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For the purpose of expanding the working potential window and reducing the self-discharge for a
Zn-ion hybrid supercapacitor, a positive electrode (cathode) of the Mn—-Co-sulfide—polyaniline (MCS—
PANi) composite coated on porous graphite paper was prepared using the reverse voltage pulse electro-
deposition method. The electrode first achieved a high specific capacitance of 1048.8 F g* at a scan
rate of 5 mV st in the 1 M ZnSO4 and 0.1 M MnSO, electrolyte solution. The Zn negative electrode
(anode) was modified by organic fatty alcohol additives to reduce oxidation and dendrite growth.
A hydrophilic modified polypropylene (PP) nonwoven fabric was used as a separator. The MCS—-PANi-
Zn-ion hybrid supercapacitor (MPZHSC) exhibited a very wide potential window of 2 V in aqueous
electrolytes, a high specific capacitance value of 586.7 F g~* at a scan rate of 5 mV s~ an excellent dur-
ability of 98.3% after 11232 cycles and a low self-discharge rate, retaining over 60% of its initial voltage
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value after 7 days. In addition, a device with a small active area of 2 cm? can be used to light a 2.5 W

rsc.li/njc LED module for about 15 min, suggesting MPZHSC's potential practical applications.

used in practice. A huge increase in annual production of LIBs
has as a consequence of the depletion of lithium raw materials

Introduction

In recent years, portable electronic devices and electric vehicles
have been rapidly developed requiring higher demands for
energy and power density, safety, and low cost of electro-
chemical energy storage devices."” Research on battery tech-
nologies such as Pb-acid, Ni-Cd, Na-S and particularly Li-ion
batteries (LIBs) is on a continuous progress towards this direction.?
Up to date, LIBs have achieved great success and been widely
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and high cost of the battery system.® Recently, sodium-ion
batteries (SIBs) and potassium-ion batteries (PIBs) have been
also developed as alternatives for LIBs due to their abundant and
relatively low cost.>” Nevertheless, LIBs, SIBs, and PIBs have
relatively low durability and safety.

Rechargeable supercapacitors have recently garnered
increasing attention from scientists. However, they have some
major disadvantages, which are high self-discharge, a low
working voltage and a voltage drop during their operation.
The self-discharge rate in a supercapacitor is much greater than
that in a battery; in a conventional supercapacitor, the voltage
drops by about 40% after 12 hours.® This is a serious drop
because supercapacitors are mainly used in the first half of
the active potential window. At the same time, the potential
window of a supercapacitor based on an environmentally
friendly aqueous electrolyte solution usually only reaches the
limit of 1.2 V due to the occurrence of electrolysis, and even
when using an organic electrolyte solution, the working potential
on many supercapacitor products currently on the market is only
2.7 V.° Therefore, when the potential of a supercapacitor
decreases rapidly, the energy density proportional to the square
of the potential and the potential is significantly lowered, which
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will be a key point that greatly affects the practical application
of supercapacitors. For the purpose of overcoming the above
disadvantages, the studied hybrid supercapacitors have shown
better properties such as a wide working potential, low self-
discharge, and higher energy and power densities. Several types
of battery-hybrid supercapacitors using metal ions (Li*, Na*, K",
Zn>*, Mg”", Ca**, and AI’") have been developed to improve the
durability, energy and power density of the devices.'®>' Among
these, multivalent metal ions (e.g., Zn**, Mg>*, Ca®", and AI*")
may possess some distinct advantages, such as a high capacity
and energy density compared with univalent metal ions (Li",
Na’, K*, etc.)’> These happen because a multivalent cation can
transfer twice or three times more electrons to the electrode,
providing a high charge-transfer efficiency and an overall
enhanced supercapacitor performance.

The zinc-ion hybrid supercapacitor (ZHSC) is a promising
system as the zinc metal is an available and cheap material. Zn
ions are also suitable for aqueous electrolytes due to their low
redox potential (—0.76 V vs. standard hydrogen electrode (SHE))
and high overpotential for hydrogen evolution with a satis-
factory theoretical capacity of 820 mA h g™* (5855 mA h cm™?)
for the Zn electrode.>*>® The positive electrode of the Zn-ion
hybrid supercapacitor is usually based on carbon materials
with a large specific surface area.”’*° However, the main issue
of carbon-based electrode materials is the low specific capaci-
tance and lower energy density. The plan to introduce the
pseudo-capacitive effect into anode materials is also being
directed. Compared with carbon materials, pseudo-capacitive
materials contribute a greater capacity to the energy storage
device. The combination of pseudo-capacitive materials will be
a promising research trend for Zn-ion hybrid supercapacitors.
However, the number of publications is still limited.

