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ABSTRACT

In this paper, Magneli phase Ti4O; was successfully synthesized using a TiO, reduction method, and char-
acterized using X-ray diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). The
electrode coated with this Ti;O; material showed activities for both the oxygen reduction reaction (ORR)
and the oxygen evolution reaction (OER). For the ORR, several parameters, including overall electron
transfer number, kinetic constants, electron transfer coefficient, and percentage H,0, production, were
obtained using the rotating ring-disk electrode (RRDE) technique and the Koutecky-Levich theory. The
overall electron transfer number was found to be between 2.3 and 2.9 in 1, 4, and 6 M KOH electrolytes,
suggesting that the ORR process on the Ti;O; electrode was a mixed process of 2- and 4-electron transfer
pathways. Electrochemical durability tests, carried out in highly concentrated KOH electrolyte, confirmed
that this TisO7 is a stable electrode material, suggesting that it should be a feasible candidate for the air-
cathodes of zinc-air batteries. To understand the stability of this material, Raman and XPS spectra were
also collected for the Ti4O7 samples before and after the stability tests. The results and analysis revealed
that a thin layer of TiO, formed on the Ti4O7 surface, which may have prevented further oxidation into

the bulk of the TizO; electrode.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Zinc-air rechargeable batteries (ZARBs) have drawn great atten-
tion in recent years due to their high specific energy, low cost,
and safety. It has been recognized that ZARBs could be used in
several important power-intensive areas, such as portable and
back-up power, and automobile applications. However, several
major challenges still exist at the current stage of technology,
including relatively low performance and insufficient stability in
the bi-functional air-cathode [1-3].

The major reason for the low stability of air-electrodes in ZARBs
is carbon material corrosion or oxidation in the presence of oxy-
gen and at high electrode potentials. The air-cathode reaction layer
for both electrochemical reactions and for gas diffusion is a matrix
structure containing primarily carbon particles and ionomer. Dur-
ing the electrochemical reactions inside this layer, these carbon
particles serve as the reaction sites for the oxygen reduction reac-
tion (ORR) and the oxygen evolution reaction (OER) during battery
discharging and charging, respectively. For a zinc-air recharge-
able battery, the electrolyte is a concentrated alkaline solution.
Under these conditions, the kinetically slow but thermodynam-

* Corresponding author. Tel.: +1 604 221 3061; fax: +1 604 221 3001.
E-mail address: Wei.Qu@nrc-cnrc.gc.ca (W. Qu).

ically favoured carbon oxidation into carbonate during battery
operation can proceed [4]. Ross and Sokol [5] studied this corro-
sion process in alkaline solutions using 14C labelling technique, and
found that oxidative carbon dissolution and gasification (to carbon
monoxide) occurred at different temperatures and applied poten-
tials. Impedance analysis of rechargeable metal-air batteries also
showed that electrode deterioration during anodic oxygen evo-
lution was mainly due to carbon corrosion, resulting in a loss in
electrochemical active surface area [1]. In addition, the ORR on car-
bon material in alkaline electrolyte is mainly a 2-electron transfer
process forming hydrogen peroxide [6], which is a strong oxidizer,
attacking electrode materials such as carbon and deteriorating the
overall stability of the air-cathode [7]. Therefore, corrosion of car-
bon by oxidation can reduce the reaction site density, leading to
battery performance degradation.

As mentioned above, carbon materials do not seem stable
enough for air-cathodes in zinc-air rechargeable batteries due to
carbon corrosion in the presence of O, and H,0, (an ORR prod-
uct), and at high electrode potentials. Therefore, developing more
stable non-carbon support materials for air-cathodes seems nec-
essary. In recent years, conductive Magneli phase materials such
as TipOyy_1 (4<n<10) have been explored as electrode materi-
als or conductive supports in electrochemical systems, including
fuel cells, because of their high conductivities and relatively high
corrosion-resistivity in aggressively acidic and alkaline electrolytes

0013-4686/$ - see front matter. Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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[4,8,9]. Among this series of distinct mixed-valence oxides, Ti4O7
exhibits the highest electrical conductivity, exceeding 1000 S cm™!
at room temperature, which is even higher than the 727 Scm~! of
graphitized carbon [10,11]. This superior conductivity, combined
with its electrochemical stability, has made Ti4O7 a promising air-
cathode candidate. In addition, because titanium is also one of the
most abundant elements on earth, Ti4O; would be a cost-effective
battery material.

