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A simple template-free method of preparing mesoporous TiN nanostructures directly on Ti foils is
developed by combining hydrothermal, ion exchange and nitridation reactions. The as-prepared TiN
nanosheet arrays on Ti foils can be directly used as an electrode without any subsequent processing, and
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75% after 4000 cycles. The symmetric supercapacitor made up of two TiN nanosheet electrodes
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Introduction

Supercapacitors, namely, electrochemical capacitors, have
several advantages over secondary batteries such as high
power density and long cycle life.* In addition, their ability
for facile charging/discharging can meet the demand for
increased power and energy needed for next generation
lightweight electronics.®® A variety of materials have been
employed for supercapacitors, for example, carbon-based
materials such as carbon nanotubes and graphene,®*® tran-
sition metal oxides such as MnO,, NiO and CoO,”™* and
conducting polymers.'»'®* These materials have some defi-
ciencies. For example, the carbon-based materials have
relatively low specific capacitance and energy density, the
transition metal oxide materials are poor electrical conduc-
tors, and the conducting polymer materials have low cycling
stability."* Considering these facts, other materials are
necessary to be explored for high-performance
supercapacitors.

Transition metal nitrides (VN, TiN, MoN efc.) are suitable
supercapacitor materials, because they have good electrical
conductivity and can adopt the morphology with high

“State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China.
E-mail: wangzeyan@sdu.edu.cn; bbhuang@sdu.edu.cn

*School of Physics, Shandong University, Jinan 250100, China

‘Department of Chemistry, North Carolina State University, Raleigh, North Carolina
27695-8204, USA

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the
Structure of Matter (EJIRSM), Chinese Academy of Sciences (CAS), Fuzhou 350002,
China

T Electronic supplementary
10.1039/c8ra01001c

information (ESI) available: Ss. See DOIL

This journal is © The Royal Society of Chemistry 2018

sandwiching a solid electrolyte (polyvinyl alcohol in KOH) shows a specific capacitance of 0.42 F cm™>,
and retains 77.6% of the capacitance even at the current density of 12.5 mA cm™".

3

3

specific surface areas, and because they are chemically stable
in electrolytes and are inexpensive.”™® In particular, tita-
nium nitride (TiN) is attractive because it is facile to be
prepared, strongly resistant to chemicals and environmen-
tally safe, and has a high rate of charging/discharging capa-
bility and a long recycling life.*®** A good supercapacitor
material should possess a high specific surface area and
rapid charge separation, which is generally achieved by
fabricating nanostructures. Up to now, various TiN nano-
structures such as nanoparticles,” nanorods,* and nano-
fibers,** etc., have been prepared by nitridating titanium
dioxide (TiO,) at high temperature.?**®* However, the fabri-
cation of TiN mesoporous nanostructures is still a chal-
lenging task, because the porous nanostructures of the TiO,
precursors can easily collapse during conversion and
recrystallization at high temperature.”**® Although, some
mesoporous TiN nanostructures have been synthesized by
template or template-free methods, these approaches usually
require a complex and time-consuming process.***"
Furthermore, most of the TiN nanostructures used as
supercapacitor materials exist as powders.>*>**> The working
electrodes based on such materials are prepared by mixing
the powder samples with a conducting material (e.g., carbon
black) and an adhesive (e.g., polytetrafluoroethylene, PTFE)
and then by pressing the mixture onto a metal substrate. As
aresult, part of the exposed surface of the TiN nanostructures
could be blocked and the charge transfer could be hindered
due to the presence of various interfaces and binders.
Therefore, if a free-standing TiN material with well-
maintained mesoporous nanostructures can be made, it
would provide not only a network for rapid charge transfer,
but also a larger surface area for surface reactions, which
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would be preferable for electrochemical
applications.****