Besides, the Zn negative electrode during the working process
often tends to form uncontrolled dendrites. This is combined
with the low mobility of the Zn>" ion, leading to a decrease of the
cycling lifespan and Coulomb efficiency of ZHSCs. Recently,
various functional materials, such as reduced graphene oxide
(rGO), active carbon, carbon black, TiO,, and porous nano-
CaCO;, have been reported as protective layers to restrain the
dendrite growth, gas evolution, and by-product formation.***
Chet et al. investigated the effect of organic/inorganic additives
(such as cetyltrimethylammonium bromide, sodium dodecyl
sulfate, polyethylene-glycol, thiourea indium sulfate, tin oxide,
and boric acid) on electrode protective layers. The findings reveal
that these additives affect the different crystallographic orienta-
tions and surface textures of zinc anodes, resulting in 6-30 times
less corrosion of zinc anodes in the aqueous electrolyte than
without additive ones.>**”

Regarding the electrode materials based on transition-metal
sulfides and conducting polymers, they have shown to contri-
bute high specific capacitances.*®** However, metal sulfide
compounds often exhibit good electrochemical properties in
supercapacitor systems using alkaline electrolyte solutions (e.g.
KOH, NaOH). Therefore, metal sulfide materials have hardly
been studied in electrolyte solutions of zinc ion batteries such
as ZnSO,.
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In this work, the electrochemical deposition method was
used to fabricate the cathode of Mn-Co-sulfide and polyanilne
composite materials for Zn-ion hybrid supercapacitors. The
zinc anode was plated in the presence of organic fatty alcohol
additives. The cathode and anode were then reassembled into a
full cell ZHSC using a hydrophilic treated PP non-woven fabric
separator and 1 M ZnSO,-0.1 M MnSO, electrolyte solution.
The characterisation results demonstrated high features for the
SC electrodes, including high capacitance and durability.
In particular, the MCS-PAN composite material has achieved
good electrochemical properties in non-alkaline aqueous elec-
trolyte solutions while contributing to widening the potential
window for Zn-ion hybrid supercapacitors up to 2 V. An MPZHSC
with only a small active area of 2 cm® exhibited a relatively low
self-discharge rate with retaining over 60% of its initial voltage
value after 7 days, and it was able to illuminate a 2.5 W LED
module for about 15 min.

Experimental section
Materials

Manganese(n) sulfate monohydrate 99%, cobalt(u) sulfate
heptahydrate 99%, aniline, zinc sulfate heptahydrate 99%,
thiourea, zinc foil and ethanol were purchased from Sigma-
Aldrich Ltd, Singapore. Alcohol ethoxylate C;,H,50-(C,H,0),
was ordered from Shanghai Zhanyun Chemical Co., Ltd.
Graphite paper was supplied by Xiamen Tob New Energy
Technology Co., Ltd. This graphite paper has a porosity of
75%, and it is cleaned by ultrasonic vibration in alcohol before
use. Nonwoven polypropylene (PP) fabric was received from
Bignano Ltd. Co (Vietnam). All other chemicals were used as
received without any further purification.

Fabrication of ZHSCs

Cathode. The Mn-Co-sulfide-polyaniline (MCS-PANi) com-
posites were deposited onto a graphite paper serving as both
electrodes. After the cleaning and drying process, the graphite
paper was covered with plastic glue for fixing an active surface
area. The electrodeposition experiments were performed in an
aqueous solution consisting of 7 mM Co(SO,)-7H,0, 7 mM
Mn(SO,)-H,0, 0.7 M thiourea and 0.1 M aniline. The sulphate
salts and thiourea were added, and the substrate was stirred
(with its half area immersed in the electrolyte being 1 x 2 cm?)
using the voltage pulse technique. The electrochemical system
consists of two electrodes in which the graphite paper is used
until complete dissolution to a homogeneous solution with a
light-pink color. Then, aniline was slowly added using a micro-
pipette. The voltages were applied in the range of 1.5 V to
—1.5 V alternatively for 100 s and repeated 4 times (Scheme 1).
Next, the positive and negative electrodes were interchanged,
and the procedure was carried out one more time.

