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Nickel-cobalt layered double hydroxides (NiCo LDHs) with different Ni/Co ratios were prepared using
rotor-stator reactor technology. The morphology, crystal structure, pore size distribution and
electrochemical properties were characterized and the band structure was calculated with LDA+U
method in CASTEP code based on density functional theory. The results show that the band gap value
of NisCo3016H16 decreases compared to that of NigO16H16. The pore size increases and the pore size
distribution widens with the increasing cobalt content in the NiCo LDHs. The NiCo LDH with a Ni/Co
ratio of 2:1 has a surface area of 139.9 m? g™ and a specific capacity of 176.7 mA h g* at a current
density of 1 A g™ in 6 M KOH. The electrode also exhibits good cycling stability and the capacity
retention still remains 98 % after 1000 cycles.
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1. INTRODUCTION

Supercapacitors (SCs) have attracted much attention because they have a fast charge and
discharge rate, high power density and long cycle life. Currently, carbon materials are the mostly used
commercial supercapacitor electrode materials. They have good cycling stability and high maximum
power density, but do not exhibit high specific capacitance or energy density due to the limitation of


http://www.electrochemsci.org/
mailto:shaol@mail.buct.edu.cn

Int. J. Electrochem. Sci., Vol. 12, 2017 3433

reversible ion absorption at the electrode/electrolyte interface. Pseudocapacitive materials based on
transitional metal oxides or conducting polymers such as RuO;, MnO,, Fe,03 poly(3,4-
ethylenedioxythiophene), polyaniline, polythiophene and their composites can achieve high energy
density and good rate capability. [1-6] There are usually two methods to produce electrode materials
with good electrochemical performance. One is the fabrication of in-situ synthesized active materials
on the surface of current collectors such as nickel foam or carbon cloth, for improving electron
transport among active materials and electrical contact between the active materials and the current
collectors. [7-8] The other is the preparation of nanoscale materials with large surface area and
uniform pore size distribution [9-10] or doped materials [11-12] with good intrinsic conductivity.
These materials can improve the electrode/electrolyte contact area and thus enhance the electrolyte ion
diffusion rate or improve the cycling stability of supercapacitor electrodes.

In recent years, Ni(OH),, [13-16] Co(OH),, [17] nickel cobalt layered double hydroxides (NiCo
LDHSs) [18-20] and nickel oxides [21] have been studied extensively. The substitution of cobalt for
nickel in the binary metallic hydroxides can reduce the resistance of the electrode and improve the
electrochemical activities. [22] The conventional preparation methods include the electrodeposition
method, [7] solvothermal method [23] and co-precipitation method. [24] In consideration of the strong
mass transfer [25-26] and the facile continuous process, the rotor-stator reactor (RSR) technology has
unique advantage for the large-scale synthesis of NiCo LDHs with uniform components. Moreover, it
IS important to note that these nickel- or cobalt- based materials should be described as battery-
behavior electrode materials in fact and capacity is appropriate to represent electrocapacitive
performance. [27-28]

In this work, we present a novel method to prepare NiCo LDHSs in RSR. The effects of the ratio
of Ni/Co on the pore size distribution of NiCo LDHs and the electrochemical properties of the
corresponding battery-like electrodes were studied. The band structures of the pure Ni(OH), and NiCo
LDH were calculated with the density functional theory. The as-obtained NiCo LDH with the Ni/Co
ratio of 2:1 exhibits a uniform pore size distribution and superior electrochemical property.

2. EXPERIMENTAL

2.1 Synthesis of NiCo LDH nanosheets

NiCo LDHs samples were prepared in the same RSR apparatus as described in our previous
paper. [29] Firstly, nickel nitrate and cobalt nitrate were dissolved into water to obtain 0.1 M mixed
solution with varied Ni/Co molar ratios. Then, NaOH was dissolved into water to obtain 0.2 M NaOH
solution. The above solutions with equal volumes were heated to 50 °C, respectively and then
simultaneously pumped at a flow rate of 15.3 L h™ into the RSR with a rotating speed of 1000 rpm.
The solutions reacted in the RSR and the product was collected and stood for some time. Then, the
supernatant clear solution was removed and the solid was centrifuged and washed with distilled water
and ethanol for several times. Finally, the NiCo LDHs with different Ni/Co ratios were dried in an
electronic oven at 110 °C for 6 h.
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2.2 Characterization and electrochemical measurement

The real Ni/Co molar ratio of the NiCo LDHs was determined by an inductive coupled plasma
emission spectrometer (ICP, PerkinElmer, Optima 8300 Series).The morphology of the as-obtained
NiCo LDHs was observed on a field emission scanning electron microscope (FESEM, Hitachi,
SUB8020). The crystal structure was measured on an X-ray diffractometer (XRD, Rigaku,
Dmax/2200PC). The nitrogen adsorption/desorption isotherm at 77K was recorded on an automated
surface area and pore size analyzer (Quantachrome, Quadrasorb SI). The chemical valence of Ni and
Co in NiCo LDHs was analyzed by an X-ray photoelectron spectroscopy (XPS, Thermofisher,
ESCALAB 250Xi) using Al Ka radiation (1486.71 eV) and the spectra was corrected using Cls line at
284.8 eV.

The cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), electrochemical
impedance spectroscopy (EIS) measurements were conducted in 6M KOH solution with a potentiostat
galvanostat (AUTOLAB PGSTAT302N). The battery-like electrode was prepared by mixing the as-
obtained NiCo LDHs, acetylene black and polyvinylidene difluoride (PVDF) at a ratio of 80:10:10 in
N-methylpyrrolidone (NMP) and coating the well-mixed slurry onto a nickel foam within an area of
1x1ecm? and then dried at 120°C overnight in an oven. A platinum plate electrode and Hg/HgO
electrode were used as counter electrode and reference electrode, respectively. The EIS measurement
was performed in the frequency range from 10 Hz to 100,000 Hz at an open circuit potential.

3. RESULTS AND DISCUSSION

3.1 Morphology and crystal structure

The real Ni/Co molar ratio of NiCo LDHSs determined by ICP is shown in Table 1, which are
consistent with the initial ratio in original solution. The result is different from the Ni/Co molar ratio in
the NiCo LDHs prepared with hydrothermal method, [30] indicating that the NiCo LDHSs prepared in
the RSR have uniform components due to the super micro-mixing effect of the RSR technology.

Table 1. ICP data of the NiCo LDHs

Sample Initial Ni/Co Ni content in Co content in Real Ni/Co
No. molar ratio NiCo LDHs NiCo LDHs molar ratio
(mg/Kg) (mg/Kg)
1 2:1 396000 201100 ~2:1
2 1:1 310300 312400 ~1:1
3 1:2 209800 421500 ~1:2

Fig.1 shows the SEM images and XRD patterns of the as-prepared NiCo LDHs. The pure
Ni(OH); is plate-like as shown in Fig.1a, and many small holes are present in the stacked nanosheets.
Similar holes are observed in NiCo LDHs with the Ni/Co ratio of 2:1 and 1:1 (Fig.1b and 1c). These
holes can not only improve the contact area between the electrolyte and the active electrode, but also
facilitate the electrolyte ion diffusion in electrodes. The diameter of the NiCo LDH plate with the
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Ni/Co ratio of 1:2 is about 100 nm (Fig.1d). As can be seen from Fig.1e plates and small particles co-
exist in pure Co(OH),. XRD patterns in Fig.1f reveal that the diffraction peaks match well with those
of nickel hydroxide (JCPDS card No0.14-0117) or cobalt hydroxide (JCPDS card No0.51-1731). The
rough and broad peaks observed in the XRD pattern of Co(OH), are attributed to the poor crystalline
structure or small particle size.
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Figure 1. SEM images of NiCo LDHs with the Ni/Co ratio of 1:0 (a), 2:1 (b), 1:1 (c), 1:2 (d), 0:1 (e),
and corresponding XRD patterns (f).

Specific surface area and pore size distribution have a significant effect on the electrochemical
properties. N, adsorption/desorption isotherm measurements were performed to investigate the effect
of Co content in the NiCo LDHs on the pore size distribution. The specific surface area was calculated
using Brunauer-Emmett-Teller (BET) method. The pore volume and pore size distribution of the
samples were obtained from the N, desorption branches using Barrett-Joyner-Halenda (BJH) method.
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Fig.2a indicates that the Ni/Co ratio has great effect on the shape of the hysteresis loop as a result of
the formation of different types of pores in the NiCo LDH nanosheets or particles. The loops of pure
Ni(OH), and the NiCo LDH with Ni/Co ratio of 2:1 are Type H2(a) isotherms with steep desorption
branch associated with pore-blocking/percolation in a narrow range of pore necks, while the shapes of
the NiCo LDHs with Ni/Co ratio of 1:1 and 1:2 are Type H2(b) loops related to pore blocking with a
relatively large size distribution of neck widths. [31] The pure Co(OH), gives rise to the Type H4
isotherm with aggregated crystals. The specific surface areas of the products with the Ni/Co ratio of
1:0, 2:1, 1:1, 1:2 and 0:1 are 188.5, 139.9, 95.6, 85.4 and 83.4 m? g, respectively. The surface area
decreases with the increasing cobalt content. The surface area of NiCo LDH with a Ni/Co ratio of 2:1
is larger than that of the CoNi LDH reported by Xie, et al. [32]. Fig.2b shows the pore size distribution
of the as-prepared hydroxides. The mesoporous structures exist in pure Ni(OH), and the NiCo LDH
with Ni/Co ratio of 2:1, and the most probable pore diameters are 3.8 nm and 4.0 nm, respectively.
When the Ni/Co ratio increases to 1:1, the pore size increases to about 7.9 nm and the size distribution
widens, which are favourable for the electrolyte diffusion. There are relative large pores centered at
12.4 nm in the NiCo LDH with Ni/Co ratio of 1:2. The Co(OH), exhibits a broad pore size distribution
ranging from 5 to 70 nm.
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Figure 2. N, adsorption/desorption isotherm loop (a) and corresponding pore size distribution based
on BJH method (b) of the obtained NiCo LDHs.

