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Zn-Fe double hydroxide (Zn-Fe-DH) – multiwalled carbon nanotube (MWCNT)
composite has been developed as a new material for energy storage in negative
electrodes of asymmetric supercapacitors. A conceptually new approach is based
on the use of celestine blue (CB) dye as a multifunctional additive. We discovered
that CB acted as a co-dispersant for Zn-Fe-DH and MWCNT and facilitated their
mixing. New strategy was based on the use of CB as charge transfer mediator,
which facilitated charge-discharge reactions. The electrodes showed a capacitance of
5.2 F cm−2 in 0.5 M Na2SO4 electrolyte in a voltage window of −1.0 to −0.2 V vs.
saturated calomel electrode and good cyclic stability. A new asymmetric device has
been developed, containing Zn-Fe-DH-MWCNT negative electrodes and polypyrrole
coated MWCNT positive electrodes. Good capacitive behavior of cathode and anode
materials was achieved at high active mass of 40 mg cm−2 in partially overlapping
potential windows. The device showed promising performance in a voltage window of
1.6 V. The capacitance of 2.2 F cm−2 was obtained at a scan rate of 2 mV s−1.

Keywords: supercapacitor, hydroxide, zinc, iron, anode

INTRODUCTION

Transition metal-based materials have generated significant interest for applications in energy
generation and storage devices (Cheong and Zhitomirsky, 2009; Zhai et al., 2018; Cesano et al.,
2019; Chen et al., 2019; Dong et al., 2019). Various oxides, such as Fe2O3 (Nasibi et al., 2012),
Mn3O4 (Dubal et al., 2009), MnO2 (Su and Zhitomirsky, 2014), NiO (Chai et al., 2012), and Co3O4
(Xia et al., 2011) were investigated for electrodes of supercapacitors. Oxide materials showed high
capacitance and good power-energy characteristics. However, due to poor electrolyte access to
the active material and high electrical resistance, the specific capacitance decreases significantly
with increasing active material mass. The active mass loadings for practical applications must
be ≥ 10 mg cm−2 (Brisse et al., 2018).

There has been significant progress in the development of capacitive transition metal hydroxide
materials. Enhanced electrochemical performance for active mass loadings of 10–28.6 mg cm−2

has been achieved (Chen et al., 2015; Xu et al., 2016). New techniques have been developed for the
fabrication of different nanoparticles, such as nanoleafs (Xu et al., 2016), coin-like nanoplatelets
(Li et al., 2011), flower-like particles (Zhang Y. et al., 2015), and nanorods (Lakshmi et al., 2014).
Different Ni(OH)2 phases have been investigated, such as α-Ni(OH)2 (Xu et al., 2016) and β-
Ni(OH)2 (Li et al., 2011). New methods have been developed for the fabrication of Ni(OH)2
coated carbon nanotubes (Wang et al., 2006b). Research efforts were focused on the synthesis of
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nanoparticles with small particle size, high surface area, advanced
design, and optimization of electrolyte composition (Xi et al.,
2017). Significant interest has been generated in the development
of flexible devices (Ma et al., 2016).

Various strategies have been developed for the fabrication of
cobalt hydroxide and composite electrodes with active mass of
10–25 mg cm−2. A hydrothermal method has been developed
for the fabrication of CoOOH nanorods with a diameter of 5–
10 nm (Raj et al., 2015). The nanorod nanostructure allowed for
high capacitance and good cyclic stability (Raj et al., 2015). The
development of advanced deposition and synthesis methods for
α-Co(OH)2 and β-Co(OH)2 resulted in enhanced performance
(Gao et al., 2013; Aghazadeh et al., 2014; Zhou et al., 2015).