Anode. The plating solution was prepared on a heated
magnetic stirrer. Double-distilled water was heated to 60 °C.
Fatty alcohol ethoxylate (2 ml) was then gradually dissolved
in double-distilled water with continuous magnetic stirring.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Scheme 1 Process for fabrication of the MCS—PANi Zn-ion hybrid supercapacitor (MPZHSC).

When the solution became homogeneous, the ZnSO, salt was
added slowly so that the concentration remained at 2 M. The
beginning voltage of 1 V was maintained for 30 s and then
increased to 1.8 V and kept for 330 s (Fig. S1b, ESIt) for the
galvanizing process.

Preparation of the electrolyte and separator. The electrolyte
was prepared by mixing 1.0 M ZnSO, and 0.1 M MnSO, in
deionized water. The fatty alcohol solution, prepared as des-
cribed above, was used for surface treatment of PP nonwoven
fabrics. After the treatment, the treated PP fabric was immersed
in the prepared electrolyte solution.

Characterization

The morphology and the chemical composition of MCS-PANi
and Zn electrodes were characterised by scanning electron
microscopy (SEM, Jeol JSM-6510LV) and energy-dispersive
X-ray mapping analysis (EDX mapping). The phase and crystal
structure of the MCS-PANi were characterized by X-ray diffrac-
tometry (Cu Ko irradiation, 4 = 1.5406 A). The XPS (Thermo
Fisher) analysis was used to characterise the MCS-PANi cathode
by using monochromatic Al Ko radiation (hm = 1486.6 eV).
Electrochemical properties of MCS-PANi electrodes were stu-
died with a Bio-Logic VSP-300 electrochemical station using a
three-electrode configuration with a standard calomel electrode
(SCE) as a reference electrode (RE), a Pt rod as a counter
electrode (CE), the MCS-PANi electrode as working electrodes
(WE) and electrolytes of ZnSO, 1 M-MnSO, 0.1 M. Regarding
the performance test of a full-cell MPZHSC, a two-electrode
electrochemical system was utilized. The electrochemical mea-
surements including cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectro-
scopy (EIS) were conducted. Prior to electrochemical measure-
ments, the electrode samples were immersed in the electrolyte
solution for about 30 min.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Results and discussion

The preparation process of the MPZHSC is briefly illustrated
in Scheme 1. First, the MCS-PANi composite (cathode) was
directly grown on a graphite paper substrate by the electro-
deposition to form a porous structure as reported previously.*®
Meanwhile, a metallic Zn-based electrode (anode) was pre-
pared by the electroplating method using a mixture of fatty
alcohol ethoxylate and ZnSO, solution as the electrolyte,
resulting in the formation of a hierarchical micro-flower-like
Zn structure. Subsequently, an MPZHSC was assembled by
the MCS-PANi composite cathode, Zn anode, ZnSO,/MnSO,
electrolyte and nonwoven PP separator as shown in Scheme 1.
The porous structure of both the cathode and anode contri-
butes to the excellent electrochemical performance of the
prepared ZHSC.

Characterisation of materials

Fig. 1(a)-(c) show the SEM images of the MCS-PANi cathode
material at different magnifications. It can be seen that the
cathode’s surface is porous. It has small holes with a diameter
of several pm interspersed with raised surrounding leaf scales
on most of the electrode surface. This structure enhances
the contact of the cathode with the electrolyte and as a
consequence improves the effect of double layer charge and
the participation of ions in redox reactions. In addition, the
presence of aniline favors the adherence of the active MCS
material to the substrate (i.e., highly bonded large polyaniline
arrays to the porous graphite substrate).

