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ABSTRACT
In this paper, a basic electro-analytical study on the behavior of anatase TiO, in aqueous NaOH has been presented using cyclic
voltammetry technique (CV). The study has explored the possibility of using TiO; as anode material for ARSBs in presence of 5 M NaOH
aqueous electrolyte. CV profiles show that anatase TiO- exhibits reversible sodium ion insertion/de-insertion reactions. CV studies of TiO,
anode in aqueous sodium electrolytes at different scan rate shows that the Na* ion insertion reaction at the electrode is diffusion controlled
with a resistive behavior. Proton insertion from aqueous sodium electrolytes into TiO, cannot be ruled out. To confirm the ion inserted
and de-inserted, CV studies are done at different concentration of NaOH and it is found that at lower concentrations of NaOH, proton
insertion process competes with Na* ion insertion process and as the concentration increases, the Na* ion insertion process becomes the

predominant electrode reaction making it suitable anode materials for aqueous sodium batteries in 5 M NaOH.
Keywords: Anatase TiO2;Aqueous sodium-ion batteries; electrochemical study; Cyclic voltammetry (CV).

1. INTRODUCTION

Rechargeable batteries play a significant role in harvesting
and storing renewable, environmentally friendly energy resources
like wind and solar energy which are inherently intermittent. The
development of advanced energy storage technology is of great
importance in harvesting these energy resources to address the
increasing global concern of energy crisis and environmental
protection [1].

At present, lithium based batteries represents the most
advanced battery technology owing to their high energy density and
high standard voltage. However, their applications are mostly
dominated by portable electronic devices and attract less attention
of researchers for high end applications such as gird-scale or
stationary energy storage systems [2-4]. This is due to the fact that
lithium is expensive and its reserves are limited on earth. In contrast
to lithium, sodium offers several advantages like suitable redox
potential (E =-2.71 V vs. SHE), a value close to that of lithium (E
=-3.05 V vs. SHE), very abundant and cheap. Sodium ion batteries
[NIBs] with non-aqueous electrolytes have been investigated as
good alternatives to their lithium counterparts [5-9]. NIBs with
aqueous electrolytes [ARSBs] are particularly beneficial as the
electrolytes can be prepared with cheap materials like water and
simple salts such as NaOH, NaCl, Na;SO4, NaNQ;s etc.

In addition, aqueous electrolytes possess more ionic
conductivity, safety, environmentally friendly and can deliver
higher power densities than non-aqueous electrolytes. Several
materials have been studied as anodes in ARSBs like nasicon type
NaTiz(POa4)s [10-12], Vanadium based compounds [13], carbonyl
based organic compounds [14], Prussian blue analogs and their
derivatives[15]. TiOz is an inexpensive, exceptionally stable, non-
toxic and abundant [16] electrode material. In nature, TiOzexists in
different polymorphs such as rutile (tetragonal), brookite
(orthorhombic) and anatase (tetragonal) [17-21]. Most
thermodynamically stable and common phases of TiO, are rutile
and anatase forms. The ability of anatase TiO;, to intercalate
reversibly foreign ions such as H*, Li* and Na* in its host structure

makes it an excellent candidate for rechargeable lithium and sodium
ion batteries in addition to its high stability and semiconducting
properties.

The electrochemical behavior of TiO; has been widely
studied in non-aqueous sodium ion electrolytes [17-21]. However,
the information available on the electrochemical study of anatase
TiO; in aqueous electrolytes is very less. Lyon and Hupp [22, 23]
showed that TiO, undergoes irreversible proton (H*) insertion from
aqueous H,SO4 and NaOH solutions. This mechanism was also
supported by electrochemical quartz crystal microbalance (EQCM)
measurements. Later, the use of anatase TiO; as an anode in ARSBs
in presence of 1 M NaOH and 1 M NaCl was reported [22]. In this
work, TiO2 nanotube electrodes are grown directly on a current
collector using a fixed voltage or a voltage ramp. A study of their
ability to accommodate Na* ion has been presented as a function of
the potential used for the electrochemical growth of the nanotubes
and the temperature used for their annealing. The study proved that
anatase undergoes reversible sodium insertion/de-insertion in 1 M
NaOH and 1 M NaCl. However, the information was very brief and
a detailed cyclic voltammetry study of the electrochemical behavior
of anatase TiO; in aqueous different aqueous sodium electrolytes is
not reported to the best of our knowledge. Such knowledge of the
electrochemical behavior of TiO; is necessary in order to use it as
an anode material in aqueous rechargeable sodium ion batteries.