In this work, we developed a simple template-free method
to prepare free-standing TiN nanosheet arrays with meso-
porous nanostructure on the Ti foil by combining hydro-
thermal, ion exchange and nitridation reactions. The as-
prepared TiN nanosheet arrays on Ti foils can not only be
used directly as an electrode, but also possess a high specific
surface areas and intimate contact between TiN and Ti foil,
which are beneficial for the diffusion of electrolyte and the
charge transfer in the electrode.?® As a result, the TiN nano-
sheet electrode exhibits good specific capacitance and
cycling stability. And this synthetic strategy could be
extended to prepare other nanosheet-like metal nitrides for

high performance supercapacitors.

storage

Experimental
Preparation of TiN nanosheet arrays

A Ti foil (1 cm X 1 cm) was pre-cleaned with acetone, diluted
hydrochloric acid and ethanol, and then dried at room
temperature. A hydrothermal method was employed to grow
a Na,Ti,04(OH), film on the Ti foil.* The clean Ti foil was
immersed into 3 M NaOH aqueous solution (30 mL) and then
transferred into a Teflon-lined stainless-steel autoclave
(45 mL volume). The sealed autoclave was heated at three
different temperatures T (=150, 180, and 200 °C) for the
duration of several different hours ¢. Then the surface of the
Ti foil interacts with the NaOH solution become a Na,Ti,-
0,4(OH), film. For the convenience of our discussion, we will
use the notation (T, ¢)-Na,Ti,O4(OH),” film to indicate the
film produced on Ti foil by the hydrothermal reaction at
temperature T °C for the duration of ¢ hours. For our study,
we prepared two (150, ¢)-Na,Ti,04(OH), films (¢ = 12, 24), four
(180, t)-Na,Ti,0,4(OH), films (¢t = 12, 24, 30, 48), and four (200,
t)-Na,Ti,04(0OH), films (¢ = 24, 48, 72, 96). Then, these films
on Ti foil were allowed to cool down slowly at room temper-
ature, and were removed and washed with deionized (DI)
water. Subsequently, they were immersed in aqueous solu-
tion of HCI (1 vol%) overnight for the H* < Na' exchange to
produce the corresponding (7, ¢)-H,Ti,O0,(OH), films, which
were thoroughly washed with DI water, and then air dried.

We obtained TiN films on Ti foil in two different ways: (a) the
two-step method: (7, t)-H,Ti,O4(OH), films were first heated at
550 °C for 1 h under air to obtain the corresponding (7, ¢)-TiO,
films, which were subsequently heated to 800 °C (at a rate of
6.5 °C min~" and were maintained at the temperature for 1 h)
under a flow of NH; gas to obtain the corresponding (7, ¢)-TiN
films on Ti foil. (b) The one-step method: the (7, ¢)-
H,Ti,0,(OH), films were heated to 800 °C (at a rate of
6.5 °C min~" and were maintained at the temperature for 1 h)
under a flow of NH; gas to directly obtain (7, ¢)-TiN films on Ti
foil. The mass loading of TiN films () obtained by scraping the
TiN layer off from the Ti foil, and the active material mass
loading of (200, ¢)-TiN films per square centimeter is about
1 mg.
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Material characterization

The surface morphology and microstructure of H,Ti,0,(OH),
and TiN films on Ti foil were investigated by using scanning
electron microscopy (SEM, Hitachi S-4800 microscope, 5 KkV)
and high resolution transmission electron microscopy (HR-
TEM, JEOL-2100, 200 kV). The crystal structures of the TiN
films were characterized by Powder X-ray diffraction (XRD,
a Bruker D8-Avance Advanced X-ray diffractometer with mono-
chromatized Cu-Ka radiation) at room temperature.

Electrochemical measurements

The electrochemical properties of the as-prepared TiN films on
Ti foil were measured in a standard three-electrode system to
evaluate the electrochemical performances by cyclic voltam-
metry (CV) and galvanostatic charge/discharge (GCD)
measurements using CHI660E Electrochemical Working
Station (ChenHua, China) with a Pt plate as the counter elec-
trode, a Ag/AgCl (KCl-saturated) electrode as the reference
electrode, and the as-prepared TiN films on Ti foil as the
working electrode. The CV measurements were carried out with
a potential window from —0.6 to 0.2 V with respect to the Ag/
AgCl electrode (with the scan rate from 10 to 200 mV s ).
The galvanostatic charge/discharge measurements carried out
from —0.6 to 0.2 V with different current densities, and at
a current density of 3 A g~ for 2500 cycles to test the stabilities
of the TiN film electrodes. These experiments were carried out
in 1.0 M KOH aqueous solution.