Fig. 1(d)-(f) show the micro-flower-like morphology on the
surface of the Zn anode. The resulting petals have a thickness
of around hundreds of nm that can reach the formation of
two-dimensional nanosheets. Compared with the previous
results,***° the zinc nanosheets are more sparsely distributed
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Fig. 1 SEM images at different magnifications of the MCS—PANi cathode (a)-(c) and Zn anode (d)-(f).

due to the interaction of fatty alcohols in the plating process
and the isolation of zinc ions. Besides, during the operation of
the Zn-ion hybrid supercapacitor, it is possible for the zinc
electrode to undergo a chemical reaction that causes the
formation of dendrites:

Zn + 40H < Zn(OH),*>” +2e~ < ZnO + 20H + H,0 + 2e".

The presence of fatty alcohol molecules on the surface of
zinc nanosheets limits the direct contact of zinc with water ions
(OH").%® 1t also reduces the oxidation, corrosion, gas genera-
tion as well as the growth of dendrites during the preparation
and operation of MPZHSC.?!%>:%¢

To clarify the actual material composition of the electrode,
EDX and EDX mapping analyses were performed. Fig. 2
indicates the composition and elemental distribution of the
MCS-PANi composite. The atomic percentage composition of
the three elements Mn, Co, and S was 3.37, 3.45, and 4.44%,
respectively. The nitrogen composition indicating the presence
of PANi was 12.3% by atomic percentage. The presence of C
element stems mainly from the porous graphite substrate.
Along with that, there is uniform distribution of Mn, Co, S,
and N elements on the entire survey surface.

The crystal phase, chemical element composition and oxida-
tion states of cations on the surface of the sample were further
evaluated by XRD and XPS techniques, respectively. The XRD
pattern of the as-fabricated MCS/PANi electrode is shown in
Fig. S2 (ESIf). It is observed that the intense diffraction peak
around 26 = 26.5° is due to the (002) plane of the graphite
substrate. Two characteristic peaks at 20.3° and 25.5° belong to
(020) and (200) crystal planes of PANi in its emeraldine salt
form, respectively.*>** The well-defined diffraction peaks at
about 30.8° 31.4° 38.3°% 50.2° and 55.3° are indexed to (311),
(222), (400), (511) and (440) planes of the spinel MnCo,S,
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NJC
Element | Weight % | Weight % Sigma | Atomic %
3 4170 | 0.53 58.99
o 1603 | 027 17.03
s 838 | 0.13 4.44
Co 11.96 032 345

N 10.14 0.45
| Mn | 1090 | 081 | 337
Cl 089 | 0.05 0.43
100 100

12.30

Mal [mn](Col  [co
e
0 1 2 3 4 5 6 7 8 9 KeV

C K series N K series

2505m

250pm

Mn L series Co L series S K series

250um 250um 250um

Fig. 2 EDX spectrum (a) and EDX mapping analysis (b)—(f) of the MCS—
PANi composite material. The inset is the quantitative analysis of chemical
composition of the sample.

structure, respectively (JCPDS card no: 73-1703), as observed
in the previous report.’** Besides, it can be seen that the peaks
with low intensity at 35.4°, 47.0° and 54.7° correspond to the
hexagonal CoS (JCPDS 65-3418).*> In addition, no other peaks
related to impurities were found.

The chemical composition and oxidation states of cations
on the surface of the sample were further evaluated using the
XPS technique.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 Wide scan survey XPS spectrum of the MCS—-PANi composite (a);
high-resolution XPS spectra of Cls (b), N1s (c), S2p (d), Mn2p (e) and
Co2p (f).