3.2 Electrochemical properties of the as-obtained materials

Fig.3 shows the cyclic voltammetry (CV) curves of the NiCo-LDH electrodes in 6 M KOH
solution at 5 mV s™. In Fig.3a, the anodic and cathodic peaks of pure Ni(OH), centered at 0.48 V and
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0.29 V, respectively, which are attributed to the transformation between Ni(OH), and NiOOH. [33]
The integrated area of the Co(OH). curve is almost negligible, demonstrating a low specific
capacitance value of the Co(OH), electrode. The shapes of the anodic peaks in the NiCo LDHs are
obviously different due to the different Ni/Co ratios. The single broad anodic peak in the NiCo LDH
with Ni/Co ratio of 2:1 may be caused by the uniform doping of cobalt into nickel hydroxide crystal.
The integral area of the NiCo LDH (Ni/Co = 2:1) curve is larger than the other two NiCo LDHs (Ni/Co
= 1:1 and 1:2), demonstrating its good electrochemical properties.
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Figure 3. CV curves at a scan rate of 5 mV s (a), GCD curves at a current density of 1 A g™ (b),
Nyquist plots (c) and specific capacity versus current densities (d) of the as-obtained NiCo
LDHs electrodes.

The galvanostatic charge-discharge (GCD) curves at a current density of 1 A g™ and Nyquist
plots of the NiCo LDH electrodes are shown in Fig.3b and Fig.3c, respectively. The voltage platform
observed in Fig.3b demonstrate the battery-type behaviour and so specific capacity was used to
evaluate the electrochemical performance instead of specific capacitance usually used in
supercapaictors.[23] The GCD tests of the NiCo LDHs at various current densities were also
conducted and the calculated specific capacity versus current density is shown in Fig.3d. The slope of
the EIS spectrum (Fig.3c) of the NiCo LDH electrode becomes larger in low frequency range with
increasing cobalt content, demonstrating that cobalt can enhance the conductivity of the NiCo LDH
electrodes. The result was also confirmed by the following calculation with the density functional
theory (DFT) method. As shown in Fig. 3d, the specific capacity of the NiCo LDH electrode at a
current density decreased with the increasing cobalt content. The pure Ni(OH), electrode has the
largest specific capacity of 186 mA h g™ at 1 A g, whereas, it has the poorest capacity retention and
the specific capacity decreases to 75 mA h g at 10 A g™. The NiCo LDH electrode with a Ni/Co ratio
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of 2:1 exhibits a relatively high specific capacity of 176.7 mA h g™ at 1 A g™ and retains 127.8 mA h
gt at 10 A g*. The Ni(OH), prepared in RSR exhibits better electrochemical properties than the
previous work. [34] Although the capacity of the NiCo LDH prepared in RSR is not higher than the
reported work [23], it may be due to the different active material loading mass in the active electrode
and the difference between the coating electrode and the active material electrode directly grown on
the current collector. The RSR technology can be easily used in the industrialized production and
obtain NiCo LDHSs with large surface area and provides us a new technology.