In modern electro-analytical  chemistry, cyclic
voltammetry (CV) is the basic and first tool of choice to analyze the
reversibility of an electrochemical system[24]. In this method, a
cyclic linear potential ramp is imposed on an electrode and the
resulting current response of the electrode system is recorded. By
analyzing the CV profiles, one can get the first information on
kinetics, mass transport and reversibility of an electrode system. A
redox reaction involving both an oxidant (O) & a reductant (R)
rapidly exchanging electrons with the electrode is called an
electrochemical reversible redox system. In CV technique, an ideal
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reversible redox system involving single electron transfer must
satisfy certain characteristics at equilibrium. They are as follows.
a. The oxidation and reduction peak potential separation i. e. AE;
=0.058/n V at all scan rates at 25 °C.

b. The ratio of the cathodic to anodic peak currents must be unity
i.e ipafic =1

c. The peak currents should be proportional to the square root of
scan rate i. e ip av'2,

The peak current (ip) is related to diffusion coefficient by Randles -
Sevick equation as shown below

ip = 0.446nF (nF/RT)Y2C* v12ADY2 (1)

2. MATERIALS AND METHODS
2.1. Chemicals and characterization.
Crystal structure of the anode material, TiO, was

confirmed by powder XRD using Bruker’s X-ray powder
diffractometer with Cu-Ka radiation as source (A = 1.5418
A).Anatase TiO, (99.5%) powder was purchased from Sigma-
Aldrich and used as received.

The other chemicals used in this study were of analytical
grade from Sigma—Aldrich and used as received.Stainless steel (SS)
was used as a current collector. The working electrode was prepared
by sand blasting a SS mesh to remove the surface oxide layer and
generate a rough surface. Then the SS mesh of 2.23 cm? geometric
surface areas with a tag for electrical connection was etched in dil.
HNOs, cleaned with detergent, washed with water, rinsed with
acetone, dried and weighed. TiO,, acetylene black and
polytetrafluoroethylene (PTFE) were taken in the weight ratio of

3. RESULTS

XRD is a useful tool to confirm the structure of any
crystalline material [25]. Crystalline structure of TiO, sample was
confirmed by powder X-Ray Diffraction studies and is as shown in
Fig.1. From the figure, itis clear that the sample TiO; has an ordered
anatase phase with all the diffraction peaks well indexed with
tetragonal crystal structure belonging to 14:/amd space group. No
peaks belonging to any impurities were detected in the XRD and
the pattern obtained is in good agreement with that reported in
literature for TiO, [10, 15].
3.1. Cyclic voltammetry study of TiO2 in aqueous solutions.

The CV profile of SS mesh current collector used for the
preparation of TiO, working electrode in 5 M NaOH is as shown in
Fig. 2a. Itis very clear that the peak current which corresponds to
the evolution of oxygen is observed outside the potential window
used for recording the CV profile of TiO; as shown in Fig. 2b. Also,
the peak current which corresponds to the evolution of hydrogen
was observed within the stable potential window used for recording
the CV profile of TiO,. This indicates that the 5 M NaOH provides
stable potential window for Na* insertion and de-insertion in TiO,.

The CV profile of TiO, shows a reduction peak at -0.27 V

and its corresponding anodic peak is at + 0.003 V. A large potential
gap of 0.273 V was observed between oxidation and reduction
peaks suggesting that the kinetics of electron transfer process is
very slow in agueous 5 M NaOH. When subjected to continuous
cycling (10 cycles) in the potential range of -0.50 V to +0.20 V at a
scan rate of 1 mV s, TiO, shows some changes in its CV profile as

In practice, the CV profiles very rarely satisfy the above
conditions for reversibility of a system. This is due to the fact that
the rate of reaction at the electrode-electrolyte interface is affected
by slow electron transfer kinetics which arises from the solution
resistance and also resistance offered by solid state reaction. These
factors which lead to polarization of the electrode are more
pronounced in redox systems with lithium/sodium intercalation/de-
intercalation chemistry and understanding their reaction kinetics is
highly complicated than solution based systems. This is due to the
fact that the electrode material itself takes part in the reaction with
the movement of lithium/sodium ions in and out of electrode’s
active material.

