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SPECIAL ISSUE: Innovative Electrode Materials for Supercapacitors

Binary NiCu layered double hydroxide nanosheets for
enhanced energy storage performance as

supercapacitor electrode

Teng Wang, Shengli Zhang and Hongxia Wang’

Owing to the high power density and long-term stability
characteristics, supercapacitors (SCs), also called electro-
chemical capacitors, have attracted great interests as one
of the most efficient electrical energy storage devices [1].
According to the charge storage mechanism of the elec-
trode, SCs are classified into electric double layer capa-
citors (EDLC) which store charges via static electrolyte
ion adsorption/desorption, and pseudo-capacitors (PSC)
which involve a faradaic redox reaction process. PSCs
have attracted lots of attention recently because of their
advantage of higher energy storage ability than EDLC to
meet broader applications [2]. The energy density of a
PSC strongly depends on the nature of the electrode
material and the material morphology.

Candidate materials including transition metal oxides/
hydroxides/chalcogenides/phosphides, conductive poly-
mers, and MXene materials have been reported to possess
good pseudocapacitive properties [3-9]. Specially, PSCs
based on nickel hydroxide/layered double hydroxide
(LDH) have been investigated extensively due to their
high theoretical capacitance [10-12]. Nevertheless, ex-
perimentally the electrochemical properties of NiLDH
such as specific capacitance and rate capability are nor-
mally unsatisfactory due to the poor conductivity and
fragile crystalline structure of the material. One approach
to solve this problem is through introduction of addi-
tional metal ions such as cobalt and aluminium to make
binary LDH [13-16]. As an earth-abundant element, Cu
based hydroxide materials recently received limited in-
terest in application in SCs [17-20]. For example, Pra-
manik et al. [20] reported a Cu(OH),@RGO composite,
which exhibited a specific capacitance of 602 F g™ at a

small current density of 0.2 A g~'. However, the materials
normally show an unsatisfied energy storage ability in-
cluding a low specific capacitance and low conductivity.
Zheng et al. [21] recently reported NiCu carbonate hy-
droxide nanowire arrays formed on Cu foam. The ma-
terial exhibited a promising supercapacitive performance
(971 Fg ' at 1 A g™'). Nevertheless, the capacitance is still
unsatisfactory which is even lower than single metal
NiLDH materials [11]. Moreover, the rigidity of the Cu
foam limits its application in wearable devices, which has
recently been regarded as one of the main developing
directions for advanced SCs [22-24]. Clearly more in-
depth research of NiCu LDH is needed to explore its
potential as electrode material for SC application.
Herein, we demonstrate a facile way to enhance the
electrochemical properties of NiLDH nanosheet arrays
which was directly grown on carbon fiber cloth (CFC)
through incorporation of Cu via a one-step solvothermal
method. The as-prepared NiCuLDH material demon-

strated significantly increased specific capacitance
(1953.5Fg™' at 0.5Ag™"), excellent rate stability and
conductivity.

The NiCuLDH material was synthesized using the
modified solvothermal method we reported recently [13].
In this one-step reaction, 2-methylimidazole (MIM) and
pure methanol were used as surfactant and solvent re-
spectively. The NiCuLDH with precursor ratio of Ni/
Cu=1 (named NiCuLDH(10-10)) was firstly made and
used for characterization. Fig. 1la reveals the field emis-
sion scanning electron microscope (FESEM) image of
bare carbon fibers which show a smooth surface. After the
solvothermal reaction, the carbon fiber is uniformly
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Figure 1 (a) FESEM image of bare CFC; FESEM images (b, ¢), TEM images (d), and STEM element distribution images for Cu (e) and Ni (f) of
NiCuLDH(10-10); the inset of (c) is the enlarged FESEM image and the inset in (d) is the SAED pattern of NiCuLDH(10-10).

