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Electrochemical Performance of Titanium Nitride Nanotubes as Negative Electrode in a
Static Vanadium Battery Towards V(I)/V({) Redox Couple

ZHAO Feng-Ming WEN Gang KONG Li-Yao CHU You-Qun MA Chun-An*
(State Key Laboratory Breeding Base of Green Chemistry-Synthesis Technology, College of Chemical Engineering,
Zhejiang University of Technology, Hangzhou, 310032, China)

Abstract: In this study, titanium nitride nanotubes (TiN NTs) film is directly prepared on a Ti substrate through
anodic oxidation process and subsequent nitridation in ammonia atmosphere. The prepared TiN NTs film is
proposed as a novel catalyst towards V(I)/V(Ill) redox couple for the negative electrode in a static vanadium redox
battery. Scanning electron microscopy (SEM) results confirm that TiN NTs retain its parental morphology of TiO,
NTs. X-ray diffraction (XRD) pattern show that TiO, is transformed into TiN and Ti,N. X-ray photoelectron
spectroscopy (XPS) spectra reveal that the surface of TiN NTs is composed of Ti-N-O, Ti-N, Ti-O chemical states.
Electrochemical properties of TiN NTs were characterized by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The higher peak current values and more symmetrical peak shape for V(II)/V ()
redox couple suggest the excellent electrochemical activity and reversibility of TiN NTs. EIS analysis revealed
that the charge and mass transfer processes were accelerated at the TiN NTs electrode interface, which could be

ascribed to the large electrochemical real surface area and fast transfer channel.
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0 Introduction

(VRB) as a

electrochemical energy conversion and storage device

The vanadium redox battery

has recently attracted considerable attentions due to
its outstanding advantages such as long cycle life,
relatively large capacitance, high battery efficiency
and environmental friendly¥. In a VRB, VIV)/V(V)
and V(I/V(D redox couples are used as positive and
negative half cell, respectively, with the standard open
circuit cell potential approximate 1.26 VY. The typical
electrode materials for VRB are carbon materials such
as carbon paper, graphite and carbon felt B/l The
advantages of these materials are their high porosity,
large surface area and low electrical resistivity.
However, the electrochemical reversibility  of
vanadium redox couples on the carbon materials is not
good. Furthermore, the reaction kinetics of V (II)/V ()
redox couple is much slower than that of V(IV)/V (V)
redox couple on carbon electrodes®™. The hydrogen
evolution also happens easily on carbon electrodes in
acid solution®. All of these effects limit the current
of VRB greatly.

Considerable methods have been devoted to enhance

efficiency and power density

the electrochemical activities of carbon materials,
acid treatment!"

, noble metal deposition™,

treatment!'?,
[12]

including thermal
electrochemical oxidation
and modification of metal oxides such as TiO, ™,

WO3“5J, MH3O4UGJ.

introduce different functional groups to the carbon

The purpose of these methods is to

electrodes. Up to now, various methods have been
used to improve the electrochemical performance of
the positive electrode "™, but there are still limited
reports to focus on the negative electrode or employ
new materials®,

(TiN) has received

great attention because of its low electrical resistivity,

Recently, titanium nitride

high chemical stability and good corrosion resistance
as well as extensive application in microelectronics
industry, semiconductor industry and industrial
machinery tools™ . Tt is noted that TiN has shown
noble metal-like behavior, due to the similarity of the

electronic structure to that of the noble metals =

Thus, they can potentially be used in polymer

[26] 27]
° ”

electrolyte fuel cells™), dye-sensitized solar cells

and electrochemical energy storage™. However, few
works are found about TiN being used as an
electrocatalyst in the VRB®. At present, most TiN
nanomaterials have been prepared via a complex
procedure by  sputter-deposited  coating  with
magnetron, laser or plasma®'L The simple and direct
nitridation of TiO, nanotubes (NTs) in an ammonia
atmosphere is the effective way to obtain TiN NTs™.
It is expected that the TiN NTs can be provided valid
conductive network. The structure and conductive
network of TiN NTs could accelerate the electron
transport and improve the electrocatalytic performance
for V(I/V(ID) redox couple.