70:20:10 in an agate mortar and grounded. The acetylene black
enhances the electrical conductivity of the TiO; active materials and
PTFE acts as binder.

Few drops of N-methyl-2-pyrrolidinone (NMP) were
added to the above mixture to make slurry. The slurry was coated
on to a previously weighed SS mesh and dried at 60 °C overnight
under vacuum. The active material loading was 15 mg cm2. Cyclic
voltammetry measurements were done in a glass cell of capacity 25
ml using NaOH, NaNOs; and Na,SO; aqueous solutions as
electrolytes. A Platinum foil and a saturated calomel electrode
(SCE) served as counter electrode and the reference electrode
respectively. All the experiments were performed at room
temperature (25 °C) and the potential values given against SCE.
Biologic’s potentiostat-galvanostat electrochemical workstation,
Model VSP, France was used for all electrochemical studies.

shown in Fig. 2(C). The cathodic and anodic peak currents
decreased up to 8" cycle and then tend to stabilize, suggesting that
TiO2 could be reversibly reduced/oxidized over a number of cycles.
3.2. Effect of scan rate.

To study the reversibility of TiO, anode material in 5 M
NaOH, cyclic voltammograms were recorded at different scan rates
varying between 0 mV sto 5 mV s and are as shown in Fig. 3(A).
From the figure it is found that the peak-to-peak separation(AEp)
increases with an increasing scan rate, a linear dependence of
current with applied potential (I-E) was found during an initial
increase in current and all the CV profiles overlap irrespective of
scan rate atthe beginning of charging and discharging. The last two
observations suggest that the initialcurrent is a linear function of the
potential. A plot of anodic and cathodic peak currents vs. square
root of scan rate is as shown in Fig. 3(B). A straight line between i,
and v was observed over the scan rates at which the CV profiles
were recorded.

As discussed in the introduction, this forms one of the
characteristics for reversibility of reversible system i.e. ip a v'2
relationship (characteristic ¢). The lowest scan rate applied to get
the real separation between anodic and cathodic peaks in this study
was 100 pV s and the AE, was found to be about 0.159 V which
is large to compared to the theoretical value of 0.059 V for an one
electron transfer redox system to be reversible (characteristic a).
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Figure 1. X-ray diffraction pattern of TiO2
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Figure 2. Cyclic voltammogram of, (A) Stainless steel mesh (SS) in 5 M
NaOH aqueous solution (scan rate; 1 mV s), (B) TiO: electrode in 5 M
NaOH aqueous solution (scan rate; 1ImV s1), (C) ten-cycle on TiO2
electrode in 5 M NaOH aqueous solution.

This large potential gap can be assigned to the slow electron

transfer kinetics at TiO2 in 5 M NaOH solution [16]. In order to
satisfy the characteristic b, the anodic and cathodic peak currents
must have the same magnitude. However, Fig. 3b shows that this
condition also is not satisfied at all scan rates, i.e. ipc/ipa # 1. This

could be due to the fact that sodium interaction and de-intercalation
into/from TiO, follows different mechanism during charge and
discharge. Na* ions are most likely to be transported through
various regions such as anatase TiO,, Ti»Os, sodium peroxide,
metallic sodium and amorphous sodium titanate Ti,O and TiO [22,
23,26]. It is also reported by Manickan et. al. [27] that, in addition
to the formation of reversible LixTiO,, Ti,Os, Ti:O and TiO
compounds are irreversibly formed during the electro-reduction of
TiO2 in agueous solution. These titanium oxide compounds are not
formed in non-aqueous cells and may be related to proton
intercalation. This difference in the electrochemical environment
for Na* transport may account for the difference in the magnitude
of the peak currents at all the scan rates. Thus we conclude that the
characteristic b need not be upheld for TiO, system owing to the
fact that the integrated area under the cathodic and anodic scans is
almost equal (i.e. the same capacities of about 60 mAh g for
charging and discharging). From the above discussion, it is
understood that TiO, shows a reversible reaction with a resistive
behavior similar to the work reported in non-aqueous electrolytes
[23].
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Figure 3. (A) Cyclic voltammograms of TiOz recorded in 5 M NaOH
aqueous electrolyte at various scan rates. (B) The relation between the
peak current density and square root of scan rate, of TiOz in aqueous 5 M
NaOH solution.