coated with a porous layer of active material (Fig. 1b).
The enlarged FESEM image (Fig. 1c) confirms that the
layer consists of ultrathin nanosheets which are inter-
connected to form hierarchical porous structure. The
open pores have sizes from 10 to over 200 nm while the
thickness of the nanosheet is only around 10-20 nm
(inset of Fig. 1c). The porous structure is known to favor
efficient electrolyte ion transport and shortening elec-
trolyte diffusion length during charge/discharge process
[13]. The transmission electron microscope (TEM) image
of NiCuLDH(10-10) (Fig. 1d) further confirms the thin
thickness of nanosheets and interconnected 3D porous
nanostructure. Its selected area electron diffraction
(SAED) pattern (inset of Fig. 1d) demonstrates the multi-
crystalline nature of the material and the EDS spectrum
(Fig. S1), which confirms the sample is composed of C, O,
Cl, Ni and Cu with the atomic ratio of Ni/Cu=7.6. The
detected Al signal should come from the FESEM sample
stage. The atomic ratio value is much higher than the 1:1
ratio designed in the precursor, indicating a faster reac-
tion rate of Ni’* ion and the difficulty of the formation of
Cu hydroxide material. It is worth noting that the element
composition can be easily tuned by changing the pre-
cursor ratio. The mapping of the distribution of elements
in the sample measured by scanning transmission elec-
tron microscope (STEM) (Fig. le and f) demonstrates
that Ni is evenly dispersed over the whole material area
while Cu mainly appears in the center area. This indicates
that Cu mainly exists at the inner layer of the film. This
unique composition distribution is beneficial to exposing
more active Ni reaction sites, favoring the enhancement
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of energy storage ability.

The X-ray diffraction (XRD) patterns of CFC, NiLDH
and NiCuLDH(10-10) are depicted in Fig. 2a. Due to the
thin thickness of active materials, the XRD patterns of
NiLDH and NiCuLDH(10-10) contain strong diffraction
peaks of the CFC substrate at 25.5°, 43.3°, and 53.5° which
are assigned to the (002), (101), and (004) facets of CFC
(ICDD: 00-046-1487). Compared with NiLDH, no extra
diffraction peaks appear in the XRD pattern of NiCuLDH
(10-10), demonstrating that the incorporation of Cu does
not significantly change the material structure. The peaks
at 10.7°, 33.2° and 58.6° can be indexed to the (003),
(101), and (110) facets of brucite like LDH structure
[11,25-27]. It should be noted that the adding of Cu
caused a slight crystal structure disorder according to the
XRD result. The intensity of (003) facet of as-prepared
NiCuLDH(10-10) was dramatically reduced compared
with that of the pristine NiLDH. The surface chemistry
information was analyzed by X-ray photoelectron spec-
troscopy (XPS). Specifically, the high resolution XPS
(HRXPS) plots of Ni 2p of both NiLDH and NiCuLDH
(10-10) (Fig. 2b) indicate a typical Ni*" chemical state
[28]. Compared with NiLDH, the binding energy of Ni 2p
in NiCuLDH(10-10) shifts to a higher position, suggest-
ing a relatively higher oxidation state of Ni [13]. There-
fore, Cu incorporation induced a positive charge shift of
Ni**, which might contribute to an enhanced charge
storage ability. The HRXPS plot of O 1s of both NiLDH
and NiCuLDH(10-10) are fitted into three peaks (Fig. 2c).
For NiCuLDH(10-10), the peaks at 530.3, 531.0, and
532.1 eV are assigned to M-O-M, M-OH and H-O-H
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Figure 2 (a) XRD patterns of bare CFC, NiLDH, and NiCuLDH (10-10); HRXPS plots of Ni 2p (b) and O 1s (c) of NiLDH and NiCuLDH(10-10);

and HRXPS plot of Cu 2p (d) of NiCuLDH(10-10).

(where M denotes metal ion) respectively [29,30]. The
considerably increased intensity of H-O-H peak com-
pared to that in NiLDH indicates that the material con-
tains more water molecules. Only a weak signal of Cu 2p
is observed in the HRXPS plot of NiCuLDH(10-10) (Fig.
2d) indicating that only few Cu atoms are exposed at the
surface, which is in accordance with the STEM results
(Fig. 1le). The binding energy at 934.2 eV for Cu 2ps;,
suggests a 2+ valence state of copper ion [21,29].

