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Abstract

Supercapacitors, as next-generation efficient, safe and clean energy storage devices
with superior power density, fast charge/discharge rate, excellent temperature
adaptability and remarkable service life, significantly balance the conventional
capacitors and the batteries and have been adopted in many fields. Compared with
electric double-layer capacitors, pseudocapacitors can produce a higher specific
capacitance to satisfy the ever-growing demand, consequently becoming the research
hotspot. Co304, Ni(OH), and Co(OH),, in view of overwhelming theoretical specific
capacitances, modest cost and environmental friendliness, have been extensively

recognized as the most promising electrode materials and trigged numerous efforts.

However, currently, the achieved specific capacitances of Coz04 electrodes in previous
contributions are still lower than the theoretical value. Besides, the generally
accompanying poor rate performances further hinder the application. To address the
issue, the hollow Co30s spheres with high porosity and thin-wall feature were
synthesized. The as-fabricated Co3z04 electrode delivers a high specific capacitance of
988 F/g at 1 A/g and only 6.4% of its initial value decays at 20 A/g. Via analysis of the
formation mechanism of zeolitic imidazolate framework-67, the size adjustment in
preparation of hollow Co3z04 nanoboxes was obtained, which offers novel perspective
and approach for optimization of hollow Co304. The hollow Co304 nanoboxes electrode
exhibits large specific capacitances of 1832.7 and 1324.5 F/g at 1 and 20 A/g,

respectively.

Recently, the Ni-Co binary hydroxide, which outperforms the single hydroxide thanks to
the virtues of stronger layer orientation, increased active sites, reduced resistance and
so on, have sparked numerous attentions as a promising route to further enhance the
performances of Ni(OH), and Co(OH); based electrodes. Unfortunately, due to
undesirable morphology and involved binder, the progress to date is only in partial
fulfilment of the requirements of high performance supercapacitors. Aiming at the
defect, a morphology-controlled synthesis to grow Ni-Co binary hydroxide on nickel

foam directly (binder-free) was proposed, by which excellent overall supercapacitors
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performances in terms of specific capacitance (2807 F/g at 1 A/g), rate capability (2222
F/g at 20 A/g) and cycling stability, together with comparable loading mass and facile
fabricated method were obtained. In addition, the supercapacitors behaviors of flower-

like ZnWOa, a potential alternative electrode material, were investigated.

Keywords: supercapacitors; pseudocapacitors; Cos0s; hollow; thin-wall; size

adjustment; Ni-Co binary hydroxide; morphology-controlled; binder-free
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1 Introduction

With the rapid development of industry, the consumption of traditional energy sources
such as natural gas, coal and petroleum explodes [1-4]. For example, in 2018, the
consumption of petroleum has already exceeded 100 million barrels per day (data from
Organization of the Petroleum Exporting Countries). The non-renewable energy sources
confront with depletion and consequent energy crisis have become an unavoidable
problem all over the world. Meanwhile, undeniably, the strong dependence on
traditional energy sources also results in a series of serious problems like pollution,
global warming and even geopolitical concerns, which significantly restricts the further

development of global economy and modern society [5-8].

Therefore, developing renewable energy sources to alternate or supplement the non-
renewable energy sources, further assuaging the challenge in sustainable development
of energy sources, is extremely imperious. The United States was taken as an example.
The share of total of renewables increased to 11%in 2019, while in 2009, the renewables
only accounted for 8%, as displayed in Figure 1-1 and Figure 1-2, respectively. The
renewables mainly focus on hydropower, wind, biomass, solar and geothermal.
Obviously, owing to the intermittent nature, it is difficult to utilize the renewable energy
source directly [9-12]. Hence, developing efficient energy storage devices or systems,

ensuring stable and continuous energy supply, is also a prime goal.

U.S. Energy Consumption by Energy Source, 2009

Total = 94.578 Quadrillion Btu Total = 7.744 Quadrillion Btu

~Solar 1%

' — Geothermal 5%
~ -Biomass waste 6%

Wind 9%

Petroleum
0,
3% Biofuels 20%
Renewable
Energy
8%

Wood 24%

Nuclear
Electric Power
9%

Hydropower 35%

Figure 1-1 Energy consumption by energy source of United States in 2009 (Copyright U.S. Energy Information
Administration).
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U.S. primary energy consumption by energy source, 2019

total = 100.2 quadrillion
British thermal units (Btu)

nuclear
electric

power
8% coal
11%
petroleum
37%

renewable
energy 11%

natural
gas

32%

Figure 1-2 Energy consumption by energy source of United States in 2019 (Copyright U.S. Energy Information

Administration).

1.1 Overview of supercapacitors

Supercapacitors, as next-generation energy storage devices, significantly balance the
conventional capacitors and the batteries and attract numerous attentions in the past

decade [13-22]. Only in 2019, the papers of supercapacitors indexed by Web of Science

total = 11.4 quadrillion Btu

2% - geothermal
9% - solar

22% - hydroelectric

24% - wind

4% - biomass waste |

20% - biofuels

20% - wood

Core Collection were over 4600, as proven by Figure 1-3.

biomass
43%

Supercapacitors
4000 -

3000 -

2000 -

umber of publications

Z 1000 -

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

Figure 1-3 Publications of supercapacitors indexed by Web of Science Core Collection (2009 to 2019).
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As seen in Figure 1-4, the power density of supercapacitors is higher than that of
batteries while the energy density of supercapacitors is higher than that of conventional
capacitors [23]. Apart from those features, supercapacitors also deliver many
unparalleled advantages which are pivotal for industrial mass production and
widespread commercial applications. First, supercapacitors can be charged and
discharged in very short time (second or minute level), which is impossible for batteries
[24,25]. The second noteworthy point is the working temperature. As a Nordic country,
Norway has a long winter with cold temperature. In some areas, the period of minimum
temperature below -10 °C even are up to 5 months (data from Norwegian
Meteorological Institute). When temperature is below 0 °C, in most cases the discharge
capacity of batteries reduce sharply, while supercapacitors can still display high
performance at -40 °C [26-29]. Last, we pay attention to the cycle life. Benefited from
the energy storage mechanism, the service life of supercapacitors can beyond 10,000
and electrode swelling (often occurs in batteries) is neglectable [30-33]. Table 1-1
summarized the main characteristics of conventional capacitors, supercapacitors and

battery.

P
o
-

)

-1

-

o
P Y

Capacitors

W kg
S

EDLCs

Supercapacitérs

-—

Power density

e e 1102
Energy density (Wh kg )

Figure 1-4 Ragone plots of conventional capacitors, supercapacitors and batteries [23] (Copyright 2014 Elsevier).
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Table 1-1 Main characteristics of conventional capacitors, supercapacitors and battery.

Characteristics Conventional capacitors Supercapacitors Battery
specific power (W/kg) >> 10,000 500-10,000 <1000
specific energy (Wh/kg) <0.1 1-10 10-100
Working temperature (°C) -40-85 -40-70 0-40
charge time negligible s or min level 1-5h
discharge time negligible s or min level 0.3-3h
service life (cycles) infinite >10,000 ~1000

Thanks to series unique characteristics mentioned above, supercapacitors have been
applied in many fields (Figure 1-5), such as energy storage type street light, power supply
for wind turbine pitch, high power crane, cold start of heavy vehicle, energy recovery
system, electrical vehicles for stop-go driving model, and so forth [34,35]. Back during
Shanghai World Expo in 2010, 61 supercapacitor buses were already launched and the
goal of “Zero Emission” in park was achieved successfully (data from Ministry of Science
and Technology of China). In addition, according to the prediction by ID TechEx Ltd, the

global market for supercapacitors will be as high as 6.5 billion dollars in 2024.

© & 4
al 3

Figure 1-5 Representative applications of supercapacitors: (a) energy storage type street light, (b) power supply for
wind turbine pitch, (c) high power crane, (d) cold start of heavy vehicle, (e) energy recovery system, and (f) electrical
vehicles.

IS
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1.2 Energy storage mechanism

According to energy storage mechanism, supercapacitors can be classified in two types:

electric double layer capacitors (EDLCs) and pseudocapacitors (PsCs).

1.2.1 EDLGCs
Diffuse layer Stern layer

. 'f . \ ~— Diffuse layer
4 P | g |
* e E l//O | I

21 © 3 (%) = E 3 o © 9 @
4 21 Bo®i L o B

tf -!- & 4 ) ; = i solvated cation

=+ e+ © O . g4'_ E

% 4 g ‘%’ 5 : ©

a | o T Ui"‘ l anion
g1 ot s + |
g1 =1 =+ i
T it{e © RS © :
re ¢ % i e
CIHP OHP

(a) (b) (c)

Figure 1-6 Models of EDL: (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern model [39] (Copyright 2009
The Royal Society of Chemistry).

As early as 1879, Hermann Von Helmholtz first proposed EDL theory. In Helmholtz
model, a layer of negative charges is formed on the charged conductor in electrolyte (as
a compact layer) to counterbalance the positive charges under a finite distance (termed
as d, surface of the conductor to center of the ions) [36-39], as illustrated in Figure 1-6a.
Considering the influence of applied potential and electrolyte concentration, Louis
Georges Gouy in 1910 and David Leonard Chapman in 1913 revised the simple
Helmholtz model. The Gouy-Chapman model (Figure 1-6b) shows that the opposite ionic
charges appear to neutralize the charged conductor, whereas the ions tend to distribute
in electrolyte rather than adhere on the surface of conductor, displaying a diffuse layer
with thickness [39-43]. In 1924, Stern model combining the aforementioned Helmholtz
model and Gouy-Chapman model was put forward by Otto Stern and subsequently

further modified by David C. Grahame. Briefly, the Stern model (Figure 1-6c) contains

5
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Stern layer and diffuse layer, where Stern layer is divided into inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP), corresponding to specifically or non-specifically
adsorbed ions, and the region beyond OHP is diffuse layer [39, 44-46]. As of today, the

Stern model is widely recognized as one approaching to the reality.

The EDL capacitance, which can be assumed to follow that of a parallel-plate capacitor

model, is defined by Equation (1) [47]:

C = Q — Er&oA (1)
where Cis the EDL capacitance; Q is the total charge; V is the applied voltage; &, is the
dielectric constant of electrolyte; g0 is the permittivity of vacuum; d is the effective
thickness of EDL (i.e. the Debye length); A is the effective area of electrode accessible to
electrolyte ions. Based on Equation (1), the charging current is given by Equation (2)

[47]:

_do_
I_dt_Cdt (2)

where | is the charging current; Q is the total charge; t is the charging time; Cis the EDL
capacitance; Vis the applied voltage. If the applied voltage varied with time is expressed

by Equation (3) [47]:

V=V0+17t (3)

where Vis the applied voltage; Vo is the initial voltage; v is the sweep rate; t is the time,

the Equation (2) can be further described as Equation (4) [47]:

I =Cv (4)

where [ is the response current; C is the EDL capacitance; v is the sweep rate. Hence,
rectangular curve in cyclic voltammetry (CV) test and triangular plot in galvanostatic
charge/discharge (GCD) measurement are expected, as displayed in Figure 1-7a and
Figure 1-7b, respectively. The principle and process of CV and GCD were illustrated in

detail in Chapter 2.

6
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a)ao
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Figure 1-7 (a) Rectangular curves in CV test and (b) triangular plots in GCD measurement for EDL capacitance [47]
(Copyright 2017 The Authors of Ref. 47).

Figure 1-8 shows the schematic diagram of EDLCs based on EDL theory. Two electrode
are adhered on current collectors and immersed in given electrolyte solution containing
a separator. The separator allows ionic permeation and more importantly can avoid
possible short circuit. In charged process, anions and cations concentrate on positive
and negative electrodes, respectively. In contrast, in discharge process, the motion of
electrons from negative to positive electrodes is triggered via external circuit. In addition

to that, the anions and cations in electrolyte mix again [48,49].

Electrolyte | Separator

@ Anion @ cation @ Solvent molecule

Figure 1-8 Schematic diagram of EDLCs [48] (Copyright 2018 Elsevier).
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1.2.2 PsCs
a) Underpotential b) Redox c) Intercalation
Deposition Pseudocapacitance Pseudocapacitance

Au + xPb?* + 2xe” = AuxPb,y|RuO,(OH) +6H™+ Se” € RuO, 5(OH),.sNb,O5 + xLi* + xe” €3 Li,Nb,0s

A -
v i 1 '
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Figure 1-9 Types of pseudocapacitive mechanisms: (a) underpotential deposition, (b) redox, and (c) intercalation
[51] (Copyright 2014 The Royal Society of Chemistry).

Figure 1-9 displays three pseudocapacitive mechanisms described by Brian Evans
Conway in 1960s [50,51]. PsCs can produce a high SC, which is 10-100 times higher than
that of EDLCs, to satisfy the ever-growing demand and gradually become the research
hotspot [52-56]. Even though different types of processes and materials are involved,
the electrochemical signatures of the three mechanisms still occur similarity and can be

illustrated by Equation (5) [57]:

— g0 _RT X
E=E°——In(;7) (5)

where E is the electrode potential referred to a reference electrode; R is the ideal gas
constant; T is the temperature; n is the number of electrons transferred for redox
reactions occurring in the electrode; F is the Faraday constant; X is the fractional
coverage of surface or inner structure of the active material. Based on Equation (5), the

capacitance is defined by Equation (6) [57]:

- () 0

(o]



Fan: Preparation of novel metal oxides/hydroxides materials and their applications...

where m is the molecular weight of active material. Because nonlinear relationship of £
and X, the capacitance is not constant and thus is termed as pseudocapacitance [57]. In
generally, conventional pseudocapacitive materials such as RuO; and MnO; (redox
reactions occur at the surface) based electrodes display rectangular CV curve, linear GCD
curve and fast kinetics, which are close to the characteristics of EDLCs [58-62]. Patrice
Simon and Yury Georgievich Gogotsi in their influential literature entitled “Materials for
electrochemical capacitor” [57] explained that this phenomenon was led by successive
multiple surface redox reactions, as shown in Figure 1-10, and their theory is widely
recognized so far. Based on it, some scientists think that the RuO; and MnO; cover the

gap of EDLCs and battery [63,64].
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Figure 1-10 Schematic CV for a MnO; electrode [57] (Copyright 2008 Nature Publishing Group).

Recent researches further complete the traditional definition, in which the LiCoO;
(battery material) and Ni(OH), are most representative. As exhibited in Figure 1-11a, the
plateaus in GCD measurement generally slop accompanied by the reduction of LiCoO;
dimension and it is interesting to find that the plateau disappear at 6 nm LiCoO,, which
means 6 nm LiCoO; deliver a typical pseudocapacitive behavior [65]. Similarly, in the
case of layered Ni(OH),, the obvious redox peaks in CV test were discovered (Figure 1-
11b) but the kinetics was found to be quite rapid [66]. In summary, some materials

exhibit obvious redox peaks in CV curve and non-linear line in GCD curve, different from
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the features of RuO; and MnO; but similar to those of battery. On the other, better
performances compared with battery in kinetics and reversibility are obtained (close to
typical pseudocapacitive behaviors), which fails to be simply cataloged into traditional
definition. In view of this, some scientists suggest that the mentioned phenomena
bridge the gap of classical pseudocapacitive behaviors and battery behaviors [51,65-68].
Figure 1-12 shows the schematic diagram of PsCs. Of particular note is that EDLCs charge

mechanism also exists in PsCs, but its contribution is negligible.
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Figure 1-11 (a) Crystallite size effect of LiCoO, [65] (Copyright 2007 American Chemical Society) and (b) CV curves
of Ni(OH); [66] (Copyright 2013 Macmillan Publishers Limited).

Electrolyte, Separator

o Metal oxide or redox active molecule

Figure 1-12 Schematic diagram of PsCs [48] (Copyright 2018 Elsevier).
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1.3 Current state of the art for the electrode materials

The electrode materials play a main role in supercapacitors and their features such as
morphology, structure, specific surface area, crystallinity and conductivity greatly
influence the performances. EDLCs commonly utilize carbon based materials and PsCs

employ transition metal oxides/hydroxides (TMO/Hs) as electrode materials.

1.3.1 Carbon based materials

In general, the conductivity, surface area and porosity of carbon based materials as the
electrode materials of supercapacitors are critical to the performances [39,69].
Currently, activated carbons (ACs) are mostly widely used active materials for the
supercapacitors electrodes and already commercialized in markets. A standard
procedure to prepare ACs usually is divided into carbonization and activation [24,70,71].
The precursor like wood is converted to amorphous carbons and high surface area is
reached via physical (under oxidizing atmosphere at 700-1200 °C) or chemical activation
(through activating agents at 400-700 °C) [39,72]. For example, the wood carbon
monolith (Figure 1-13a) synthesized by Liu et al. (poplar wood as precursor and HNO3
solution as chemical) shows a specific capacitance (SC) of 234 F/g at 5 mA/cm? in 2 M
KOH [73]. A general trend summarized from previous studies suggests that the pores
narrower than 2 nm (i.e. micropores) deliver a significant impact on capacitance than
the higher surface area with pores larger than 2 nm (i.e. mesopores or macropores). The
pore size can be tailored by changing the parameters of activation such as temperature,

concentration, time and frequency, which provides the reference for optimization.

