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Abstract Co(OH)2 is a promising electrochemical material owing to its high theoretical specific
capacitance, low cost and eco-friendliness. However, the poor conductivity hinders its application. In
this work, 3D porous Co(OH)2/ErGO nanoflake vertically grown on the surface of Ni foam (NF)
through a facile two-step electrodeposition approach, avoiding the need for binders and conducting
agents. When used for supercapacitors (SCs), the Co(OH)2/ErGO/NF electrode exhibits a high specific
capacitance of 857.1 F g-1 at a current density of 2 A g-1, and a favorable cycling stability with 85.0%
retention even at 12 A g-1 after 2000 cycles. Additionally, serving as a non-enzymatic sensor, the 3D
Co(OH)2/ErGO/NF electrode exhibits remarkable electrocatalytic activity towards glucose oxidation
with a high sensitivity of 10.2 mA mM-1 cm-2. Owing to its favorable electrochemical performance, the
3D Co(OH)2/ErGO/NF electrode with porous structure has great potential applications in the fields of
electrochemical SCs and non-enzymatic glucose sensors.
Introduction
Supercapacitors (SCs) are considered as promising candidates for energy storage due to high power
density, fast charge and discharge rates and long cycle life [1]. According to the storage mechanisms,
SCs can be classified as electroch emical double-layer capacitors and pseudocapacitors [2]. The former
is based on non-faradic process in high surface area of carbon material like active carbon, graphene
etc., and the latter make use of continuous redox action between electrolytes and electrode materials
like conducting polymer, metal oxide or LDH etc. [3]. Since electrode materials play important role in
SC performance, great efforts have been devoted to the synthesis of advanced materials with high
specific capacitance.
Co(OH)2 is one of the most promising candidates in high performance SCs owing to its excellent
redox activity, low cost and porous nanostructure [4-5]. Up to now, various morphologies of Co(OH)2
have been reported with different methods [4-11]. Reduced GO (rGO) shows higher electric
conductivity and specific surface area, can be also used in energy converse device [12-13]. However,
the low capacitance and energy density limit the application in SC. To overcome these problems, an
alternative method is fabricating graphene-based nanocomposites for high-performance SCs and
biosensors [14-15]. 3D Co(OH)2/ErGO electrode materials is attractive because of the potential of
composite structure. Such a research direction has been reported [16-17], however, this composite
synthesized by electrochemical deposition has not been reported, and little research has so far been
carried out on the use of Co(OH)2 for glucose probe [18].
Glucose detection is critical to the diagnosis and management of diabetes. For most glucose sensors,
the detection is indirect and mediated by enzymes such as glucose oxidase. The need for enzyme
proteins compromises the stability, sensitivity reproducibility, and cost-efficiency of the sensor due to
the poor tolerance to non-physiological chemical environments and the sensitivity to temperature, pH,
humidity, etc. [19]. Recently, it has been demonstrated that metal catalysts are able to catalyse
oxidation of glucose and therefore direct electrochemical detection of glucose without the need for any
Copyright © 2018, the Authors. Published by Atlantis Press.
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