Fig. 3(a) shows the full XPS spectrum of the MCS-PANi
composite, and Fig. 3(b)-(f) reveal high-resolution core-level
XPS spectra of C 1s, N 1s, S 2p, Mn 2p and Co 2p, respectively.
Fig. 3(b) shows the high-resolution C1s spectrum after using
the Gaussian fitting method. The spectrum can be divided
into three peaks, indicating the presence of benzene ring-C
(C-C/C-H, 284.56 eV), C-N/C=N (286.83 eV), and C=O of
quinoid (288.2 eV).*® The high-resolution N 1s spectrum of
PANi can be deconvoluted into three binding energy states, the
peak of (—=N-) at 397.9 eV, the peak of (-NH-) at 399.7 eV and
the one of (-NH'-) at 401 eV. The appearance of the 401 eV peak
indicated that nitrogen species in PANI were protonated and
interacted with the MnCo,S, component in the PANI-MnCo,S,
composite.”*® The characteristic S 2p peaks at 162.5 and
163.8 eV belong to S 2p;/, and S 2p,,,, respectively, which were
assigned the typical characteristic of sulfur with metal ions
(Co-S, Mn-S bonding).*” Another peak was observed at
168.2 eV, which indicates the high oxide state of sulfur due to
exposure to air and electrodeposition precursor salts.**>2
As shown in Fig. 3(e), the Mn 2p spectrum also has two spin—-
orbit doublets, with Mn 2p;,, located at 641.2 eV and Mn 2p,,
located at 653.0 eV and co-existence of both Mn>" and Mn**
cations. The Mn 2p satellite separation is 11.6 eV. While the
peaks at 641.26 €V and 653.0 eV correspond to oxidation sates
of Mn”", the peaks at 643.6 eV and 654.5 eV are of the oxidation
sates of Mn®". Fig. 3(f) presents the Co 2p core-level spectrum
with two pairs of spin-orbit doublets, with Co 2p3/, located at
780.2 eV and Co 2py,, at 796.7 eV. After using the Gaussian
fitting method, the spectra can be divided into five peaks.
Among them, two peaks at 780.2 eV and 794.3 eV correspond

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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to the existence of Co®" valence and two other peaks at 782.9 eV
and 796.7 eV correspond to the existence of Co®" valence. The
satellite peak appears at 802.7 eV. These results match well with
the reported data of Co 2p and Mn 2p spectra in CoMn,S,.>?
Therefore, the XRD and XPS results further confirmed the
presence of Mn**, Mn®*', Co®, Co’" and PANi in the as-
fabricated MCS/PANi cathode, which will play a role for the high
electrochemical performance of electrode materials.

Electrochemical characterization

It was demonstrated that transition-metal sulfide materials
typically achieve high specific capacitance values up to thou-
sands of F g~ in alkaline electrolyte solutions such as 6 M KOH
electrolyte.>®*%*1>473¢ In the current study, the electrochemical
performance of the MCS-PANi electrode alone in the ZnSO,
1 M-MnSO, 0.1 M electrolyte was evaluated. Fig. 4(a) shows CV
curves at different scan rates from 5 to 50 mV s~ ' over a wide
potential range from —1 to 0.9 V. It can be seen that the MCS-
PANi electrode still exhibits a high redox reactivity in the ZnSO,
1 M-MnSO, 0.1 M electrolyte. For all scan rates, prominent
redox peaks appear at about 0.2 and 0.8 V. This demonstrates
that the porous structure of the cathode allows the electrolyte
ions to readily exchange and react with the electrode material
even at high voltage reversal rates. Likewise, the GCD curves
also show its nonlinear faradaic effect. The two shoulder-
shaped platforms of the charge-discharge curve are relatively
large and have a similar appearance location to the peaks of the
CV curves at 0.2 V and 0.6 V (Fig. 4(b)). The inset of Fig. 4(b)
shows more clearly the charge-discharge characteristics with a
high current density of 30 and 40 A g~ '. The GCD curve at high
current densities maintains its nonlinear appearance. From both
the CV and GCD curves, it can be observed that the prepared
MCS-PANi composite has excellent electrochemical properties
and is suitable as the cathode for the Zn-ion hybrid super-
capacitor. However, the Coulombic efficiency is not too high
(the charge time is longer than the discharge time), and it is
possible due to the fact that the electrolyte solution contains the
fatty alcohol which partially affects the charge-discharge process.

For the full-cell MPZHSC, the CV curves retain similar
shapes compared with those of the MCS-PANi positive elec-
trode. In the current work, the sweep potential is up to 2 V. This
potential window value is relatively high compared to those in
previous studies on Zn-ion hybrid supercapacitors as well as
aqueous Zn-ion batteries.”>*®3'>3% This will increase the
energy storage capacity of the supercapacitor as the energy is
proportional to the square of the potential. The CV and GCD
curves in Fig. 4(c) and (d) exhibit redox peaks and nonlinearity,
suggesting that the capacitance is attributed by the combi-
nation of pseudo-capacitance mechanisms.’>*! The reaction
mechanism in the anode using zinc ions can be formulated as
eqn (1).%®

Zn*" +2e” < Zn (1)