There is substantial interest in investigating FeOOH and
composite materials for negative electrodes. Electrochemical
testing was performed in Li2SO4, and Na2SO4 electrolytes, which
offer benefits for the fabrication of asymmetric devices with
relatively large voltage windows (Jin et al., 2008). The columned
β-FeOOH particles with diameters and lengths in the ranges of
40–50 and 200–300 nm, respectively, were prepared and used
for the fabrication of electrodes (Jin et al., 2008) with mass
loading of 10 mg cm−2. The electrodes showed a capacitance of
116 F g−1 within the potential window −0.85 to −0.1 V. The
high power density of 3,700 W kg−1 and energy density of 12
Wh kg−1 were achieved for an asymmetric device, containing
FeOOH as a negative and MnO2 as a positive electrode in a
voltage window of 1.85 V. The development of new colloidal
techniques (Silva et al., 2018) facilitated the fabrication of
FeOOH and composite electrodes with active mass of 36–39.6 mg
cm−2. New techniques for the fabrication of non-agglomerated
particles (Chen et al., 2018) allowed for enhanced performance
of FeOOH electrodes. Asymmetric devices (Chen et al., 2018)
containing α – FeOOH-carbon nanotube negative electrodes
and MnO2-carbon nanotube positive electrodes showed good
electrochemical performance.

It was discovered that enhanced capacitive properties can
be achieved in double hydroxides in KOH electrolyte. The
addition of Co to Ni(OH)2 resulted in the changes of
microstructure (Liu et al., 2013) and a drastic improvement in
the capacitance. Nanostructured Co-Si and Co-Al and Ni-Al
double hydroxides were prepared with mass loadings of 20–
28 mg cm−2, respectively (Wang et al., 2005, 2006a, 2010; Zhang
et al., 2006; Hu et al., 2013) and tested in alkaline solutions.
Good electrochemical performance was achieved in hybrid Ni-Co
arrays formed on a copper foam. The Ni–Co hydroxide/Cu(OH)2
nanoarray exhibited ultrahigh capacitance, excellent rate capacity
and good cycling stability (Zhang et al., 2016).

Previous investigations showed that the development and
testing of double hydroxide materials is a promising avenue
for the fabrication of advanced supercapacitor electrodes.
The objective of this investigation was the development of
Zn-Fe double hydroxide (Zn-Fe-DH) for negative electrodes
of supercapacitors. Following this work objective, we have
developed electrodes with high active mass in order to meet
requirements (Brisse et al., 2018) of mass loadings≥ 10 mg cm−2

for practical applications. The approach was based on the use of
celestine blue dye as a multifunctional dispersant. We targeted the

development of electrodes for operation in Na2SO4 electrolyte,
which is beneficial for the development of asymmetric devices
with enlarged voltage window. An asymmetric device has been
fabricated and tested, containing Zn-Fe-DH negative electrodes
and polypyrrole-MWCNT positive electrodes.

EXPERIMENTAL PROCEDURES

Iron chloride hexahydrate (FeCl3·6H2O), zinc chloride (ZnCl2),
celestine blue (CB), sodium sulfate (Na2SO4), eriochrome
cyanine R (ECR), pyrrole (Py), ammonium persulfate
[(NH4)2S2O8]] (APS), and poly(vinyl butyral-co-vinyl-alcohol-
co-vinyl acetate) (PVB, average Mw = 50,000–80,000) were
purchased from Sigma Aldrich Corp. Multi-walled carbon
nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1∼2 µm)
were purchased from Bayer (Germany), and Ni foams with 95%
porosity were provided by Vale Canada Limited.

Synthesis of Zn-Fe-DH was performed by a chemical
precipitation method, described in the literature (Krehula et al.,
2006) which presents data on characterization of this material.
In a typical procedure, MWCNT were added to 50 mL of

FIGURE 1 | (A) Chemical structure of CB (B) adsorption mechanisms of CB
on metal surface by (a) bridging and (b) chelation.

FIGURE 2 | SEM for Zn-Fe-DH -MWCNT at (A,B) different magnifications.
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CB solution in a mass ratio 1:1 and obtained suspension was
ultrasonicated for 0.5 h. ZnCl2 and FeCl3·6H2O in a molar ratio
R = [Zn]/[Zn]+[Fe] of 0.1 were dissolved in DI water. The pH
of the solution was adjusted to 13.8 by dropwise addition of
4M NaOH for the precipitation of Zn-Fe-DH. Then suspensions
of CB dispersed MWCNTs and Zn-Fe-DH were mixed and
ultrasonicated for 45 min, followed by the filtration and drying
procedure at 60◦C for 24 h. The composites were mixed with
PVB (3% by mass) and impregnated from a suspension in ethanol
into the Ni foam current collectors. The negative electrodes were
fabricated with mass loadings of 40 mg cm−2.

