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Abstract Nanostructured Co,Ni;_,—Al layered triple
hydroxides (Co,Ni;—,—Al LTHs) have been successfully
synthesized by a facile hydrothermal method using glycine
as chelating agent. The samples were characterized by X-
ray diffraction, thermogravimetry, Fourier transform infra-
red spectroscopy and scanning electron microscopy. The
morphologies of CoNi;_.—Al LTHs varied with the Co
content and its effect on the electrochemical behavior was
studied by cyclic voltammetry and galvanostatic charge—
discharge techniques. Electrochemical data demonstrated
that the Co,Ni;_—Al LTHs with Co/Ni molar ratio of 3:2
owned the best performance and delivered a maximum
specific capacitance of 1,375 Fg ' at a current density of
0.5 A g ' and a good high-rate capability. The capacitance
retained 93.3% of the initial value after 1,000 continuous
charge—discharge cycles at a current density of 2 A g '

Keywords Layered triple hydroxides - Supercapacitors -
Glycine - Nanostructure - Hydrothermal method
Introduction

Electrochemical capacitors (also known as supercapacitors)
have drawn increasing attention for energy storage appli-
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cations owing to their high power density, high rate
capacity, and long cycling life. They show potential
applications in hybrid electric vehicles, backup power
storage, mobile electric devices, etc. [1-3]. Based on the
charge storage mechanism, supercapacitors can be divided
into [4]: (1) electrical double-layer capacitors (EDLCs),
where the capacitance arises from charge separation at an
electrode/electrolyte interface and (2) redox supercapaci-
tors, where the pseudo-capacitance arises from reversible
Faradaic reactions occurring at the electrode surface.
Pseudocapacitors can store more energy than EDLCs by
higher utilization of electrode material. RuO, is the best
pseudocapacitive material and has specific capacitance as
high as 863 Fg ' [5]. However, the high cost of Ru limits
its commercial applications in electrochemical capacitors.
Therefore, it is necessary to develop new electrode
materials for replacement of RuO,.

Layered double hydroxides (LDHs), also known as anionic
clays, are a class of two-dimensional hydrotalcite-like lamellar
materials. The layered structure of the LDHs is constructed by
positively charged host layers because of partial substitution
of divalent metallic ions with trivalent ones, balanced by
interlayer anions and water molecules. LDHs have been used
extensively in catalysis [6], ion exchange [7], bio-
nanocomposites [8, 9], biosensors [10], and even as substrate
for the attachment of Fe;O, nanoparticles [11]. Recently,
nickel- and cobalt-based LDHs are explored as electrode
materials for supercapacitors due to their layered structure
with large interlayer spacing, low cost, and environmental
friendliness. For example, Wang et al. prepared the electrode
of Ni-Al LDHs grown on the surface of nickel foam by in situ
method, which has a specific capacitance of 701 Fg ™' at a
current density of 0.5 A g~' [12]. Malak-Polaczyk et al. [13]
prepared Co—Al LDHs/activated carbon composite by a
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simple chemical precipitation method, which exhibited
improved electrochemical properties with introducing a
small amount of LDHs to activated carbon. Wang et al.
[14] found that Co—Al LDHs after annealing at 160 °C have
a specific capacitance of 684 Fg™' at a current density of
60 mA g ', which is currently the highest value reported in
the case of Co—Al LDHs materials. By using Co—Al LDHs
as electrode material instead of Cos0y,, the structure can be
stabilized by partial isomorphous substitution of Co active
sites with Al and the Co utilization ratio can be enhanced
over Co304 [15-17]. As for Co,Ni;_—Al LTHs, partial
cobalt sites are further substituted by Ni. The layered triple
hydroxides (LTHs) containing Ni and Co have been
proposed as electrode materials with good electrical conduc-
tivity, high proton transport, and improved utilization of
active sites [18, 19]. A large specific capacitance and long
cycling life can be expected for Co,Ni;—_,—Al LTHs. Gupta et
al. [20] potentiostatically deposited Co,Ni;_,—Al LTHs onto
stainless steel and obtained a maximum specific capacitance
of 1,263 Fg "

In this work, we report a simple hydrothermal method to
synthesize nanostructured Co,Ni;_,—Al LTHs by using
glycine as a chelating agent. The morphologies of the
Co,Ni;_,—Al LTHs varied with the Co content. We also
investigated the relationships between its chemical compo-
sition and electrochemical capacitive behavior in detail. The
structure and electrochemical characteristics showed that
nanostructured Co,Ni;_—Al LTHs are a promising super-
capacitor electrode material.