The discovery of carbon nanotubes (CNTs) is a milestone in research of carbon materials.
In relevant field of supercapacitors, thanks to their desirable porosity, CNTs are widely
recognized as promising active electrode materials for supercapacitors and spark lots of
attentions. Recently, many efforts were devoted to fabricate dense CNTs forest. For
instance, compact fullerene-like carbon decorated CNTs (Figure 1-13b) were achieved
on silicon taper nanorod scaffold, reported by micro energy team of USN. The as-

fabricated electrode displays a high SC of 192 mF/cm? at 1 mV/s in 1 M H,SO4 [74].
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Compared with ACs, the surface area of CNTs is relatively small. 2-3 times of initial
surface area can be obtained via chemical activation [75,76]. According to report by
Frackowiak et al., the surface area of the sample is found to be as high as 1035 m?/g

after KOH activation, while the value only reaches 430 m?/g before activation [77].

Figure 1-13 SEM images of the (a) wood carbon monolith [73] (Copyright 2011 Elsevier), (b) fullerene-like carbon
decorated CNTs network [74] (Copyright 2017 Elsevier), (c) graphene material [83] (Copyright 2009 American
Chemical Society), and TEM image of the (d) RGO sample [84] (Copyright 2010 Elsevier).

In comparison with ACs and CNTs, graphene possesses the largest specific surface area
(a mono-layer is 2620 m?/g) [78-80]. According to reports, the theoretical SC of
graphene is about 550 F/g if the entire surface area is completely utilized [81]. However,
in real fabricated supercapacitors, the achieved SCs are far lower than the theoretical
value, which is mainly attributed to re-stacking of graphene. For instance, Vivekchand
et al. synthesized graphenes by three different approaches. The maximum SC value only
reaches upto 117 F/g [82]. The graphene (Figure 1-13c) prepared by Wang et al. displays
a SC of 205 F/g [83]. Besides, the tedious preparation pathway also severely limits its

mass production. Reduced graphene oxide (RGO) with low agglomeration seems to be
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a good solution. For example, the RGO (Figure 1-13d) prepared by Chen et al. exhibits a
SCof 348 F/gat 0.2 A/gin 1 M H,S04[84].

1.3.2 TMO/Hs

Among various pseudacapacitive materials, RuO; is the most explored one. The earliest
study of RuOz in PsCs can be traced back to 1975 [63,64]. So to speak, the
electrochemical properties of RuQO; inspired the theory of PsCs. RuO; has a high
theoretical SC of around 1000 F/g. What is more, it possesses an overwhelming potential
window of 1.2 V, in which three oxidation states (Ru?*, Ru3*, Ru**) are accessible [24].
The value of structural water was verified in subsequent researches. The theoretical SC
of Ru0,-0.5H,0 reaches to 1360 F/g [51,65,85,86]. Besides, a high SC of 1340 F/g at 25
mV/s was obtained by hydrous RuO; (Figure 1-14a) synthesized by Hu et al [87].
Moreover, hydrogen-inserted hydrous RuO; (denoted as HxRuO;-xH,0) and ruthenic
acid (denoted as HxRuO2.+y-zH,0) were investigated and further expanded utilization of
Ru [64]. Despite the virtues of RuO; and achieved remarkable progress, for the moment
its applications only focus on some specific areas such as aerospace and military since
its inferior position in cost and environment friendliness [24,51]. Therefore, it is
necessary to seek cost-effective materials without environment harmfulness as

alternatives.

Figure 1-14 HRTEM image of the (a) hydrous RuO; nanodots [87] (Copyright 2004 The Electrochemical Society) and
TEM image of the (b) highly porous structured MnO, [89] (Copyright 2011 American Chemical Society).
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MnO; is widely considered as a promising alternative of RuO; due to its low cost, non-
toxic and abundant resources. As early as 1999, Lee et al. already investigated its
pseudocapacitive properties [88]. The charge storage generates within thin layer of the
MnO; surface. This gives rise to the capacitance lower than its theoretical value (1100-
1300 F/g) [24], particularly occurring in thick electrodes. By hard working for many years,
to date, the achieved pseudocapacitive SC of MnO; based electrode is over 1000 F/g.
For example, an ultrahigh SC of 1230 F/g based on the mass of MnO; (Figure 1-14b) was
produced by a sponge supercapacitor, reported by Chen et a/ [89]. The various strategies
developed for MnO; electrodes jointly demonstrate that the nanostructuring is a highly
effective approach for accessing all storage sites of MnO,. Nevertheless, the relatively

low theoretical SC still excludes MnO;from wide applications [33,35].

In recent years, tremendous efforts have been devoted to inexpensive and
environmentally-friendly materials, such as Coz04, Ni(OH); and Co(OH),, thanks to their
superior theoretical SCs. For example, Wang et al. reported Co304 nanowires (Figure 1-
15a) with the SC of 977 F/g at 2 A/g [90]. The Co304 nanorods (Figure 1-15b) synthesized
by Guo et al. exhibit a SC of 739 F/g at 5 mV/s [91]. Intuitively, the produced SCs are far
lower than theoretical value of 3560 F/g [92]. The redox reactions are illustrated by

Equation (7) and (8) [93,94].

Co30, + OH™ + H,0 & 3Co00H + e~ (7)

CoOOH + OH™ & Co0, + H,0 + e~ (8)

Besides, except for low SCs, the rate performances of as-fabricated Cos04 electrodes are
extremely poor. Like above mentioned Co304 nanowires, compared with the initial SC at
2 A/g, only 49.5% of SC was maintained at 10 A/g, while for Co304 nanorods, from 5 to
100 mV/s, the loss of SC reached up to 47.5%. Constructing hollow Co304 is widely
recognized as a good approach, since hollow structure is able to serve as a “reservoir”,
giving rise to efficient ions diffusion at high scan rate and current density [95,96]. For
instance, the 3D-nanonet hollow structured Coz04 (Figure 1-15c) reported by Wang et

al. delivers a rate capability of 72% at 15 A/g (739 F/g at 1 A/g) [96]. The hollow Co304
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nanowires (Figure 1-15d) prepared by Xia et al. show a SC of 599 F/g at 2 A/g and 73%
of the SC is retained at 40 A/g [97]. Even so, there is plenty of room for further

performance improvement of Coz0a.

Figure 1-15 SEM images of the (a) Cos04 nanowires [90] (Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA), (b)
Co304 nanorods [91] (Copyright 2017 Elsevier), (c) 3D-nanonet hollow structured Cosz04 [96] (Copyright 2014
American Chemical Society), and (d) hollow Co30, nanowires [97] (Copyright 2011 The Royal Society of Chemistry).

Ni(OH), and Co(OH); also possesses ultrahigh theoretical SCs [98] and have triggered
many efforts. The satisfied SCs were reached in previous contributions. For example,
Ni(OH)2 nanospheres (Figure 1-16a) synthesized by Li et al. [66] and Ni(OH)2 nanosheets
(Figure 1-16b) prepared by Xiong et al. [99] exhibit SCs of 2188 F/g (1 mV/s) and 2384.3
F/g (1 A/g), respectively; Co(OH): films fabricated by Zhou et al. display a SC of 2646 F/g
at 8 A/g [100]. The redox reactions are expressed by Equations (9), (10) and (11)
[101,102].

Ni(OH), + OH™ & NiOOH + H,0 + e~ (9)

Co(OH), + OH™ & CoOOH + H,0 + e~ (10)
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CoOOH + OH™ & Co0, + H,0 + e~ (11)

Figure 1-16 SEM images of the (a) Ni(OH), nanospheres [66] (Copyright 2013 Macmillan Publishers Limited), (b)
Ni(OH), nanosheets [99] (Copyright 2014 Elsevier), (c) Ni-Co binary hydroxide microspheres [113] (Copyright 2012
The Royal Society of Chemistry), and (d) flower-like Ni-Co binary hydroxide [102] (Copyright 2015 Elsevier).

The remarkable SCs so far were produced, however, low mass loading is a problem. For
example, the mass loading for above mentioned Ni(OH), nanospheres and Ni(OH)2
nanosheets are only 0.1 pg and 0.01 mg, which severely hinders their commercial use.
Recently, Ni-Co binary hydroxide was investigated, which was found with unique
characteristics such as stronger layer orientation, increased redox active sites, and
reduced resistivity [103-107], and consequently widely considered as a promising route
for achieving high SCs at high loading mass. Unfortunately, because of undesirable
morphology [108,109] and involved binder for loading onto the electrode [110,111], to
date the performance of supercapacitors made of Ni-Co binary hydroxide needs further
improvement. For example, the Ni-Co binary hydroxide nanosheets reported by Chen et
al. [112] and microspheres (Figure 1-16¢) synthesized by Tao et al. [113] present SCs of
2682 F/gand 2275.5 F/gat 3 A/g and 1 A/g, respectively. But the decrease of SCs at high
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current is drastic (1706 F/g at 20 A/g and 1007.8 F/g at 25 A/g correspond to nanosheets
and microspheres). For the flower-like Ni-Co binary hydroxide (Figure 1-16d) developed
by Zhang et al., the capacitance loss is more than 25% after 3000 cycles [102]. In
addition, in certain cases, the loading mass is still unsatisfied and complex routes also
preclude them from practical applications. To sum up, at present, to utilize the
advantages of the novel Ni-Co binary hydroxide for making high performance
supercapacitors, there must be massive research efforts to optimize its fabrication

process for desirable morphology, as well as binder free electrode.

1.4 Research focus

Nowadays, further improving the performance of supercapacitors as energy storage
devices of high energy density with no compromising their high power density is urgent
to satisfy the ever-growing demand. Based on overview of recent progress as
summarized above, it was found that the electrode materials are crucial for high-energy
density supercapacitors, among which PsCs materials with large number of the redox
centers have been proven promising for achieving high-energy density supercapacitors.
Hence, in this thesis we will investigate and synthesize PsCs materials for approaching
high-performance supercapacitors. Among various TMO/Hs utilized in PsCs, Co304 and
Ni-Co binary hydroxide stand out owing to their unparalleled advantages. Our work thus
focuses on optimizing Co304 and Ni-Co binary hydroxide. Additionally, we also strive for

potential alternative electrode material.

The morphology and structure features, which directly determine the available surface
area, active sites, ions diffusion/permeation and electrons transportation, play an
important role in PsCs performance of active material. As the first strategy to improve
the performance of Cosz0s and Ni-Co binary hydroxide, our effort will focus on
synthesizing materials with desirable morphologies. Material with porous and
nanosheet configurations in general will provide large surface areas and therefore
provide efficient redox reactions. Fabrication of Co30s4 with porous hollow
spheres/nanoboxes has been explored, as well as fabrication of Ni-Co binary hydroxide

with nanosheets encapsulated with nanowires has been investigated.
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The high electrical conductivity and effective surface area supporting the redox reaction
will enhance the functionality of PsCs material for high-energy density supercapacitors.
As the second strategy, we develop the technology for loading PsCs material in a way to
realize the binder-free electrode which will reduce the electron transfer impedance and
avoid the block of surface for redox reaction. We have proposed a one-step synthesis,

by which Ni-Co binary hydroxide was grown on the active electrode directly.

To be specific, as mentioned earlier, fabricating hollow structure is an effective approach
to overcome the drawbacks in previous applications of Co304. Hence, metal-organic
frameworks (MOFs), in which zeolitic imidazolate framework (ZIF)-67 as self-sacrificial
template is most representative, was introduced. In general, fabrication of MOFs is
divided into three steps: synthesis of dodecahedral diamond ZIF-67, conversion to
hollow Co-layered double hydroxide (LDH), and preparation of hollow Co304. However,
if the approach are to move forward towards application, there are three significant
issues must be addressed. As the first, it is important to control Co3z04 crystallinities for
high-rate capability and SC performance. . In this thesis, by controlling the concentration
of C4sHeN2 we will are able to prepare different types of crystalline Co304. As a
consequence, outstanding rate performance (a 93.6% capacitance retention from 1 A/g
to 20 A/g) and excellent SC (1832.7 F/g at 1 A/g) were achieved, respectively. As the
second, it is difficult to systematically design the size of ZIF-67 at present, which fails to
further enhance the electrochemical performance. Aiming at solving this problem, the
formation mechanism of ZIF-67 was studied. A theory, which stepwise formation
process of ZIF-67 is divided into nucleation phase and growth stage, was proposed and
verified by the phenomenon that the average size of ZIF-67 increases with the decrease
of C4HeN2/Co(NOs3); ratio in initial precipitation reaction. The third critical issue is to
maintain the morphology during the conversion of precursor to Cosz0a. It was found that
the temperature plays an important role. Accordingly, different temperatures were set
in heat treatment so that the final achieved Co3z04 was able to effectively inherit the
morphology (negligible size contraction and few broken pieces). Briefly, this sectional
work was inspired by the first strategy. Namely, improve the supercapacitors

performance of Coz04 by synthesizing desirable morphology.
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Despite the progress made in Co304 study, achieving higher SC to satisfy the increasing
demands is still a pursuant goal. The aforementioned synergistic contributions in Ni-Co
binary hydroxide have the potential to reach this and thus sparked our interest. It is well-
known that the morphological evolution at various Ni/Co ratio, which is ascribed to the
competition of Ni and Co cations for hydroxide radicals, is inevitable. Considering that
the most electroactive sites generated by valence interchange or charge hopping
between cations generally is obtained at intermediate Ni/Co ratio, the morphology
providing a largest surface area should be obtained at the specific ratio. Meanwhile,
facing towards practical application, the topics of binder-free, high loading mass and
facile fabricated method are clearly three of considerable importance. Hence, there are
several challenges needed to be taken up. In traditional ways, besides Ni** and Co?*, only
single OH- source was involved in synthesis of Ni-Co binary hydroxide. In this work, a
novel one-step method was proposed, in which NH4F was introduced to tailor the
morphology. We are able to achieve a desirable morphology at the specific Ni/Co ratio,
demonstrating an ultrahigh SC. The work and results have formed a major part of
chapter 3. As the effort for investigation of potential alternative electrode material, the
supercapacitors behaviours of ZnWQO4 were also explored, the research results are

published in a conference, and presented in detail in 3.5 in the thesis.
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2 Experimental details

2.1 Chemicals

The main chemicals in this work were listed in Table 2-1.

Name Chemical formula Manufacturer

ethanol C,HsOH VWR Chemicals
methanol CHsOH MERCK

hydrochloric acid HCI VWR Chemicals

cobalt nitrate hexahydrate
2-methylimidazole
nickel nitrate hexahydrate
urea
ammonium fluoride
zinc nitrate hexahydrate
sodium tungstate dihydrate
acetylene black
PVDF
NMP
potassium hydroxide
potassium chloride

NF

Co(NO3),-6H,0
CsH6N;
Ni(NOs)2-6H20
CO(NH3)2
NH4F
Zn(NO3)2:6H,0
Na,WO0,4:2H,0
C
-(CaH2F2)n-
CsHsNO
KOH
KCl

Ni

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
MERCK
Sigma Aldrich
Sigma Aldrich
Alfa Aesar
Sigma Aldrich
Sigma Aldrich
MERCK
Sigma Aldrich

Vale
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2.2 Instruments and equipments

The main experimental instruments and equipments in this work were listed in Table 2-

2.

Name Model Company
electronic balance SI-234 Denver Instrument
electronic balance AE200 Mettler

ultrasonic bath FB15051 Fisher Scientific
magnetic stirrer with heater M21/1 Framo Geratetechnik
centrifuge MiniSpin plus Eppendorf AG
Teflon-lined stainless-steel autoclave HR HuoTong Experimental Instrument
furnace LHT 02/17 Nabertherm
tube furnace MSL MTI Corporation
SEM SU3500 Hitachi
SEM SU8230 Hitachi
EDX system - EDAX Ametek

X-ray diffractometer
X-ray diffractometer
X-ray photoelectron spectrometer

electrochemical workstation

EQUINOX 1000

DRIGC-Y 2000A

ESCALAB 250Xi

IM6

Thermo Fisher
Aolong Radiative Instrument
Thermo Fisher

Zahner

2.3 Material characterizations

The surface morphological characterization was conducted on scanning electron

microscope (SEM), in which a narrow beam of electrons scans the surface of sample and

the emitted secondary electrons produce the image [33,35]. Energy-dispersive X-ray

(EDX) system (usually equipped on SEM) was used to characterize the elemental

composition. Based on the intensity and distribution measurement of the sample's
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emitted X-rays, excited by interaction of incident X-rays and sample, the specific
element can be determined [33,35]. The principle of XRD is that when a monochromatic
beam of X-rays incidents to the sample, via analysis of intensity and location of X-ray
diffraction (obeying the Bragg's law) peaks in XRD patterns, the crystal structure can be
confirmed. In this thesis, Cu-Ka radiation (A = 1.5406 A) was employed in XRD. Further,
the crystallite size was calculated according to Scherrer equation [114,115]. X-ray
photoelectron spectroscopy (XPS) was performed to reveal the chemical status. The
typical XPS spectrum is plotted by the binding energy of detected photoelectrons
(excited by X-rays) as the horizontal and the intensity of detected photoelectrons as the

ordinate [64]. In this work, monochromatic Al Ka excitation was used in XPS.