Results and discussion
Fabrication of nanoporous TiN on Ti foil

Nanoporous TiN film was fabricated through a simple template-
free method by employing a Ti foil as substrate. The fabrication
procedure was illustrated in the schematic diagram as shown in
Fig. 1. In detail, a Ti foil (1 cm x 1 cm) was firstly immersed in
3 M NaOH solution to form a Na,Ti,04(OH), film on the Ti foil.
The Na,Ti,04(OH), film was subsequently converted to
H,Ti,04(OH), by ion exchange in aqueous solution of HCI
(1 vol%), finally the H,Ti,O4(OH), film was nitridated under NH;
flow to form a mesoporous TiN nanosheet film on the Ti foil.

" Hydrothermal Nitro genizatio'
/ N /
/ ™ /
et i A o i o
| ' |
! | !
| : |
ll E— l
" Tifoil H2Ti204(OH):
on Ti foil on Ti foil

Fig.1 The schematic diagram to illustrate the fabrication procedure of
TiN film on Ti foil.

This journal is © The Royal Society of Chemistry 2018
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Fig.2 SEM images of the TiN nanosheet arrays on Ti foil obtained by (a) the one-step method and (b) the two-step method at 800 °C from the
(200, 48)-H,Ti,04(0OH), nanosheets on Ti foil. (c) XRD patterns of Ti metal, bulk TiN, and the TiN nanosheet arrays on Ti foil obtained by using two
methods. (d) HR-TEM image of the lattice fringe of TiN nanosheet arrays. The inset shows a HR-TEM image.

Structure and morphology

We examine the morphologies of the (150, ¢)-, (180, ¢)- and
(200, t)}-H,Ti,04(0OH), films on Ti foil by SEM. The
H,Ti,04(0OH), films obtained from the hydrothermal reaction
at low temperature, namely, the (150, ¢)-H,Ti,0,4(OH), films on
Ti (¢t = 12, 24) are fibrous (Fig. S1 in the ESIf). Those obtained
at a slightly higher temperature, i.e., the (180, ¢)-H,Ti,0,(OH),
films, have irregular shapes for ¢t = 12 and 24 (Fig. S2a and bt),
mostly sheets with some fibers for ¢ = 36 (Fig. S2ct), and only

sheets when ¢ = 48 (Fig. S2d¥). These results suggest that the
H,Ti,04(OH), films on Ti will consist of nanosheets for large
values of T'and ¢. Indeed, this is the case as shown by the SEM
images of the (200, t)-H,Ti,04(OH), films for ¢ = 24, 48 and 72
(Fig. S3a-ct). However, for a very large ¢, the nanosheets are
broken and become agglomerated (e.g., for ¢t = 96) (Fig. S3d¥).

The SEM images of the TiN films (Fig. S4T) obtained from the
(200, £)-H,Ti,0,(OH), films are very similar in nature to the SEM
images of the corresponding (200, ?)-H,Ti,O,4(OH), films

61d
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Fig. 3 (a) CV curves collected for the (200, t)-TiN nanosheet electrodes in 1 M KOH electrolyte at a scan rate of 100 mV s~ (b) Specific
capacitances measured for the (200, t)-TiN nanosheet electrodes as a function of scan rates.
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Table 1 Specific capacitances Cs of the TiN electrodes determined
from CV measurements

Scan rate  Electrolyte
(mvs™) KOH Cs(Fg™") Ref
TiN nanoparticles® 10 7.5M 11.5 22
TiN nanorods® 2 2M 40 23
TiN nanofibers® 50 1M 97 24
TiN nanowires 10 1M 123 37
TiN nanosheet 5 1M 68.1 This work

“ The TiN sample is powder. Thus, each electrode was made by mixing
the TiN sample, acetylene black and polytetrafluoroethylene (PTFE), and
then by coating a Ni foam.

