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ABSTRACT: This investigation is motivated by interest in the redox properties of CuO for energy storage in supercapacitors and in
the fascinating effects of charge transfer in conductive polymer—metal oxide composites on their physical and chemical properties.
Various challenges are successfully addressed, such as efficient utilization of capacitive properties of charge storage materials in high
active mass loading electrodes; understanding charge storage mechanisms at different electrode potentials; fabrication of anodes with
high areal capacitance, which can match the capacitance of advanced cathodes; and fabrication of advanced asymmetric
supercapacitor devices with high specific energy. CuO nanoparticles are prepared by hydrothermal synthesis and polypyrrole (PPy)
particles are prepared by chemical polymerization for the fabrication of CuO and composite PPy-CuO anodes. An important finding
is the synergistic effect of capacitive properties of PPy and CuO, which facilitates the fabrication of anodes with a record high
capacitance of 7 F cm ™ in a 0.5 M Na,SO, electrolyte. The capacitance, impedance, and charge transfer resistance of the composites
are optimized by investigating electrodes with different PPy contents. The superior behavior of the composites is linked to the
enhanced charge transfer, which results in a low impedance and reduced charge transfer resistance. The composite electrodes show
good capacitance retention at fast charge—discharge rates and good cyclic stability. The asymmetric supercapacitor devices show
high capacitance of 2.76 F cm™ in a voltage window of 1.5 V, high energy density of 10.83 Wh kg™, and good cyclic stability.
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Bl INTRODUCTION investigated for the fabrication of doped CuO electrodes
Oxides of transition elements. such as Fe. Mn. Co. Ni and Cu with enhanced properties.'”'® The capacitance of the electro-
’ ST —4 des can be boosted under the influence of illumination, which

are promising for energy storage in supercapacitor devices.'
The charge storage properties of Fe;O, 7y-Fe,O; MnO,,
Mn;0,, Co;0,, NiO, and CuO are related to changes of the
valence of the corresponding metal ions in chemical redox
reactions.”* CuO offers benefits for supercapacitor applications
due to its low cost and chemical stability. Cyclic voltammetry
studies™® of CuO showed reduction of Cu?* to Cu* and Cu"* to
Cu. This provides a platform for the application of CuO in
anodes of supercapacitors.” However, the charge storage
properties of CuO are not well understood. The electro-
chemical mechanisms based on the reduction of Cu** ions

generates electrons and holes in the semiconducting CuO
material'” and facilitates charge transport. Investigations of
CuO electrodes showed a relatively high electrical resistance.®’
An areal capacitance of 120 mF cm™ was reported for CuO
electrodes in a Na,SO, electrolyte."* Cu/CuO nanorod array
electrodes showed an areal capacitance of 1.674 F cm™ in a
KOH electrolyte.'” Tt should be noted that significantly higher
capacitances are necessary for CuO applications in anodes of
supercapacitor devices. The areal capacitance of the anodes
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cannot explain the capacitive behavior of CuO at positive Received: May 10, 2024
electrode potentials.g_10 Revised:  June 13, 2024
Many investigations focused on CuO films with relatively Accepted: June 18, 2024
low mass.*''™" Electrochemical testing was performed in Published: June 25, 2024
different electrolytes, such as KOH,* ! NaZSO4,IZ’14 ionic

liquids,"”® and other electrolytes.'"® Various dopants were
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must be matched with the areal capacitance of advanced
Mn;0, or MnO, cathodes, which showed high capacitances at
the level of ~6—8 F cm™ in a Na,SO, electrolyte."”!
Therefore, the low areal capacitance of CuO anodes is a
limiting factor for the applications of this material in
asymmetric supercapacitors. It should be noted that aqueous
asymmetric supercapacitors are environmentally friendly and
offer advantages of enlarged voltage window and high energy
and power density compared to aqueous symmetric super-
capacitors.”*~