The study aims to evaluate the effects of TiN NTs
formed on Ti foil substrate and directly employed as a
new negative electrode towards the performance of
V(I)/V (M) redox couple in a static vanadium redox
battery. The TiN NTs electrode was fabricated via a
involved the

two-step process. These two

of TiO, NTs

subsequent thermal nitridation. The charge-discharge

steps
formation by anodization and a
measurement was conducted with a static battery
under ambient conditions and the electrochemical

performance of this negative electrode when used in

VRB was studied.
1 Experimental

1.1 Materials and reagents

All the reagents and chemicals used were of
analytical grade. Titanium foils with purity of 99.6%
and thickness of 0.02 ¢m were purchased from Baoji
(China). Carbon felt with a
thickness of 0.2 cm was obtained from Tieling Shenhe
carbon fiber Co., Ltd (China). Graphite (DESAY, HT,
SL) with a thickness of 0.2 ¢cm was supplied by Wuxi
(China). VOSO,-xH,0
(99.9%) was purchased from shanghai Nuotai chemical

Queen Titanium Co., Ltd.

Boou carbon industry Co., Ltd

(China). Nafion115 ion exchange membrane
was obtained from Dupont (USA). High-purity NH;
(99.999% ) and N, (99.999% ) were obtained from
Hangzhou Minxin Gas Co., Ltd (China). HNO;, H,0,

factory
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(30% , VIV, aqueous solution), NH,F, CO (NH,),,
Na,S0,, NaF and H,SO, (98%, w/w) were supplied by
Shanghai Aladdin Chemical Reagent Company. All
solutions and subsequent dilutions were prepared
using deionized water.
1.2 Preparation and characterization

TiN NTs were fabricated via a two-step process.
These two steps involved the formation of TiO, NTs by
anodization and a subsequent thermal nitridation. In
the first step, a Ti foil was pre-cut in coupons 3.0
cm x3.0 cm. Prior to anodization, Ti foil was
chemically polished in a mixed solution of 12.0 mL
HNO;+12.0 mL. H,0,+5.0 ¢ NH,F+0.3 ¢ CO(NH,), for
30 s until

anodization was performed using a two-electrode cell

a mirror finish was exposed. The
with the Ti foil as the working electrode and a
platinum foil as the counter electrode. The distance
between Ti foil and the counter electrode was 2.0 cm.
The nanotubes were formed in a mixed solution of
0.2 mol L™ Na,SO, and 0.1 mol -L ' NaF under a
constant cell voltage of 20.0 V for 1.5 h. In the
second step, the TiO, NTs prepared above was loaded
into a silica tube reactor placed in a horizontal
tubular furnace and connected to a gas feed system.
Initially, a flow of nitrogen gas was maintained over
the bed to remove all air and water for 30 min. Then
the furnace was heated from room temperature to 450
C at a rate of 20 “C+-min™" and the film was annealed
for 1 h. After the temperature  was
sequentially heated from 450 to 850 °C, the flowing
(160 mL +min™) and the

nitriding reaction was carried out for 2 h. Finally, the

furnace

gas was switched to NHj

TiN NTs were cooled via purging nitrogen gas.

The morphology of samples was determined by
(Hitachi  S-4700)
coupled with energy dispersive spectrometer (Thermo
NORAN VANSTAGE ESI), using Cu Ka radiation.
The crystalline structure was investigated by an X-ray
(Rigakv D/max-Ill) using Cu Ko

radiation. XPS measurements were carried out with a

scanning electron microscopy

Diffractometer

Kratos Axis Ultra DLD spectrometer (England), using

a focused monochromatized Al Ko operated at 300 W.
The base pressure was about 3x107 Pa. The binding

energies were referenced to the Cls line at 284.6 eV
from adventitious carbon.
1.3 Electrochemical measurements

CV behaviors were carried out using a CHI 660D
instrument. The three-electrode cell consisted of a
(SCE) as the reference

electrode, Pt foil as the counter electrode, and the

saturated calomel electrode

TiO, NTs, TiN NTs, graphite with geometric area of

1.0 em® as the working electrode, respectively.