(Fig. S37). The SEM images of H,Ti,0,(OH), and TiN show that
the films consist of nanosheets, but the nanosheets of the
former are smooth while those of the latter have many holes.
The SEM image of the (200, 96)-TiN film shows the presence of
broken TiN nanosheets fallen off from the Ti foil, so that this
film on Ti foil is not a good electrode material.

The SEM images of the TiN films obtained from the (200, 48)-
H,Ti,04(OH), film using the one-step and two-step methods are
presented in Fig. 2a and b. They look very similar not only to each
other, but also to the corresponding SEM images of (200, 48)-
H,Ti,04(OH), films, suggesting that the two different methods of

View Article Online

Paper

nitridation do not much affect the morphologies of the
H,Ti,04(OH), films. The XRD profiles of the TiN nanosheets on
Ti foil obtained by the two different methods are compared with
those of bulk TiN and Ti metal in Fig. 2c. The TiN nanosheets
obtained from the two different methods have the nearly iden-
tical XRD profiles, indicating that the two different methods of
nitridation do not much affect the surface appearance of the
H,Ti;04(OH), films. The XRD peaks of the two different TiN
nanosheets at 26 = 36.85 + 0.3°, 42.78 + 0.3° and 61.96 + 0.3°
match well with those of bulk TiN at 26 = 36.97°, 43.00° and
62.40°, respectively. These correspond to the reflections of the
(111), (200) and (220) planes of cubic TiN, thus indicating that the
cubic TiN phase is formed from H,Ti,04(OH), by the nitridation.
The HR-TEM image of the (200, 48)-TiN nanosheets obtained
using the one-step method (Fig. 2d) show that the nanosheets
have a lattice fringe of 0.212 nm, which corresponds to the (200)
planes of the cubic TiN.

Performance as a single electrode

As already mentioned, the TiN nanosheets obtained by the one-
step and two-step methods are indistinguishable by the SEM
and XRD measurements. However, the TiN nanosheet electrode
from the one-step method exhibits a slightly better electro-
chemical performance than does that from the two-step
method, as can be seen from the CV plots in Fig. S5.1f Thus,
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Fig. 4 (a) Galvanostatic charge/discharge curves collected for the (200, t)-TiN nanosheet electrodes at a current density of 0.5 A g~* for the
electrodes. (b) Calculated specific capacitances (based on the discharge curves) of the electrodes plotted as a function of current density. (c)
Cycling performance collected at a current density of 3 A g~* for the (200, 72)-TiN nanosheet electrode. (d) First 10 and last 10 charge—discharge

cycle curves of the (200, 72)-TiN nanosheet electrode.
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Fig. 5 (a) Cyclic voltammetry (CV) curves collected with a potential window from 0 V to 0.8 V at different scan rates from 5 to 200 mV s~ 2. (b)

Galvanostatic charge/discharge curves of the TiN-SCs collected at current density from 1.25 to 12.5 mA cm

tance and specific capacitance retention of the solid-state TiN-SC.

in the remainder of this work, we will discuss our results based
solely on the (200, ¢)-TiN nanosheet samples prepared by using
the one-step nitridation method.

We now evaluate the performances of the (200, ¢)-TiN
nanosheet samples as a working electrode in 1 M KOH solution
with a Pt plate as the counter-electrode and an Ag/AgCl elec-
trode as the reference. As already pointed out, the (200, 96)-TiN
film on Ti foil is not a good electrode material because the TiN

Table 2 Energy and power densities of the symmetric TiN super-
capacitor and other supercapacitors

Energy

density Power density

Supercapacitor (m W hem™) (Wem™) Ref.
Symmetric TiN supercapacitor 0.0374 66.7 This work
Symmetric TiN supercapacitor  0.0325 109.1 This work
Symmetric TiN supercapacitor  0.0310 133.3 This work
Symmetric TiN supercapacitor  0.0299 164.7 This work
Symmetric TiN supercapacitor  0.0291 189.5 This work
Symmetric TiN supercapacitor  0.0290 200 This work
Multiple-walled carbon 0.0084 1.1 41
nanotube supercapacitor

Single-walled carbon nanotube  0.0200 20 40
supercapacitor

TiN nanowire supercapacitor 0.0500 120 21
Graphene supercapacitor 0.0600 200 37

This journal is © The Royal Society of Chemistry 2018

=3 (c) Volumetric specific capaci-

nanosheets are mechanically unstable. Thus, our results are
presented only for the (200, 24)-, (200, 48)- and (200, 72)-TiN
samples in the remainder of this work.