It has previously been shown that composites of CuO and
conductive polymers, such as polypyrrole (PPy), offer
interesting effects, which provide a platform for advanced
energy storage applications in supercapacitors and bat-
teries.”* ">’ The electrochemical studies of composite electro-
des showed good charge storage properties due to enhanced
conductivity and reduced volume changes during charge and
discharge. CuO-PPy nanowire array supercapacitor electrodes
showed a capacitance of 1080 mF cm™ in a KOH
electrolyte.’® However, PPy showed rapid degradation of
properties in alkaline electrolytes.”’ Other investigations of
CuO-PPy composites focused on supercapacitors with a low
active mass and reported high gravimetric and volumetric
capacitance.”” > The addition of PPy to CuO resulted in
enhanced conductivity and increased capacitance. However,
there is a need to develop highly active mass electrodes with
high areal capacitance for practical applications. However, the
poor electrochemical performance of such electrodes at high
active mass loading is a bottleneck hindering their applications
in supercapacitor devices.

The goal of this investigation was the fabrication of CuO
and CuO-PPy electrodes for energy storage in asymmetric
supercapacitors. It addressed the need for a better under-
standing of the charge storage mechanism. Motivated by the
high interest in practical applications of CuO-based electrodes,
we fabricated electrodes with a high active mass loading of 40
mg cm~% Despite the many reports in the literature on the
drastic reduction of gravimetric capacitance with increasing
active mass, the approach developed in this investigation
facilitated the fabrication of anodes, which showed a record-
high capacitance of 7 F cm™ in a neutral Na,SO, electrolyte.
Of particular importance was a synergy of contributions of
CuO and PPy, which resulted in a higher capacitance, lower
total resistance, and reduced charge transfer resistance of
composite CuO-PPy electrodes compared to the electrodes of
the same mass containing only individual components. The
synergistic effect of CuO and PPy was linked to the interfacial
charge transfer phenomena and beneficial effect of the dopant
used for the PPy synthesis. The contribution of interfacial and
diffusion components to the total capacitance was analyzed.
We successfully addressed the problem of lower capacitance of
supercapacitor anodes compared to the capacitance of
advanced supercapacitor cathodes. The ability to match the
capacitance of advanced Mn;0, cathodes in aqueous electro-
lytes facilitated the fabrication of asymmetric devices, which
showed enhanced capacitive properties and high energy
density. The obtained devices are promising for energy storage
and capacitive water deionization applications.

B EXPERIMENTAL PROCEDURES

Copper chloride dihydrate (CuCl,-2H,0), NaOH, polyvinyl butyral
(PVB), pyrrole (Py), ammonium persulfate (APS), and 4,5-
dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate
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(Tiron) were supplied by Aldrich, Canada. Multiwalled carbon
nanotubes (MWCNTs, ID 4.8 nm, OD 11.7 nm, length 1 ym) were
supplied by Bayer, Germany, and used as conductive additives. Ni
foams (thickness 1.7 mm, 95% porosity; Vale, Canada) were used as
current collectors.

For the synthesis of the CuO nanomaterial, 40 mmol of NaOH was
dissolved in 50 mL of distilled water with stirring. Subsequently, 20
mmol of CuCl,-H,0 was added to the NaOH solution, resulting in
the immediate formation of bluish Cu(OH), precipitate. The solution
was continuously stirred for 12 h and then transferred into a 100 mL
Teflon-lined autoclave. The autoclave was maintained at 100 °C for
16 h. The formed dark precipitate was washed and centrifuged
multiple times with DI water and ethanol. Finally, the product was
dried at 55 °C for 12 h.

The synthesis of polypyrrole (PPy) was achieved with Py reagent
added to DI water at 4 °C. Tiron was added as a dopant for Py with a
Py/Tiron molar ratio of 10:1. Then APS was added dropwise as an
oxidizing agent to the solution with a Py/APS molar ratio of 1:1. The
mixture was stirred for 2 h to complete the chemical polymerization
reaction. Subsequently, Tiron-doped PPy was washed with DI water
and dried for 24 h.