2.4 Electrochemical measurements

Because of high porosity, surface area and conductivity, nickel foam (NF) was used as
the current collector. In electrode fabrication process, the synthesized material (Co3z04,
ZnWOys in this study), acetylene black (conductive agent), and polyvinylidene fluoride
(PVDF, binder) were thoroughly ground in n-methyl-2-pyrrolidone (NMP) solution
(dispersing agent), and the obtained slurry was pressed on NF. The systematical
electrochemical assessments were characterized on an electrochemical workstation
under three-electrode configuration at room temperature, in which the as-fabricated
electrode, Pt net/wire, and Ag/AgCl (3.5 M KCI) were served as working electrode (WE),
counter electrode (CE) and reference electrode (RE), respectively, and 2 M KOH solution
was employed as electrolyte. The schematic illustration of three-electrode configuration
was displayed in Figure 2-1. Of special interest is the synthesized Ni-Co binary hydroxide

grown on NF could be utilized as WE without electrode fabrication process.

CV is extensively used technique for electrochemical analysis. In CV assessment, the
given potential is conducted amid the WE and RE, where the potential of WE sweeps to
set value and backs to initial value (linear response vs. time, reflected by scan rate), and
the current is measured amid the WE and CE [64,116,117]. The current vs. the potential

of WE is plotted as CV curve. Based on CV curves at various scan rate, capacitive nature
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of the electroactive material can be determined and the SC is given by Equation (12)

[118]:

c = [inav

2mvAv

(12)

where C (F/g) is the specific capacitance; [ i(V) dV (V-A) is the integrated area of the CV
curve; m (g) is the mass of the active material; v (V/s) is the scan rate; AV (V) is the

potential window.

Reference
electroqe

Working | Counter
electrode electrode

Figure 2-1 Schematic illustration of three-electrode configuration.

Compared with CV measurement, the SC calculated from GCD test is closer to real
performance. In GCD assessment, a constant charge current is applied on WE until the
potential reaches to a set value, then a constant discharge current (equal magnitude of
charge current) is conducted on WE until the potential backs to original value
[64,116,117]. The potential of WE vs. time is plotted as GCD curve. The SCis defined by
Equation (13) [118]:

It
C=—0 (13)
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where C (F/g) is the specific capacitance; / (A) is the discharging current; m (g) is the mass

of the active material; AV (V) is the potential window.

The electrochemical impedance spectroscopy (EIS) measurement was conducted in this
study at open circuit potential with a perturbation of 5 mV. In generally, the obtained
Nyquist plot comprises a semicircle (high frequency range) and a straight line (low
frequency region). Specifically, the diameter of the semicircle corresponds to charge
transfer resistance (Rct) and the slop of line reflects the ion diffusion [52,119,120].
Moreover, the intrinsic resistances which are determined by the ion conductivity in
electrolyte and the electron conductivity of active material, and the contact resistances
generated at the both interfaces of the electrolyte/active material and the active
material/current collector, are summarized as Rs. The value of Rs is given by the

intersection of Nyquist plot and real axis [96,121,122].

The durability performance of the electrode, which is reflected by the capacitance
retention after long term cycles, is crucial in practical application. Repetitive GCD tests
were conducted on the fabricated electrode in this study. The coulombic efficiency is
calculated by Equation (14) [96]:

=4 (14)

where n (%) is the coulombic efficiency; t4 (s) is the discharging time; t. (s) is the charging

time.
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3 Summary of main research results

3.1 Overview

As mentioned above, Co304 and Ni-Co binary hydroxide have been proven promising
electrode materials. Previous contributions still remain a short barrel to fulfil the
requirements of high performance supercapacitors in terms of SC, rate and cycling.
Synthesizing desirable morphology and structure of the aforementioned materials and
developing binder-free electrode were proposed as two strategies to improve the
performances of Co3z0s and Ni-Co binary hydroxide as active materials for

supercapacitors electrodes.

Based on the first strategy, the following works were done: (1) hollow Co304 spheres
with porous and thin-wall nature were synthesized from ZIF-67 precursors; (2) the
formation mechanism of ZIF-67 was further investigated. Via initial precipitation
reaction, the sizes of precursors could be well controlled; (3) uniqgue morphology of
nanosheets encapsulated with nanowires was obtained in synthesis of Ni-Co binary
hydroxide. Benefited from desirable morphologies and structures, which provided large
specific surface areas, increased redox active sites, facile ions diffusion and electrons
transportation, the improved supercapacitors performances were achieved

successfully.

According to the second strategy, a one-step method was developed in preparation of
Ni-Co binary hydroxide. The active material in the unique morphology was grown on the
current collector directly without in virtues of binder, which led to a good electric

contact.

Besides, the supercapacitors behaviors of ZnWOQOs, a potential alternative electrode
material, were also explored. In this Chapter, the experiments, characterizations,
measurements and discussions were briefly illustrated below and the full-length papers

were enclosed at the end of the thesis.
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3.2 Porous thin-wall Co304 spheres for supercapacitors

3.2.1 Sample preparation

A facile method consisting of precipitation, solvothermal and annealing reactions was

employed, as described below:

(1) 0.437 g Co(NO3),:6H,0 was dissolved in 20 mL methanol. 0.616 g CsHsN2 was
dissolved in 20 mL methanol,;

(2) The C4HsN2 methanol solution was added to Co(NOs), methanol solution dropwise.
The precipitates were obtained after ultrasonic bath of the mixed solution for 20
min;

(3) 0.175 g Co(NO)3-6H,0 was added to precipitate (0.02 g) methanol (15 mL) solution.
The mixture was transferred to a Teflon-lined stainless-steel autoclave and heated
at 120 °C for 1 h;

(4) The final samples were obtained through annealing reaction at 400 °C for 2 h.

3.2.2 Material characterizations

The XRD patterns of the sample were shown in Figure 3-1a. The highlighted sharp peak
located at 36.9°, and the rest seven diffraction peaks located at 19°, 31.3°, 38.6°, 44.9°,
55.8°, 59.5° and 65.4°, are consistent with the Co304 [123]. In EDX spectrum seen in
Figure 3-1b, the peaks correspond to Co and O. No other elements are pointed out,
verifying the high purity of the sample. The high resolution XPS spectra of Co 2p and O
1s were depicted in Figure 3-1c and Figure 3-1d, respectively. For Co 2p, the peaks at
binding energies of 779.4 and 794.4 eV stand for Co®* and the peaks at 780.4 and 795.7
eV identify Co?* [120]. For O 1s, three peaks at 529.9, 530.9 and 532 eV can be ascribed
to oxygen, hydroxyl groups and absorbed water, respectively [96,124]. The SEM images
under high magnification of the precursors and the Co304 were exhibited in Figure 3-1e
and Figure 3-1f, respectively. The heat treatment at high temperature conducted on the
precursors barely damage the architecture and the Co3z04 shows uniform spherical

structure (diameter of 500 to 600 nm) with highly porous characteristic. Moreover, from
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a broken piece, the hollow nature and thin-wall feature of the Co3z04 spheres can be

confirmed.
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Figure 3-1 (a) XRD patterns and (b) EDX spectrum of Co304, XPS spectra of Co304: (c) Co 2p and (d) O 1s, SEM images
of (e) precursors and (f) Cos04.
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3.2.3 Supercapacitors behaviors

The CV curves of as-prepared Cos04 electrode were achieved at scan rates from 5 to 100
mV/s, as plotted in Figure 3-2a. The potential window was set as 0 to 0.55 V. All highly
symmetrical curves exhibit two pairs of redox peaks, completely differing from
rectangular shape, which corresponds to two faradic redox processes illustrated by
Equation (7) and (8). The increase of scan rates arises the shift of peak position, anodic
peak to higher potential while cathodic peak to lower potential, further indicating the
pseudocapacitive characteristics of the synthesized Co3z04[94,125]. It is noteworthy that
the change of scan rate remarkably affects the current response and fails to cause
obvious distortion of CV curves. The desirable phenomena reveal rapid response and
excellent reversible process, and imply a good rate capability [126]. The SCs based on
CV curves were presented in Figure 3-2b. Intuitively, the boost of scan rates gives rise to
attenuation of capacitance values, since limited diffusion of OH" ions at high scan rate
or current density lead to relatively insufficient active material in redox reaction [127].
The high SC of 948.9 F/g is produced at scan rate of 5 mV/s and only decays to 900.6 F/g
at 100 mV/s.

Figure 3-2c shows the discharge curves tested at current densities from 1 to 20 A/g.
Unlike straight line for EDLCs, two plateaus, which were generated by redox reactions
expressed by aforementioned Equation (7) and (8), exist in all curves. Particularly, even
at high current density of 20 A/g, the plateaus still can be observed, also suggesting the
good rate performance. With the increase of current densities from 1 A/g to 20 A/g, the
initial SC of 988 F/g fades to 925 F/g, representing a 93.6% capacitance retention, as
displayed in Figure 3-2d. The EIS study was performed in frequency range of 100 mHz to
100 kHz (Figure 3-2e). The Co304 electrode delivers a low Rs of 0.52 Q. In high frequency
region, the plot displays a semicircle with small diameter (inset of Figure 3-2e),
equivalent to a low Re, while in low frequency range, the plot shows a straight line close
to imaginary axis, demonstrating a valid electrolyte diffusion. High capacitance
retention of 96.6% and coulombic efficiency over 95% can be achieved even after 6000

cycles (GCD process at 20 A/g), as shown in Figure 3-2f.
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Figure 3-2 (a) CV curves and (b) corresponding SCs, (c) discharge curves and (d) corresponding SCs, (e) EIS plot and
(f) cycling performance of Co30, electrode.

3.2.4 Discussion

Table 3-1 lists this work and other representative previous literatures. The Co304
electrode in this study satisfies the need of high SC, at both low and high current
densities. The impressive electrochemical behaviors can be attributed to the following
merits of as-synthesized Co304: (1) the spherical morphology was well maintained in
conversion of precursor to Cos0s4 (few broken pieces); (2) the thin-wall shell is

constructed by numerous nanoparticles, therefore offering increased active sites and
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ensuring facile ion permeation and electron transportation; (3) the hollow nature
provides a large available surface and inner area, and more importantly, can act as “ions
reservoir”’. The accommodated OH" guarantee a relatively effective ion diffusion at high
scan rate and current density. Besides, the long-term cycling stability (96.6% capacitance

retention after 6000 cycles) is also competitive.

Materis N eumrent density®  [cument density® "

hollow Co304 spheres 342.1/0.5 69/10 [125]
hollow Co304 flowers 210/0.5 86/10 [125]
hollow Cos04 dodecahedron 1100/1.25 40/12.5 [128]
hollow Co3z04 nanowires 599/2 73/40 [97]
hollow Co304 boxes 278/0.5 63/5 [129]
Co304 spheres 261.1/0.5 42/5 [130]

Co304 nanorwires 977/2 49.5/10 [90]
Co304 nanoflakes 450/1 81/ 20 [131]
Cos04nanobooks 590/0.5 71.4/8 [132]
carbon incorporated Co304 978.9/0.5 31/15 [133]
Mn doped Co304 668.4/1 62/10 [120]

Au decorated Co304 681/0.5 58/10 [134]
Co304/NiO 1236.7/1 67.7/20 [135]
Co0/Co304 451/1 68.3/20 [136]

hollow Co304 spheres 988/1 93.6/20 Ours

@ unit: F/g; ? unit: A/g; cunit: %
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3.3 Tunable synthesis of hollow Co304 nanoboxes

3.3.1 Sample preparation

Precipitation, solvothermal and annealing reactions were involved in the process:

(1) The C4HsN2 methanol solution under different molarities of 0.273, 0.102 or 0.068 M
was added to 0.04 M Co(NOs), methanol solution. The mixed solution was kept static
for 24 h. For convenient clarification, the precipitates were labelled as ZIF-67-1, ZIF-
67-2 and ZIF-67-3, respectively;

(2) 0.05 g ZIF-67 (-1, -2, -3) was dispersed in 0.01 M Co(NOs)2 methanol solution. After
vigorous stirring for 10 min, the mixture was transferred to a Teflon-lined stainless-
steel autoclave and kept at 120 °C for 1 h. The precipitates were denoted as Co-LDH-
1, Co-LDH-2 and Co-LDH-3, respectively;

(3) The Co-LDH (-1, -2, -3) was calcinated at 500 °C for 2 h, converting to Co304 (-1, -2, -
3).

3.3.2 Material characterizations

Figure 3-3 displays the XRD patterns of the final products. The identified diffraction
peaks indexed to (220), (311), (400), (511) and (440) planes at corresponding 26 values,
are in good agreement with the Co304 [126]. The crystallite sizes of Co304-1, C0304-2
and Co30s-3 were determined to be 23.6, 20 and 24.3 nm on the basis of Scherrer

equation.

Figure 3-4a-c displays the SEM images of ZIF-67 (-1,-2,-3) synthesized from precipitation
reaction. The average of ZIF-67-1, ZIF-67-2, and ZIF-67-3 are around 0.39, 1.98, and 3.28
pum. Clearly, the low concentration of C4HsN; contributed to large size of ZIF-67. Next,
the solvothermal reaction resulted in conversion of ZIF-67 to Co-LDH, accompanying
with a significant morphological evolution (vertical growing of nanosheets on the
surface of ZIF-67), and the hollow structure appeared, which was caused by the
dissolution of inner Co (Figure 3-4d-f). After heat treatment of Co-LDH, the hollow Co304

nanoboxes with different sizes were obtained, as observed from Figure 3-4g-i.
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Figure 3-3 XRD patterns of Co304 (-1,-2,-3).

Figure 3-4 SEM images of (a) ZIF-67-1, (b) ZIF-67-2, (c) ZIF-67-3, (d) Co-LDH-1, (e) Co-LDH-2, (f) Co-LDH-3, (g) Co30;-
1, (h) CO304-2, and (I) Co30;-3.
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3.3.3 Supercapacitors behaviors

The CV and GCD measurements were characterized in a potential window of 0-0.65 V.
Figure 3-5a and Figure 3-5b present the CV curves at scan rate of 5 mV/s and discharge
curves at current density of 1 A/g of Cos04 (-1,-2,-3) electrodes, respectively. Pairs of
peaks in CV curves together with evident plateaus in discharge curves jointly suggest the
pseudocapacitive behaviours of as-fabricated Co304 (-1,-2,-3). In addition, in comparison
of three electrodes, the Co3z04-2 electrode offers largest curvilinear integrated area (CV
assessment) and longest discharge time (GCD assessment). Based on Equation (12) and
(13), it is can be concluded that the Co304-2 electrode is able to deliver highest SC. The
CV curves at scan rates ranging from 5-100 mV/s and discharge curves at current
densities ranging from 1-20 A/g of the Co030s-2 electrode further confirms the

pseudocapacitive features, as recorded in Figure 3-5c and Figure 3-5d.
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Figure 3-5 (a) CV curves at 5 mV/s and (b) discharge curves at 1 A/g of Co304 (-1,-2,-3) electrodes, (c) CV curves at
different scan rates and (d) discharge curves at different current densities of Co304-2 electrode.
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Figure 3-6 (a) SCs based on GCD tests, (b) Nyquist plots and (c) enlarged view of high frequency region of Co30; (-
1,-2,-3) electrodes, (d) equivalent circuit, and (e) cycling performance of Co304-2 electrode.

The SCs as a function of current densities for Co304 (-1,-2,-3) electrodes were exhibited
in Figure 3-6a. Benefit from hollow structure of as-synthesized Co30s, the inevitable
fading tendency of SCs accompanied with increase of current densities is not drastic.
The fabricated Cos04-2 electrode shows the high SCs of 1832.7 and 1324.5 F/g at 1 and
20 A/g, respectively, which means 72.3% of its original capacitance is maintained. The
Nyquist plots of Co3z0a4 (-1,-2,-3) electrodes characterized in frequency range of 100 mHz
to 100 kHz were recorded in Figure 3-6b. The R values for each Cos304 electrode are
approximately equal due to Rs accounts for intrinsic and interface resistances. In
contrast, as seen in Figure 3-6¢ (enlarged view of high frequency region), the Co304-2
possesses smaller Ret and larger slop than that of Co304-1 and Co304-3, which well
coincides with its remarkable performances in CV and GCD evaluations. The equivalent
circuit consisting Rs, Ret, Ca, Warburg element (W) and Cps was illustrated in Figure 3-6d.

The durability investigation (repetitive GCD tests at 20 A/g for 5000 cycles) conducted
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on the Co304-2 electrode demonstrates excellent capacitance retention of 85.9% and

coulombic efficiency over 95%, as exhibited in Figure 3-6e.

3.3.4 Discussion

Materia J ow current density® | vigh cament donsity® R
hollow Cos04 3D-nanonet 739/1 533/15 [96]
hollow Co304 spheres 474.8/1 377.4/10 [127]
hollow Co304 corals 527/1 412/10 [139]
hollow Co3z04 nanotubes 1006/1 512/10 [93]
hollow Co304 cages 948.9/1 536.8/40 [94]
Co304 spheres 837.7/1 783.7/10 [140]
Co304 nanosheets 1121/1 873/25 [141]
Co304 nanoplates 355.6/0.4 230/4 [142]
Co304 nanofibers 340/1 296/10 [143]
Mn doped Co304 773/1 485/16 [144]
C0304/CoMo0, 1902/1 1200/10 [145]
Co304/Ni(OH), 1306.3/1.2 600/12.1 [146]
graphene/Co304 1765/1 1266/20 [147]
NiO/C0304/MnO; 1055.3/0.2 727.4/4 [148]
hollow Co3z04 nanoboxes 1832.7/1 1324.5/20 Ours

? unit: F/g; P unit: A/g

In this study, the sizes of the hollow Co304 nanoboxes can be controlled by tailoring the
concentration of C4HsN> thanks to the formation mechanism of ZIF-67 divided into two
phases: nucleation and growth. Specifically, in nucleation stage, the high concentration
of C4HeN2 corresponds to the fast nucleation rate, as a consequence giving rise to the

small unit cell. In growth stage, particles grew around the cell and the ZIF-67 was formed
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[137,138]. For Co0304-2 and Co30s-3, structures were well inherited in subsequent
solvothermal reaction and calcination process, while For Co304-1, mass structures
collapsed, significantly affecting the electrochemical performances. Compared with
Co304-3, the Co304-2 delivers relatively small size and thin shell, contributing to better
supercapacitors behavoirs. Beyond expectation, the SC of Co304-2 electrode at 20 A/g,
going up to 1324.5 F/g, is higher than that of some Co304 electrodes in previous

literatures at 1 A/g, as illustrated in Table3-2.