To explore TizO; as an air-cathode material for zinc-air
rechargeable batteries, in particular under strong alkaline con-
ditions, we synthesized and characterized this material. Ti4O7
powder was synthesized by reducing anatase TiO, through a
controlled reduction process. The crystalline phase and morphol-
ogy of Ti4O; powder were examined by X-ray diffraction (XRD),
micro-Raman spectroscopy, and high-resolution scanning elec-
tron microscopy (HRSEM). The electrochemical properties of Ti4O7
were also studied using cyclic voltammetry (CV), rotating disk
electrode (RDE), and rotating ring-disk electrode (RRDE) tech-
niques in electrolyte solutions containing various concentrations
of KOH. The electrochemical stability of the as-prepared TizO7
powder was also evaluated by cyclic voltammetry scans and
chronopotentiometric tests. We concluded that this material is
potentially usable in air-cathodes for zinc-air rechargeable batter-
ies.

2. Experimental
2.1. TiyO7 synthesis

Ti4O7 powder was synthesized by reducing anatase TiO, pow-
der (Alfa-Aesar, 99.9%, 32 nm particles, surface area 45m?g-1) at
950 °C with pure H, flow (Proxair, 99.99%) at a rate of 200 mL min~!
for 4 h. In addition, a TizO7 pellet was made by reducing a TiO, pel-
let at 1150°C for 2 h; the TiO, pellet had been created in-house
using TiO, powder shaped under 70 MPa pressure for 3 min in a
5 mm diameter circular die, then sintered at 1350°C for 4 h in air.
The Ti4zO7 pellet was used to simulate air-cathode conditions in
zinc-air rechargeable batteries, in order to test its electrode sta-
bility in 6 M KOH solution saturated with O,. Both powder and
pellet appeared dark blue after H, reduction, suggesting the TizO
material had a characteristic of oxygen deficient crystal struc-
ture.

2.2. TiyO7 structure characterization

The morphologies of samples were examined using a field
emission scanning electron microscope (FESEM, Hitachi S-4700).
The specific surface area measurements were carried out via
the gas adsorption technique (BET) on a surface area analyzer
(Beckman Coulter, SA3100). The samples’ chemical states were
examined by X-ray photoelectron spectroscopy (XPS) using a Ley-
bold MAX200 system (Leybold, Germany) operated with a Mg Ka
source (1253.6eV) at 10kV and 20 mA, with a 48 eV pass energy
and the analytical chamber at 2 x 10~9 mbar; all reported bind-
ing energies were referenced to the adventitious hydrocarbon C
1s peak at 285.0eV. The laser-induced effect on TizO; was mon-
itored by Micro-Raman equipped with an XploRA Spectrometer
(HORIBA Jobin Yvon). The Raman spectra were acquired with a
532 nm laser source (laser power with no attenuation: 15.4 mW)
and 100x objective (detective spot size: 1 wm). The laser energy
filter was set to 10%, 20%, 50%, and 100%. The crystal phase of Ti; O
was assessed by X-ray diffraction (XRD), and the XRD data were
collected with a Bruker D8 Advance diffractometer (Bruker, Cu K
a1 source, A =1.5406 A) over the range 10-90° 26-20 at a scanning
rate of 0.01°s~1.

2.3. Working electrode preparation

A glassy carbon disk electrode, geometric area 0.16 cm?, was
used as the substrate electrode on which a thin layer contain-
ing Ti4O; and Nafion ionomer was coated to form the working
electrode. In the electrode coating process, an ultrasonically dis-
persed 20 pL ink containing 100-120 g of Ti4O7 in appropriate
2-propanol aqueous solution was carefully cast onto the top of
the glassy carbon disk using a micropipette; the disk was in
the middle of a rotating ring (Pt)-disk (glassy carbon) electrode
(RRDE). Next, 3.9 pL of 0.5wt% Nafion aqueous solution (diluted
from 5 wt% Nafion solution, DuPont) was pipetted onto the TizO;
layer, and the electrode was left to dry in air under a 20W
lamp.

2.4. Electrochemical measurements

Electrochemical measurements for the TizO- coated electrode
were conducted using a Solartron Analytical 1470E Cell Test
System. A conventional electrochemical cell containing three elec-
trodes was used for all cyclic voltammetry, rotation ring-disk
electrode, and potential holding measurements. For the RRDE
working electrode (AFE7R9GCPT, Pine Research Inc.), the glassy
carbon disk and platinum ring had geometric areas of 0.16
and 0.036cm?, respectively. The ring electrode collection effi-
ciency of this RRDE was measured using a 10mM Kj3[Fe(CN)g]
solution (Fischer Scientific, 98+%) in nitrogen-saturated 0.1 M
KOH, and found to be 0.20. The counter electrode was a Pt
mesh and the reference electrode was a commercially avail-
able Hg/HgO electrode (CH Instruments, Inc.). Deionized water
(Millipore SuperQ system, resistivity 18 M2 cm) was used to
prepare electrolyte solutions with various concentrations of
KOH. For surface cyclic voltammetry measurements, the solu-
tion was bubbled before each measurement with pure N,
(99.9%) for 30min to remove dissolved O,, and for ORR mea-
surements, the solution was bubbled with pure O, (99.9%) for
30 min.