For the synthesis of polypyrrole-coated MWCNT (PPy-
MWCNT), ECR and MWCNT were mixed in 50 mL DI water
in a mass ratio of 2:9, followed by ultrasonication for 30 min. The
obtained MWCNT suspensions, containing ECR as a dispersant,
were kept in ice bath to maintain the temperature at 4◦C, and
0.24 mL of Py solution was added. Chemical polymerization
of PPy was performed by addition of APS solution to the
Py-MWCNT mixture, containing ECR as a dopant for PPy
polymerization and dispersant for MWCNT. Obtained PPy-
MWCNT contained PPy and MWCNT in a mass ratio 3:7. The
reaction was carried out for 5 h. PPy-MWCNT were filtrated
and dried at 60◦C for 24 h. PPy-MWCNT were mixed with

PVB (3% by mass) in ethanol and impregnated into the Ni foam
current collectors. The positive electrodes were fabricated with
mass loadings of 40 mg cm−2.

Cyclic voltammetry (CV) and impedance spectroscopy (EIS)
were performed using a potentiostat (PARSTAT 2273, Princeton
Applied Research). The electrochemical measurements were
carried out in a three-electrode setup with 0.5 M Na2SO4
electrolyte. Pt gauze and saturated calomel electrode (SCE)
were used as counter and reference electrodes, respectively,
and the area of working electrode was 1 cm2. CV studies
were performed at scan rates of 2–100 mV s−1, and the
gravimetric capacitance (Cm = Q/21Vm) and areal capacitance
(Cs = Q/21VA) were calculated by integrating the CV
curve area (Shi and Zhitomirsky, 2010) to obtain charge
Q, and subsequently dividing by the voltage window (1V)
and mass (m) or area (A). EIS measurements were carried
out in the frequency range of 10 mHz–100 kHz with a
sinusoidal signal of 10 mV. The components of complex
capacitance (Cs′ and Cs′′) were calculated from the EIS data
as Cs′ = Z′′ /ω|Z| 2A and Cs′′ = Z′/ω|Z| 2A, where
ω = 2πf and f is frequency. Galvanostatic charge-discharge
of the device was performed using a battery analyzer (BST8-
MA, MTI Corp.).

FIGURE 3 | (A) CVs at scan rate of 10 mV s−1 and (B) CS and Cm for Zn-Fe-DH -MWCNT.

FIGURE 4 | (A) Nyquist plot of complex impedance and frequency dependences of complex capacitance components (B) Cs′ and (C) Cs′′ for Zn-Fe-DH -MWCNT.
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RESULTS AND DISCUSSION

Figure 1A shows chemical structure of CB, used in this
investigation as a co-dispersant for MWCNT and Zn-Fe-DH.
The dispersant adsorption on inorganic particles plays an
important role in the particle dispersion (Wang et al., 2011). The
polyaromatic structure of CB was beneficial for its adsorption
on MWCNT, which involved π-π interactions (Ata et al., 2018).
It should be noted that the chemical structure of CB contains a
catechol group. Various molecules from catechol family showed
strong adsorption on various inorganic materials (Ata et al.,
2014). Similar to other catecholates, the adsorption of CB on
Zn-Fe-DH involved bridging or chelating bonding (Figure 1B).
Moreover, electrostatic interactions promoted CB adsorption
on Zn-Fe hydroxide. Electrophoretic deposition experiments
showed that Zn-Fe-DH particles, precipitated at pH = 13.8,
were negatively charged. Therefore, the electrostatic attraction
of negatively charged Zn-Fe-DH and positively charged CB
facilitated CB adsorption on the Zn-Fe-DH particles. It was found
that adsorbed cationic CB provided electrostatic dispersion of
MWCNT and Zn-Fe-DH particles. Sedimentation tests revealed
enhanced stability of MWCNT and Zn-Fe-DH suspensions,
containing CB. It was hypothesized that CB can potentially
improve mixing of MWCNT and Zn-Fe-DH because CB,
adsorbed on the MWCNT, interacted with Zn-Fe-DH particles
by chemical bonding or electrostatic interactions.