3.4 Morphology-controlled synthesis of Ni-Co binary hydroxide

3.4.1 Sample preparation

Ni-Co binary hydroxide was grown on nickel foam through a one-step process, as

illustrated below:

(1) NF as a substrate was sequentially pretreated with 6 M HCl, deionized water and
ethanol;

(2) 5mmol mixture of Ni(NOs)2:6H20 and Co(NOs),-6H,0 under concentration ratios of
9:1, 7:3, 5:5, 3:7 and 1:9, 2 mmol NH4F, 6 mmol CO(NH>); were dissolved in 50 mL
deionized water;

(3) The precursor solution and NF were transferred to a Teflon-lined stainless-steel
autoclave and kept at 120 °C for 8 h. For convenience, the final products were named

as Ni1-xCox(OH)2 (x=0.1, 0.3, 0.5, 0.7 and 0.9).

3.4.2 Material characterizations

The SEM image of bare NF (Figure 3-7a) reveals the NF possesses a highly porous 3D
network. As observed from Figure 3-7b-f, the binary material displays a distinct
morphological evolution. Specifically, when Ni is dominant (Figure 3-7b), the composite
exhibits flower-like structures. At Ni/Co ratio of 7:3 (Figure 3-7c), the flower-like
structures were replaced by nanosheet structures. Next, an integrated geometry
(nanosheets encapsulated with nanowires) was obtained at intermediate ratio (Figure

3-7d). The morphology evolved to nanowire at Ni/Co ratio of 3:7 (Figure 3-7e) and partial
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nanowires aggregated at greater Co content (Figure 3-7f). The morphological change is

attributed to the competition of Ni?* and Co?* for OH- in synthesis process [149].

Figure 3-7 SEM images of samples at Ni/Co ratios of (a) bare NF, (b) 9:1, () 7:3, (d) 5:5, () 3:7, and (f) 1:9.

The XRD patterns of all samples were depicted in Figure 3-8, where the diffraction peaks
can be indexed to the Ni(OH); (JCPDS No.14-0117) and the Co(OH); (JCPDS No. 30-0443).
At greater Co to Ni ratio, partial peaks became weaker or dim because of the low
crystallinity of Nip.3Coo.7(OH)2 and Nip.1Co0.9(OH)2 [150]. The XPS was conducted on
Nio.sCoo.5(OH),. Briefly, in typical survey spectrum (Figure 3-9a), C (due to air exposure),
Ni, Co and O were observed. Further, the peaks of Ni 2ps3/; and Ni 2p1/2 at 855.6 and
873.5 eV with energy gap of 17.9 eV (Figure 3-9b), the peaks of Co 2ps3/2 and Co 2p1/; at
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781.4 and 796.9 eV with energy gap of 15.5 eV (Figure 3-9c¢), the peak at 531.1 eV (Figure

3-9d) identify Ni%*, Co?* and OH-, respectively [4,151-153].
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Figure 3-8 XRD patterns of Ni;.xCox(OH),.
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Figure 3-9 XPS spectra of Nig.5C00.5(OH)2: (a) survey spectrum, (b) Ni 2p, (c) Co 2p, and (d) O 1s.
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3.4.3 Supercapacitors behaviors
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Figure 3-10 (a) CV curves at 2 mV/s and (b) GCD curves at 1 A/g of Ni;.Cox(OH); electrodes, (c) CV curves at different
scan rates and (d) GCD curves at different current densities of Nip.5C00.5(OH), electrode.

In systematical electrochemical tests, thanks to binder-free feature, the fabricated
electrode (Ni1-xCox(OH)2 on NF) can be employed as WE directly. The CV curves of five
electrodes at scan rate of 2 mV/s were exhibited in Figure 3-10a. The pairs of peaks
standing for three reversible faradaic redox reactions (Ni%*/Ni3*, Co?*/Co3* and
Co3*/Co*) identify the pseudocapacitive characteristics of the NiixCox(OH)a.
Additionally, since SC is proportional to the integrated area at a defined scan rate, it can
be concluded that the NigsCoos(OH), electrode reaches the largest SC, which is
consistent with the GCD measurements at 1 A/g seen in Figure 3-10b. Particularly, owing
to lower transition potential of Co [149,154], the boost in Co content generated a shift
of anodic peaks to lower potential. Further, the CV tests at various scan rates and GCD

measurements at different current densities were performed on the Nio5Coo.s(OH)2
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electrode, as displayed in Figure 3-10c and Figure 3-10d. The CV curves show a negligible

distortion from low to high scan rate, which demonstrates an excellent rate capability.
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Figure 3-11 (a) SCs based on GCD tests of Ni;.xCox(OH), electrodes, (b) Nyquist plots and (c) enlarged view of high
frequency region of Nig7C00.3(OH)2, Nip.sC005(0OH), and Nig 3Co0.7(OH), electrodes, (d) equivalent circuit, and (e)
cycling performance of Nig.sC0.5(OH); electrode.

The SCs of Ni1-xCox(OH), electrode calculated according to GCD results were plotted in
Figure 3-11a. The aggregation of materials observed from SEM images of Figure 3-7b
and Figure 3-7f led to the poor SC performances of Nip.9Coo.1(OH)2 and Nio.1Co0.9(OH)2.
The highest SCs at corresponding current densities were reached at intermediate ratio
of Ni and Co, which coincides with previous reports [155,156]. The Nio5Co05(0OH)2
electrode exhibits SC of 2807 F/g at 1 A/g and capacitance loss of 20.8% at 20 A/g. It is
worth noting that the Nig3Coo0.7(OH). electrode delivers a better rate performance (2624
F/g at 1 A/g and capacitance loss of 18% at 20 A/g) thanks to its one-dimensional (1D)
morphology [149,157]. Figure 3-11b shows the typical Nyquist plots over frequency
range of 100 mHz to 100 kHz of Nip7C003(OH)2, NiosCoos(OH), and Nip3Coo.7(OH)2

electrodes. Figure 3-11c is the enlarge view of high frequency region and Figure 3-11d
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is the equivalent circuit. Among three electrodes, the Nip3C00.7(OH); electrode possesses
the smallest Rt and the largest slop, corresponding to its outstanding rate capability,
while the NipsCoo.5(OH); electrode delivers the smallest R, together with its feasible
synergistic contribution, determining its highest SC. The repetitive GCD tests at 20 A/g
were operated on Nio5Coo.5(OH). electrode to assess the stability. As shown in Figure 3-
11e, even after 2000 cycles, the capacitance loss is only 19.8% and the coulombic

efficiency still exceeds 90%.

3.4.4 Discussion

In summary, the superior SC performance of NipsCoo.5(OH); electrode can be attributed
to the following advantages: (1) in the proposed one-step synthesis, no binder was
involved. In other words, the NipsCoo.5(OH)2 was grown on NF directly, which contributes
to a good electric contact; (2) straightforwardly, the uniqgue morphology (nanosheets
encapsulated with nanowires) provides a large surface area as well as increased
electroactive sites; (3) owing to introduction of Co, the oxidation peak deviates from the
voltage window limit, avoiding possible solvent oxidation; (4) because of the mixed
uniformity of Niand Co in as-prepared Nio.5Coo.5(0OH),, the redox peaks show overlapping
characteristic, thereby broadening the redox feature; (5) the most active sites led by
valence interchange or charge hopping possibly is obtained at Ni/Co ratio of 5:5 [158].
Impressively, the SC in this study is even beyond some hybrid materials [159-161].
Except for remarkable SC, the excellent rate and cycling performances, comparable
loading mass (1.5 mg/cm?) and facile method (one-step hydrothermal route) further

manifest the bright commercial prospect of the fabricated electrode.

3.5 Flower-like ZnWO, for supercapacitors

3.5.1 Sample preparation

A hydrothermal route was employed to synthesize ZnWQ4, as described below:

(1) A solution containing Immol Zn(NQO3z)2:6H20, 1 mmol Na;WO04:2H,0, 8 mmol NH4F

and 50 mL deionized water was prepared;
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(2) The resulting solution was transferred to a Teflon-lined stainless-steel autoclave and
kept at 120 °C for 8 h;

(3) The obtained precipitates were dried and heat treated at 600 °C for 6 h.

3.5.2 Material characterizations and supercapacitors behaviors
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Figure 3-12 (a) SEM image, (b) XRD patterns, XPS spectra: (c) Zn 2p, (d) W 4f and (e) O 1s, (f) discharge curves and
(g) corresponding SCs of flower-like ZnWO,.
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As observed from Figure 3-12a, the synthesized material presents a flower-like structure
constructed by intersected uniform nanoflakes. Figure 3-12b shows the XRD patterns of
the sample. The diffraction peaks are well matched to the ZnWOQOs4. Moreover, the
highlight sharp peak at (111) plane identifies high crystalline of the sample [162]. The
core-level XPS spectra of Zn 2p, W 4f and O 1s were plotted in Figure 3-12c, Figure 3-
12d and Figure 3-12e, respectively. For Zn 2p, the peaks locate at 1021.2 and 1044.1 eV,
for W 4f, the peaks appear at 34.9 and 37.1 eV; for O 1s, the two peaks at 529.9 and
530.4 eV can be attributed to oxygen and hydroxyl groups [119,163,164]. To sum up, all
peaks at corresponding binding energies further indicate the successful synthesis of
ZnWO0O4. The discharge curves at various current densities and calculated SCs of the
ZnWO; electrode were exhibited in Figure 3-12f and Figure 3-12g, respectively. The
ZnWO; electrode displays a SC of 152.8 F/g at 0.5 A/g.
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4 Conclusion and future work

This thesis focus on overcoming the defects of Co304, Ni(OH)2 and Co(OH); utilized in
PsCs in previous progress. To address the issue that Co30a suffers from low rate
capability, hollow Co304spheres were synthesized. The electrochemical measurements
reveal that the Cos04 electrode displays a high SC of 988 F/g and of particular
importance is that only 6.4% of the initial value decays at 20 A/g, equivalent to an
excellent rate performance, which can be attributed to hollow nature, highly porous
morphology, thin-wall feature and so forth. Further, two phases named as nucleation
and growth in formation of ZIF-67 were thoroughly investigated. In synthesis of hollow
Co304 nanoboxes, the size adjustment was achieved through tuning concentration of 2-
methylimidazole in initial precipitation reaction. The facile route provides a new
viewpoint for optimization of hollow Co304. The optimized electrode delivers high SCs
going up to 1832.7 and 1324.5 F/g at 1 and 20 A/g respectively. Aiming at the drawback
that the Ni-Co binary hydroxide fails to exhibit satisfied overall supercapacitors
performances, a novel approach was proposed, by which the Ni-Co binary hydroxide
could grow on NF directly (binder-free) and the morphology evolving from nanosheet to
nanowire was controllable. The electrode at Ni/Co ratio of 5:5 exhibits high SCs of 2807
and 2222 F/g at 1 and 20 A/g and retains 80.2% of its original capacitance after 2000
cycles. Besides, the simple one-step method is also significant for commercial
application. Last, the supercapacitors behaviors of flower-like ZnWQ4, a potential

alternative electrode material in the future, were studied.

Straightforwardly compared the spheres, nanoboxes, nanosheets encapsulated with
nanowires and nanoflowers , it can be seen that they simultaneously exhibit common
merits such as stable architecture, large accessible surface area, increased electroactive
sites and so forth. Especially, Nio.sCoo.5(OH); electrode stands out among them. It can be
attributed to following unparalleled advantages like the overwhelming SC, the largest
loading mass and particularly the facile one-step synthesis, which manifests the great
potential of the obtained electrode for mass production and commercial application in

the future.
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In future study, the following aspects are worth noting: (1) prepare full packaged
prototype devices to further illuminate the supercapacitors behaviors of the fabricated
electrodes; (2) try to adopt the obtained materials to wide applications such as catalysts
and sensors; (3) particularly, the pseudocapacitive mechanism still remains

controversial up to now. The in-situ study of the mechanism is necessary.
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Abstract: In this study, a zeolitic imidazolate framework-67 (ZIF-67) was prepared as a precursor
using a facile hydrothermal method. After a calcination reaction in the air, the as-prepared
precursor was converted to porous thin-wall hollow Co304 with its original frame structure
almost preserved. The physical and chemical characterizations of the nanomaterial were analyzed
systemically. The electrochemical tests indicate that the obtained Co30, possesses large specific
capacitances of 988 and 925 F/g at 1 and 20 A/g accompanying an outstanding rate capability (a 93.6%
capacitance retention) and retains 96.6% of the specific capacitance, even after 6000 continuous
charge/discharge cycles. These excellent properties mark the Co304 a promising electrode material
for high performance supercapacitors.

Keywords: Co3zO4; hollow structure; rate capability; supercapacitors

1. Introduction

Rapid technological development and accelerated natural resource consumption have largely
increased the demand for efficient, environmentally-friendly, cost-effective, and safe energy storage
devices [1-4]. In the last decade, supercapacitors—the new devices between conventional physical
capacitors and lithium-ion batteries—have been extensively recognized as one of the most promising
candidates for energy storage devices due to their high power density, long cycling lifespan, and fast
charge/discharge process [5-11]. In general, supercapacitors can be divided into two categories
according to their energy storage mechanism: One is the electric double-layer capacitor (EDLCs), which
is mainly made of carbonaceous materials [12-16]; the other is the faradic redox reaction pseudocapacitor
(PsCs), which usually utilizes transition metal oxides/hydroxides as electrode materials [17-21].
In particular, pseudocapacitors deliver much higher specific capacitance in comparison with electric
double-layer capacitors, and receive considerable interest today [22,23].

Among various transition metal compounds, Co3O4 occupies a crucial position due to its superior
theoretical specific capacitance (3560 F/g), nontoxicity, and low cost [24-26]. Meanwhile, the hollow
structure stands out because of its novel interior geometry and surface functionality; this can possibly
provide a large surface area and extra active sites, thus dramatically boosting the electrochemical
properties [27,28]. To date, a great deal of efforts have been devoted to synthesizing Co3O4 with hollow
morphologies such as hollow spheres [28], hollow nanocubes [29], and hollow cages [30]. Despite the
great progress that has been made, the specific capacitance is still significantly below the theoretical
value, especially at high current densities. Therefore, it is still a challenge to fully take advantage of this
powerful hollow nanoscaled Co3O;4 to achieve a large specific capacitance and a good rate capability.
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In this work, we successfully prepared porous thin-wall hollow CozO; spheres from a zeolitic
imidazolate framework-67 (ZIF-67) precursor through a simple and fast reaction. This nanostructure
offers a large accessible surface area with numerous pathways. As a consequence, it exhibits a
large specific capacitance of 988 F/g at 1 A/g with satisfactory cycling stability (96.6% retention after
6000 cycles). In particular, the specific capacitance of 925 F/g at even 20 A/g (slight decay of less
than 7%) is extremely competitive among Co3O4-based electrode materials reported in literature.
The pseudocapacitive performance manifests the great potential of the porous thin-wall hollow Co304
spheres as electrode materials for applications in supercapacitors.

2. Materials and Methods

2.1. Sample Preparation

All reagents were of analytical grade and were used as received without any further purification.
First, 0.437 g of Co(NO3),-6H,0 and 0.616 g of 2-methyl imidazole were briefly dissolved in respective
20 mL methanol solutions. Then, the latter solution was added dropwise into the prior one under
vigorous stirring. After an ultrasonic bath for 20 min, the precipitates were collected by centrifugation
and washed with methanol. Partial precipitates (0.02 g) were dispersed in a 15 mL methanol solution
again. Subsequently, 0.175 g of Co(NO3),-6H,O was added into the separated solution. The resulting
mixture was transferred to a Teflon-lined stainless-steel autoclave and heated at 120 °C for 1 h.
The separated products were washed with methanol and dried at 60 °C. Finally, the porous thin-wall
hollow Co304 spheres were obtained via heat treatment at 400 °C for 2 h.

2.2. Material Characterizations

The crystal structure of as-obtained Co30, was recorded by X-ray powder diffraction (XRD,
EQUINOX 1000) with Cu-Ko; radiation (A = 1.5406 A). Scanning electron microscopy (SEM, Hitachi
SU8230) with energy-dispersive X-ray (EDX) spectrum was performed for characterizations of
morphology and element composition. X-ray photoelectron spectroscopy (XPS) was collected on an
ESCALAB 250Xi.