The electrodes for electrochemical testing contained PPy, CuO, or
their composites. The CuO /PPy mass ratio was 80/20, 70/30, 50/50,
40/60, 30/70, and 20/80 in PPy-CuO 80, PPy-CuO 70, PPy-CuO S0,
PPy-CuO 40, PPy-CuO 30, and PPy-CuO 20 composites,
respectively. The MWCNT content in the composites was 20% of
the total mass of PPy and CuO. Ni foams were impregnated with
slurries containing PPy, CuO, and MWCNT in ethanol and PVB as a
binder. The mass of the PVB was 3% of the total mass of PPy, CuO,
and MWCNT. The mass of the impregnated material after drying was
40 mg cm ™2 Impregnated foam electrodes with an area of 1 cm?* were
compressed to 37% of their initial thickness to increase the electrical
contact between the active material and the Ni foam.

Transmission electron microscopy (TEM) investigations were
conducted using a Talos L120C (USA) instrument, and the X-ray
diffraction (XRD) spectrum was acquired with a diffractometer
(Bruker D8 Advance, Cu Ka radiation, UK). Scanning electron
microscopy (SEM) studies were performed using a JEOL 6610LV

apan) microscope. All electrochemical investigations, including
cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge—discharge (GCD) studies, were
performed using a VMP 300 Biologic potentiostat. All the
electrochemical tests of the electrodes were studied in a three-
electrode cell using 0.5 M Na,SO, aqueous solutions. A standard
calomel electrode (SCE) as a reference electrode and a Pt gauze as a
counter electrode were used. EIS studies were performed at a voltage
amplitude of S mV.

Areal (Cg) and gravimetric (C,,) capacitances were derived from
the CV data using the following equation:

H(Uppax) 0
s ‘fo Idt‘ + ‘ft(um)ldt‘
T AU T U

max

C

(1)

where AQ is the charge, Iis the current, and AUis the potential range,
and from the chronopotentiometry data:

C = IAt/AU (2)

The complex capacitance C*(w) = C'(w) — iC"(w) was derived at
different frequencies (w) from the complex impedance Z*(w) =
Z'(w) +iZ2"(w):

N A (D)
Clw) = wlZ(w)? (3)
oy Z(w)
C@) = 2P 4)

The equivalent circuit used for the analysis of EIS data for
electrodes with high active mass loading was described in ref 21. The
data analysis was performed using a ZFit tool in the EC-lab software.
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The procedure for the fabrication of Mn;O, cathodes with an active
mass of 40 mg cm™> and capacitances of 5.58 and 3.83 F cm™2 at 1
and 100 mV s, respectively, in 0.5 M Na,SO, electrolyte was
described in a previous investigation.*

B RESULTS AND DISCUSSION

Previous investigations showed that advances in chemical
synthesis of nanostructured CuO can result in significant
improvement in the capacitive behavior of this material.”"'
Therefore, hydrothermal synthesis was used for the fabrication
of the CuO electrodes. Figure 1 shows the X-ray diffraction
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Figure 1. (a) X-ray diffraction pattern of prepared CuO. (b) PDF 04-
008-8215 of CuO.

pattern of the prepared CuO powder. The diffraction peaks
correspond to JCPDS file 04-008-8215 and indicate the
formation of a single-phase CuO material.

TEM data at different magnifications are presented in Figure
2. Figure 2A shows a maple-leaf-like CuO nanoparticle
agglomeration with a 100—400 nm size. TEM at higher
magnifications showed that the agglomerates contained small
particles with a typical size below 20 nm (Figure 2B,C). The
small particle size is beneficial for supercapacitor applications
because it facilitates the electrolyte access to the particle
surface. However, it is important to note that previous
investigations of different materials did not show a correlation
between electrochemical capacitance and BET surface
area. ™’