The CV curves of the three (200, ¢)-TiN nanosheet electrodes
measured at different scan rates from 5 to 200 mV s ' are
presented in Fig. S6.f With increasing the scan rate, the CV
curves maintain a quasi-rectangular shape even at the very fast
scan rate of 200 mV s~ '. The current density increases as the
scan rate is increased. Fig. 3a shows the CV curves measured at
the scan rate of 100 mV s~ for the (200, ¢)}-TiN nanosheet
electrodes. All the CV curves have a quasi-rectangular shape
indicating that the capacitance behavior of each TiN nanosheet
electrode arises from an electrical double-layer capacitance,
with the highest current density from the (200, 72)-TiN nano-
sheet electrode. The specific capacitance C; (in F g~') of each
(200, t)-TiN nanosheet electrode was calculated by using the
expression®

Cs = [(Idp)I(2mvAY)

where I is the average current of charge and discharge, ¢ is the
potential range, m (in g) the mass of the TiN nanosheet, v is the
scan rate, and AV (in V) is the potential window (Fig. 3b). Among
the three (200, ¢)-TiN electrodes the highest specific capacitance
at all scan rates is found for the (200, 72)-TiN electrode, which has
the specific capacitance of 68.1 F g~ " at the scan rate of 5 mV s~ .

RSC Aadv., 2018, 8, 12841-12847 | 12845
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This value is higher than those from the TiN/carbon nanotube
and TiN nanorods, comparable to that from the TiN nano-
particles, and lower than those from the TiN nanofibers and
nanowires (Table 1). However, it should be noted that the TiN
nanomaterials reported by others exist as powder samples, so the
working electrodes are prepared by mixing the powder with
a conducting material and an adhesive and then by pressing the
mixture onto a metal substrate. In contrast, the TiN nanosheet
electrodes on Ti foil prepared in this work can be used directly as
an electrode because the TiN nanosheets are grown on a Ti foil.

We further characterize the (200, t)-TiN nanosheet electrodes
by galvanostatic charge/discharge measurements between the
—0.6 to 0.2 V at a current density of 0.5 A g~ (Fig. 4a). The
charge/discharge curves are nearly symmetric, indicating their
good capacitive behavior. The charge/discharge times for the
(200, t)TiN electrodes increase with increasing the hydro-
thermal reaction time ¢. From the charge/discharge curves
determined at different current densities (Fig. S61), we calculate
the specific capacitance C; of the TiN nanosheet electrode using
the expression®®

Cs = (IA)(mA V),

where I'is the discharge current (in A), and At the discharge time
(in s). Our results, summarized in Fig. 4b, show that the (200,
72)-TiN electrode has the highest C; among the three (200, ¢)-
TiN electrodes at all current densities. At the current density of
0.5 A g ', the C; values of the (200, £)-TiN electrodes are 57.5,
64.7, and 81.6 F g~ ' for ¢t = 24, 48 and 72, respectively. The C,
values determined from the galvanostatic charge/discharge
measurements are slightly larger than those from the CV
measurements, as is generally found.*