For electrochemical stability tests of the Ti4O; powder, cyclic
voltammetry scanning between —0.7 and +0.7V vs. Hg/HgO at a
potential scan rate of 0.05Vs~! was performed for 5000 cycles in
0O,-saturated 6 M KOH solution. In order to simulate air-cathode
conditions in a zinc-air rechargeable battery, the Ti4O7 pellet elec-
trode was also tested by holding the electrode potential at 0.55V
vs. Hg/HgO for 360 h in O,-saturated 6 M KOH solution.

3. Results and discussion
3.1. Structural and morphological characterization

To confirm the identity of the synthesized material, high-
resolution XRD patterns were collected using the as-prepared Ti4O;
powder. The results are presented in Fig. 1, which shows that the
XRD patterns, including the fingerprint peaks and their relative
intensities, are almost identical to standard values (JCPDS-ICDD File
No. 01-071-1428), indicating that the synthesized sample was a
pure triclinic phase of TizO7.

To examine the morphology of the synthesized Ti4O; powder,
high-resolution SEM (HRSEM) images were collected, as shown in
Fig. 2(a) and (b). The material had a macroporous structure with an
average particle size of ca. 0.5-1 wm. BET measurement was also
conducted on this material, and gave a surface area of 2.7 m? g~ 1.
A macroporous structure such as this is believed to be desirable for
gas transfer within a matrix, in particular when the material is used
to construct battery air-cathodes.
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Fig. 1. Typical XRD pattern of the as-prepared Ti4O; powder. Vertical lines are for
standard XRD peak positions of pure Ti;O7.

3.2. Electrochemical characterization—ORR kinetic constants on
Ti4O7 electrode in concentrated KOH solutions

To test the ORR activity of the synthesized material, the elec-
trode coated with Ti4O7; was put into an O,-saturated 6 M KOH
solution to obtain cyclic voltammetry (CV) measurements for the
ORR and OER. The results are shown in Fig. 3, and indicate that
the Ti4O7 was active for both reactions. The downward peak at ca.
—0.19V vs. Hg/HgO with an onset potential of —0.12 V comes from
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Fig. 2. Typical HRSEM images of the as-prepared Ti4O; powder. Note: (a) and (b)
have different scales.
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Fig. 3. 50th curve of steady-state cyclic voltammogram for TisO7 coated electrode in
0,-saturated 6 M KOH solution at room temperature. Ti;O7 loading: ca. 1.4 mgcm~2.
Potential scan rate: 50mVs-'.

the ORR, and the upward current with an onset potential of 0.64V
arises from the OER. These electrode activities for the ORR and OER
suggest that the Ti4O7 material synthesized in this study should be
a good candidate for air-cathodes in zinc-air rechargeable batteries.

For more quantitative evaluation of the ORR activity on the Ti4 O
electrode, RRDE technique was employed to obtain the kinetic
information in 1, 4, and 6 M KOH solutions. Fig. 4 shows the typical
RRDE disk and ring currents in 6 M KOH, collected at rotation rates
from 400 to 2500 rpm. The ORR on the Ti4O7 electrode was under
kinetic control in the potential range of ca. —0.05 to —0.15V, under
combined kinetic-diffusion control from ca. -0.15 to -0.20V, and
reached the limiting current at higher overpotentials (>—0.20V).
Based on the current-voltage data shown in Fig. 4, several ORR
kinetic parameters can be obtained, as follows.