Electrochemical testing was performed in a voltage window
of —0.5 to +0.4 V versus SCE. Previous investigations showed
that this voltage window is ideal for achieving the highest
capacitance of pure PPy electrodes.”®”” Investigations of CuO-
based electrodes and composites also showed good perform-
ance in this window.*'>"*

SEM studies (Supporting Information, Figures S1 and S2) of
CuO and PPy electrodes showed small pores, which were
beneficial for electrolyte diffusion. Figure 3 shows the
electrochemical testing results for CuO electrodes. The CVs
(Figure 3A) deviated significantly from the ideal rectangular
shape. The current increased with increasing scan rate. The
capacitance for the CuO electrode was 0.11 F cm™ at 1 mV
s and decreased to 0.057 F cm™> at 100 mV s™' (Figure 3B).

Figure 3C shows EIS data in a Nyquist plot, which indicated
that the CuO electrode exhibited relatively high resistance R =
Z'.

The Cg’ calculated from the EIS data was 0.045 F cm™ at a
frequency of 10 mHz (Figure 3D). The low-frequency Cs’ was
comparable with that of Cg calculated from the CV data
obtained at low scan rates. Frequency dependence of Cg”
showed a maximum at a relatively high frequency, which
indicated good capacitance retention. Galvanostatic charge—
discharge (GCD) analysis was performed at different charge—
discharge rates (Figure 3E). A short discharge time indicated a
relatively small capacitance, which was found to be 0.07 F cm™
at 3 mA cm™?, and the capacitance decreased to 0.055 F cm™
at 40 mA cm™* current density (Figure 3F).

The charge storage mechanism of CuO can be attributed to
the redox reactions of Cu ions. Surface chemistry plays a
critical role in the properties of nanoparticles. The crystalline
structure of thin surface layers is different from the structure of
the bulk of the nanocrystals. The reduction of crystal size
usually results in an increasing number of surface atoms, which
interact with ions from solutions. For example, Mn*'O,
particles adsorb Na ions from solutions to form
Na*;Mn;**Mn*(, 5O, on the particle surface, which governs
the remarkable pseudocapacitive properties*’ of MnO, in the
positive potential range, where Mn’" is oxidized to Mn*". It is
suggested that Na ions from Na,SO, solutions are adsorbed on
CuO nanoparticles to form Na+5Cu5+Cu2+(1_5)O. It is in this
regard that many investigations" > described the formation
of solid solutions Na,Cu(;_,)O, (x = 0.01—-0.1) or Na-doped
CuO. Na ions can be incorporated in the CuO structure by
chemical synthesis or treatment in an electric field.*'~*
Moreover, Na* ions can be adsorbed on CuO in Na,SO,
solutions. It is hypothesized that the charge storage mechanism
of CuO in the Na,SO, electrolyte can be described by the
following reactions:

Na+5Cu5+Cu2+(1_5)O + ye” + yNa*

+ o2+
< Na 5+;,Cu5+y Cu (1_5_;,)0 (s)
in the negative potential range and
Na®;Cu,*Cu®*_;0
& Na*s5_,Cus_,*Cu®* (5,00 + ae” + aNa*  (g)

in the positive potential range. The redox peaks in Figure 3A at
0.35—0.4 V can result from deintercalation/intercalation
reactions of Na ions, as it was described in a previous
. . . 46 . .

investigation,” in agreement with eq 6. Small peaks were also
observed in the negative potential range at —0.4 to —0.1 V due
to the reduction of Cu** to Cul*, as it was described in the

Figure 2. (A—C) TEM images at different magnifications for as-prepared CuO.
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Figure 3. (A) CVs at different scan rates, (B) capacitance versus scan rate, (C) Nyquist EIS plot, (D) components of complex capacitance versus
frequency, (E) GCD data at different current densities, and (F) capacitance calculated from GCD data versus current density for CuO electrodes.

literature,>*”*® in agreement with eq 5. However, the

intensities of such peaks were low because of the high
resistance (Figure 3C) of the electrode material.