An important feature required for high performance elec-
trode materials is the cycle stability. We examine the cycle
stability of the (200, 72)-TiN electrode in aqueous electrolytes
(1 M KOH) by galvanostatic charge/discharge measurements at
a current density of 3 A g~ for 4000 cycles (Fig. 4c and d). The
(200, 72)-TiN electrode exhibits a slight increase in the total
capacitance with the cycle number during the first 1250 cycles
due to a self-activation process,* and then attains a steady level.
The reason is probably due to the gradual penetration of the
electrolyte into the pores over time. The capacitance of the
electrode decreases after 1750 cycles, but still maintains the
100% retention after 2500 cycles, demonstrating its stability
and durability. When the cycle experiment was carried out to
4000 cycles, the capacitance retention of the electrode was 75%.
The change of the galvanostatic charge/discharge behavior with
the increasing of cycle numbers for TiN nanosheet electrode
suggests that the ion intercalation/deintercalation under highly
basic (pH 14) 1 M KOH electrolyte leads to the chemical insta-
bility of the TiN nanosheets causing some changes in the
surface composition and appearance (Fig. S77).

Performance as a supercapacitor

We assembled a symmetric supercapacitor consisting two
(200, 72)-TiN nanosheet electrodes sandwiching a solid-state
electrolyte [i.e., polyvinyl alcohol (PVA) dissolved in aqueous

12846 | RSC Adv., 2018, 8, 12841-12847

View Article Online

Paper

KOH solution]. This supercapacitor will be referred to as the
symmetric TiN supercapacitor, which has a typical thickness
of ~0.8 mm. Fig. 5a shows the CV curves recorded with
a potential window from 0 to 0.8 V at different scan rates from
5 to 200 mV s~ '. As the scan rate is increased, the CV curves
exhibit quasi-rectangular shapes even at a very fast rate of
200 mV s~ '. The galvanostatic charge/discharge curves of the
supercapacitor recorded at a current density from 1.25 to 12.5
mA cm° are presented in Fig. 5b. The charge/discharge curves
maintain a symmetric triangle shape at all current densities.
Specific capacitances were calculated based on the device
volume according to the following formula®”

C, = IADI(VAY),

where V refers to the device volume including the active TiN
layer, the Ti foil and the solid state electrolyte. When the current
density is 1.25 mA ecm >, the specific capacitance of the super-
capacitor is calculated to be 0.42 F cm® (Fig. 5¢), which is
comparable to those obtained for graphene-based super-
capacitors (0.42 F cm™> with electrolyte PVA/H;PO,4).*° Further-
more, the symmetric TiN supercapacitor retains approximately
77.6% capacitance even at the current density of 12.5 mA cm .
These good performances of the symmetric TiN supercapacitor
are attributed to the high electrical conductivity of the TiN
nanosheet electrode as well as the unique structure of nano-
sheets with large surface area. For supercapacitors, the energy
density and the power density are the important measures for
their electrochemical performance. The energy density and the
power density supercapacitors can be calculated by using the
following expressions,*”

E = C(AV)*2
P = (AV)’/(4Rgsr V)

where E (in W h cm ) is the energy density, C, (in mF cm?) the
specific capacitance, AV (in V) the potential window of
discharge, P (in W cm’S) is the power density, Rgsg is the
internal resistance of the device which is calculated from the
voltage drop (Varop) at the beginning of the discharge curve,
using the formula Rpsg = Varop/(21), I is the constant current
density. The E and P values of the symmetric TiN supercapacitor
were compared with those of other supercapacitors in Table 2,
which indicates that TiN nanosheet electrodes can be used as
a high-energy supercapacitor material.

Conclusions

In summary, we developed a simple template-free method of
preparing mesoporous TiN nanostructures directly on Ti foils.
The highly conductive Ti foil enables an efficient charge trans-
port, and the direct connection between TiN nanosheets and Ti
foil without binder can effectively promote the interfacial
charge transfer. Thus, the TiN nanosheets on the Ti plate can be
used as an electrode directly without any subsequent process-
ing. As a result, the specific capacitance of TiN nanosheets

n
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electrode measured at the current density of 0.5 A g~ * reaches
81.63 F g~ ', and the capacitance retention is still 100% after
2500 cycles. The symmetric TiN supercapacitor shows a specific
capacitance of 0.42 F cm™®, and retains 77.6% of the capaci-
tance even at the current density of 12.5 mA cm . This method
is expected to be useful in fabricating other high-performance
metal nitride materials for supercapacitors.
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