2.3. Electrochemical Measurements

The Co304, acetylene black, and polyvinylidene fluoride (PVDF) with a weight ratio of 80:15:5
were dispersed in n-methyl-2-pyrrolidone (NMP) solution and ground continuously for 10 min in a
mortar to form a slurry. The working electrode was prepared by pressing the slurry on nickel foam (NF).
The electrochemical measurements were carried out at room temperature in a typical three-electrode
system (2M KOH as the electrolyte), in which a Pt net and Ag/AgCl were used as a counter electrode
and a reference electrode, respectively. A cyclic voltammogram (CV) was conducted at various scan
rates and galvanostatic charge/discharge (GCD) was tested at different current densities. The specific
capacitance (C, F/g) based on CV is defined as:

[i(v)av
Py @
2muAV
and the specific capacitance based on GCD is given by:
It
- 2
C=—3V @

where f i(V)dV (V-A) is the integrated area of the CV curve, and m (g), v (V/s), AV (V), I (A/g), and ¢
(s) are the mass of active material, scan rate, potential window, discharge current, and discharge
time [31,32]. The electrochemical impedance spectrum (EIS) was determined over a frequency range
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from 100 mHz to 100 kHz with an AC perturbation of 5 mV at open circuit potential. The cycling
performance was evaluated through repetitive GCD tests.

3. Results and Discussion

The morphology of as-prepared CozO4 was investigated by SEM. Figure 1 presents SEM images
of the precursor (Figure 1a,b) and the calcined Co304 (Figure 1c,d). Surprisingly, the Co30; effectively
inherited the morphology of the precursor (negligible size contraction and few broken pieces) and
exhibits uniform spherical structures. Furthermore, the magnified image (Figure 1d) shows that the
spheres tend to interconnect with one another and clearly confirms the hollow nature, as well as the thin
shell thickness of the Co30, from the view of a broken piece. The diameter of the spheres lies between
500 and 600 nm. In addition, the shell is assembled from numerous nanoparticles, constructing a highly
porous architecture. This structure results in more active sites on the surface and easier transportation
of ions, leading to better electrochemical performance.

= 1 pm g =100 nim

Figure 1. SEM images of (a) low- and (b) high-magnification of the precursor; (c) low- and
(d) high-magnification of the calcined Co30y.

The XRD patterns seen in Figure 2a, where the eight identified diffraction peaks located at 19°,
31.3, 36.9, 38.6, 44.9, 55.8, 59.5, and 65.4° are indexed to the (111), (220), (311), (222), (400), (422),
(511), and (440) planes respectively, are perfectly consistent with the cubic phase of Co30, (JCPDS
card No. 65-3103) [33]. The element compositions were confirmed by EDX, as depicted in Figure 2b.
The peaks correspond to the elements Co and O, respectively. No other impurity element was observed.
Both XRD and EDX characterizations reveal the high purity of the product.

The XPS was used to analyze the surface component and valence state of the as-obtained Co3Oj.
In the Co 2p core-level XPS spectrum seen in Figure 3a, the Co 2p was deconvoluted into two doublets.
The peaks at 779.4 and 794.4 eV are related to Co", and the peaks at 780.4 and 795.7 eV are assigned
to Co?* [34]. In the high-resolution XPS spectrum of O 1s seen in Figure 3b, the O 1s can be fit into
three different peaks at binding energies of 529.9, 530,9, and 532 eV, which are referenced to the lattice
oxygen, the OH™ species absorbed onto surface, and the multiplicity of physical and chemical absorbed
water near surface, respectively [35]. This analysis of XPS further verifies the successful synthesis of
the Co30y4.
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Figure 2. (a) XRD patterns and (b) energy-dispersive X-ray (EDX) spectrum of the obtained CozOy.

Co2p (b) O1s

Intensity (a.u.)
Intensity (a.u.)

770 780 790 800 810 524 526 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV)

Figure 3. High-resolution X-ray photoelectron spectroscopy (XPS) scan of as-obtained Co3O4: (a) Co
2p region; (b) O 1s region.

The electrochemical performance of as-formed Co304 as an electrode material for supercapacitors
was evaluated systematically. Figure 4a shows CV curves of the Co3O;, at various scan rates within
a potential window of 0-0.55 V. As expected, the CV curve shape is totally different from those of
electric double-layer capacitors (which have an almost rectangular shape), which reveals that the
capacitance characteristics of the Co3Oy4 are those of typical pseudocapacitive capacitance. Additionally,
two distinct pairs of redox peaks are visible in the CV curves. The first redox couple is ascribed to the
faradic redox reaction of Co%*/Co3*, expressed as Equation (3) [29,30,36]:

Co304 + OH™ + H,O < 3CoOOH + €7, 3)
and the second redox couple corresponds to the conversion of Co>*/Co**, expressed as Equation (4) [29,30,36]:
CoOOH + OH™ < CoO;, + HyO + €. 4)

When the scan rate increases from 5 to 100 mV/s, the peak current increases enormously.
Furthermore, the anodic and cathodic peaks shift to higher and to lower potentials, suggesting classical
pseudocapacitive behavior. The CV curve of the CozO4 at 100 mV/s retains a redox shape similar to
the original shape at 5 mV/s. It implies that the Co304 possesses an excellent rate capability, which is
further confirmed by the calculated specific capacitances.
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Figure 4. (a) Cyclic voltammogram (CV) curves and (b) specific capacitances of the CozOj electrode at
various scan rates.

On the basis of Equation (1), the specific capacitances were determined to be 948.9, 931.8, 920.2,
912.4, and 900.6 F/g at scan rates of 5, 10, 20, 50, and 100 mV/s respectively, as shown in Figure 4b.
The prominent specific capacitances most probably benefit from the porous hollow sphere nanostructure.
The decrease in specific capacitances with an increasing scan rate can be understood in terms of the
circuitous diffusion of OH™ ions into the Co3z04. At a low scan rate, both the inner and outer surface
of the material can be utilized for charge storage. At a high scan rate, the diffusion of OH™ ions is
more likely happen on the outer surface and only a small fraction of OH™ ions can penetrate into the
inner surface [37]. Nevertheless, the inevitable decrease of specific capacitances is not drastic, which
demonstrates an excellent rate capability (maintaining almost 95% capacitance from 5 to 100 mV/s).
This phenomenon illustrates that the CozOy is able to act as a “reservoir” of ions [38,39] to accommodate
OH™. The reservoir can guarantee the efficient proceeding of the faradic reactions at high scan rates
(or high current densities) and in turn relieves the fading of the specific capacitances. Further evidence
is provided by GCD measurement.

The discharge curves of the Co3O4 measured at different current densities in a voltage window of
0-0.55 V are presented in Figure 5a. In comparison with the discharge curves of electric double-layer
capacitors (which are almost a straight line), two evident plateaus are well displayed. These coincide
with the sequential redox reactions described by Equations (3) and (4), indicating the pseudocapacitive
property of the CozO4. According to Equation (2), specific capacitances of 988, 960, 947.9, 939.4,
and 925 F/g can be delivered at current densities of 1, 2, 5, 10, and 20 A/g respectively, as depicted by
Figure 5b. Due to the relatively insufficient active material involved in redox reactions under higher
current densities, the boosting of the current densities results in the fading of specific capacitances. Ata
low current density, the OH™ ions have adequate time to transfer at the interface between electrode
and electrolyte than they do at a high current density [40]. It is worth noting that the rate performance
of the Coz0y is impressive (maintaining 925 F/g at 20 A/g, representing a 93.6% capacitance retention),
which is significant for practical use of the material.

An EIS study is depicted in Figure 6. The first intersection point of the Nyquist plot with the real
axis reflects the resistances (Rs), including the ionic resistance of the electrolyte, contact resistance at the
interface of electrolyte and electrode, and intrinsic resistance of the material [39]. The Co30O4 modified
electrode exhibits a very low Rg of 0.52 Ohms. In the high frequency region, the charge-transfer
resistance (R¢t) and double-layer capacitance (Cq;) correspond to the semicircle arc. The inset of Figure 6
shows that the semicircle has a small diameter, expressing a low charge-transfer resistance and a
low interfacial resistance between the current collector and electroactive material [22,41]. In the low
frequency range, the slope of the plot corresponds to the diffusive resistance of OH™ ions (Warburg
impedance, W) within the Co3O4. The plot presents an evident straight line with a slope greater
than 45°, which indicates a valid electrolyte ion diffusion [30,34]. The equivalent circuit fitting the
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impedance spectrum, which involves Rs, Ret, Cq1, W, and pseudocapacitance (Cps), is shown in the
inset of Figure 6.
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Figure 5. (a) Discharge curves and (b) specific capacitances of the Co3Oy electrode at different
current densities.
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Figure 6. Electrochemical impedance spectrum (EIS) plot of the Co3zO4 electrode over a frequency
range from 100 mHz to 100 kHz. The insets show the equivalent circuit and an enlarged view of the

high frequency region.

Long-term cycling stability is an important parameter required for practical application. Hence,
the GCD tests were repeated for 6000 cycles at a current density of 20 A/g. As shown in Figure 7, 96.6%
of the specific capacitance value is still retained. In addition, the coulombic efficiency is deduced from
Equation (5) [37,39]:

=1 ®)
where t; (s) and t. (s) are, respectively, the discharge and charge times; a high efficiency exceeding
95% is achieved. This reveals that long-lasting cycling assessment does no obvious damage to the
nanostructure and a feasible redox process is generated from the obtained material and verifies the
remarkable electrochemical stability.

A comparison between our work and Co3O4-based electrode materials in current reports was
made, as summarized in Table 1. Unfortunately, the high capacitive performances obtained through
tremendous efforts usually accompany poor rate capability, which severely limits their wide application
in high-power energy storage devices. The Co3Oy in this paper can meet the need of not only high
specific capacitance but also excellent rate capability. In addition, the performance of the Co30; is
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even better than some composites of cobalt oxides [34,42,43]. The superior electrochemical behaviors
can first be explained by the stable morphology. Secondly, the large surface and inner space favors
an efficient contact between active material and electrolyte, ensuring a high utilization rate of active
material. Thirdly, the interconnected nanoparticles with an increased surface-to-bulk ratio offer more
sites for ions to enter and, more importantly, allow facile ion diffusion at a high current density [44].
Finally, the hollow spheres are interconnected with one another, contributing to an even longer ionic
diffusion channel [37].

0

100-Illll...l..lll.l.....lllllll

= Ny 120 =
804G b =
c
d] < 04 L 40 g
z ] g
2 604 02 L °
s S g
& = 00 -60 ‘g
o £ - - - - . o
£ 40+ £ 254000 254200 254400 254600 254800 25500( o
8 a : L £
5 Time (s) 80 o
8 204 =
2 Q
o Q

1--.----'-'-----l'II'-"-I'|:1oo

2000 3000 4000 5000

Cycle number

0 1000 6000

Figure 7. Cycling performance and coulombic efficiency of the CozOy electrode.

Table 1. Brief capacitance, rate, and cycling performance list of Co3O4-based electrode materials.

Specific

Material Capacitance Rate Capability Stability-Cycles Ref.

hollow Co304 spheres 4748 F/gat1 A/g 79% at 10 A/g 99%-1000 [37]
hollow Co304 spheres 3944 F/gat2 Alg 81% at 20 A/g 92%-500 [45]
hollow Co304 spheres 342.1F/gat0.5 A/g 69% at 10 A/g 90%-2000 [46]
hollow Co30,4 nanotubes 1006 F/g at1 A/g 51% at 10 A/g 91%-1000 [29]
hollow Co304 cages 9489 F/gat1 A/g 56.6% at 40 A/g - [30]
hollow Co304 nanotubes 4049 F/gat 0.5 A/g 87.8% at 20 A/g 95%-2000 [38]
hollow Co304 3D-nanonet 739 F/gat1A/g 72% at 15 A/g 90.2%-1000 [39]
hollow Co30y4 flowers 210 F/gat0.5 A/g 86% at 10 A/g - [46]
hollow Co304 corals 527 F/gat1 A/g 78% at 10 A/g 99%-5000 [47]
hollow Co304 nanowires 599 F/g at2 A/g 73% at 40 A/g 91%-7500 [48]
hollow Co304 boxes 278 F/g at 0.5 A/g 63% at5 Alg - [49]
hollow Co304 dodecahedron 1100 F/g at1.25 A/g 40% at 12.5 A/g 95.1%-6000 [50]
Co304 spheres 837.7 F/gat1l A/g 93.6% at 10 A/g 87%-2000 [51]
Co304 spheres 261.1F/gat0.5 A/g 42% at5 Alg 90.2%-2000 [52]
Co304 nanorods 739 F/g at 5 mV/s 52.5% at 100 mV/s 103%-50000 [53]
Co30,4 nanowires 977 F/g at2 A/g 49.5% at 10 A/g 90%-2000 [54]
Co304 nanoflakes 450 F/gat1 A/g 81% at 20 A/g 92%-5000 [55]
Mn doped Coz04 668.4F/gat1l Alg 62% at 10 A/g 104%-10000 [34]
Au decorated Coz0y4 681 F/g at0.5 A/g 58% at 10 A/g 83.1%-13000 [42]
Co0O/Co304 451 F/gat1 A/g 68.3% at 20 A/g 108%-5000 [43]
hollow Co30Oy4 spheres 988 F/gat1 A/g 93.6% at 20 A/g 96.6%-6000 Ours

4. Conclusions

In summary, porous thin-wall hollow CozO4 spheres were successfully prepared through a
simple approach and were characterized in detail. The electrochemical studies above unambiguously
illuminate that the Co30Oy in this work shows prominent specific capacitance and cycling stability, which
are attributed to its favorable structural features. Particularly, in comparison with other Co3O4-based
electrode materials, it demonstrates an overwhelming rate capability (limited decay of 6.4% from
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1 to 20 A/g), which is very critical for commercial applications. These results indicate the exciting
supercapacitor application potential of our synthesized material. Moreover, the relationship between
the structure and properties is worth investigating in depth in the future.
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Abstract: Hollow Co3zO4 nanoboxes constructed by numerous nanoparticles were prepared by using a
facile method consisting of precipitation, solvothermal and annealing reactions. The desirable hollow
structure as well as a highly porous morphology led to synergistically determined and enhanced
supercapacitor performances. In particular, the hollow Co30O4 nanoboxes were comprehensively
investigated to achieve further optimization by tuning the sizes of the nanoboxes, which were well
controlled by initial precipitation reaction. The systematical electrochemical measurements show
that the optimized Co30Oj electrode delivers large specific capacitances of 1832.7 and 1324.5 F/g at
current densities of 1 and 20 A/g, and only 14.1% capacitance decay after 5000 cycles. The tunable
synthesis paves a new pathway to get the utmost out of Co3O4 with a hollow architecture for
supercapacitors application.

Keywords: Co3z0O4; hollow nanoboxes; supercapacitors; tunable synthesis

1. Introduction

Nowadays, the growing energy crisis has enormously accelerated the demand for efficient, safe
and cost-effective energy storage devices [1,2]. Because of unparalleled advantages such as superior
power density, strong temperature adaptation, a fast charge/discharge rate and an ultralong service
life, supercapacitors have significantly covered the shortage of conventional physical capacitors and
batteries, and sparked considerable interest in the last decade [3-5]. Supercapacitors are generally
classified into electric double layer capacitors storing energy depending on reversible ions absorption
at the interface [6-9] and pseudocapacitors through reversible faradaic redox reactions [10-13]. The
different energy storage mechanisms directly determine whether electric double layer capacitors utilize
carbonaceous materials as electrode materials [6,7,14], while pseudocapacitors employ transition metal
oxides/hydroxides [10,11,15]. Drawing a benefit from faradaic redox reactions, pseudocapacitors
usually generate several times higher specific capacitance than that of electric double layer capacitors,
and have attracted major attention in recent years [15,16].

Among various transition compounds, Co3O; is extensively recognized as one of the most
representative pseudocapacitive materials owing to its abundant resources, environmental friendliness,
low cost, strong redox activity and more importantly its superior theoretical specific capacitance
(3560 F/g) [17-20]. The series of excellent features have triggered tremendous efforts on CozO, research
for high performance supercapacitors application. To date, various solid or hollow structures of CozO4
have been achieved. The previous progress illustrated the hollow architecture that a highly porous
morphology could provide for a large electroactive surface area with extra active sites and facile
ions transportation, consequently enhancing the electrochemical properties dramatically [21,22]. For
instance, Zhou et al. reported hollow Co304 cages and presented the specific capacitance of 948.9 F/g at
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1 A/g (536.8 F/g at 40 A/g) [23]. The hollow Co3z0O4 nanotubes prepared by Yao et al. demonstrated the
specific capacitance of 1006 F/g at 1 A/g (512 F/g at 10 A/g) [24]. Zhu et al. synthesized hollow Co304
spheres and hollow Co304 microflowers. The spheres deliver the specific capacitance of 342.1 F/g at
0.5 A/g (235 F/g at 10 A/g), while the microflowers show the specific capacitance of 210 F/g at 0.5 A/g
(180 F/g at 10 A/g) [25]. However, the obtained specific capacitances up to now are far lower than
their maximum theoretical value. Moreover, the Co3O4 also suffers from a poor rate performance.
Obviously, both low specific capacitance and poor rate performance severely hinder the practical
application of Co3O4. Therefore, even though major contributions are achieved, there is still much
room to deeply investigate the ability of the hollow Co304 to reach a large specific capacitance closer
to its maximum theoretical value, as well as an excellent rate capability. Recently, metal-organic
frameworks (MOFs), in which zeolitic imidazolate framework (ZIF) is most representative, have
received much attention for constructing a hollow nanostructure for supercapacitor applications.
By using the ZIF as a self-sacrificial template, a well-defined hollow structure as well as a highly
electrolyte ions accessible surface area can be achieved [26-28]. Unfortunately, it is difficult to control
the sizes of nanoarchitectures via a facile approach at present, which fails to further enhance the
electrochemical performance.