Potential steps experiments were carried out in
3.0 mol - L™ H,S0, solution. The EIS was measured by
applying amplitude of 5 mV over the frequency
ranging from 10° to 10 Hz. The potential was fixed at
-0.6 V in all EIS measurements to ensure similar
polarization. The electrolyte was 1.5 mol -L~" V() +
3.0 mol - L.! H,SO, solution maintained by a water bath
system at 25 °C.
1.4 Charge-discharge test

The constant current charge and discharge test was
carried out using a static vanadium redox battery. In a
single cell structure, the conductive plastic plates were
used as current collectors and Nafion 115 ion exchange
membrane served as separator. The positive electrode
was carbon felt (3 emx3 ¢mx0.2 ¢m) and the negative
electrode was TiN NTs
graphite

(3 ¢m x3 ¢m x0.02 cm) or
(3 emx3 emx0.2 cm). Positive and negative
electrolytes (1 mlL in each half-cell) consisted of
1.5 mol - L™ V(IV) and 1.5 mol - L™ V() in 3.0 mol - L
H,SO, solution, respectively. The voltage range was
fixed between 1.65 V and 0.8 V and the cell was
charged and discharged at the current density of 5 mA -

cm™.

2 Results and discussion

XRD pattern of TiN NTs is shown in Fig.1. Five
peaks with a value of 26 around 36.9°, 43.1°, 62.6°,
74.5° and 78.4° can be assigned to (111), (200),
(220), (311) and (222) plants of TiN, respectively. The
diffractogram of the sample shows peaks at 26 around
39.2°, 40.8°, 51°, 61.1°, 64.2°, 67.3° and 73.2°,
which are characteristics of Ti,N. It indicates that the
nanotube is composed of TiN and Ti,N. No peaks of
TiO, can be observed, which show that TiO, is
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Fig.1 XRD patterns of Ti substrate, TiO, NTs and
TiN NTs

transformed into TiN or Ti,N.

XPS spectroscopy was further used to investigate
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the surface characterization and chemical states of TiN
NTs (Fig.2). It is noticeable in the Ti2p spectra (Fig.2a)
that multiple characteristic peaks are evolved into
Ti2py, and Ti2ps, regions. For Ti2p,,, the binding
energies of the synthetic peaks at 461.3, 462.8 and
464.2 eV are consistent with the reported values for Ti-
N, Ti-N-O and Ti-O bonds, respectively™*. For Ti2ps,,
the binding energies of the synthetic peaks at 455.8,
456.9 and 458.5 eV are also associated with Ti-N, Ti-N-
O and Ti-O bonds, respectively®*. The characteristic
(Fig.2b) at binding
energies of 397.2 and 396.2 eV are commonly assigned
to Ti-N and Ti-N-O bonds™*. A small peak at 398.6
eV might be ascribed to C-N bond. To summarize, the

peaks collected from Nls region

surface of the obtained TiN NTs exhibited a mixture of
Ti-N-0, Ti-N and Ti-O chemical binding states.

()

400 398 396 394
Binding energy / eV

Fig.2  XPS spectra of (a) Ti2p and (b) N1s for TiN NTs

Fig.3 shows the morphologies of Ti substrate,
TiO, NTs and TiN NTs, respectively. As shown in Fig.
3¢, the obtained TiN NTs retains its parental
morphology of TiO, NTs (Fig.3b). The nanotubes
cannot be destroyed after calcinations at the high

temperature in ammonia atmosphere. The hollow

Anodization

20 C for 1.5h

nanotubes of titanium nitride has an outer diameter of
about 66~84 nm.

advantageous for mass transfer of vanadium ions and

The structure of nanotubes is

can also provide a large surface area, which is
confirmed by potential steps measurements.

The potential of electrodes was held at open

Nitridation

in ammonia

850 C for2 h

500nm

Fig.3 SEM images of (a) Ti substrate, (b) TiO,NTs, (¢) TiN NTs
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circuit potential versus SCE for 20 s, and then at the
step amplitude of —=0.1 V for 10 s. The roughness

factor (p) was calculated according to the following
equation®”:
J (i=i)dt
0
= A A 1
P AgC WA, 1)

In Eq.(1), i represents current, i, represents stable
current value after stepped and ¢ is 10 s, Ag is 0.1 V,
Cyis 20 pF-cm™ and A, represents the projected area
of electrodes. The roughness factor (p) of polished Ti
electrode, TiO, NTs electrode, TiN NTs electrode and
graphite electrode are 87.62, 202.24, 1 014.88 and
24434 cm? -cm 2 respectively. It is shown that the
roughness factor (p) of the TiN NTs electrode is nearly
12 times as large as that of the polished Ti electrode, 5
times as large as the TiO, NTs electrode and 4 times as
large as the graphite electrode, respectively. It indicates
that anodic oxidation and subsequent nitridation is very
useful to produce a larger electrochemical real surface

area.