To obtain a greater understanding of the ORR on this TizO7
electrode, the overall electron transfer number (1) and the corre-
sponding mole percentage of H,O, (mol% H,0,) produced in the
ORR process were calculated via RRDE theory. According to this
theory, n and mol% H,0; can be determined using Eqs. (1) and (2),
respectively [12,13]:

4i4

n= —————m—-—- (1)
ig + (ir/N)
3 4
ESR 7
= From 900 to 2500 rpm
=
0-
0.00
&
£ -0.05
5}
<
Z-0104 o
o 1200 p——
= 1600 —— —
015 2%
T N T T Y T M T ” 1
-0.5 -0.4 -0.3 -0.2 -0.1 0.0

Potential / V vs. Hg/HgO in 6M KOH

Fig. 4. Rotating ring-disk current-voltage curves at different electrode rotation
rates as marked in the figure. Disk currents were recorded on Ti4O7 coated glassy
carbon disk electrode in potential range 0.0 to —0.50V vs. Hg/HgO, and ring cur-
rents were recorded on platinum ring electrode with fixed potential of +0.5V in
0,-saturated 6 M KOH solution. Potential scan rate: 5mVs~!. Ti;O7 loading on disk
electrode: 0.73 mgcm~—2.
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Fig. 5. (a) Plots of overall electron transfer number and (b) percentage H,0, pro-
duced as a function of electrode potential at three different concentrations of
0,-saturated KOH solution. Calculations based on data in Fig. 4. Electrode rotation
rate: 1600 rpm.

%H,0, = 100 'r/1d )
N

Here, iy is the current on the disk electrode, i, is the current on
the ring electrode, and N is the collection coefficient of the ring
electrode (=0.20). Based on Fig. 4 and Eqgs. (1) and (2), the overall
electron transfer numbers and corresponding percentage of H,0,
produced in the ORR process on the Ti4O7 electrode in 1, 4, and 6 M
KOH were calculated, and are summarized in Fig. 5(a) and (b). The
overall electron transfer numbers in these KOH solutions are in the
range of 2.3-2.9, with the corresponding percentages of H, O, being
35-72%.These results suggest that the ORR on Ti4O7 is a mixed pro-
cess of 2- and 4-electron transfer pathways. However, the higher
the KOH concentration, the greater the amount of H,0, detected
(or the lower the overall electron transfer number). It is under-
standable that in a more concentrated alkaline medium, H,0, in
the form of HO,~ will be more stable than in a less concentrated
OH™ solution.

The ORR mechanism was further explored using the
Koutecky-Levich theory (i.e., rotating disk electrode theory
[14]). According to this theory, the current at the disk electrode (i,
A) can be expressed as Eq. (3):

1 1 1

g i g

(3)

where i, and iy are the kinetic and diffusion-limiting currents,
respectively. Furthermore, i, and iy (both in an unit of A) can be
expressed as Eqs. (4) and (5), respectively:

iy = nFAkCo, 4)
ia1 = 0.20nFACo, Dy *v~1/50)!/2 = Bneo'/? (5)

where n is the overall electron transfer number in the ORR, F is the
Faraday constant (96,500 Cmol~1), A is the geometric area of the

Table 1

60

6 M

Fig. 6. Koutecky-Levich plots for ORR on TisO7 electrode at —0.40V vs. Hg/HgO in
1M (solid black line), 4 M (solid red line), and 6 M KOH (solid blue line) solutions;
theoretical plots for 2- and 4-electron transfer process are also displayed as dashed
lines, for comparison. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of the article.)

disk electrode (0.16 cm?), Co, (mol cm~3) is the concentration of
oxygen dissolved in the electrolyte solution, Do, (cm2s1) is the
diffusion coefficient of oxygen, v (cm? s~1) is the kinematic viscos-
ity of the electrolyte, w (rpm) is the electrode rotation rate, and k
(cms1) is the rate constant for the ORR. In concentrated alkaline
solutions, the solubility and diffusion coefficient of oxygen as well
as the kinematic viscosity of the electrolyte are strongly dependent
on the KOH concentration [15]. The corresponding parametersin 1,
4,and 6 M KOH are listed in Table 1. From these parameters [16,17],
the value of B in Eq. (5) and the theoretical slopes (1/Bn) for n=2
and n =4 in the Koutecky-Levich plots (K-L plots) were determined
and are summarized in Table 1.

Fig. 6 shows the Koutecky-Levich plots for the ORR on Ti4O7
electrode in 1, 4, and 6 M KOH. The theoretical plots for the 2- and
4-electron transfer processes towards the ORR are also displayed
for comparison. All plots clearly show a linear and parallel feature
at a series of potentials in 1, 4, and 6 M KOH, suggesting a first-
order kinetics with respect to oxygen concentration [18]. All slopes
of the Koutecky-Levich plots are located between the theoretical 2-
and 4-electron transfer lines, suggesting that the ORR process cat-
alyzed by Ti4 O is a mixture of 2- and 4-electron transfer pathways;
this conclusion is consistent with the conclusion drawn from Fig. 5.
Koutecky-Levich plots were also obtained at different electrode
potentials, from —0.12 to —0.40V, for three KOH concentrations
(not shown here), based on which the kinetic currents (i;) of the
ORR were calculated from the intercept of the Koutecky-Levich
plots at @~1/2=0. Based on the i, values, the corresponding values
for the ORR kinetic rate constant (k) under various conditions are
listed in Table 2.