In this paper, hollow Co304 nanoboxes were successfully prepared from ZIF-67 precursors.
The hollow nanostructure and highly porous morphology of the Co3zO4 synergistically enhance the
electrochemical performances. Meanwhile, in this design, the sizes of the nanostructures were well
controlled by the precipitation reaction. There are scarce reports about systematically tunable sizes of
architectures in hollow Co304 preparation for high performance supercapacitors. What is more, this
distinctive advantage makes the hollow Co304 nanoboxes comprehensively utilized. In this work, the
optimized Co304 electrode exhibits an unprecedented specific capacitance (1832.7 F/g at 1 A/g), while
the specific capacitance is still as high as 1324.5 F/g at 20 A/g. In addition, the capacitance only decays
14.1% after 5000 cycles. The pseudocapacitive performances mark the obtained Co304 as a promising
electrode material candidate for supercapacitors.

2. Materials and Methods

2.1. Synthesis of Dodecahedral Diamond ZIF-67

Dodecahedral diamond ZIF-67 with different diameters were prepared by a precipitation method.
To achieve this, 0.273, 0.102 or 0.068 M of 2-methylimidazole methanol solution was added to 0.04 M of
cobalt nitrate methanol solution. The mixed solution was stirred for 30 min. Then the cloudy solution
was kept static for 24 h at room temperature. The purple precipitates (denoted as ZIF-67-1, ZIF-67-2
and ZIF-67-3) were obtained and washed with methanol via centrifugation.

2.2. Conversion to Hollow Co-LDH (Co-Layered Double Hydroxide)

The hollow structures were transformed from ZIF-67 (-1, -2, -3) by using a solvothermal reaction.
Afterwards, 0.05 g of ZIF-67 (-1, -2, -3) was dispersed in 0.01 M cobalt nitrate methanol solution and
stirred for 10 min. After that, the pink slurry was transferred to a Teflon-lined stainless-steel autoclave
and kept at 120 °C for 1 h. The brown precipitates (named as Co-LDH-1, Co-LDH-2 and Co-LDH-3)
were obtained and washed with methanol via centrifugation.

2.3. Preparation of Hollow Co304 Nanoboxes

The Co-LDH (-1, -2, -3) were dried in an oven at 60 °C overnight and calcinated at 500 °C for 2 h.
The final products were called Co304-1, Co304-2 and Co304-3.

2.4. Material Characterizations

The morphological and structural features of as-prepared samples were examined by scanning
electron microscope (SEM, Hitachi SU8230) at 10 kV. The crystallinity and crystal phase were investigated
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through X-ray powder diffraction (XRD, EQUINOX 1000) with Cu-Koy radiation (A = 1.5406 A)ata
scanning speed of 6°/min.

2.5. Electrode Fabrication

Nickel foam (NF, 1.0 cm X 1.0 cm) was selected as the current collector. The as-prepared Co3Oy4
(80 wt%), acetylene black (15 wt%) and Polyvinylidene fluoride (PVDEF, 5 wt%) were added to
N-Methyl-2-pyrrolidone (NMP) and grinded in a mortar thoroughly. The resulting mixture was
pressed on NF and dried in an oven at 100 °C overnight. The loading mass was approximately 1 mg.

2.6. Electrochemical Measurements

Cyclic voltammetry (CV) at typical scan rates (5, 10, 20, 50 and 100 mV/s), galvanostatic
charge/discharge (GCD) at representative current densities (1, 2, 5, 10 and 20 A/g) and electrochemical
impedance spectroscopy (EIS) in wide frequency range (100 mHz-100 kHz) were conducted on an
electrochemical workstation (Zahner IM6). The configuration, potential window, electrolyte, counter
electrode and reference electrode were set as three-electrode system, 0-0.65 V, 2 M KOH, Pt net and
Ag/AgCl (3.5 M KCl), respectively.

The specific capacitance of the active material is calculated based on a GCD test according to

Equation (1) [29]:
IAt
= 1
C = @D
where: C (F/g) is the specific capacitance; I (A) is the discharge current; At (s) is the discharge time; AV

(V) is the voltage window; and m (g) is the mass of active material.

3. Results

Figure 1 presents the XRD patterns of the calcination products. The identified diffraction peaks of
all samples can be assigned to the face centered Co304 (JCPDS No. 42-1467, space group: Fd3m (227)),
suggesting a high purity of the samples [30]. According to the Scherrer equation [31], the crystallite
sizes of C0304-1, Co304-2 and Co304-3 are around 23.6, 20.0 and 24.3 nm, respectively.
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Figure 1. X-ray powder diffraction (XRD) patterns of Co304-1, Co304-2 and Co304-3.

Typical SEM images of ZIF-67 are shown in Figure 2a—c. The ZIF-67 present monodispersity
and the average sizes of ZIF-67-1, ZIF-67-2 and ZIF-67-3 are 0.39 + 0.05, 1.98 + 0.18 and 3.28 +
0.37 pm, respectively. Namely, the average sizes increase with the decrease of 2-methylimidazole
concentration. This phenomenon is attributed to the stepwise formation of ZIF-67. The process can
be briefly divided into a nucleation phase and growth stage. In the initial nucleation phase, the
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increased concentration of 2-methylimidazole enhanced the nucleation rate, determining a small size
of each unit cell. Subsequently, diffusive particles slowly grew around the cell to form ZIF-67 [32,33].
After the conversion, the ZIF-67 transferred to hollow Co-LDH with a significant morphology change.
Figure 2d—f shows that there were nanosheets vertically growing on the surface of as-formed ZIF-67
and the average sizes shrunk a little bit. Meanwhile, with the continuous dissolution of the inner cobalt,
the hollow Co-LDH nanoboxes with different sizes were formed. Hollow Co3zO, were obtained through
calcination, as displayed in Figure 2g—i. Beyond expectations, the overall size and hollow feature were
well maintained even after heat treatment, except for Co3O4-1 due to the very thin configuration of the
shell. It could be dimly seen that the shell of hollow Co3O4 consisted of small nanoparticles.

Figure 2. Scanning electron microscope (SEM) images of dodecahedral diamond zeolitic imidazolate
framework-67 (ZIF-67): (a) ZIF-67-1, (b) ZIF-67-2, (c) ZIF-67-3; hollow Co-layered double hydroxide
(Co-LDH): (d) Co-LDH-1, (e) Co-LDH-2, (f) Co-LDH-3; hollow Co30y: (g) Co304-1, (h) Co304-2, (i)
C0304-3.

The CV measurements in a potential range of 0-0.65 V (vs. Ag/AgCl) were first characterized
to reveal the supercapacitors behavior of the Co3O; electrodes. Figure 3a presents CV curves of the
Co304 with different sizes at a scan rate of 5 mV/s. As expected, all samples deliver a distinct pair
of peaks induced by a faradaic redox reaction, which clearly reveals the typical pseudocapacitive
characteristics [23,24]. In particular, the integrated area under CV curve of Co304-2 electrode is the
largest among three CozO4 electrodes, demonstrating that the Co3O4-2 possesses the largest specific
capacitance [34]. The CV curves of the Co304-2 electrode measured at typical scan rates from 5 to 100
mV/s are displayed in Figure 3b. The following classical and desirable pseudocapacitive phenomena
were observed: (1) the CV curves are highly symmetrical; (2) the peak currents remarkably increase
along with the increase of scan rates; (3) the peak position also changes accompanied by the increase
of scan rates. The peaks generated in the anodic sweep shifted to a higher potential value, while
the peaks which originated from the cathodic sweep moved towards a lower potential value; (4) no
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significant distortion existed in a comparison of CV curves obtained at 5 and 100 mV/s. Notably,
the obvious increase of peak currents and excellent symmetries in CV curves as well as negligible
distortion indicate the rapid and well reversible redox process [30], further possibly resulting in an
outstanding rate capability.
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Figure 3. (a) Cyclic voltammetry (CV) curves of Co304-1, Co304-2 and Co304-3 electrodes at scan rate
of 5mV/s; (b) CV curves of Co304-2 electrode at typical scan rates ranging from 5 to 100 mV/s.

GCD tests between potential window of 0-0.65 V (vs. Ag/AgCl) were conducted to further
investigate the capacitive properties. The discharge curves of Co304-1, Co304-2 and Co304-3
electrodes at representative current densities of 1, 2, 5, 10 and 20 A/g are presented in Figure 4a—,
respectively. It is intuitive that all discharge curves deliver evident plateaus coinciding with the redox
reaction, which also confirms the pseudocapacitive behavior of each Co304 [25,30]. In addition, the
GCD performances comparison at current densities of 1 A/g shown in Figure 4d also confirms the
Co0304-2 sample offers the largest specific capacitance [29], which is consistent with the aforementioned
CV result (Figure 3a).
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Figure 4. Discharge curves at representative current densities ranging from 1 to 20 A/g: (a) CozO4-1,
(b) Co304-2, (c) Co304-3; (d) discharge curves of Co3O4-1, Co304-2 and Co304-3 electrodes at current
density of 1 A/g.
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The specific capacitances based on GCD measurements are calculated according to Equation
(1) for all Co304 electrodes, and the results are plotted in Figure 5. The Co304-2 electrode exhibits
the specific capacitances of 1832.7, 1760.9, 1640.4, 1526.6 and 1324.5 F/g at 1, 2, 5, 10 and 20 A/g,
respectively. Moreover, Figure 5 demonstrates that the boost in current densities leads to a decrease in
specific capacitances. Unfortunately, the similar fading tendencies of Co304-1, Co304-2 and Co304-3
are inevitable owing to the correlation between current density and electrolytic ions diffusion (OH-
in this study) in electrode material (Co3zOy in this study). Namely, compared with the diffusion at
high current density, the OH- ions have relatively sufficient time to transfer at a low current density.
The phenomenon gives rise to inner active sites failing to be comprehensively devoted to the redox
reaction at high current density. In contrast, both the inner and outer surface can be involved at low
current density, thoroughly making a redox reaction proceed and thus contributing to a large specific
capacitance [35]. Nevertheless, the Co304-2 electrode can maintain capacitance of 72.3% from 1 to 20
A/g (43.5% of Co304-1, 62.6% of Co304-3). The slight decay provides the Co3O4-2 bright application
with the high power required for energy storage devices. The relieved fading in specific capacitances
can be explained by the unique morphology of synthesized Co3O4. During the redox process, the
hollow structure can serve as an “OH- ions buffer reservoir” [35] to effectively minimize the influence
of limited ions diffusion at a high current density on rate performance. In short, the impressive
performances in specific capacitance and rate capability make the as-synthesized Co304-2 a promising
electrode material in supercapacitors application.
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Figure 5. Specific capacitances of Co304-1, Co304-2 and Co304-3 electrodes as a function of
current densities.

Figure 6a illustrates the Nyquist plots of different Co3O4 electrodes from frequency range of
100 mHz to 100 kHz. The plots of Co304-1, Co304-2 and Co304-3 are similar, which consists of a
semicircle and a straight line. The intersection value of plot and real axis reflects the intrinsic resistance
and interface resistance of electrolyte and active material (denoted as Rs) [35]. The Rs of Co304-1,
C0304-2 and Co304-3 are 0.55, 0.52 and 0.53 (), respectively (tiny difference). The semicircle acquired
in high frequency range represents the double-layer capacitance (Cq;) and the charge-transfer resistance
(Ret, corresponds to the semicircle diameter). The semicircle also expresses that the Cq; and R are
connected in parallel [36]. Apparently, the R value of Co304-2 is much smaller than Co304-1 and
Co304-3 (Figure 6b). In low frequency region, the approximate line in Nyquist plot is related to the
interfacial diffusive process and determined by pseudocapacitance (Cps) and Warburg element (W).
The equivalent circuit is shown in Figure 6¢. Benefited from the hollow structure constructed by
numerous nanoparticles, the slops for all electrodes are larger than 45°, which presents an efficient
electrolyte diffusion. Furthermore, a quasi-vertical line displayed by the plot of CozO4-2 electrode
implies a scarcely limited ions diffusion and the behavior tends to an ideal capacitor [23,36]. The
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merits of Co304-2 electrode proposed in EIS results well coincide with the superior electrochemical
performance of Co304-2 electrode in CV and GCD assessments.
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Figure 6. (a) Electrochemical impedance spectroscopy (EIS) plots of Co304-1, Co304-2 and Co304-3
electrodes; (b) enlarged view of high frequency region; (c) equivalent circuit involves intrinsic resistance
and interface resistance (Rs), double-layer capacitance (Cq;), charge-transfer resistance (Rct), Warburg
element (W) and pseudocapacitance (Cps).

The Co304-2 was employed as the optimized electrode through CV, GCD and EIS results for long
term cycling investigation, as recorded in Figure 7. The evaluation was carried out by using a repetitive
GCD process at 20 A/g. The Co304-2 electrode retains 85.9% of its initial specific capacitance even after
undergoing 5000 cycles. The insets display the GCD curves of the Co3O4-2 electrode at first and last
for 10 cycles. The coulombic efficiency (1) is also an important criterion for evaluating the durability
and can be calculated based on Equation (2) [37]:

t
=2 @)
C

where t4 (s) is the discharge time and f. (s) is the charge time. All deduced coulombic efficiency values
reach over 95%. The excellent electrochemical stability of Co304-2 electrode is significant for possible
commercial application.
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Figure 7. Cycling performance and coulombic efficiency of Co3O4-2 electrode. The insets are GCD
curves at the first and last 10 cycles.
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4. Discussion

In this study, the different electrochemical performances of Co304-1, Co304-2 and Co304-3 are
determined by their own structural features. For Co3O4-1, mass collapsed structures accompanied the
loss of opening pores, which were caused by ultrathin shells, while severely reducing the available
surface area, as observed from a SEM image (Figure 2g). In contrast, during the fabricated process
of Co304-2 and Co304-3, morphologies were well inherited not only in synthesis of Co-LDH from a
ZIF-67 precursor but also in conversion of Co-LDH to Co3O4 (negligible aggregation). The hollow
nature as well as the highly porous architecture (the shell is assembled by numerous nanoparticles)
provide a large electrochemical active area with increased active sites for redox reactions. In addition,
the unique morphology also significantly facilitates electron transportation and ion diffusion and
permeation in electroactive material. The relatively lower electrochemical performance of Co304-3
electrode is possibly due to the decreased accessibility of electrolyte ions into material produced by
the large size and thick shell [38-40]. Table 1 compares this work with other Co304 based electrodes
reported in previous literature. It clearly demonstrates that the specific capacitance of hollow Co3O4
nanoboxes electrode in this research is competitive, and even higher than some Co304 hybrid materials.
More importantly, the CozO4 electrode reaches a specific capacitance of 1324.5 F/g at a high current
density of 20 A/g. The value at 20 A/g is superior to some Co30Oy electrodes at 1 A/g. Except for the
two criterions, a slight capacitance decay of 14.1% after 5000 cycles is also worth noting.

Table 1. Specific capacitances at low current density and high current density (rate performance) of
Co30, based electrode materials.

Specific Capacitance (F/g)/ Specific Capacitance (F/g)/

Material Low Current Density (A/g)  High Current Density (A/g) Ref.

hollow Co304 3D-nanonet 739/1 533/15 [35]
hollow Co30, spheres 474.8/1 377.4/10 [37]
hollow Co304 spheres 460/4 401/20 [41]
hollow Co304 corals 527/1 412/10 [42]
hollow Co304 dodecahedron 1100/1.25 437/12.5 [43]
hollow Co304 nanowires 599/2 439 /40 [44]
Co304 nanowires 977/2 484/10 [45]
Co304 nanosheets 1121/1 873/25 [46]
Co304 nanoflakes 448/0.5 421/10 [47]
Co304 nanobooks 590/0.5 421/8 [48]
Co304 nanoplates 355.6/0.4 230/4 [49]
Co304 nanofibers 340/1 296/10 [50]
carbon incorporated Co3O4 978.9/0.5 303.3/15 [51]
Mn doped Co304 773/1 485/16 [52]
Co0304/CoM00y 1902 /1 1200/10 [53]
Co304/NiO 1236.7/1 836.7/20 [54]
Co304/Ni(OH), 1306.3/1.2 600 /12.1 [55]
graphene/Co304 1765 /1 1266 /20 [56]
rGO/Co304 546/0.5 496/5 [57]
NiO/Co0304/MnO, 1055.3/0.2 727.4/4 [58]
hollow Co304 nanoboxes 1832.7/1 1324.5/20 Ours

5. Conclusions

In summary, hollow Co304 nanoboxes were synthesized successfully by using a facile method,
in which the overall sizes of the Co3O4 were effectively controlled and as a consequence resulted in
different supercapacitor performances. An overwhelming specific capacitance of 1832.7 F/g at 1 A/g
and a comparable cycling stability of 85.9% after 5000 cycles are achieved in optimal Co30Oj electrode.
In particular, the Co3Oy4 electrode still retains 72.3% of the specific capacitance, even at 20 A/g. The
outstanding performances qualify the hollow CozO4 nanoboxes an attractive electrode material in
research field and commercial application of supercapacitors. Furthermore, the morphologic features
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and tunable sizes make the applications of as-prepared Co304 promisingly extend to other aspects,
especially in highly accessible surface area required fields, such as catalysts and gas sensors.
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Abstract: Ni-Co binary hydroxide grown on nickel foam was synthesized through a facile one-step
process for pseudocapacitive electrode application. The morphology of the fabricated binary hydroxide,
evolving from nanosheet to nanowire, was highly controllable by tuning the Ni:Co ratio. In systematical
electrochemical measurements, the prepared binary material on nickel foam could be employed as
a binder-free working electrode directly. The optimal composition obtained at the Ni:Co ratio of 5:5
in integrated nanosheet/nanowire geometry exhibited high specific capacitances of 2807 and 2222 F/g
at current densities of 1 and 20 A/g, equivalent to excellent rate capability. The capacitance loss was
19.8% after 2000 cycles, demonstrating good long-term cyclic stability. The outstanding supercapacitors
behaviors benefited from unique structure and synergistic contributions, indicating the great potential of
the obtained binary hydroxide electrode for high-performance energy storage devices.

