti;-Ti,, Ti;-Nay, Ti,-Na,

P, 3.90 4.56 4.2 Ti,~Oy, Tiz—0;, Ti;-Nay, Ti;-Na,, Ti;-Na,, Ti;—0,, Ti;-O0s3

Ps 4.63 5.93 5.05 Ti;~O,, Tiz—Nay, Ti;~Tis

C rate. The pristine compound, Na,Ti;O,, shows similar
battery performance to that reported in the literature.*> A
significant decrease in the capacity values upon increasing
the cycle number is observed for most of the samples
including the pristine compound. The lowest capacity fade
after 1000 cycles is obtained for the x = 0.1 sample.

Fig. 7 shows the capacity change with increasing charge/
discharge cycle number for Na,Ti;_,V,O; up to 1000 cycles.
Although the V substitution has a negative effect on the
capacity of Na,Ti;O,, this material has a very good capacity
retention property since its capacity remains almost constant
between 300 and 1000th cycles. Even with the addition of
vanadium, the crystal structure of the materials is stable
upon charging/discharging. We have used both the main

This journal is © The Royal Society of Chemistry 2020

matrix and the nanorods to fabricate the electrodes. Fig. 7
shows that the pristine sample has 110 mA h g * and 42 mA
h g™ for the 1st and 1000th cycles, respectively.

3.3. Degradation mechanism

The crystal structure of the active materials plays a crucial
role in the battery performance. Investigations of the
structural deformation during charge/discharge are expected
to reveal the structural factors behind the capacity fade.
Insertion/removal of the Na ions from the active materials
causes changes in the crystal structure. Upon multiple
repetitions of this process, these structural modifications
become irreversible and detrimental for the battery life.

CrystEngComm, 2020, 22, 2483-2490 | 2487
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Fig. 6 Capacity-voltage graphs of nominal Na,Tiz_,V,O; compositions (x = 0, 0.025, 0.05, 0.1 and 0.15).

The ex situ XRD data of the electrode materials after 1000
cycles as presented in Fig. 8 reveal impurity phases such as
TiO, TiO, and Ti,O;5.
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Fig. 7 Capacity change with cycle number of nominal Na,Tiz_V,O;
compositions (x = 0, 0.025, 0.05, 0.1 and 0.15).
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We also performed ex situ XAS measurements after the 1st,
25th, 50th, 100th and 500th cycles for the x = 0.10 sample to

27377
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20 (Degree)

Fig. 8 Ex situ XRD data of nominal Na,Tiz_V,O; (x = 0, 0.025, 0.05,
0.1 and 0.15) compounds after 1000 cycles.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ce01955c

Open Access Article. Published on 25 February 2020. Downloaded on 12/4/2025 5:11:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

CrystEngComm Paper
14 C
12} (a)
10+
08
=1
06 pure
— 1-cycle
04} — 25-cycle
—— 50-cycle
— 100-cycle
02} ——500-cycle
0.0 : 7 0.0 : : : ,
4950 4975 5000 5025 0 1 2 3 4
Energy (eV) R ( A)
(c) —ot-P,
—o+P,
> 6//7/-/,/ G222 Y
AP, [
z B e -,
AP,
é’ ®| AP, o I
3
2 [ IAP
& 21 IIIIIIIII||IIIIIIIIIIIIIIIIIIIlIIII|IIIII|IIIIIIIIIIIIlllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlII :
17 %1
0 o 160 260 300 400 560 600
Cycle Number
Fig. 9 (a) XANES spectra, (b) FT graphs and (c) peak positions and AP values (in FT graphs) of x = 0.10 Na,TizO after 500 cycles.

determine the major structural changes upon repeated cycling
as seen in Fig. 9. We have observed 6 different peaks in the
XAFS data as observed in uncycled samples (Fig. 5(a)). Cy, C,
and C; peaks have relatively higher intensity than those of the
uncycled samples and the cycling process changes the spectrum
slightly. The change in the intensity of the C-signed peaks in
the XANES data is related to formation of TiO,, TiO and Ti;Oq;
phases since the environment of Ti ions change with the

Before

After

Fig. 10 TEM images of a nanorod of the x = 0.10 sample before
cycling and after 1000 cycles.

This journal is © The Royal Society of Chemistry 2020

formation of these phases. In addition, the FT data show a
similar behavior with the uncycled sample. It is clear that the
main phase remains to be present upon cycling and the bond
lengths of impurity phases as shown in the XRD graph (Fig. 8)
should be the same length in the existing peaks of the main
phase as seen in Fig. 9(b) and (c).

TEM was used to look at the nature of structural changes
that occur during cycling. In Fig. 10 we show the TEM images
of a nanorod of the x = 0.10 sample ‘before’ and ‘after’ 1000
cycles. The ‘before’ sample has a clean overall appearance
(top left), and the high resolution image (top right) has a
uniform crystalline appearance up to the surface. The ‘after’
sample (bottom left) shows variations in intensity across its
width and there is an extra material attached to the surfaces.
The high resolution image (bottom right) shows loss of
crystallinity. The interplanar spacing measured in the
‘before’ material was 0.82 nm, the same within error as
reported in Fig. 3. In the ‘after’ material, the spacing lies in
the range of 0.68 to 0.70 nm. This clearly shows the structural
deformation upon repeated cycling.

Conclusions

In this work we report the solid state synthesis of Na,Tiz;O;
nanorods via a defect assisted route upon V addition. Among
the nominal Na,Ti;_,V,0, compositions where x = 0.0, 0.025,
0.05, 0.1 and 0.15, we observed that the pristine sample (x =

CrystEngComm, 2020, 22, 2483-2490 | 2489
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0.0) has the bulk form while addition of even a small amount
of V in the nominal composition causes formation of
nanorods. Our TEM-EDS analysis shows that the nanorods
do not contain any vanadium. We attribute the growth of the
nanorods to a defect assisted growth mechanism which
confirms our claim regarding the catalytic role of vanadium
in the nanorod growth. We have also tested battery
performances of our samples. The x = 0.10 sample shows the
best capacity retention among all the samples, therefore we
have examined the capacity fade mechanism of this sample
via ex situ XRD, XAS and TEM studies. We found that
repeated cycling causes formation of various titanium oxide
phases and significant morphological deformations.
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