Solubilities of oxygen (Co,, mol cm~3), the diffusion coefficients of oxygen (Do,, cm? s~ 1), the kinematic viscosities of the electrolyte (v, cm? s~1), the values of the calculated
B, and the theoretical slopes for n=2 and n=4 in line of i;l — = 2in1, 4, and 6 M KOH, respectively.

Electrolyte solutions 2 Co, (molcm—3) 3 Do, (cm?s~1) by (cm?s1!) B (mA rpm~1/2) Slope (mA~! rpm!/2) n=2 Slope (mA~! rpm!2) n=4
1M 0.83x10°6 1.65x 107> 0.95 x 102 3.58 x 1073 136 68
4M 033 x10°6 1.05x 10 1.23x 102 1.02x 103 495 247
6M 0.17 x 10-6 0.78 x 10-° 1.52 x 102 0.41 x 103 1250 625

2 The values are from Ref. [16].
b The values are from Ref. [17].



X. Li et al. / Electrochimica Acta 55 (2010) 5891-5898 5895

Table 2
Comparison of the Koutechy-Levich data of Ti;O; electrode at various potentials in 1, 4 and 6 M KOH solutions.
Electrode potential (E) M 4M 6M
Intercept (mA~') i, (MA) k(cms 1) Intercept (mA~') i, (MA) k(cms-1) Intercept (mA~") i (MA) k(cms-1)
-0.12 243 0.0041 1.6x104 195 0.0051  40x104 110 0.0091 1.7x1073
-0.14 121 0.0083  32x10* 106 0.0094  7.4x10°4 66 0.015 2.8x103
-0.16 58 0.017 6.5x 104 59 0.017 1.3x 1073 47 0.021 39x10-3
-0.18 29 0.034 1.3x1073 36 0.028 22x1073 37 0.027 5.0x 1073
-0.20 16 0.063 2.4x1073 24 0.042 32x1073 30 0.033 6.1x103
-0.25 5.7 0.18 6.7 x 1073 13 0.077 6.3x103 20 0.050 9.3x10-3
-0.30 3.6 0.28 1.1x102 9.3 0.11 85x 1073 19 0.054 1.0x 102
-0.35 29 0.34 1.3x 1072 8.0 0.13 1.0x 102 18 0.055 1.0x 1072
-0.40 26 0.38 1.5x 1072 7.2 0.14 1.1x 1072 18 0.057 1.1x10-2
It can be seen from Table 2 that the ORR rate constant (k) is 4.0
strongly dependent on the electrode potential. Note that the i 1™
obtained at w~1/2 =0 from Fig. 6 should contain two contributions: ik
one from the chemical reaction (O, reacts with the active site on ) 4 M
the electrode surface before electron transfer occurs), and the other
from the electron transfer in the rate-determining step (RDS) for the 3.0
overall ORR. Hence, this rate constant (k) may contain two contribu- . 6M

tions, and therefore the relationship between the kinetic constant
(k) and the electrode potential may be expressed as Eq. (6):

1 1 1
E=*+ (6)

ke keexp(—(anyF[RT)(E — E°))

where k. is the chemical reaction rate constant between O, and the
active reaction site on the electrode surface before electron trans-
fer, ke is the electron transfer rate constant in the rate-determining
step of the overall ORR, « is the electron transfer coefficient in
the RDS, ny is the electron transfer number in the RDS (for the
ORR process on an electrode, the electron transfer number in the
rate-determining step is accepted as 1 [19]), E is the applied elec-
trode potential, and E° is the thermodynamic electrode potential
under the measurement conditions. From Table 2 it can be seen that
when electrode potential is below —0.30V, the kinetic constant (k)
is almost independent of the electrode potential, suggesting that
the second term in Eq. (6) can be negligible and the overall kinetic
constant should be equal to the chemical reaction rate constant,
that is, k=k.. Averaging the k values at —0.30, —0.35, and —0.40V
gives the chemical reaction constant. The obtained k. values for 1,
4, and 6M KOH are 1.3 x 1072, 9.8 x 103, and 1.0 x 10~2cms™!,
respectively. These values are fairly close, (~1.0 x 10~2cms™1),
indicating that the OH~ concentration has an insignificant effect
on the chemical reaction between O, and TizO5. With this k. value
of 1.0 x 1072 cms™!, Eq. (6) can be rearranged as Eqs. (7) and (8)
for the ORR on Ti4O7 electrode in the KOH concentration range of
1-6 M:

1 1
k= 100 + (—eexp(

log (% - 100) = log (%) +2.303
e

angF
RT

(E—-E°)) (7)
angF
RT

In Eq. (8), E° can be obtained using a Nernst Equation (9) for the
ORR (05 +2H,0 +4e~ «>40H"):

o o . 2.303RT [02]
E° = E° + F log([OH_]4> (9)

(E-E®) (8)

where E° is the standard electrode potential of the ORR at 25°C,
1 atm pressure of O, and 1M of OH—, which is 0.401V (vs. NHE);
[O,]is the dissolved O, molar concentration under 1 atm pressure;
[OH~] is the solution’s molar OH~ concentration; and R, T, n, and
F are the same as defined in Eqgs. (5) and (6). According to Eq. (9)
and the data in Table 1, the calculated values for E° at the three dif-
ferent KOH concentrations are 0.375, 0.305, and 0.276 V (vs. NHE),
respectively.

log (1/k-100) (k/ cm s™)
N} N
o [4,]
1 1

1.5+

065 -060 055 -050 -045 -040 -0.35
(E-E®) I V vs. Hg/HgO

Fig. 7. ORR Kkinetic constants as a function of applied electrode potential (E — E°) at
three different KOH concentrations, based on data in Table 2.

According to Eq. (8) and based on the data in Tables 1 and 2, the
plots of log(1/k-100) vs. (E — E®) can be obtained in the potential
range of —0.12 to —0.20V, as shown in Fig. 7, where the plots all
display a linear relationship. From the intercepts of these linear
plots at E=E°, k. values at the three different KOH concentrations
can be obtained, and from the slopes, the values of « can also be
calculated if n,, is taken as 1 (Table 3).

Another important parameter is the exchange current density
(i°). If i° can be defined by Eq. (10), its value at different KOH con-
centrations can be calculated based on the value of k:

i® =nFCo, ke (10)

The values for i° at three different KOH concentrations, based
on Eq. (10), are listed in Table 3, together with the corresponding
values of k. and «. Obviously, different ke, i°, or « values reflect
the effect of KOH concentration on the ORR kinetics on a TizO7
electrode. The exchange current densities and electron transfer rate
constants greatly increased with rising alkaline concentration.

It is worthwhile to point out that the RDE theory expressed by
Eq. (3) should be modified if a porous layer electrode rather than
a smooth electrode is used. The effect arises from the thickness

Table 3

Electron transfer rate constant (k. ), and the electron transfer coefficiency («) in the
ORR rate-determining step, calculated based on the intercept and the slope values
obtained in Fig. 7. The electron transfer number (n,) in the ORR rate-determining
step was taken as 1.

Electrolyte solutions 1M 4M 6M
ke (cms™1) 1.6x 10712 8.1x10°10 9.8x10°8
i° (mAcm—2) 3.8x10°1° 7.7x 1078 48x10°°
o 0.19 0.15 0.12
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of Nafion® inonmer porous layer which could limit the diffusion of
0, within the electrode [20]. In this work, we did some calculations
and found that the thickness effect of ionomer layer on the values
of i}, is insignificant, and therefore can be ignored.

3.3. Discussion of the ORR mechanism

As described above, the ORR mechanism on a Ti4O7 electrode is
a combination of 2- and 4-electron transfer pathways. The oxygen
adsorbed on the electrode surface can be electrochemically reduced
through several elementary steps. The H, 0, produced (in the form
of HO, ~ in alkaline solution) after two electrons can then be further
reduced to water or can dissolve into the solution, depending on
the electrode material used. If the HO, ™ is relatively stable, it can
enter into the solution before being further reduced by another two
electrons to H,O. This dissolved HO,~ will be detected by the ring
electrode when the RRDE is rotated.

Based on the literature [21-23] and our understanding, the ORR
mechanism on the Ti4O7 surface may be proposed through several
steps, as presented in Reactions (I)-(V):

Ti407 + Oy — 0,-TigO7 0]

0,-Tiz07 +e~ — 0,7 -TizO0; (rate-determiningstep) (I
0, -TizO07 + e~ + HO — HO, -TigO7 + OH™ (1)
X(HO, ™ —TigO7) + xH,0 + 2xe™ — xTigO7 + 3x(OH™) (V)
(1 —x)(HO2™-Tig07) — (1 —x)Tiz07 + (1 — x)HO, ™ (V)