The electrochemical performance of NiLDH and Ni-
CuLDH were evaluated through a 3-electrode set-up
consisting of as-prepared active materials as working
electrode, a Pt foil as counter electrode and Hg/HgO re-
ference electrode in 2 mol L' KOH aqueous electrolyte.
In order to optimize the supercapacitive property of the
NiCuLDH material, a series of materials with different
Ni/Cu ratios in the precursor including NiCuLDH (10-3)
(Ni/Cu=10:3), NiCuLDH(10-7) (Ni/Cu=10:7), and Ni-
CuLDH(7-10) (Ni/Cu=7:10) were also synthesized. The
synthesis of pure CuLDH was also attempted. However,
no product was obtained in the reaction condition when
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pure Cu precursor was used. This may be because of the
lack of base additives and weak interaction reaction be-
tween Cu’" and 2-methylimidazole complex [13].

As shown in Fig. S2, the cyclic voltammetry (CV) curve
of NiLDH material at a scan rate of 2mV s~' shows two
pairs of redox peaks with the oxidation peaks at 0.49 V
and 0.54 V (vs. Hg/HgO) and reduction peaks at 0.30 and
0.26 V (vs. Hg/HgO) respectively, which corresponds to
the redox reaction of Ni**/Ni’* [31-33]. The reaction
mechanism can be described as Equation (1):

Ni(OH), +OH™ — NiOOH+H,0 + . (1)

It is noted that the CV shapes of NiLDH material are
twisted seriously as the scan rate increases from 2 to
30 mV s™', suggesting a poor reversibility of the material
due to sluggish kinetics of charge transport. Fig. 3a shows
the CV plots of NiLDH and NiCuLDH with different Ni/
Cu precursor ratios at a scan rate of 10 mV s~'. Compared
to NiLDH, a less shift of the redox reaction peaks is found
with all the NiCuLDH materials. This suggests enhanced
redox reaction kinetics of the latter, resulting in better
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Figure 3 CV (a) and CDC plots (b) of NiLDH and NiCuLDH with different Ni/Cu ratios; CV at different scan rates (c) and GCD plots at different
current densities (d) of NiCuLDH(7-10); capacitance (e) and EIS (f) comparison between NiLDH and NiCuLDH with different Ni/Cu ratios; the inset

in (f) is the equivalent circuit.

reversibility. Meanwhile, at the same scan rate, the cur-
rent density of NiCuLDH increases continuously along
with the higher content of added Cu. The NiCuLDH(7-
10) with the highest Cu content shows a nearly 2-fold
higher current density peak than that of NiLDH, re-
flecting a much higher energy storage capability. The
comparison of galvanic charge/discharge (GCD) plot
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(Fig. 3b) of NiLDH and NiCuLDH with different Ni/Cu
precursor ratios at a current density of 0.5 A g~ further
proves the faradaic charge transport behavior of all the
materials. The much longer charge/discharge time of
NiCuLDH compared to NiLDH indicates a higher spe-
cific capacitance. Similarly, NICuLDH(7-10) exhibits the
longest charge/discharge time, suggesting the highest
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Table 1

Comparison of electrochemical performance of as-prepared NiCuLDH with the materials reported in literature

Active materials Voltage window (V)

Specific capacitance

Rate capability Cyclic stability Ref.

602F g at0.2Ag " in

89% at 5A g

-1
Cu(OH),-tGO 0.47 1 mol L™ KOH 53% at 10Ag after 5000 cycles (20]
1.747 Fem™ at 2 mA cm™ in 2 97.3% after 5000
Cu(OH), nanorods 0.55 5 mol L' NaOH 88.3% at 20 mA cm cycles [18]
217 mF cm™ at 0.5 mA cm ™ in s 90% after 3000
Cu(OH), nanobelt arrays 0.5 1 mol L' NaOH 61 % at 2 mA cm cycles at 2 mA em™ [19]
. 971Fgat1Ag " in - 91.5% after 3000
Cu(OH),CO; nanowires 0.6 6 mol L' KOH 69.5% at 10A g cycles at 5 A g—l [21]
- . 14994Fg'at 1Ag ' in -1 81.9% after 500
Cl intercalated a-Ni(OH), 0.45 1 mol L-! KOU 30% at 8A g cycles at 4 A g [14]
. 880Fg'at2Ag ' in -1 60% after 500
B-Ni(OH), 0.5 1 mol L' NaOH 54% at20A g cycles at 5 A g’l (35]
—1 -1 .
iCuLDH(7- 5 : 10, 75% at 5A g % after 500 This work
NiCuLDH(7-10) 0 195331:Hg01 ft OKSOI?{g in % Ag? 35