3.3. ldentification of cation.

In aqueous electrolytes, Na* ion insertion/de-insertion
reactions are complicated by the interference of proton insertion
reactions. In this concern, identification of the cation being inserted
into the TiO, anode material becomes important. It is interesting to
identify the cation de-intercalated/intercalated from/to TiO, upon
the redox reaction of Ti**/Ti** couple. The electrochemical de-
sodiation and sodiation reactions havebeen mentioned for TiO- in
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aqueous electrolytes [22]. However, a detailed CV study is not
available. The reactions for the redox peaks of TiO; in Fig. 2a can
be written as follows

Oxidation: NayTiO,—xNa* + TiO,
Reduction: xNa* + TiO,—NaxTiO;

The formal potential of a redox reaction depends on the
concentration of the active species i.e. sodium ion (ana+) in
accordance with the following Nernst equation (1),
Er =E°+ 0.059 log ana+  -oeceeeeee ®

In other words, the formal potential, Es of the redox
reaction of TiO; in the NaOH aqueous solutions should be directly
proportional to the logarithm of the sodium ion activity. The formal
potential (Es) can be calculated from the de-sodiated/ sodiated peak
potentials of CV curves recorded at different concentrations of
NaOH using the following equation,

Ef = Epa + Epe/2

The cyclic voltammetry curves of TiO, electrode were
recorded in various concentrations of NaOH viz, 0.5, 1, 2, 3, 4 and
finally in 5 M NaOH and are as shown in Fig. 4(A). From the
figure, the CV profile obtained in 0.5 M NaOH show an oxidation
peak at 0.150 V and a reduction peak at -0.110 V with a formal
potential of -0.02 V.
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Figure 4. Cyclic voltammograms of TiOz in different concentration of,
(A) 0.5 M NaOH, (B) 1 M NaOH, (C) 2 M NaOH, (D) 3 M NaOH, (E) 4
M NaOH, (F) 5 M NaOH and (G ) Plot of Ef vs. log [Na*].

The anodic and cathodic peak currents are also low.
However, as the concentration of the electrolyte increasesto 1 M, a
significant change in the CV profile was observed. Both the
cathodic and anodic currents increased with an increased peak
potential separation. The cathodic peak is found to be having two
submerged peaks. We believe that the two peaks represent two
different intercalation reactions taking place at TiO; i.e., sodium ion
and proton intercalation. This supports the previous reports by Lyon
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and Hupp [28, 29] that TiO, undergoes irreversible proton insertion
in aqueous NaOH. As the concentration of the electrolyte increased
further from 1 M to 2 and 3 M, the two submerged cathodic peaks
coalesce and a single peak appears during intercalation. In addition
to this, a decrease in the CV peak currents, peak potential separation
and formal potential values were also observed at these higher
concentrations of electrolyte. The formal potential value was
expected to increase in order to support Na* ion insertion/de-
insertion rather than proton insertion mechansim. However, the
decrease observed can be explained as follows.

Fig. 4(B) shows the relationship between the formal
potential, Er and the logarithm of concentration of sodium ions for
different concentrations of NaOH to identify the cation being
inserted/extracted to/from TiO,. It is observed that the shapes of the
CV curves obtained in various concentrations of NaOH are not
similar and do never represent a single redox reaction taking place
at TiO; electrode. The CV profiles suggest that proton insertion/de-
insertion reaction may be coupled with sodium insertion/de-
insertion reaction particularly at lower concentrations of NaOH.
3.4. Effect of different electrolyte.

Fig. 5 shows the cyclic voltammogram of TiO, anode
material recorded in different sodium electrolytes. From the figure,
the following observations can be made: In 5 M NaNO; and Sat.
Na,SOs, the CV profile of TiO; exhibits only one cathodic peak at
-0.15 V. The peak potentials of these two peaks coincide with each
other and there are no peaks appeared on CV curve during
discharge. This indicates that TiO, undergoes irreversible proton

4. CONCLUSIONS

Cyclic voltammetry technique has been used successfully
to study the electrochemical behavior of TiO, in aqueous sodium
electrolytes. The CV studies of TiO, show that it undergoes a
partially reversible sodium insertion/de-insertion  reaction
mechanism in aqueous NaOH electrolyte with a resistive behavior.
At a lower concentration of sodium ions, TiO2 was found to undergo
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