In this mechanism, Reaction (I) is the chemical reaction dis-
cussed above. This reaction has a reaction rate constant of
1.0 x 10~2cms~!, as determined by RDE measurements. Reaction
(I) is the ORR rate-determining step on the electrode surface,
whose rate constants are listed in Table 2. Reaction (III) represents
the reactions for peroxide formation. After HO,~ formation, HO,~
can go in one of two ways: further 2-electron reduction to OH~
through Reaction (IV), or chemical desorption through Reaction (V)
to form a free peroxide ion, which then enters into the bulk solution
and can be detected by the ring electrode of the RRDE. As discussed
above, the ORR on the Ti4 O electrode has a mixed 2- and 4-electron
transfer pathway, giving an overall electron transfer number of less
than 4. The relative portion of Reaction (IV) can be expressed as x,
and the portion of Reaction (V) can be expressed as (1 —x). When
x=1, the mechanism will follow a totally 4-electron transfer path-
way, and when x=0, the mechanism will be a totally 2-electron
pathway. If the x value is larger than 0 and smaller than 1, the ORR
will have a mixed 2- and 4-electron transfer pathway, as is the case
in Fig. 4. Note that this ORR mechanism is only hypothetical, to
facilitate understanding. More evidence is needed to validate the
mechanism.

3.4. Stability tests and diagnosis for Ti4O7 electrode in
0O,-saturated KOH solution

For any electrode material used in zinc-air rechargeable bat-
teries, long-term stability is critical. In order to test the practical
feasibility of the synthesized Ti4O; material, the stability of the
Ti4O7 electrode was tested in an O,-saturated alkaline solution
using cyclic voltammetry in the potential range of —0.70 to +0.70V
vs. Hg/HgO. As Fig. 8 shows, the Ti4O; electrode survived 5000
cycles without significant loss in the ORR peak current (which was
ca. —0.19V), suggesting that Ti4O; would be a stable material for
air-cathodes in zinc-air rechargeable batteries. Inductively coupled
plasma (ICP) analysis was carried out as well to track the concen-
tration of dissolved Ti species in electrolytes, and the concentration
of Ti** after the CV test was found to be below 0.1 mgL-!, further
demonstrating the stability of the Ti;O; material.

0.04
1inQ,

0.02 -
<
£
= 0.00
{ ==
o
5
O .02

it 50th for Ti,O;

—— 5000th for Ti,0;

-0‘.75 I -0.150 ‘ -0)25 ' O.IOO I D‘l25 ' D..SD ' O.I'r'5
Potential / V vs. Hg/HgO in 6 M KOH

Fig. 8. Cyclic voltammograms of Ti4O electrode before (solid blue curve) and after
(solid red curve) potential cycling between —0.7 V and +0.7 V for 5000 cycles in O,-
saturated 6 M KOH electrolyte. Potential scan rate: 50mVs~'. (For interpretation of
the references to color in this figure caption, the reader is referred to the web version
of the article.)

A high-potential holding test was also conducted on the Ti407
pellet for 360h at a constant potential of 0.55V vs. Hg/HgO in
0O,-saturated 6 M KOH (Fig. 9). Initially, the current decreased grad-
ually, then remained constant at ca. 66% of the original value for
360 h, indicating that this Ti4O7 was reasonably stable in 6 M KOH.

3.5. Surface characterization using Raman spectroscopy and XPS

To study the possible degradation mechanism of the TizO7
material, the material surfaces before and after long-term tests
were examined using both Raman and XPS techniques. Normally,
the crystal structure of Magneli compound TigO7 is built from
successive blocks of rutile TiO,, which were separated by two-
dimensional shear planes to form Ti4O7 [24,25]. Fig. 10(a) displays
the Raman spectra for the Ti4O; samples before stability testing.
With a 10% energy filter, only one broad band, at 140cm~1, can be
observed (Fig. 10(a)-1). This spectrum is consistent with what is
reported in the literature for the metallic high-temperature phase
of TizO7 [24]. However, obvious changes occurred as the energy fil-
ter was set to 25% and beyond (not shown). Three additional bands
at 255, 418, and 603 cm~! can be seen in Fig. 10(a)-2, which corre-
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Fig.9. Stability curve recorded during high-potential holding test using Ti4O; pellet

electrodes in O,-saturated 6 M KOH electrolyte for 360 h; potential kept at 0.55V
vs. Hg/HgO.
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Fig. 10. Raman spectra for (a) original Ti4O7 pellet with tuning laser energy with
(1) 10% filter irradiation (5x), (2) 25% filter irradiation; (b) Ti4O; pellet after high-
potential holding tests in O,-saturated 6 M KOH electrolyte for 360 h, tuning laser
energy filter set to 10%.

spond to the Raman-active modes of Eg, A1, and Byg, respectively,
for rutile TiO, [26]. This result suggests that oxidation of genuine
Ti4O7 to rutile TiO, occurred on the surface, which was observ-
able when the laser radiation was tuned to high excitation energy.
The induced effect indicates that Raman spectroscopy is a useful
technique for detecting Ti4O7, which has quite different features
from those of rutile TiO,. Fig. 10(b) displays the Raman spectra for
TizO7 samples after 360 h of stability tests. Again, a feature peak at
140 cm~! can be observed, indicating that the bulk of the material
was still Tiz07.