Experimental section
Synthesis of Co,Ni;_,—Al LTHs

The experiment was derived from Prevot’s work [21],where
glycine was used as a chelating agent to synthesize Ni—Al
LDHs nanostructures. All chemicals were of AR grade and
used without any further purification; deionized water was
used in all experiments. Briefly, Co,Ni;_,—Al LTHs were
prepared as follows: the (Ni + Co)/Al molar ratio was 2:1;
the molar fraction of Co*" in divalent metal cations was 0.0,
0.2, 0.4, 0.6, 0.8, and 1.0, respectively. Stoichiometric Co
(NO3)2'6H20, Ni(NO3)2'6H20, and AI(NO3)3'9H20 were
dissolved in 60 mL deionized water to give solutions with a
total metal ion concentration of 0.2 M, and then 0.026 mol
glycine and 0.015 mol Na,SO, were introduced to the
above solution under vigorous stirring. Then, 10 mL of 5 M
NaOH aqueous solution was added all at once with stirring;
the pH of the final solution was 13.2. The resulting solution
was transferred into an 80-mL Teflon-lined autoclave,
which was then sealed and heated in an oven at 100 °C
for 24 h. After natural cooling to room temperature, the
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product was collected by filtering, washed with deionized
water and absolute ethanol several times, and then dried at
60 °C for 12 h. The obtained samples were labeled as
Co,Ni,_,—Al LTHs, in which x means the Co content in
divalent metal cations.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Bruker D8 Advance instrument using Cu Ko« radiation (A=
1.5418 A). Thermogravimetric analysis (TGA) experiment
was carried out using NETZSCH STA 409 PC, heating was
started at 10 °C min”' from room temperature to 700 °C in a
stream of N, (flow, 20 cm’® min '). Fourier transform
infrared (FT-IR) spectra were measured in the range 400—
4,000 cm ' on a Nicolet 750 spectrophotometer using the
KBr pellet technique. Scanning electron microscopy (SEM)
analysis of the samples was performed using a LEO-1550
Gemini microscope operating at 5.0 kV accelerating voltage.

Electrochemical tests

The working electrodes were prepared by mixing the
electroactive material (Co,Ni;_,—Al LTHs, 80 wt.%),
acetylene black (10 wt.%), and poly(tetrafluoro-ethylene)
(10 wt.%). The mixture was pressed onto nickel foam
(1 cm?) and dried at 50 °C for 12 h in air. The electrolyte
used in this work was 1 M KOH aqueous solution. The
electrochemical performance of the Co,Ni;_,—Al LTHs
samples was evaluated on a CHI 660 C electrochemical
workstation (CH Instruments, Shanghai, China) for cyclic
voltammetry (CV) and chronopotentiometry (CP) tests
using a three-electrode cell with platinum plate (1 cm?) as
the counter electrode and a saturated calomel electrode as
the reference electrode, respectively.

Results and discussions
Structural characterizations

Figure 1 shows the XRD patterns of the Co,Ni,_,—Al LTHs
with different Co content x. All the observed peaks
including (003), (006), (012), (015), (018), (110), and
(113) are typical diffraction patterns of hydrotalcite-like
materials [22, 23], and no other crystalline phases are
present. The two strong diffraction peaks appearing at
11.26° and 22.83°, ascribed to (003) and (006) planes,
respectively, indicate the growth of crystals in the defined
direction. Further analysis of the XRD patterns reveals
small differences in the spectrum as a function of the Co
content x. With x increasing, the characteristic diffraction
peaks slowly narrowed, which can be attributed to the
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Fig. 1 XRD patterns of the: a Cog oNi; g—Al LTHs, b Cog,Nigg—Al
LTHS, C C00_4Ni0_6*A1 LTHS, d C00'6Ni0'4*A1 LTHS, ¢ COOASNiOAzfAl
LTHs, and f Co; oNijyo—Al LTHs

substitution of Ni** by Co”" with a larger ionic radius (Ni*",
70.0 pm; Co®*, 73.5 pm) [24]. The coherent domain size
(thickness of sheet) in the ¢ direction could be calculated by
the Scherrer equation (D=0.89)\/(Gcosf) [25], where D is the
crystalline size, A is the wavelength of diffraction used (A=
0.15418 nm), 6 is the Bragg diffraction angle, and (3 is the
full width at half-maximum of the (003) reflection. As
shown in Table 1, Dgy; increased from 9 nm for the
CopoNij g—Al LTHs sample to 31 nm for the Co; oNig oAl
LTHs sample, implying that the crystallite growth in the ¢
direction can be promoted by increasing the Co content.