The CV behaviors of TiN NTs, TiO, NTs and
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graphite electrodes in 3.0 mol - L™ H,SO, solution are
shown in Fig.4a. No obvious oxidation and reduction
peaks appear except for the hydrogen evolution peak
on the three electrode materials from —1.0 to O V (vs
SCE). It is shown that the three electrodes are stable
within the potential region in the H,SO, solution. The
TiN NTs electrode exhibits large double layer current
density, indicating that the electrochemical active
surface of TiN NTs is significantly large than that of
TiO, NTs and graphite electrodes due to the large
electrochemical surface real area of TiN NTs.

As illustrated in Fig.4b, CV behaviors of the
three kinds of electrodes were investigated at scan
rate of 50 mV +s™ in the electrolyte containing 1.5
mol - L' V(I)+3.0 mol - L' H,S0, solution. The values
of peak potential separation (AE,) on the TiN NTs and
graphite electrodes are 0.28 and 0.60 V, respectively.
No obvious anodic and cathodic peaks are observed at
the TiO, NTs electrode. The oxidation and reduction
peak current of TiN NTs electrode is larger than that
on the graphite electrode. This should be ascribed to
the  high

electrical ~ conductivity —and  more
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Fig4 (a) CV curves of different electrodes in 3 mol- ! H,SO, solution at the scan rate of 50 mV-s™; (b) CV curves taken on
different electrodes in 1.5 mol+ L™ V(I)+3.0 mol-L™" H,S0, solution at the scan rate of 50 mV+s™; (¢) CV curves of
TiN NTs electrode under different scan rates in 1.5 mol- L™ V(I)+3.0 mol-L™" H,SO, solution; (d) Variation peak

current as a function of square root of the scan rate on the TiN NTs electrode
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electrochemical active sites of TiN NTs electrode.

To further emphasize the above observation, CV
behaviors of the TiN NTs electrode are recorded over
a range of scan rates (Fig.4c). It shows that the peak
potential separation and the values of i,/i, remain
almost unchanged throughout the entire range of scan
rates, which implies that the reversibility of the V(II)/
V() redox reaction is far better for the electrode of
TiN NTs than graphite electrode. According to the
results of CV behaviors of different scan rates, the

value of diffusion coefficient (D,) for the quasi-

reversible reaction can be evaluated by Eq.(2)™:

I, = 2.69x10°An**C,D,"»'"* (2)

In Eq.(2), A is the area of the electrode (cm?), n
is the number of electron transfer, C, is the bulk
concentration of V() ions (mol-L™), v is the scan rate
(mV +s™), I, is the peak current (mA). Based on the
known experimental conditions, Eq.(2) can be further
transformed as follows:

D, = 6.14x10°%* 3)

It is found that k refers to the slope of the line in
point of the linear Eq.(2) and (3), where the variables
are the reduction peak current density i, and the
square root of scan rate v'"2. According to Fig.4d, the
value of k is 13.10, thus the diffusion coefficient D,
for the cathodic reduction of V() on the TiN NTs

a
| @
CPE
= R, >
B R, R,
&
2 |-
m  Graphite
0k v TiNNTs
0 2 4 6 8 10
Z' | (Q-cm?)

electrode is estimated to be 1.05x107 em?+s7!, which
is about 10 times larger than that on the graphite
electrode of 1.03x10™ em*+s™. Tt can be ascribed to
the channels of 1D nanotubes on the surface of TiN
NTs electrode, which the structure of nanotubes is
helpful for mass and charge transfer of vanadium ions.