428

Advances in Engineering Research, volume 163

enzymes could be achieved [20-21]. To our knowledge, nanostructured Co(OH)2 possesses high
specific surface, electroactive area and excellent biocompatibility [18], which made it as a promising
candidate for glucose probe.
To develop Co(OH)2/ErGO composite electrodes having good rate capability, long cycle stability
and high specific capacitance, 3D interconnected Co(OH)2/ErGO composite grown on the NF were
fabricated by simple and green electrochemical deposition in this paper. The interconnected structure
of Co(OH)2 ensures fast ions diffusion, ErGO electrochemical reduced from GO provides high surface
area and good conductivity. The Co(OH)2/ErGO/NF composite electrode shows excellent
electrochemical capacitive properties with high specific capacitance of 857.1 F g-1 at a current density
of 2 A g-1, good rate capability and long-term cycling stability. Serving as a non-enzymatic glucose
sensor, the 3D Co(OH)2/ErGO/NF electrode shows a high sensitivity of 10.2 mA mM-1 cm-2 for
glucose. All these impressive results indicate that Co(OH)2/ErGO is quite promising for applications in
SCs and non-enzymatic glucose sensors.
Experimental
Synthesis of ErGO on NF.GO was synthesized from graphite powder by the modified Hummers’
method [22]. 20 mg GO was mixed with 20 mL PBS solution (pH 8.0) and ultrasonicated for 2 h to
yield a stable GO suspension (1 mg mL-1). Typically, the ErGO electrode was fabricated by
electrochemical reduction of GO suspension on a piece of NF under a constant potential of -1.2 V
(vs.SCE) for 600 s.
Preparation of 3D porous Co(OH)2 nanoflake film on ErGO/NF. The electrodeposition was
performed in a standard three-electrode glass cell at 25 °C, with the ErGO/NF as the working
electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum plate as the
counter electrode. 3D porous Co(OH)2 nanoflake was electrodeposited in an aqueous solution
containing 0.1 M Co(NO3)2 with potential at -0.9 V for 300 s. The electrodeposition process of the
Co(OH)2 nanoflake expressed as follows [23]:
NO3- + 7H2O + 8e- → NH4+ + 10OH(1)
2+
Co + 2OH → Co(OH)2
(2)
After deposition, the 3D Co(OH)2/ErGO/NF electrode was rinsed with distilled water and dried in a
vacuum oven at 40 °C for 12 h. The load weight of Co(OH)2 and ErGO was approximately 2.0 mg cm-2
by weighing the electrode before and after electrodeposition.
Results and discussion
Structure and morphology characterization. Morphologies of the as-prepared ErGO/NF and
Co(OH)2/ErGO/NF were characterized by SEM. Fig. 1a shows the typical surface morphology of
ErGO/NF with a unique 3D interconnected structure which belongs to NF. Fig. 1b shows obvious
wrinkles on the surface of NF, which indicated the existence of ErGO. The wrinkle structure highly
increased the specific surface area, which can provide enough space for active materials; on the other
hand, the ErGO can also improve the electrical conductivity of materials. SEM images of 3D
Co(OH)2/ErGO/NF are shown in Fig. 1c and d, many nanoflakes grow vertically and cross-link on the
framework of ErGO/NF, forming a three dimensional structure with obvious pores. The porous
nanostructure of Co(OH)2 can provide a high specific surface area that can support more active sites; in
addition, the existence of pore provide path for electrolyte ions and electronics, which increase the
diffusion rate and lead to high power. Therefore, this structure may contributes to the high specific
capacitance and high power density of this electrode material.
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Figure 1 SEM images for ErGO/NF (a,b) and 3D Co(OH)2/ErGO/NF (c,d)
The Raman spectra of GO and ErGO was further recorded and shown in Fig. 2a. Both of the spectra
of GO and ErGO display the existence of characteristic peaks: D and G bands, which located at 1352
and 1585 cm-1. The intensity ratio (ID/IG) of D and G bands is 0.97 in GO and increases to 1.06 in
ErGO, demonstrating that the chemical reduction alters the structure of GO and introduces a large
number of structural defects. Fig. 2b shows the XRD pattern for 3D Co(OH)2/ErGO/NF, wherein the
peaks at 2θ values of 19.6˚, 34.9˚, 41.3˚, 53.2˚ and 57.6˚ are respectively indexed to Co(OH)2 (001),
(100), (101), (102), (110) (PDF, card no. 30-0443). The peaks at 44.6˚, 51.89˚and 76.5˚ are from NF
(PDF, card no. 04-0850). No obvious diffraction peak of graphene was observed, which may be due to
strong peaks from NF overlapped the signal of the graphene. Energy-dispersive X-ray spectrometer
(EDS) in Fig. 2c confirms the presence of the elements of cobalt, oxygen, carbon and nickel in the
deposited materials, whereas no other chemical elements exist.