Figure 2 shows Zn-Fe-DH -MWCNT composite particles.
The typical size of the particles was 0.5–3 µm (Figure 2A). The
SEM image at higher magnification (Figure 2B) showed
that MWCNT created a network inside the Zn-Fe-DH
matrix. The conductive MWCNT matrix was beneficial for
capacitive behavior.

The SEM data coupled with sedimentation tests confirm
that CB provided dispersion of Zn-Fe-DH and MWCNT,
which was beneficial for their enhanced mixing. The SEM
images of as-received MWCNT were presented in a previous
investigation (Wallar et al., 2017). As-received MWCNT formed
large agglomerates with a typical size of 500 µm. It is challenging

FIGURE 5 | Capacitance retention vs. cycle number for Zn-Fe-DH -MWCNT.

to break down such agglomerates. However, such large
agglomerates were not observed in the low magnification image
shown in Figure 2A. Therefore, CB allowed efficient dispersion
of MWCNT, which formed much smaller composite particles,
containing MWCNT in the Zn-Fe-DH matrix (Figure 2B). The
Zn-Fe-DH electrode showed a nearly rectangular CV (Figure 3).
The capacitance of 5.2 F cm−2 was achieved at a scan rate
of 2 mV s−1. The high capacitance was achieved at relatively
low resistance R = Z’ (Figure 4A). The frequency dependence
of complex capacitance showed a relaxation type dispersion
(Figures 4B,C) with relaxation frequency of about 50 mHz. EIS
data indicated that the electrodes prepared using CB showed
reduced resistance and higher capacitance, compared to the
electrodes prepared without CB (Supplementary Figures S1A–
C). The electrodes showed capacitance retention of 98% after
1,000 cycles (Figure 5). The capacitive behavior of the electrodes
has also been studied by chronopotentiometry. Figure 6 shows
typical charge-discharge curves at different current densities. The
charge-discharge curves at different current densities in the range
of 3–10 mA cm−2 were of nearly triangular shape in the voltage
window of−1.0 to−0.2 V. Good electrochemical performance of

FIGURE 6 | Galvanostatic charge-discharge curves at current densities of (a)
3, (b) 5, (c) 7, (d) 10 mA cm−2 for Zn-Fe-DH -MWCNT.

FIGURE 7 | SEM image of PPy-MWCNT composite.
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FIGURE 8 | (A) CV at scan rate of 10 mV s−1 and (B) Cs and Cm vs. scan rate for PPy-MWCNT composite.

FIGURE 9 | CV at scan rate of 10 mV s−1 of asymmetric supercapacitor cell
containing Zn-Fe-DH -MWCNT negative electrode and PPy-MWCNT positive
electrode.

FIGURE 10 | Galvanostatic charge-discharge curves at current densities of (a)
3, (b) 5, (c) 7, (d) 10 mA cm−2 for asymmetric supercapacitor cell.

the electrodes was achieved at active mass loading of 40 mg cm−2,
which is important for practical applications. It is important to
note that low capacitance of negative electrodes is a limiting