To better illustrate the relative enhancement of
the catalytic activity of TiN NTs electrode, we have
performed EIS measurements on the TiN NTs and
graphite electrode, respectively. The obtained Nyquist
plots are shown in Fig.5. It can be observed that the
EIS of TiN NTs and graphite electrode both exhibit a
typical semicircle at high frequency range and a
straight line in the low frequency region. Based on the
equivalent circuit (inset of Fig.5a), the charge-transfer
resistance (R,) can be determined from the diameter
of the leftmost semicircles, and the ohmic serial
resistance (R,) can be obtained by the intercept on the
real axis at high frequency. Table 1 shows the R, of
the TiN NTs electrode were lower than that of the
graphite electrode, due to the good electrical
conductivity of TiN NTs electrode. The R, of TiN NTs
and graphite electrodes are 0.25 and 4.90 ) -cm?® TiN
NTs electrode has better electronic conductivity. This
effect can be derived from the structure of TiN NTs

electrode possesses a rapid charge-transfer process

4l ®

Z' [ (Q-em?)

Fig.5

(a) Nyquist plots of different electrodes measured at a polarization potential of —0.6 V; (b) Nyquist plots of the TiN NTs
electrode measured at various polarization potentials in the frequency range of 10° to 10 Hz.

Symbols: experimental data; lines: fitting curves

Table 1 Parameters obtained from the fitting curves of EIS

Electrode R,/ (Q-cm?) R,/ (Q-cmd) R,/ (Q-cm?)

Graphite 0.73 4.90 10.90
TiN NTs 0.58 0.25 5.92




%3

7K e ) A% P A A DR A Ay B i 6 A X VI VA A Ha Ak 27 4 RE 507

and a fast mass transfer rate during the cathodic
Fig.5b

decreasing of the polarization potential, the R, is

reduction shows that with the

process.
getting smaller as can be judged from the radius of
the semicircle, which is correspond to the CV test
results. This result can be attributed to the TiN NTs
electrode has larger electrochemical surface area and
more active sites for V(I)/V(I) redox couple.

The possible catalytic mechanism of V (IN/V (Il
redox reaction at TiN NTs electrode was proposed
according to the above experimental results. The
detail reaction processes are shown in Scheme 1. In
short, TiN  NTs
electrochemical surface area and more active center to

improve the absorption of V(I), therefore the TiN NTs

electrode  provides  large

electrode exhibited excellent electrochemical activity
towards V(I/V() redox couple.

Fig.6 displays the charge-discharge curves in a
static VRB model with cutoff voltages of 0.8 and 1.65
V, respectively, at a current density of 5 mA - cm™.
As is mentioned above that the V (I/V () redox

reaction can be accelerated on the TiN NTs electrode.
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Scheme 1

Proposed mechanism on TiN NTs towards

V(II)/V({D) redox reaction

As a result, the coulombic efficiency (CE), voltage
efficiency (VE) and energy efficiency (EE) of the VRB
system equipped with TiN NTs negative electrode can
be enhanced (Fig.6a~c). By comparing the charge-
discharge curves, the initial charge potential for the
single cell of TiN NTs as negative electrode is lower and
the onset discharge potential is higher than that of
graphite as negative electrode (Fig.6d). Accordingly, it

S0Fw=u=u8g 0 4u.080s8ug.,
P I B W e e
=60 -
Iy
8
g 40
o
o
g .
S8 —=—TiN NTs
S 20 f —a—Graphite
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0 L L L L
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Cycle number
1.8
1.6
> 14
3, —TiN NTs
= — Graphite
§ 12
1.0
0.8
0 4 8 12 16

Capacity / (mAh-g™")

Fig.6  Performance comparison of battery with TiN NTs and graphite negative electrodes: (a) coulombic efficiency, (b) voltage

efficiency, (c) energy efficiency and (d) charge and discharge curves
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could be inferred that the TiN NTs could benefit to the
V(ID/V () redox reaction by acting as a novel effective
electrode catalyst for VRB. We think more effective
methods of fabricating negative electrode, such as in
situ growth of TiN NTs in foamed titanium or porous
titanium should be studied in the future which will
make the catalyst more stable during the flowing battery

operation and enhance the battery performance.
3 Conclusions

In summary, TiN NTs has been successfully
synthesized by anodization and subsequent nitridation
on a Ti foil substrate. The nanotubes structure cannot
be destroyed under ammonia reduction and nitridation.
The TiN NTs film electrode for V (I)/V () has an
excellent electrocatalytic performance due to its good
conductivity, larger real contact area and more effective
charge transport. It suggests that TiN NTs are promising

alternative negative material in VRB.
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