Mn and Co are both multivalent transition metals and readily
participate in reversible redox reactions. The fast faradaic

New J. Chem., 2023, 47,14885-14893 | 14889
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Fig. 4 CV and GCD curves of the MCS—PANi cathode (a), (b) and full-cell MPZHSC (c), (d) at different scan rates and current densities.

reactions are mainly due to the interaction of Mn and Co ions
with the OH, and they are determined by the following

equations:*”®
H,0 < H' + OH" (2)
CoS + OH™ « CoSOH + H,0 + e~ 3)
COSOH + OH™ «> CoSO + H,0 + e~ (4)
MnS + OH™ < MnSOH + e~ (5)
MnSOH + OH™ «> MnSO + H,0 + e~ (6)

A self-doping process possibly occurs in PANi. At the
charged state, half of the nitrogen in the PANi chain is oxidized
into the forms of -NH"-, -NH'=, or -N—. This enables PANi to
react reversibly with SO,>” ions from electrolyte solutions,
especially with MnS0,.>°

From the CV curves, the specific capacitances for the three-
electrode system (MCS-PANi electrode) and the two-electrode
system (full-cell MPZHSC) and the energy density are calculated
according to the following formulas, respectively:

S _
Co = narFe) ™
!/ 28 —1
P vaV(F £ ) (8)

14890 | New J. Chem., 2023, 47,14885-14893

The highest obtained specific capacitance values at a CV
scan rate of 5 mV s ' are 1048.8 F g~ ' for the MCS-PANi
cathode and 586.7 F g~ for the full-cell MPZHSC, as shown in
Fig. 4(a) and (c). The high specific capacitances of the single
electrode and the full-cell supercapacitor obtained indicate the
high energy reserve of the MCS-PANi electrode material, and it
is better than that of the recently published articles.*>°*®" The
working mechanism of the full-cell MPZHSC can be explained
based on the reaction equations of (1)-(6). Here, OH™ ions are
the main factor for the operation process. If OH™ ions are
reacted with Zn, it will produce dendrites and reduce the
durability and electrochemical quality of the supercapacitor.
In the current study, the use of fatty alcohols to limit the
reaction between Zn and OH  will ensure that the reversible
reactions of (1)-(6) take place smoothly and efficiently. In
addition, PANi also has a self-doping mechanism thanks to
the action of H" ions and SO,>” ions, which increases the
electrochemical quality of the supercapacitor.>

To better characterize the performance of the MCS-PANi
cathode, the electrochemical kinetics was investigated with
the power law and Dunn method.®® The equations used are
as follows:

i=a’ 9)

(10)
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Fig. S3a-c (ESIT) show the different values of coefficient b in
eqn (9), determined for the redox peaks and some potential
locations in the CV scan range. The b values obtained at both
positive and negative redox peaks are approximately 0.5,
demonstrating the diffusion-controlled faradaic characteristic.
However, examining b at potential values in the CV measure-
ment, b has a wide range of values and reaches the highest
calculated values of 0.75 at (anodic) oxidation and 0.88
at reduction (cathodic). This proves that the process in the
Zn-ion hybrid supercapacitor appears in both capacitive and
diffuse processes. Therefore, eqn (10) is used to determine the
% contribution of the two processes. Fig. S3c and d (ESIt)
indicate the contribution ratio of the capacitive process. The
capacitance contribution increased from 39% to 68% as the CV
scan rate increased from 5 to 50 mV s~ ' due to the insufficient
adsorption/desorption time of OH™ ions onto/from the surface
of the electrode material.>® Table S1 (ESIf) provides different
electrode materials along with fabrication methods and
electrolyte solutions to compare with the electrochemical
performance of the MCS-PANi electrode in the non-alkaline
electrolyte solution.