Keywords: Ni-Co binary hydroxide; one-step; controllable morphology; binder-free; supercapacitors;
synergistic contributions

1. Introduction

The enormously increasing energy requirements and the limited availability of energy sources
motivate the development of efficient and safe energy storage devices [1,2]. Supercapacitors,
as next-generation high-performance energy storage devices, significantly make up the shortfall
of conventional physical capacitors and batteries, and are extremely suitable for superior power
density and high charge/discharge rate required applications [3-5], such as electrical vehicles and
stop-go driving models [6,7]. In addition, supercapacitors also possess an ultralong service life of up to
10,000 cycles and excellent operating temperature adaptability from —40 °C to +70 °C [8,9]. Accordingly,
supercapacitors have sparked extensive interest in recent years. Two types of supercapacitors, divided by
energy storage mechanisms, are termed as electric double-layer capacitors and pseudocapacitors,
respectively [10,11]. Currently, the electric double-layer capacitors, by operating reversible ions’
adsorption/desorption to store energy, suffer from lower specific capacitance [12,13], which fails to
meet the ever-growing demand. In contrast, pseudocapacitors contribute to higher specific capacitance
by reversible faradaic redox reactions [14,15] and have become the research hotspot in supercapacitors
fields in past decade.

Among various transition metal oxides/hydroxides for the electrode materials of pseudocapacitors,
Ni(OH); and Co(OH),, in virtues of definite redox transitions, superior theoretical specific capacitances
(ca. 3750 F/g for Ni(OH); and ca. 3460 F/g for Co(OH),), earth-abundant resources, and environmental
friendliness [16,17], have attracted much attentions. For instance, the Ni(OH); microspheres,
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synthesized by Du et al., presented the specific capacitance of 1280.9 F/g at current density of 0.5 A/g [18].
Yin et al. reported the Co(OH); nanoflakes delivering 1636 F/g at 0.5 A/g [19]. However, the achieved
specific capacitances by single Ni(OH), or Co(OH); so far are far lower than the theoretical values,
consequently hampering their practical use. To address the issue, novel binary Ni-Co hydroxide was
studied and has been shown to outperform the corresponding single hydroxide, owing to unparalleled
advantages, such as stronger layered orientation, reduced resistance, increased active sites generated
by valence interchange or charge hopping between cations, synergistic redox reaction, moderate redox
potential, and decreased redox peak potential difference [20-28]. Unfortunately, even though numerous
efforts were devoted, the specific capacitances up to now are still unsatisfied, which are mainly caused
by undesirable morphology [29-33] and involved binders [34-38]. Moreover, with respect to high rate
capability, cycling stability, good mass loading, and facile method, previous progress to date rarely
shows all of these characteristics. For example, the Ni-Co double hydroxide nanosheets prepared
by Chen et al. reached ultrahigh 2682 F/g at 3 A/g, but the capacitance loss was more than 35% at
20 A/g [39]. Similarly, the Ni-Co double hydroxides microspheres by Tao and co-workers displayed
2275.5 F/g at 1 A/g, nevertheless the capacitance sharply faded to 1007.8 F/g at 25 A/g [40]. Besides,
Zhang et al. developed flower-like Ni-Co binary hydroxides, in which only 73.8% capacitance could be
maintained after 3000 cycles [41]. Yang and co-workers fabricated Ni-Co hydroxide nanostructures,
which demonstrated 1760 and 1468 F/g at 1 and 20 A/g, as well as 87.3% capacitance retention
after 2000 cycles, whereas remarkable criteria were obtained at an exaggerated low mass loading of
0.23 mg/cm? [42]. In addition, the multi-step and complex routes employed in certain cases further
hindered their commercial application. Hence, it is still a challenge to get the utmost out of the binary
system for the application of high-performance supercapacitors with promising commercial prospect.

In this paper, we report a novel approach to directly grow Ni-Co binary hydroxides at different
Ni:Co ratios on nickel foam (NF), a substrate with a series of fulfilling features, such as polyporous
structure, high surface area, and low resistivity. The optimal electrode has numerous advantages, such as
being binder-free, having integrated geometry, moderate redox potential, overlapping redox peaks,
and feasible synergistic effect, therefore displaying outstanding overall supercapacitor performances.
The simple one-step method further manifests the bright outlook of this study in both research and
commercial fields.

2. Materials and Methods

2.1. Preparation of Ni-Co Binary Hydroixde on Nickel Foam

Ni-Co binary hydroxide on nickel foam was fabricated by a facile one-step solvothermal reaction.
Nickel foam (1 cm X 1 cm) was pretreated with 6 M HCl, deionized water, and ethanol, sequentially.
Then, a precursor solution containing the desired molar mixture of Ni(NO3),-6H,0O, Co(NO3),-6H,O
(the feeding concentration ratios of Ni**:Co?*
molar of cations was 5 mmol), 2 mmol NHyF, 6 mmol CO(NH>),, and 50 mL deionized water was
prepared. After vigorous stirring for 10 min, the solution and nickel foam were transferred to a
Teflon-lined stainless-steel autoclave and maintained at 120 °C for 8 h. The final products were rinsed
with deionized water after cooling down to room temperature naturally. For convenient clarification,
the samples were labeled as Ni;_«Cox(OH), (x = 0.1, 0.3, 0.5, 0.7, and 0.9). The loading mass on the

nickel foam was approximately 1.5 mg/cmz.

were 9:1, 7:3, 5:5, 3:7, and 1:9, respectively, and total

2.2. Material Characterizations

The surface morphological feature was characterized by a scanning electron microscope (SEM,
SU8230, Hitachi, Tokyo, Japan) operated at 10 kV. The crystalline structure was investigated via X-ray
powder diffraction (XRD, EQUINOX 1000, ThermoFisher, Waltham, America) with Cu K« radiation
(A = 0.15406 nm). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, ThermoFisher, Waltham,
America) under monochromatized Al K« excitation was adopted to reveal the chemical status.



Appl. Sci. 2020, 10, 3814 30f14

2.3. Electrochemical Measurements

The electrochemical performances were evaluated throughout cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), electrochemical impedance spectroscopy (EIS), and long-term
cycling on an electrochemical workstation (IM6, Zahner, Kronach, Germany) at room temperature.
The configuration, potential window, and electrolyte were set as a three-electrode system, 0-0.5 V and
2 M KOH, respectively. The Nij.,Cox(OH),/NF served as a working electrode directly while Pt net and
Ag/AgCl (3.5 M KCI) were employed as a counter electrode and reference electrode. The measured
ranges of scan rate for CV, current density for GCD, and frequency for EIS were 2-50 mV/s, 1-20 A/g
and 100 mHz-100 kHz, respectively. The long-term cycling was executed at a constant current density
of 20 A/g for 2000 cycles.

The specific capacitance, energy density, and power density based on GCD measurement are
defined as Equations (1)—(3), respectively [43]:

It
C = @
cv?
F=72 @
P :E_ (3)

t
where, C (F/g) is the specific capacitance, I (A) is the discharge current, At (s) is the discharge time,
m (g) is the mass of active material, AV (V) is the voltage window, E (Wh/kg) is the energy density,
and P (kW/kg) is the power density.

3. Results

By controlling the initial ratio of Ni and Co in the reactants, the binary material experienced
an evident morphological evolution from nanosheet to nanowire, investigated in detail by the
SEM, as shown in Figure 1b—f. Figure 1a presents the bare nickel foam with a continuous porous
three-dimension (3D) network. At a Ni:Co ratio of 9:1, the nanosheets were observed, as shown in
Figure 1b. Partial nanosheets intersected among each other, displaying an ambiguous nanoflower-like
feature. By further increasing content of Co, the morphology of the composite evolved into nanosheet
completely, as shown in Figure 1c. Particularly, as more cobalt ions were devoted (intermediate Ni:Co
ratio), nanowires appeared and were encapsulated around the nanosheets, as shown in Figure 1d.
The constructed integrated geometry provided a large accessible surface area compared with sole
nanosheet morphology. At a greater Co to Ni ratio, the nanosheet structures were replaced by uniform
nanowires, as shown in Figure le. Finally, when Co became dominant (Ni:Co ratio of 1:9), it could be
seen that sectional nanowires trended to aggregate, as depicted in Figure 1f. The distinct morphological
evolution is ascribed to the competition of Ni and Co cations for hydroxide radicals [44].
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Figure 1. Scanning electron microscope (SEM) images of the samples at different Ni:Co ratios: (a) bare
nickel foam; (b) 9:1; (¢) 7:3; (d) 5:5; (e) 3:7; (f) 1:9.

The XRD patterns of as-prepared samples under different Ni:Co ratios are shown in Figure 2.
The indexed planes of the diffraction peaks at corresponding 26 values can be assigned to Ni(OH),
(JCPDS No. 14-0117) and Co(OH), (JCPDS No. 30-0443). The analogous peak positions are believed to
be caused by the similar physical and chemical characteristics of Ni and Co [45]. When a larger Co
source was applied, the peak signals became weaker and a lacking of partial peaks appeared, which
is ascribed to the low crystallinity of the sample [46]. The XPS was carried out to verify the element
valence state of the as-synthesized material. The typical XPS survey spectrum of the sample at a Ni:Co
ratio of 5:5 is depicted in Figure 3a, where C, Ni, Co, and O were visible. The C element is due to
the air exposure of the sample and can be referenced to calibrate the binding energy [47,48]. In the
high resolution XPS spectrum of Ni 2p, shown in Figure 3b, the peaks of Ni 2p3/» and Ni 2py, at
binding energies of 855.6 and 873.5 eV (energy separation of 17.9 eV), as well as two obvious shakeup
satellites (denoted as Sat.), indicate the characteristics of Ni%* [49]. Figure 3c illustrates the core-level
XPS spectrum of Co 2p, the peaks at binding energies of 781.4 and 796.9 eV standing for Co 2p3, and
Co 2p12 (energy gap of 15.5 eV), identify Co as Co?* [50,51]. The single peak located at 531.1 eV in the
O 1s spectrum, shown in Figure 3d, is assigned to OH- [48,52]. Hence, it can be concluded that Ni-Co
double hydroxides were successfully formed under the present experimental conditions.
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of the Nig 5Cog5(OH);: (a) survey spectrum;
(b) Ni 2p; (c) Co 2p; (d) O 1s.

The CV curves were initially characterized in a potential window of 0-0.5 V (vs. Ag/AgCl) to

evaluate the supercapacitor behavior of the binary materials. The Ni;_yCox(OH),/NF was directly
employed as the binder-free working electrode in a typical three-electrode configuration. The CV

curves of the active materials under different Ni:Co ratios, measured at a scan rate of 2 mV/s, are shown
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in Figure 4a. All CV curves present a distinct pair of peaks, which involves three reversible faradaic
redox processes, expressed as Equations (4)—(6) [41]:

Ni(OH), + OH™ < NiOOH + H,O +e”, 4)
Co(OH); + OH™ < CoOOH + H,O +e7, (5)
CoOOH + OH™ & Co0O; + H,O + e™. 6)

The merged and indistinguishable redox peaks reveal the mixed uniformity of Ni and Co in
the binary hydroxides [53]. Further, the peaks in anodic sweep move to lower potential when Co
content increases, because the potential of Co transition is lower than that of Ni. In other words,
the oxidation peak corresponding to Ni is closer to the voltage window limit [44,54]. The potential
window is mainly determined according to the range where effective faradaic reactions occur. At a
defined scan rate, the specific capacitance is correlated with the curvilinear integrated area positively
based on CV evaluation [43]. Clearly, the maximum area of the CV curve is achieved at a Ni:Co ratio
of 5:5. Figure 4b displays the CV curves of the Nip5Cog5(OH); electrode, tested at scan rates of 2, 5,
10, 20, and 50 mV/s. The coupled redox peaks in the CV curves shift positively or negatively with
increased scan rates. The classical phenomenon also confirms the pseudocapacitive property of the
obtained material [55]. Besides, the relationship of peak currents and the square root of the scan rates
delivers a linear response with a steep slope, as described in the inset of Figure 4b. The distortion of
the CV curves, obtained from 2 to 50 mV/s, is almost negligible. The characteristics above illustrate the
excellent reversibility and rapid response of the Nij5Cop 5(OH), electrode, promisingly leading to a
desirable rate capability [56].
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Figure 4. (a) Cyclic voltammetry (CV) curves of the Nij_ Cox(OH); electrodes at scan rate of 2 mV/s.
(b) CV curves of the Nij5Coy5(OH), electrode at scan rates from 2 to 50 mV/s.

The GCD tests through the same three-electrode system were conducted on the binary hydroxide
electrodes to demonstrate the electrochemical properties further. The GCD curves of the Ni;.,Coyx(OH),
electrodes, measured at current densities of 1, 2, 5, 10, and 20 A/g in a potential range of 0-0.5 V
(vs. Ag/AgCl), are shown in Figure 5a—e, respectively. As expected, all non-linear curves deliver
well-defined plateaus, arising from redox reactions, also suggesting the pseudocapacitive features
of the synthesized materials [54]. What is more, the plateaus are still dimly visible, even at a current
density of 20 A/g, which implies a slight decay of the specific capacitance at high current density could
possibly be reached. In GCD measurements, the specific capacitance is proportional to the discharge
time [43]. Figure 5f intuitively depicts that the proposed Nig5Cog5(OH), electrode takes the longest
time to complete one discharge process, which is in good agreement with the CV results exhibited
in Figure 4a.
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Figure 5. Galvanostatic charge/discharge (GCD) curves at current densities from 1 to 20 A/g:
(a) Nig 9Cog.1(OH)2; (b) Ni7Cop3(OH)y; (¢) Nig 5Cog 5(OH); (d) Nig 3C007(OH),; () Nig.1Cog 9(OH),;
(f) GCD curves of the Nij_Cox(OH); electrodes at current density of 1 A/g.

The specific capacitances based on the GCD tests were determined according to Equation (1).
The calculated values as a function of current densities for all as-prepared electrodes are plotted in
Figure 6a. All of the function graphs show a similar attenuation tendency, namely, the produced specific
capacitances decrease accompanied by the boost of current densities. Admittedly, the unsatisfying fade
is inevitable, owing to the limited diffusion of electrolyte ions (OH- in this work). Briefly, in comparison
with low current density, the time for OH- transfer is inadequate at high current density, leading to the
fact that involved active material in redox reactions is also insufficient [57]. The specific capacitance
becomes greater with the content of Co in the binary hydroxide until the intermediate ratio. Beyond this
ratio, a decrease in capacitive performance appears. This phenomenon is consistent with previous
literature [54,58-61]. The Nip5Cog5(OH); electrode delivers high specific capacitances of 2807, 2751,
2622, 2444, and 2222 F/g at current densities of 1, 2, 5, 10 and 20 A/g, which is attributed to the integrated
nanosheet/nanowire geometry and broadened redox behavior at a Ni:Co ratio of 5:5. The specific
capacitance, reached as an important parameter for supercapacitors, manifests in the great application
prospect of the obtained Nij5Cop 5(OH); electrode. Among five composites, the Nig9Cop 1 (OH), and
Nig 1Cop9(OH); electrodes express large differences in specific capacitances compared with the other
three samples. The poor ability under the same measured conditions is mainly due to the aggregation of
material, which deteriorates the accessibility of electrolyte ions in electroactive material. Furthermore,
the Nip 5Cop 5(OH); electrode still maintains a specific capacitance of 79.2%, even when the current
density increases 20-times more than the initial value, representing an excellent rate capability. What is
noteworthy is that the Nip 3Cog 7(OH), electrode offers a slightly higher rate capability of 82% (2624 and
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2151 F/g at 1 and 20 A/g) than that of the Nip5Cog5(OH), sample, which highlights the advantage of
nanowire morphology as a one-dimension (1D) geometry, which can better guarantee effective ion
diffusion and electron transportation at high current density [44,62]. Based on Equations (2) and (3),
the Ragone plots of the samples were obtained to further illustrate the electrochemical properties,
as exhibited in Figure 6b. The Nij5Co(5(OH), sample shows energy densities of 97.5, 95.5, 91, 84.9
and 77.2 Wh/kg at power densities of 0.25, 0.5, 1.25, 2.5 and 5 kW/kg, respectively.