The thermal behavior of the Cog¢Nig4—Al LTHs has
been studied by TGA technique. As can be seen in Fig. 2,
total weight loss of 32 wt.% was obtained throughout the
temperature range, which comprises two successive mass
losses of 11.6 and 20.4 wt.%. The TG curve shows an
initial weight loss in the temperature range from 30 to 200 °C,
which is due to the removal of adsorbed water on the outer
surface of crystallites and hydrate molecules in the interlayer
[26]. Thereafter, the second main weight loss occurs in the
temperature range of 200—400 °C, which involves dehy-
droxylation of the layers and the loss of intercalated anions
[27]. The weight loss continued but gradually slowed down
after 400 °C.
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Fig. 2 Thermogravimetric analysis curves of the Cog ¢Nijp4—Al LTHs

The FT-IR spectra of the Co,Ni;_,—Al LTHs samples are
presented in Fig. 3. These spectra show typical features of
LDH materials. The intense and broad band observed around
3,600-3,200 cm ! ascribed to the O-H stretching vibrations
arising from metal-hydroxyl groups and interlayer water
molecules. The bands appearing at 1,630 cm™ ' correspond to
the bending vibration of water [28]. The band at about 1,384
and 1,364 cm ! are assigned to vibration of NO; and COy*
anions [29], respectively. The presence of CO;>~ anion may
result from the dissolution of carbon dioxide molecules in
water. The band at 1,117 cm’! corresponding to SO42_ anion
is very weak, suggesting a low content of SO,* anion.
Therefore, it can be concluded that the main anion in the
interlayer spaces of Co,Ni;_,—Al LTHs are NO; and COo;>.
In the low wave number region below 800 cm ', the
adsorptions may be attributed to M—O, O-M-0O, and M—-O-
M (M=Co, Ni, or Al) vibrations [28, 30]. Furthermore, the
absorption peaks of the O—H stretching vibrations for six
samples (from curves a to f) show a blue shift, which can be
attributed to the change in host layer composition.

The SEM images of the Co,Ni;_,—Al LTHs are shown in
Fig. 4. As can be seen in Fig. 4a, the Cog(Ni; o—Al LTH
exhibits a honeycomb-like morphology; closer observation
of a high-magnification SEM image (inset) shows that
such assemblies are built by a large number of curved
and intercrossed nanosheets. For the Cog,Nigpg—Al

Table 1 Crystal parameters of

Co,Ni_—Al LTHs with X dooz/nm doos/nm ¢*/nm djjo/nm a®/nm Dygpz/nm
varying x

0.0 0.76885 0.38146 2.29766 0.15191 0.30382 9

0.2 0.77558 0.38341 231359 0.15213 0.30426 10

0.4 0.77693 0.38704 232652 0.15346 0.30692 13

0.6 0.77830 0.38805 2.33160 0.15379 0.30758 20
. 0.8 0.77898 0.38904 2.33559 0.15401 0.30802 25
"(;322?30 1.0 0.77905 0.38936 2.33665 0.15477 0.30954 31
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Fig. 3 FT-IR spectra of the Co,Ni;_,—Al LTHs: a Cog¢Nij ¢—Al
LTHS, b COO_zNio_g—Al LTHS, C C00_4Ni0_6—A1 LTHS, d C00_5Ni0'4—A1
LTHS, € COOAgNiOAzfAl LTHS, and f COleNiOAofAl LTHs

LTHs, a flower-like morphology composed of loose
nanosheets was obtained (Fig. 4b). If the Co content x is

Fig. 4 SEM images of the
Co,Ni,_—Al LTHs: a
COO_ONil_O*Al LTHS, b
COo'zNiO'g—Al LTHS, [V
C00_4Ni0_6*A1 LTHS, d
CO()'GNi()A—Al LTHS, (¢
COO_gNio_zfAl LTHS, and f
CO]}()Ni()'O—Al LTHs. The inset
image in a is a portion of the
image at higher magnification
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increased to 0.4 and 0.6, as shown in Fig. 4¢, d, the LTH
nanosheets are assembled into large agglomerates with
irregular shape. Upon further increasing x to 0.8, a
somewhat hexagonal platelet-like morphology with
rounded edges is presented, and the nanoplates become
larger and more nanoplates stacked for Co; (Nig¢—Al
LTHs (Fig. 41). It can be further found that the morphology
of the Co,Ni;_—Al LTHs changed from a complicated
honeycomb-like morphology to a simple platelet-like struc-
ture when x increases.