Figure 2 Raman spectra of GO, ErGO (a), XRD pattern (b)
and EDS spectra (c) of 3D Co(OH)2/ErGO/NF
Considering these above results, it is justified that a 3D porous Co(OH)2/ErGO nanoflake has been
successfully constructed on NF via two-step electrodeposition methods. As shown in Scheme 1, firstly,
ErGO nanofilms were directly grown on the NF by electrodeposition. Secondly, Co(OH)2 nanoflake
were vertically growing on the surface of ErGO/NF by successive electrodepositon. The nanoflakes
cross-link on the framework of ErGO/NF to form 3D net structure with obvious pores, which can
support high ions diffusion rate and more active sites. In addition, no binder existed among Co(OH)2,
ErGO and NF, which can afford an effective electron transport pathway.
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Scheme 1. Schematic illustration for the formation of 3D Co(OH)2/ErGO/NF electrode
Electrochemical capacitive properties for SC. Figure 3a presents the Cyclic voltammograms
(CV) curves of the 3D Co(OH)2/ErGO/NF and ErGO/NF with a potential window of -0.2 to 0.5 V at
10 mV s-1. The CV curve of ErGO/NF electrode exhibits a pair of weak redox peaks because the
reversible reactions of Ni(II)/Ni(III) formed on the NF surface in the alkaline electrolyte. When
Co(OH)2 was introduced to ErGO/NF, a pair of strong peaks were observed, implying the presence of
a reversible faradaic reaction and pseudocapacitive behavior, and the redox reaction: Co(OH)2 + OH→ CoOOH + H2O + e- occurs near the surface of electrode material and lead to much greater charge
storage than EDLCs. Therefore, the 3D Co(OH)2/ErGO/NF electrode has a large capacitance and the
contribution of NF to the total electrochemical capacitance can be negligible for the electrode.
The CV curves of 3D Co(OH)2/ErGO/NF at different scan rates (2, 5, 10, 25 and 40 mV s-1) are
shown in Figure 3b. The CV curves keep the same shape with increasing the scan rate, suggesting a
good rate capability and reversibility. This result can be attributed to the porous structure of Co(OH)2
and the conductive ErGO. Figure 3c displays a set of galvanostatic discharge curves with increasing
current densities from 2 to 16 A g-1, the observed nonlinear curves indicate the pseudocapacitance
nature, which is consistent with the CV curves. The specific capacitance can be calculated according to
the following equation:
(1)
Where Cm (F g-1) is the specific capacitance, I (mA) is the charge/discharge current, Δt (s) is the
discharge time, ΔV (V) represents the potential window, and m (mg) is the mass of the Co(OH)2 and
ErGO within the electrode.
The specific capacitance is calculated to be about 857.1, 811.6, 783.3, 664.7 and 657.5 F g-1 at the
current densities of 2, 4, 6, 8, and 16 A g-1, respectively. This observed specific capacitance is
comparable with other reported Co(OH)2 nanomaterials as shown in Tab. 1, which demonstrates the
obtained 3D porous Co(OH)2/ErGO/NF electrode possesses a high specific capacitance. The electrode
still reserved 76.7% of the specific capacitance in 2 A g-1 with the current density increasing to 16 A g-1
indicating the high rate capability.
Table 1 Summary of capacitive performance of reported Co(OH)2 with different morphologies
electrode material
Specific capacitance
Cycling stability
Ref.
Flower-like
429 F g-1 (1 A g-1)
11
－
Co(OH)2
1000 cycles (＜
Co(OH)2 nanowires
1180 F g-1 (4 A g-1)
7
52%)
β-Co(OH)2
416 F g-1 (1 A g-1)
9
500 cycles (＞93%)
Co(OH)2 nanoflakes

559.15 F g-1 (10 mA cm-2)

Co(OH)2/GO

474 F g-1 (1 A g-1)

Co(OH)2/ErGO

857.1 F g-1 (2 A g-1)

1000 cycles (＞
87%)
1000 cycles (＞
90%)
2000 cycles (＞
85%)

10
5
Our
work
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Fig. 3d shows the Nyquist plots of the ErGO/NF, 3D Co(OH)2/ErGO/NF and Co(OH)2/NF
electrodes in the frequency range from 0.01 to 105 Hz. The 3D Co(OH)2/ErGO/NF electrode shows
only slightly larger charge transfer resistance (Rct) compared with the ErGO/NF electrode, implying
excellent electrical conductivity for this composite electrode. The Rct increases in the absence of
ErGO, indicating that ErGO in the composite will take the price of low electrical conductivity. In the
high frequency region, the intercept at real part (Z’) represents the equivalent series resistance (ESR),
the values of ErGO/NF and 3D Co(OH)2/ErGO/NF electrode are 2.07 and 2.12, respectively. The
nearly equal value indicating the excellent contact between Co(OH)2 and ErGO sheet. Fig. 3e shows
the first ten charge-discharge curves of the 3D Co(OH)2/ErGO/NF between 0 to 0.45 V at 12 A g-1. All
the GCD curves are nearly symmetric in shape, indicating good electrochemical reversibility and good
capacitive behavior. The cycling response up to 2000 cycles is shown in Fig. 3f, 85.0% of the initial
specific capacitance remains at 12 A g-1, indicating the high cycle stability.