cyclesat 5A g™

charge storage ability. The CV plots under various scan
rates and GCD plots at different current densities of
NiCuLDH(7-10) are shown in Fig. 3c and d, confirming
its high reversibility and high rate ability. It is noted that
the NiLDH shows no charge storage ability when the
charge/discharge current density increases to 8 A g~' with
the discharge time of 0 s (Fig. S2) while the NiCuLDH(7-
10) still exhibits very good discharge capability even at
15 A g~ under the potential window of 0.5 V, suggesting
a much improved rate capability of NiCuLDH(7-10). This
should be because of the much improved conductivity of
NiCuLDH which will be discussed later.

Fig. 3e presents the specific capacitance of both NiLDH
and NiCuLDH materials based on their GCD plots using
the equation (C = It/mAU, where I is the current density
(A g"), tis the discharge time (s), m is the mass loading
of active material and AU is the potential window (V)). It
can be clearly seen that the incorporation of Cu sig-
nificantly enhances the SC performance of pristine
NiLDH material and the higher content of Cu results in a
higher capacitance. Among the NiCuLDH materials, Ni-
CuLDH(7-10) exhibits the highest SC performance with a
considerably high specific capacitance of 1953.5F g~
which is 50% higher than the pristine NiLDH (1252.9
Fg™') at 0.5A g . By increasing the current density 10
times to 5 A g_l, the capacitance of the NiCuLDH(7-10)
still remains at 1465.0 F g, leading to the retention rate
of 75%. In contrast, the specific capacitance of NiLDH
reduces dramatically to 817 F g™' at 5 A g~' with merely a
65% retention rate. Table 1 compares the electrochemical
performance of the as-prepared NiCuLDH material with
other similar reported materials. It clearly shows that the
as-prepared NiCuLDH(7-10) exhibits much higher ca-
pacitance and competitive rate capability than other Ni
and Cu based hydroxide materials reported previously

300 © Science China Press and Springer-Verlag GmbH Germany 2017

[17-20,34]. Further measurement by electrochemical
impedance spectrum (EIS) (Fig. 3f) reveals that all the Cu
introduced NiLDH materials have a much reduced series
resistance (R,) and charge transfer resistance (R). For the
optimum NiCuLDH(7-10) sample, the R, decreased from
3.1 Q for single NiLDH to 1.8 Q whereas R, decreased
from 80.9 Q for NiLDH to 11.4 Q. Since the R, indicates
the resistance of the material while R, reflects the inter-
facial charge transfer process between the electrode and
electrolyte ions during the charge/discharge process, the
lower R, and R, of NiCuLDH confirm that the in-
corporation of copper enhances the conductivity of the
electrode material meanwhile contributes a faster kinetics
of charge transfer in the device. The cyclic stability of
both NiLDH and NiCuLDH (7-10) was shown in Fig. S3.
Due to the high series resistance and charge transfer re-
sistance, the pristine NiLDH showed a very poor cyclic
stability, which only retained 32% of its original capaci-
tance after 376 cycles. The capacitance is dropped to
nearly 0 F g~', which is ascribed to the much increased
resistance of the electrode during the cycling test. Com-
pared to NiLDH, the NiCuLDH(7-10) showed a relatively
better cyclic stability with 35% of its initial capacitance
retained even after 500 cycles. Moreover, no sudden drop
of the capacitance was observed, further confirming the
benefit of Cu incorporation to enhance the cyclic stability
of the material.

In summary, we investigated the effect of Cu-in-
corporation on the electrochemical performance of
NiLDH nanosheet arrays grown on CFC. Compared to
pristine NiLDH material, it is found that the optimum
NiCuLDH(7-10) exhibited superior electrochemical
properties including over 50% enhanced specific capaci-
tance and higher capacitance retention rate (75% at
5 A g ™). These are attributed to the improved kinetics of

February 2018 | Vol.61 No.2
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charge transport (lower series resistance) and interfacial
charge transfer of the material. This work sheds light on
developing high performance supercapacitor using earth-
abundant material.
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