The generation of complicated structures of the
Co,Ni;_—Al LTHs (x<0.8) is due to the presence of
glycine because the samples prepared under the same
experimental conditions without glycine do not give
peculiar morphology. It is well known that glycine (Gly,
H,N-CH,—COOH) can coordinate with transition metal
ion through carboxylate groups in alkaline medium [31,
32]. The presence of glycine induces the formation of Ni
(I) glycinate complex (Ni*'—Gly) and Co(Il) glycinate
complex (Co?"—Gly) at an early stage of the reaction; the
complexes are stable at ambient temprature. However, the
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complex stabilities decrease with the temperature increas-
ing in the hydrothermal process, which causes the release
of Ni** and Co”?" ions. Then, free Ni*" and Co*' in
solution precipitate together with APP* to form Co,Nij_—
Al LTHs crystal nuclei (Eq. 1). Under the same conditions
but in the absence of glycine, metal cations are copreci-
pitated directly in alkaline solvent. In this synthetic
process, LTH nucleation is delayed due to the formation
of glycinate complexes which is crucial for high-quality
crystal growth [33, 34]. The morphologies of Co,Ni;_,—Al
LTHs changed with increasing Co content, which might be
due to variation of the nucleation rate. The present method
has been adopted to synthesize hierarchical «-Fe,O5, and
NiO structures [35, 36].

Co*" —Gly 4+ Ni?* —Gly + AP+ OH~ — Co — Ni — AILTHs

(1)
Electrochemical properties
Figure 5a, b shows the CV curves of the Co,Ni;_,—Al LTHs

electrodes at the scan rate of 0.5 mV s~ . Very strong redox
peaks can be observed in the CV curves for all samples,

—Ni-Al LDHs
—— Co-Al LDHs

0.000

Current/A

-0.005

-0.010 -

_0.015 1 1 1 1 1 1 1
02 -01 00 01 02 03 04 05 0.6

Potential / V(vs. SCE)

(b) 0024} coNiy_-AlLTHS
oote| ——¥=02
x=0.4
< 0.6
0.008 | x=0.
E —x=0.8
@ 0.000
=
3 -0.008 |
-0.016 |
-0.024 |

02 -01 00 01 02 03 04 05 0.6
Potential / V(vs. SCE)

Fig. 5 Cyclic voltammetry curves measured at a scan rate of
0.5mV s’

which indicate that Faradic reactions took place; the peak
couples correspond to the redox reactions of Ni(OH), and
Co(OH), [20, 37]:

Ni(OH), + OH = NiOOH + H,0 + ¢~ (2)
Co(OH), + OH = CoOOH + H,0 + ¢~ (3)
CoOOH + OH™2Co0; 4 Hy0 + e~ (4)

There are some changes in the shape of CV curves as the
compositions of the Co,Ni;_,—Al LTHs were changed. The
anodic and cathodic peaks become broad with increasing
the Co content x. Furthermore, the oxygen evolution
overpotential shifts to a more positive potential as x
increases, which helps to improve the charge efficiency of
the electrode. The potential difference (AF) between the
anodic peak potential (£,) and the cathodic peak potential
(E.) is a measure of reversibility in the redox reaction; a
smaller value corresponds to better reversibility and vice
versa [38]. The CoggNig4—Al LTHs have the best revers-
ibility (AE=172 mV) among the samples. This value is
higher than the theoretical value of 59 mV for a reversible
one-electron process, which means that the electrode
process is quasi-reversible.

Figure 6a, b shows the galvanostatic charge—discharge
curves of the Co,Ni;_,—Al LTHs electrodes in 1 M KOH
electrolyte at a current density of 1 A g™' in the potential
range of 0-0.5 V. The specific capacitances can be
calculated from the discharge curves using the following
equation:

It
G = mAV (5)

where C is the specific capacitance (F g '), I is the charge
or discharge current (mA), ¢ is the discharging time (s), m is
the mass of the electroactive material (mg), and AV is the
potential interval of the charge or discharge (V). The
discharge curves display two variation ranges, a linear
variation of the time dependence of the potential (0-0.2 V),
which indicates the double-layer capacitance behavior due
to the charge separation between the electrode and
electrolyte interface, and a slope variation of the time
dependence of the potential (0.2—0.5 V) indicates a typical
pseudo-capacitance behavior resulting from the electro-
chemical redox reaction at the electrode—electrolyte inter-
face [39]. The discharge curves show the pseudo-
capacitance characteristic of the Co,Ni;_,—Al LTHs, which
is in agreement with CV curves. From Fig. 6a, specific
capacitance values of 278 and 657 Fg ™' were obtained for
Ni—Al LDHs (x=0) and Co—Al LDHs (x=1), respectively.
Because the pseudocapacitance of Co,Ni;_,—Al LTHs is
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Fig. 6 Galvanostatic charge—discharge curves at 1 A g ' current
density