factor in the development of asymmetric supercapacitor devices.
Another difficulty is related to poor cyclic stability of FeOOH
electrodes (Shou et al., 2012). Therefore, the high capacitance of
the Zn-Fe-DH-MWCNT composites and good cyclic stability are
promising for the development of novel supercapacitor devices. It
is suggested that more electrochemically negative Zn component
allowed for the improved stability of FeOOH active material
during cycling. We also suggested that CB facilitates charge
transfer (CT) between Zn-Fe-DH and MWCNT and allows for
better utilization of charge storage properties of Zn-Fe-DH. The
enhanced CT resulted from the catecholate type bonding of
CB to Zn-Fe-DH. Catechol-type molecules are widely used as
CT mediators in different fields, such as electropolymerization
on metal substrates (Tallman et al., 2002; Shi and Zhitomirsky,
2011; Chen and Zhitomirsky, 2013), photovoltaic devices (Wang
et al., 2009; Varaganti and Ramakrishna, 2010; Verma et al.,
2011) and advanced sensors (Sangeetha and Sriman Narayanan,
2014). In addition, a redox-type mode of the CT mediation
can be considered. It is known that CB is an efficient redox-
type CT mediator for electrocatalysis (Noorbakhsh et al., 2008),
where it is used to transfer electrons between analytes and
electrodes. CB shows redox properties in a negative potential
range with high electron CT rate constant, excellent reversibility
and chemical stability (Noorbakhsh et al., 2008). Therefore, high
capacitance of the Zn-Fe-DH-MWCNT electrodes resulted from
good dispersion and mixing of the individual components and
enhanced CT achieved using CB as a multifunctional additive.
It should be noted that direct contribution of CB to the total
capacitance is very small due to low amount of CB used
and small specific capacitance of this relatively large molecule.
The Zn-Fe-DH-MWCNT showed enhanced performance in
the negative potential range and outperformed many other
candidate materials in the same potential window at high active
mass loading in Na2SO4 electrolyte. Of particular importance
is nearly ideal box shape CV and high areal capacitance.
As pointed out above, many hydroxide materials show good
capacitive behavior in alkaline electrolytes, such as KOH.
The use of environmentally more friendly Na2SO4 electrolyte
offers benefits for the development of asymmetric devices with
enlarged voltage window. Therefore, the Zn-Fe-DH-MWCNT
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composites were used as negative electrodes for asymmetric
supercapacitor devices.

The fabrication of asymmetric devices with enlarged voltage
window requires the development of positive and negative
electrodes, operating in partially overlapping voltage windows
in the same electrolyte (Zhang Z. et al., 2015; Attias et al.,
2017). We found that PPy-MWCNT electrodes are promising
as positive electrodes for asymmetric supercapacitor devices in
a combination with negative Zn-Fe-DH -MWCNT electrodes.
Figure 7 shows a microstructure of the PPy-MWCNT material,
prepared by a chemical polymerization. The material consisted
of PPy coated MWCNT. The ECR dispersant for MWCNT acted
as an anionic dopant for PPy polymerization and allowed for the
fabrication of uniformly coated MWCNT. Such microstructure
allowed for enhanced charge transfer between MWCNT and PPy.
The CV for the PPy-MWCNT electrode in the 0.5 M Na2SO4
electrolyte was of nearly rectangular shape (Figure 8) in a voltage
window of −0.3 to +0.6 V, which partially overlapped with a
voltage window of Zn-Fe-DH -MWCNT negative electrodes. The
highest capacitance of 4.2 F cm−2 was achieved at a scan rate of 2
mV s−1. The capacitance decreased with increasing scan rate due
to electrolyte diffusion limitation in pores. Good electrochemical
performance was achieved at a mass loading of 40 mg cm−2,
which allowed for a relatively high ratio (0.5) of mass loading to
current collector mass.

The Zn-Fe-DH -MWCNT negative electrodes and PPy-
MWCNT positive electrodes were used for the fabrication of a
novel asymmetric supercapacitor device. Such device showed a
nearly rectangular CV in a voltage window of 1.6 V in 0.5 M
Na2SO4 electrolyte (Figure 9). The areal capacitance, calculated
from the CV data was found to be 2.2 F cm−2 at a scan
rate of 2 mV s−1. The device showed triangular shape charge-
discharge curves at different current densities in a voltage window
of 1.6 V (Figure 10).

CONCLUSION

Zn-Fe-DH-MWCNT composite has been developed as a new
material for energy storage in negative electrodes of asymmetric
supercapacitors. A conceptually new approach is based on the use
of CB as a multifunctional additive. We discovered that CB acted
as a co-dispersant for Zn-Fe-DH and MWCNT and facilitated
their mixing. New strategy was based on the use of CB as charge

transfer mediator, which facilitated charge-discharge reactions.
The electrodes showed a capacitance of 5.2 F cm−2 in a voltage
window of −1.0 to −0.2 V vs. SCE and good cyclic stability.
A new asymmetric device has been developed, containing Zn-
Fe-DH-MWCNT negative electrodes and PPy-MWCNT positive
electrodes. Good capacitive behavior of cathode and anode
materials was achieved at high active mass of 40 mg cm−2

in partially overlapping potential windows. The device showed
promising performance in a voltage window of 1.6 V. The
capacitance of 2.2 F cm−2 was obtained at a scan rate of 2 mV s−1.
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