The electrochemical impedance spectra were analyzed only
for a two-electrode complete hybrid supercapacitor system
consisting of the MCS-PANi cathode, the Zn-plated anode
and the PP nonwoven separator that was hydrophilic-treated
with ZnSO, (1 M)-MnSO, (0.1 M) electrolyte. Fig. 5(a) shows
the EIS Nyquist plot of full-cell MCS-PANi-ZHSC. The inset in
Fig. 5(a) shows the corresponding equivalent circuit model

a y CPE CPE,
ool @) =2
£
£ 60
Q 3Q
= S 4.
N 40 Rer 550
_§ CPE 1.0 mF.s@"
a 0.64
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diagram (ECM), which includes an equivalent series resistance
(Rs), a resistance for charge transfer at the electrode/electrolyte/
separator interface (Rcr), a leakage resistance (Ry), two constant
phase elements (CPE and CPE,) of the non-ideal capacitor and
a Warburg diffusion element (W) - representing the resistance
of ionic diffusion in the electrolyte. The series resistance of the
R, system is 4.3 Q, while the ion exchange resistance is 5.5 Q.
The resistance value is caused by the fatty alcohol wetting
admixture together with the pore/surface structure of the non-
wovens. The internal resistance of the full-cell MPZHSC and the
charge-discharge current also affect the capacitance value
when this device works. As shown in Fig. 5(b), the specific
capacitance of the full-cell MPZHSC is only 390 F g~ at a GCD
current density of 5 A g~ . The specific capacitance value tends
to decrease gradually with the increase of the working current.
This will generally affect the relationship between energy density
and power density as shown in Fig. 5(c). The maximum energy
density of the device achieves 216 W h kg™ " at a power density of
4610 W kg™ ' and remains 47.5 W kg ' at 32264 W kg .
However, we have a very large leakage resistance (5.5 MQ) that
possibly helps the MPZHSC to reduce the self-discharge rate.
Fig. 5(d) shows the cycling stability of the MPZHSC with a high
charge/discharge current density of 50 A g . The supercapacitor
still maintains a very good durability of 98.3% of its initial
capacity after 11232 cycles (see more in Table S2, ESIf to
compare the electrochemical qualities of some other ZHSCs).
To evaluate the self-discharge proccess of the full-cell
MPZHSC, the device was charged to 2 V and the self-discharge

(b)

»
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o
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Fig. 5 EIS (a), effect of charge/discharge current density on specific capacitance (b), the relationship between energy density and power density (c) and
cycling stability of the full cell MPZHSC after 11232 charge—discharge cycles (d).
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Fig. 6 (a) Self-discharge behavior of full-cell MPZHSC and (b) the full-cell
MPZHSC device is lighting up a 2.5W-USB LED module.

rate was recorded by measuring the open-circuit voltage (OCV).
In Fig. 6(a), the change in the OCV is observed to have two stages.
In the first stage, the OCV drops quite quickly from 2 Vto 1.4 V
within about 7 hours. Then, it slowly decreased from 1.4 V to
about 1.2 V after 137 hours in the second stage. Thus, after 7 days
of the self-discharge, the device maintained 60% its initial
voltage value and it is much higher than those of traditional
supercapacitors.®*®® The full-cell MPZHSC with a small active
area of 2 cm® was also charged to 2 V and connected to a 2.5W
USB LED module (Fig. 6(b)). The period of time when the LED
was on until it turns off was about 15 min. Thus, the MPZHSC
device demonstrated its high energy storage capacity.

Conclusion

The Mn-Co transition-metal sulfide-polyaniline composite
material was successfully prepared as a cathode for a zinc-ion
hybrid supercapacitor using a one-step reverse pulse electro-
deposition method. The interesting results showed that the
electrode achieved a high specific capacitance value in a non-
alkaline electrolyte solution (1048.8 F g~ ' at a scan rate of
5 mV s~ ). Fatty alcohol ethoxylate was used as a major additive
in surface treatment of the non-woven PP separator and Zn
cathode. A full-cell MPHZSC was also assembled. The device
exhibited outstanding electrochemical behaviors such as a wide
potential window of 2 V in the aqueous electrolyte, a high
specific capacitance of 586.7 F g~ " at a scan rate of 5 mV s,
a high energy density of 216 W h kg™ ", and excellent cycling
stability with over 98.3% of initial capacitance retention at a
current density of 50 A g~ " after 11 232 charge-discharge cycles.
The device also showed a low self-discharge rate by retaining
over 60% of its initial voltage value after 7 days. A full-charged
device was able to illuminate a 2.5 W LED module for about
15 min. We believe that this study not only provides good ideas
for developing high-performance ZHSCs but also shows a
potential perspective for the practical applications of ZHSCs.
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