originated from electroactive Ni and Co sites in the LTHs
layers, the specific capacitance of Co,Ni;_,—Al LTHs is
dependent on its composition. The relationship between the
specific capacitance of the Co,Ni;_,—Al LTHs obtained on
the basis of Eq. 5 and the Co content x is plotted in Fig. 7.
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Fig. 7 Relationship between electrode-specific capacitance and the
Co content x
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Fig. 8 Discharge curves of the Cog¢Nig4—Al LTHs electrode
measured at different current densities

The specific capacitance increases as Co content is
increased; a maximum specific capacitance of 1,207 Fg™'
was obtained for Cog¢Nig4—Al LTHs. As the Co content
increases beyond 0.6, the specific capacitance decreases to
1,062 Fg ' for CoggNig»—Al LTHs. These results are in
good agreement with Liu’s results. [18] The improved
electrochemical characteristics can be attributed to the
synergistic effects of coprecipitated Ni and Co species.
Firstly, cobalt doping is generally considered to significant-
ly improve the performance of Ni(OH), through affecting
both the ionic and the electric conductivity of the active
material [40—45]. Co(Il) was oxidized to CoOOH during
charge and might maintain good conductivity, which acts as
a current pathway and increases the electron conductivity.
Because cobalt is homogeneously distributed in the LTHs
slab and thus the conductivity of Co,Ni;_—Al LTHs is
maximized, the active material can be fully used in the
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Fig. 9 Cycling stability of the Cog¢Nig4—Al LTHs electrode at a
current density of 2 A g
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charge—discharge process. Secondly, the introduction of
cobalt increases the oxygen overpotential and improves
electrochemical reversibility (see Fig. 5), which is benefi-
cial in maintaining charging efficiency and promoting the
utilization of the Co,Ni;_,—Al LTHs active material. [46]
Thirdly, it is indicated that the pseudocapacitance, originat-
ing from faradaic redox reactions, is relative to proton
transfer. [29] Ni—Al LDHs doped with Co can facilitate the
intercalation of protons with the increase of interlayer
spacing (see Table 1). [47]

To further quantify the rate performance of the
CopeNig4—Al LTHs electrode, CP measurements were
carried out at different current densities, and the discharge
curves are shown in Fig. 8. The calculated specific
capacitance values are found to be 1,375, 1,207, 1,116,
1,054, and 962 Fg71 at the current density of 0.5, 1, 2, 4,
and 6 A gfl, respectively. The Cog ¢Nig4—Al LTHs
electrode preserves about 70% capacitance retention even
at a current density of 6 A g ', indicating its good rate
performance. For practical application of an electrochemi-
cal capacitor, cycling stability is very important. Figure 9
displays the specific capacitance and coulombic effi-
ciency of the Cog¢Nig4—Al LTHs electrode as a function
of charge—discharge cycle numbers at a current density of
2 A g '. It can be seen that the specific capacitance
decreased to 93.3% of the initial value after 1,000 cycles,
indicating that CogNig4—Al electrode has excellent
electrochemical stability. In addition, coulombic efficiency
is an important parameter for electrochemical capacitors.
The coulombic efficiency (1) can be calculated from the
galvanostatic charge—discharge curves as in the following
equation [48]:

. Atp o
n= e 100% (6)
where Arp and Atfc are the time for galvanostatic
discharging and charging, respectively. According to the
data shown in Fig. 9, the coulombic efficiency remained
high (95-99%) during the cycling process.

Conclusions

In conclusion, nanostructured Co,Ni; ,—Al LTHs with
different Co contents were successfully synthesized by a
simple hydrothermal method. XRD and FT-IR spectra have
confirmed that Co,Ni;_,—Al LTHs samples own a
hydrotalcite-like structure with NO;  and CO;”" as inter-
layer anions. The obtained Co,Ni;_,—Al LTHs have porous
structure, which facilitates the OH  ion diffusion during
redox reaction. Thus, the Co,Ni;_,—Al LTHs exhibit
excellent electrochemical performance. The results show
that the Co content has a significant effect on the specific

capacitance of the Co,Ni;_,—Al LTHs. The Cog ¢Nig 4—Al
LTHs have a maximum specific capacitance of 1,375 Fg !
at a current density of 0.5 A g ', a good high-rate
capability and the capacitance loss is only 6.7% after
1,000 cycles.
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