To further study possible changes on the surface of this TizO7
material after long-term testing, XPS was used to study surfaces
before and after testing. This is because the chemical composition
of the Ti4O7 surface and their chemical states are responsible for
achieving such a good stability. Fig. 11 shows the XPS spectra of
the genuine TizO7 and the Ti4O7 pellet after the 360 h of holding-
potential testing. For reference, Fig. 11 also presents the XPS spec-
trum for TiO,. For a TiO, sample, Ti 2p3j, and 2pq, photoelectron
peaks can be found at binding energies (BE) of 458.5 and 464.2 eV,
respectively. The BE of Ti 2p3, is consistent with that of pure rutile
TiO, (458.55eV) [27]. For the Ti4O; sample before stability testing,
the characteristic BE of Ti 2p3, in TizO7 can be observed at 459.0 eV,
which is higher than in TiO,. Hence, it is clear that the as-prepared
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Fig. 11. XPS spectra for the surface of TiO, pellets (top), Ti4O; pellet after stabil-
ity testing at 0.55V vs. Hg/HgO for 360 h (middle), and Ti4O; pellet before testing
(bottom).

Ti407 has its own characteristic BE values that are quite different
from those of TiO,. In the case of the TizO7 pellet, which was tested
for 360 h at a potential of 0.55V vs. Hg/HgO, the BE values tended
to be identical to those of TiO, (Fig. 11), suggesting that a layer of
TiO, was formed on the surface due to oxidation of Ti4O7 at high
potential. In Fig. 10, the Raman spectra indicate that the Ti4O7 pellet
could still present Ti4 O features even after long-term testing. Con-
sidering that the probing depth of XPS is about 8 nm whereas that
of Raman spectroscopy is about 1 wm, one may conclude that the
TiO, layer formed on the Ti4O7 surface would be fairly thin and the
oxidation of the Ti4O7 surface a fairly slow process. Unfortunately,
we still cannot measure the exact thickness of the TiO, layer due
to the limitations of our detecting instruments. The formation of
a thin TiO, layer on the Ti4O7 surface might be beneficial in pre-
venting the bulk of the Ti4O7 from being oxidized in concentrated
alkaline solutions at high set potentials. Although a thin layer of
TiO, might have formed on the Ti4O7 surface, the electrochemical
activity of Ti4O7 did not seem to have been significantly affected.

4. Conclusions

In our exploration of new air-cathode materials for zinc-air
rechargeable batteries, we successfully synthesized Ti4O7 using a
TiO, reduction method. The obtained Ti4O; material was character-
ized using XRD, Raman spectroscopy, and XPS. XRD results showed
that the synthesized material was pure Ti4O7. This material was
then coated on a glassy carbon electrode, and tested in concentrated
KOH solutions for the ORR and the OER using cyclic voltammetry.
The results indicated that this Ti4O; material was active for the ORR
and the OER. RRDE technique was used to obtain detailed electrode
reaction kinetics for the ORR. Several parameters, such as overall
electron transfer number, kinetic rate constants, electron transfer
coefficients, and percentage H, O, production were obtained based
on the RRDE results and the Koutecky-Levich theory. The overall
electron transfer number was found to be between 2.3 and 2.9 in
1, 4, and 6 M KOH electrolytes, suggesting that the ORR process on
the Ti4O7 electrode was a mixed process between 2- and 4-electron
transfer pathways. In order to test the feasibility of this Ti4O; mate-
rial in zinc-air rechargeable batteries, two kinds of electrochemical
durability tests were carried out in a highly concentrated KOH elec-
trolyte. The results showed Ti4O7 to be a stable material, suggesting
that it should be a feasible candidate for air-cathodes in zinc-air
batteries. To understand the stability of this material, Raman and
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XPS spectra were collected from Ti4O; samples before and after
stability testing. The results and analysis revealed that a thin layer
of TiO, formed on the Ti4O7 surface, which could prevent further
oxidation from occurring in the bulk, stabilizing Ti4O electrode.
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