Figure 3 Electrochemical properties of Co(OH)2/ErGO/NF electrodes measured using a
three-electrode system in 1.0 M KOH solution. (a) the comparative CV curves of 3D Co(OH)2/ErGO
and ErGO on NF at 10 mV s-1. (b) CVs of 3D Co(OH)2/ErGO/NF electrode at different scan rates. (c)
discharge curves of Co(OH)2/ErGO/NF electrode at different current densities. (d) Nyquist plots for
the Co(OH)2/NF, ErGO/NF and 3D Co(OH)2/ErGO/NF electrodes. (e) the first ten GCD curves and(f)
cycling performance of Co(OH)2/ErGO/NF at 12 A g-1.
Co(OH)2/ErGO/NF electrode for non-enzymatic glucose detection.The 3D Co(OH)2/ErGO/NF
has been further explored to detect glucose in 0.5 M NaOH. Fig. 4a shows the CV curves of the
electrode at different scan rates in 0.5 M NaOH solution. The shape of CV curves didn’t change with
the increasing scan rate, indicating the good rate capability in NaOH electrolyte. Fig. 4b displays the
CV curves of the electrode in 0.5 M NaOH with different concentration of glucose from 0 to 1 mM at
a scan rate of 10 mV s-1. With the addition of glucose, peak current at about 0.4 V was growing. Fig.
4c shows the typical amperometric responses of the 3D Co(OH)2/ErGO/NF electrode to successive
addition of glucose into NaOH solution. A steep increase in current responses is obtained, indicating
that 3D Co(OH)2/ErGO/NF exhibits very sensitive and rapid response. The inset shows the obvious
amperometric response of the electrode toward the addition of 0.1 μM glucose with a signal-to-noise
ratio (S/N) of ∼ 5. As shown in Fig. 4d, a linear relationship (R2 = 0.9983) was observed over the range
of 0.1 ~ 150 μM. The linear regression equation was I = 23.96 + 10.20Cglucose(mM), which indicated the
extraordinary sensitivity of 10.2 mA mM-1 cm-2 is obtained.
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Selectivity is another major characteristic of high-performance non-enzymatic glucose sensors. The
effects of common interfering species such as ascorbic acid, uric acid, L-Cys, Lactose and Salic which
may be present in human body serum are investigated. In normal human body, the concentration of
glucose in serum is about 3 ~ 8 mM, while the interfering species is less than 0.1 mM [24]. For this
reason, 1 mM glucose and 0.05 mM other disturbing components was used in the chronoamperometry
experiments. Fig. 4e shows the amperometric responses of the electrod with successive addition of 1
mM glucose, 0.05 mM Lactose, L-Cys, AA, UA, and Salic. The addition of 1 mM glucose increased
the current signal, which can be attributed to the oxidation of glucose, while no obvious response can
be seen in the presence of disturbing components, which suggest this sensor system is feasible for the
determination of glucose in the presence of common interfering compounds. Besides, the
amperometric response is performed with 0.5 mM glucose in a high chloride ion concentration (0.5 M
NaOH + 0.5 M NaCl) in Fig. 4f, which demonstrate that the 3D Co(OH)2/ErGO/NF electrode is also
immune to high chloride ion concentration.

Figure 4 Electrochemical properties of Co(OH)2/ErGO/NF electrodes measured using a
three-electrode system in 0.5 M NaOH solution. (a) CV curves measured at 10, 20, 30, 40 and 50 mV
s-1. (b) CV curves in the presence glucose at 20 mV s-1. (c) amperometric response of the composite
electrode (holding at 0.4 V) with successive addition of glucose in NaOH solution (The inset:
amperoetric response to the addition of 0.1 μM glucose). (d) the corresponding calibration curve with
a linear fitting at lower concentration range (the inset) (e) the current responses of the electrode to the
successive addition of 1 mM glucose, 0.05 mM Lactose, L-Cys, AA, UA, and Salic. (f) the current
response to the addition of 0.5 mM glucose with and without 0.5 M NaCl.
Conclusions
In summary, a facile two-step electrodeposition method is employed to synthesize 3D porous
Co(OH)2/ErGO nanoflake film on NF. The as-prepared 3D porous Co(OH)2/ErGO/NF electrode
provides fast ion and electron transport, a large electroactive surface area, and excellent structural
stability. As a result, this porous material exhibits superior pseudocapacitive performance with a high
specific capacitance, good rate capability and excellent cycling stability. Moreover, the 3D
Co(OH)2/ErGO/NF electrode exhibits remarkable electrocatalytic activity towards glucose with high
sensitivity, good selectivity and a rapid response. In a word, the 3D Co(OH)2/ErGO/NF fabricated by
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simple electrodeposition is a promising electrode material in SC application and non-enzymatic glucose
detection.
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