3.3 DFT calculations of Ni(OH), and NiCo LDH

The DFT method was used to calculate the band gap of the pure Ni(OH), and NiCo LDH
(Ni/Co~2:1) in Materials Studio CASTEP. The original unit cell of Ni(OH), was proposed from the
ICSD database (N0.28101) and the super cell of NigO16H1s Was constructed as shown in Fig.4a. The
geometry structure was optimized at first and then the energy was calculated using the generalized
gradient approach (GGA) and Perdew-Burke-Ernzerhof (PBE) with LDA+U method. The energy
cutoff and SCF tolerance were 340 eV and 2x10° eV/atom respectively, and the Monkhorst-Pack grid
was set as 4x4x4 for geometry optimization and 6x6x4 for energy calculation. The LDA+U
calculations of NigO16H16 using different Habbard U values such as 2.5 eV, 4.0 eV and 5.5 eV for the
Ni-3d orbital were performed and are shown in Fig.4b, Fig.4c and Fig.4d, and the calculated band gap
values are 1.612 eV, 2.129 eV and 2.453 eV, respectively. The band gap of Ni(OH), calculated using
the U value of 4.0 eV is in good agreement with previous results. [35-37] Therefore, the band structure
of NisCo3016H16 Was also calculated using the U value of 4.0 eV for both Ni-3d and Co-3d orbitals.
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Figure 4. Super cell of NigOisH1s (where Ni element is shown in blue, O element is in red and H
element is in white) (a) and the band structures of NigO16H1s with U=2.5 eV (b), U=4.0 eV (c)
and U=5.5eV (d).
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The symmetry systems of NisCo3016H16 Were constructed with Co substituted for Ni atoms in
different sites of NigO16H16 as shown in Fig.5a-5d. The geometry and energy were also calculated
using the same parameters. Based on the band structures as shown in Fig.5e-5h, the band gap values
are 1.003 eV, 1.037 eV, 1.018 eV and 0.553 eV, respectively. The NiCo LDH with narrow band gap
demonstrates that cobalt substituting for nickel in the nickel hydroxide crystal lattice could enhance the
electronic conduction.
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Figure 5. Super cells of NisCo3016H16 (where Ni element is shown in blue, O element is in red, H
element is in white and Co element is marked in yellow) with different Co-substitution sites (a,
b, ¢, d) and the corresponding band structures of NisCo3016H16 with the U value of 4.0 eV (e, f,

g, h).

3.4 XPS and electrochemical properties of the NiCo LDH (Ni/Co = 2:1)

The chemical and electronic states of the NiCo LDH with a Ni/Co ratio of 2:1 were further
studied by X-ray photoelectron spectroscopy (XPS). There are two shakeup satellites (indicated as



Int. J. Electrochem. Sci., Vol. 12, 2017 3440

“Sat”) and two spin-orbit peaks at 856.0 eV and 873.7 eV related to Ni 2p3, and Ni 2py, in Fig.6a,
respectively. As for the Co 2p spectrum (Fig.6b), there are two peaks located at 781.1 eV and 796.9 eV,
which are contributed to Co 2ps, and Co 2pi,, respectively. These results are in good agreement with
the reported values. [38-39]
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Figure 6. XPS spectra of Ni 2p (a) and Co 2p (b) of NiCo LDH (Ni/Co=2:1).
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Figure 7. CV curves at different scan rates (a), GCD curves at different current densities (b), specific
capacity versus current densities (c), Cycling behavior measured at a current density of 10 A g™
(inset shows GCD curves of the NiCo LDH electrode between 990 and 1000 cycles) of the
NiCo LDH (Ni/Co=2:1) electrode (d), Nyquist plots of the NiCo LDH (Ni/Co=2:1) electrode
before and after 1000 cycles (e) and the fitting equivalent circuit (f).
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The electrochemical properties of the NiCo LDH with a Ni/Co ratio of 2:1 electrode are shown
in Fig. 7. The CV curves at different scan rate are shown in Fig.7a and the peak spacing between the
anodic and cathode peaks increased with the increasing scan rate because the OH" ions only utilized
the outer surface of the NiCo LDH electrode at a high scan rate. Fig.7b shows the charge/discharge
curves at various current densities of 10, 8, 6, 4, 2 and 1 A g™* between 0 and 0.5 V and the calculated
specific capacity has been shown in Fig.3d.

The charged and discharged curves show good symmetry indicating that the NiCo LDH
electrode has good electrochemical reversibility. The cycling stability of the NiCo LDH (Ni/Co=2:1)
electrode charged and discharged at 10 A g™ was also studied and the GCD curves between 990 and
1000 cycles are shown in Fig.7c. The specific capacity after 1000 cycles is 98 % of the initial specific
capacity. The EIS spectra in Fig.7d was fitted well using the equivalent circuit as shown in Fig.7e, and
in the circuit, Wy and CPE demonstrate Warburg impendence and constant phase element. The
combined resistance (Rs) and the interfacial charge transfer resistance (R¢;) values were 0.4 Q and 6.38
Q in the NiCo LDH with a Ni/Co ratio of 2:1, respectively. Rs value remained 0.4 Q while R value
decreased to 0.94 Q after the electrode was charged and discharged for 1000 cycles, which denotes that
the electrode was activated by the continuous charged/discharged cycles.

4. CONCLUSIONS

In summary, the NiCo LDHSs with different Ni/Co ratios were prepared in the RSR and the pore
size distribution becomes wider with the increasing cobalt content in the NiCo LDHs. The band
structure of Ni(OH), and NiCo LDH were calculated using LDA+U method with DFT theory. The
band gap value of NiCo LDH is smaller than that of pure Ni(OH),. Cobalt substitution for nickel can
improve the rate capacity of the nickel-based hydroxide electrodes. The NiCo LDH electrode with a
Ni/Co ratio of 2:1 achieved a high surface area and good electrochemical properties.
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