120
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Figure 6. (a) Specific capacitances as a function of current densities and (b) Ragone plots of the
Nij.xCox(OH); samples.

The EIS studies over the frequency range of 100 mHz to 100 kHz in 2 M KOH were carried out
on Nig 7Co¢ 3(OH)z, Nip 5Co(5(OH),, and Nig3Cop 7(OH), as optimized electrodes. Figure 7a records
the typical Nyquist plots. Generally, the intrinsic resistances (electrolyte and material) and contact
resistances (electrolyte/material and material/current collector) are summarized as Rs, which is valued
from the intersection of the EIS plot and real axis. Figure 7b illustrates the high frequency in an
enlarged view, in which the semicircle corresponds to the charge transfer resistance (Rt). The straight
line at the low frequency portion represents the ion diffusion in the electrolyte, arising in a Warburg
element (W) [61,63,64]. The Niy 3Cog7(OH); electrode delivers the smallest diameter (expressing lowest
Rct) and largest slop (suggesting fastest ion diffusion), which is consistent with its outstanding rate
performance. The highest specific capacitance produced by the Nip5Cog5(OH); electrode is due to:
(1) the union of Ni and Co at ratio of 5:5 generating most electroactive sites from the feasible interaction
of the valence state electron [54]; (2) the Rs value of the Nijy5Cog5(OH), electrode being lower than
the others. Overall, the EIS spectra well coincide with the aforementioned CV and GCD results.
Figure 7c presents the fitting equivalent circuit, where Cy; and Cps account for double-layer capacitance
and pseudocapacitance, respectively.

The long-term electrochemical stability was assessed via repetitive GCD tests at a constant current
density of 20 A/g. Figure 8 displays the capacitance retentions and coulombic efficiencies of the
Nig5Cop 5(OH); electrode as a function of the cycle numbers (the inset depicts the GCD curves of the
last 10 cycles). The coulombic efficiency is calculated based on Equation (7) [63]:

=1 %
where, 1 (%) is the coulombic efficiency, tq (s) is the discharge time, and f. (s) is the charge
time. As recorded in Figure 8, the deduced capacitance retentions gradually decreased at first,
and after approximately 1000 cycles remained nearly constant. Impressively, even after 2000 cycles,
the Ni0 5Cog 5(OH); electrode still reached 80.2% of its initial specific capacitance and its high coulombic
efficiency exceeded 90%. The capacitance loss after long-term cycling is inevitable, which is likely
attributed to several reasons, (e.g., the presence of irreversible redox reactions, damage to the electrode,
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or impurities in the electrolyte) [65]. The remarkable durability performance of the Nig5Coq5(OH),
electrode is pivotal for potential commercial application. In contrast, the cycling stability of the
Nip3Cog7(OH); electrode is poor (capacitance retention of 62.1% after 2000 cycles), possibly since
partial nanowires were not attached to the nickel foam tightly enough, giving rise to low material
utilization for capacitance.
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Figure 7. (a) Electrochemical impedance spectroscopy (EIS) plots of the Nip7Cog 3(OH),, Nip 5Cop 5(OH)y,
and Nig 3Cog 7(OH); electrodes. (b) Enlarged view of the high frequency region. (c) Fitting equivalent circuit.
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Figure 8. Cycling performance and coulombic efficiency of the Niy5Cog 5(OH); electrode.

4. Discussion

To summarize, the Nij_«Cox(OH); electrode possessed the best overall supercapacitor performance
when x equals 0.5 was investigated in terms of specific capacitance, rate capability, and cycling stability.
These superior behaviors are attributed to the common advantages of the binary system and the unique
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merits of Nig5Cog 5(OH),. Firstly, the synthesized material is grown directly onto the surface of nickel
foam rather than by virtue of a binder, affording an intimate electric contact. Secondly, the oxidation peak
of Ni moves towards comparatively lower potential by introducing Co, which avoids possible solvent
oxidation [44]. Thirdly, the overlapping redox peaks broaden the redox features and improve redox
response. In addition, the integrated nanosheet/nanowire architecture of Niy5Co¢ 5(OH), increases
the active sites for redox reaction and pathways for electron transportation. On the other hand, the
Nig 5Co(5(OH), electrode delivers the lowest intrinsic and contact resistances (i.e., Rs). Moreover,
the Nij 5Cog 5(OH), possibly possesses the most electroactive sites generated by valence interchange
or charge hopping between cations [58]. The specific capacitance of the Nip5Coq 5(OH); electrode is
even higher than those of some hybrid materials [66—68]. Apart from remarkable specific capacitance,
the high rate capability of 79.2% at current density of 20 A/g and the slight capacitance decay of 19.8%
after 2000 cycles are also satisfied.

5. Conclusions

In summary, the Ni-Co binary hydroxide system was fabricated by a facile one-step hydrothermal
reaction. By tailoring the cation ratio in preparation, the morphology of the binary system evolved
from nanosheet to nanowire straightforwardly, as a consequence, giving rise to different supercapacitor
behaviors. The optimal electrode achieved at a Ni:Co ratio of 5:5 exhibited a prominent specific
capacitance of 2807 F/g at a current density of 1 A/g (based on active material) as well as outstanding
rate (79.2% capacitance retention at 20 A/g) and cycling (80.2% capacitance retention after 2000 cycles)
performances. The remarkable criteria and the environmentally friendly method manifest great
prospects of the obtained Nij5Coq 5(OH); electrode for commercial application in high-performance
supercapacitors. Furthermore, this novel approach is also promisingly adopted to develop other binary
systems using different electrochemically active metal hydroxides for wide applications not only in
supercapacitors, but also in catalysts, sensors, and so forth.
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Facile synthesis of NFL-ZnWO, for
pseudocapacitor applications

Xiao Fan, and Xuyuan Chen”

Department of Microsystems, University of South-Eastern Norway, Campus Vestfold, Raveien 215,
3184Borre, Norway

Abstract. In this report, NFL-ZnWO4 was synthesized by a hydrothermal
route and investigated for application in supercapacitors for the first time.
The physical and chemical characterizations of the prepared nanomaterial
were analyzed by SEM, EDS, XRD and XPS, respectively.
Supercapacitors study of CV, GCD and EIS revealed that NFL-ZnWO4
exhibits good electrochemical properties. The high specific capacitance
value of 107.7 F g! was achieved at 5 mV s'. These findings
demonstrated that ZnWOs could be a promising electrode material
candidate and highly desirable for application of high property
supercapacitors in the future.

1 Introduction

With the development of human society, a large amount of energy sources have been
consumed, such as coal, petroleum, and natural gas [1]. Therefore, novel and suitable
energy storage devices need to be developed. Supercapacitors(SCs), the new devices
between conventional physical capacitors and lithium-ion batteries, have been extensively
studied to serve as one of the most promising candidates for energy storage because of
their high power density, long cycling lifespan and fast charge/discharge process [2]. In
general, supercapacitors can be divided into two categories according to the energy storage
mechanism: one is the electric double layer capacitors(EDLCs), in which carbonaceous
materials have been widely utilized and the other is the Faradaic redox reaction
pseudocapacitors(PsCs) usually containing transition metal oxides as the electrode
materials [3]. In comparison with electric double layer capacitors, pseudocapacitors show
much higher specific capacitance performance, making it is of far-reaching significance to
focus research on [4].

So far, nanostructured metal oxides have been intensively explored in order to use them
as electrode materials. However, the high cost of some transition metal oxides limited their
practical use in commercial supercapacitors. Hence, searching for a low cost
pseudocapacitive material and economically affordable generation systems has been a
major challenge in supercapacitors research [5, 6]. In recent years, Zinc tungstate(ZnWOs),
an environmentally friendly low cost transition metal oxide and both its constituent
elements being relatively earth-abundant [7], with high technological applications in
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various fields, such as photocatalysts, optical fibers and gas sensors [8, 9], have been
reported. Because both Zn and W elements can take part in the Faradaic redox reactions,
ZnWO4q is of great potential for electrode materials [10]. Unfortunately, ZnWOQOs is rarely
reported as the composite materials for supercapacitors [11].

Herein, we employed a simple, facile and effective hydrothermal route to synthesize
nanoflower-like ZnWO4(NFL-ZnWO4) and to the best of our knowledge, there are no
reports on this morphology. Moreover, its application in supercapacitors was systematically
studied. The present results demonstrated the NFL-ZnWOQO4 can be considered as a
promising candidate for pseudocapacitor applications. In addition, to fulfill the increasing
demands, a rational modification of ZnWO4 nanostructure and compositing ZnWO4 with
other electrode materials are both advisable.

2 Experimental

2.1 Chemicals

Zinc nitrate hexahydrate(Zn(NOs)2'6H>0), sodium tungstate dehydrate(Na;WO4-2H,0),
ammonium fluoride(NH4F), hydrogen chloride solution, absolute ethanol, acetylene black,
polyvinylidene fluoride (PVDF) and potassium hydroxide(KOH) were purchased from
Sigma-Aldrich. All the chemicals were of analytical grade and were used as received
without further purification.

2.2 Sample preparation

The ZnWO4 was obtained by a simple and facile hydrothermal method. Briefly, 1 mmol of
Zn(NO3)2-6H20, 1 mmol of NaaWO4-2H>0, and 8 mmol of NH4F were dissolved in 50 mL
deionized(DI) water and stirred vigorously for 60 min to form a milky suspension. Then,
the suspension was transferred into a Teflon-lined stainless steel autoclave. Subsequently,
the sealed autoclave was heated at 120 °C for 8 h. After cooling to room temperature
naturally, the collected precipitate was washed with DI water and dried at 90 °C for 12 h.
Finally, the as-prepared product was heat treated at 600 °C for 6 h in a muffle furnace.

2.3 Electrodes fabrication

Before the fabrication, the nickel foam(NF) was carefully cleaned with 3 M HCI, absolute
ethanol and DI water for 30 min in an ultrasonic bath, respectively, and dried in a vacuum
oven at 50 °C. The working electrode was prepared by mixing an electro-active material,
acetylene black and PVDF with a ratio of 75:15:10. The mixture were continuously grinded
for 10 min in a mortar and pressed on NF finally.

2.4 Materials characterization

X-ray powder diffraction(XRD) characterization was performed using a DRIGC-Y 2000A
with Cu-Kay radiation (A = 1.5406 A) and the scanning speed was 6° min"!. A Hitachi SU-
3500 scanning electron microscope(SEM) equipped with an energy-dispersive X-ray
spectrometer(EDS) was used to observe the morphologies and analyse the element

compositions of material. X-ray photoelectron spectroscopy(XPS) measurement was
carried out on an ESCALAB 250Xi.


file:///C:/Users/xf/AppData/Local/youdao/DictBeta/Application/7.5.2.0/resultui/dict/?keyword=respective

MATEC Web of Conferences 272, 01005 (2019) https://doi.org/10.1051/matecconf/201927201005
ICFMCE 2018

2.5 Electrochemical measurement

Three-electrode system was employed to study the supercapacitor behavior of fabricated
working electrode using a Zahner IM6 electrochemical workstation, in which Pt wire and
Ag/AgCl (in saturated KCl) were used as a counter electrode and a reference electrode,
respectively. Cyclic voltammogram(CV), galvanostatic charge/discharge(GCD) and
electrochemical impedance spectra (EIS) measurements were conducted in 2M KOH

electrolyte.
The gravimetric specific capacitance (Cs) based on CV is defined as
1 .
C(CV) = —— [ i(V)aV (1)
The gravimetric specific capacitance based on GCD is given by
It
C,(GCD) = —= @)

[i(V)av is the integrated area of CV curve, and m, AV, v, I, t are the mass of active
materials, potential window, scan rate, discharge current and discharge time.

3 Results and discussion

Intensity (a.u.)

Energy (keV)

Fig. 1. SEM images(a-c) and EDS spectrum(d) of the synthesized ZnWO4.

Figure la-c presents the typical SEM images with different magnification to illustrate the
morphologies of the synthesized ZnWOu4. It clearly reveals that the ZnWOs exhibits a well-
defined flower-like structure and was composed of layered and uniform nanoflakes.
Meanwhile, the nanoflakes with diameters ranging from 1 to 2 pm intersect among each
other. The macropores of the nanoflower structure, which are formed by stacking of the
nanoflakes, are very suitable for ionic transport in the electrode of a supercapacitor [12]. In
addition, the elemental composition was characterized by EDS, as shown in Figure 1d. The
peaks correspond to O, Zn, and W elements. No other impurity element was observed,
indicating the high purity of the samples.

The crystal structure of the obtained ZnWO4 was analyzed by XRD, as shown in Figure
2. The obvious and typical reflection diffraction peaks correspond to (010), (100), (011),
(110), (111), (021), (200), (121), (130), (-221) and (113) planes respectively. All the peaks
can be indexed and well-matched to the monoclinic wolframite ZnWO, with the standard
card (JCPDS card no.15-0774, space group P2/c), which also indicates that no other
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impurities exist. Moreover, the strong and sharp peaks at (1 1 1), (1 0 0), and (0 2 1) planes
suggest that the as-prepared ZnWO4 samples are highly crystalline [13].

=
=

Intensity / a.u.

10 20 30 40 50 60
2 theta / degree

Fig. 2. XRD patterns of the as-prepared ZnWO; sample.
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Fig. 3. High-resolution XPS survey spectra of ZnWOjs: (a) Zn 2p region, (b) W 4f region, and (c) O
1s region.

To further determine the elemental composition and chemical valance state, XPS was
conducted on the ZnWOQO4. The Zn 2p, W 4f, O 1s core-level XPS spectra of the ZnWOQO4 are
plotted in Figure 3. The Zn 2p3/» and Zn 2p1,2 peaks at binding energies of ~ 1021.2eV and
~ 1044.1eV on a high resolution scan are shown in Figure 3a. This splitting is due to spin
orbit coupling of Zn 2p states [8]. Similarly, Figure 3b illustrates the high-resolution
spectrum of W 4f. The doublets of W 4f;, and W 4fs, peaks appears at binding energies of
~ 349¢V and ~ 37.1eV respectively. Figure 3¢ displays the O 1s spectrum. The O 1s
region can be fitted by two peaks located at ~ 529.9¢V and ~ 530.4eV, which can be
ascribed to the O% in the ZnWO4 and hydroxyl groups on the surface of the sample [14]. All
peaks at specific binding energies are well consistent with previous works [15] and clearly
confirm the successful synthesis of ZnWO4nanomaterial.

The electrochemical performances of the fabricated electrode were deeply investigated.
Figure 4a reveals the CV curves within the potential window of 0-0.5 V at various scan
rates ranging from 5 to 100 mV s’!. As expected, the CV at different scan rates exhibits a
similar shape and a pair of strong redox peaks, which indicates the ideal capacitive
behaviors and the capacitance characteristics are mainly governed by Faradaic redox
reactions. This reaction is based on the reversible redox of Zn?>'-Zn3'. The specific
capacitance of 107.7 F g*!' can be calculated by equation(1) at scan rate of 5 mV s’ further.
Obviously, the anodic and the cathodic peaks shift to higher and to lower potentials with
the increase of scan rate, respectively. It can be explained by the kinetic limitation of the
redox reaction [16], which leads to a lower specific capacitance, as shown in Figure 4b.
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Fig. 4. (a) CV curves and (b) specific capacitance based on CV.

Figure 5a demonstrates the GCD measurements conducted at various current densities
to get more information about the capacitive property. In comparison with a straight and
flat line, the discharge curves displayed a significant deviation and plateau. It suggests the
typical pseudocapacitive characteristics. Due to the incremental potential drop and the
relatively insufficient active material involved in redox reaction under higher current
densities [7], the specific capacitances achieved by equation(2) gradually decreases with the
increase of current density, as can be observed from Figure 5b. The ions(OH") at a low
current density have adequate time to transfer at the interface between the electrode and
electrolyte than at a high current density [5].
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Fig. 5. (a) GCD curves and (b) specific capacitance based on GCD

EIS study was performed in Figure 6 to determine the conductive nature. At the high
frequency regions, the Nyquist plot exhibits a negligible semicircle, suggesting a low
charge transfer resistance and interfacial resistance between current collector and
electroactive material [8]. In the low frequency regions, the plot presents a straight line with
a quasi slope of 45°, indicating the more electrolyte ion diffusion to the electroactive
materials [8]. In general, all features of the Nyquist plot declare the good conductivity and
capacitive behavior.

o/FIower-IlkeZnWOA
64
@
/s
4
44
£ / 7/
o /° 04 e
-~ 13 y
H A5 i
N 9 = §
24 o i 001§
o {
5 ol d
" 05 08 07 08 09 1.0
Z'/ Ohm
0 T T T T T T
1 2 3 4 5 6 7
Z'/ Ohm

Fig. 6. EIS study.

4 Conclusion

In summary, a NFL-ZnWO4 material with a unique and open-up network structure formed
by interconnected nanoflakes was prepared via a hydrothermal method following an
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appropriate heat treatment for the first time. The physical and chemical properties were
carried out by SEM, EDS, XRD and XPS, respectively. A series of electrochemical tests
including CV, GCD and EIS were conducted. It was demonstrated that the NFL-ZnWO4
exhibits good electrochemical behaviors with a high specific capacitance of 107.7 F g at 5
mV s7'. In the future, efforts of morphology tunnings or synergies with other materials on
ZnWO4 can be made to match the superior electrochemical properties need. In view of this,
ZnWO4q as an electrode material is well worth being applied to supercapacitors.
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