The investigations of CuO electrodes showed relatively low
gravimetric capacitance, which resulted in low areal capaci-
tance. This can be attributed to the poor electrolyte access to
the CuO particles in high active mass electrodes and low
electronic conductivity of the electrode material. However, a
remarkable increase in capacitance was observed in CuO-PPy
composites, which showed significantly higher capacitance
compared to the capacitances of the individual components.
The fabrication of such composites allowed for enhanced
utilization of capacitive properties of CuO. The high
capacitance of the CuO-PPy composite electrodes resulted
from the synergy of contributions of the individual
components.

The SEM studies of composite electrodes showed particles
of individual components and small pores, which were
beneficial for electrolyte diffusion (Figure S3). Figure 4A
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Figure 4. (A) CVs at 20 mV s~', (B) capacitance obtained from CV
data versus scan rate, (C) GCD data at 3 mA cm™ and (D)
capacitances obtained from GCD data versus current density for
different electrodes.
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compares CVs for CuO-PPy and PPy electrodes. The addition
of PPy to CuO resulted in a significant increase in currents,
especially for low electrode potentials. The redox reactions of
CuO and PPy contributed to the observed currents,
influencing the CV shapes and capacitive properties of the
composites. The CVs for pure PPy electrodes exhibited nearly
rectangular shapes without redox peaks. This can be attributed
to the fast reversible redox reactions of PPy as described in the
literature.” The CVs of the composites showed small broad
redox peaks in the range of —0.15 to —0.3 V. The peaks can be
attributed to redox Cu®**/Cu'* reactions.”*”*® Tt is suggested
that conductive PPy can facilitate charge transfer and influence
the rate of such reactions. The slight shift of electrode
potentials of the peaks with changing electrode composition
can result from different factors, such as CuO content in the
composites, electrode bulk microstructure and electrical
conductivity, charge transfer, and ion diffusion kinetics,
which were also dependent on PPy and CuO content in the
high active mass electrodes. The capacitances at 1 mV s™* for
composites containing 20—40% CuO were higher than the
capacitance of electrodes containing individual PPy or CuO
materials (Figure 4B and Tablel). Moreover, the composite
materials showed an enhanced capacitance retention at high
scan rates. The highest capacitance of 7 F cm™ at 1 mV s™!
was obtained for PPy-CuO 20 composite. The PPy-CuO 30
composite showed a capacitance of 6.9 F cm ™ at a current of 1
mV s~'. However, the PPy-CuO 30 composite showed better
capacitance retention at high scan rates and showed a
capacitance of 3.6 F cm™ at 100 mV s~

GCD data showed nearly triangular charge—discharge curves
(Figure 4C). Moreover, the GCD data confirmed the superior
behavior of the PPy-CuO 30 composite compared to other
composites and PPy (Figure 4D and Table 1). The capacitance
of the PPy-CuO 30 composite is higher than the capacitance of
other anode materials of the same mass." As pointed out above,
the lower capacitance of anode materials compared to the
capacitance of cathode materials is a limiting factor for the
fabrication of asymmetric supercapacitor devices. However, the
capacitance of the PPy-CuO-30 composite is on par with
capacitances of advanced cathode materials' such as MnO, and
Mn;0,. It is suggested that the enhanced capacitance of the
composites resulted from the synergy of contributions of the
individual components. This is especially evident from the

https://doi.org/10.1021/acsaem.4c01204
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Table 1. Capacitances Obtained from CV and GCD Data

capacitance from CV data

capacitance from GCD data

1mVs! 100 mV s~* 3 mA cm™ 40 mA cm™>
electrode Cs, F cm™ CnFg! Cs, F cm™ CnFg! Cs, F cm™ CwFg! Cs, F cm™ CnFgt
CuO 0.1 2.6 0.068 1.7 0.07 1.9 0.058 1.46
PPy-CuO 80 2.3 56.7 1.8 45 22 56.4 2.1 52.6
PPy-CuO 70 3.0 76.57 2.1 54.2 3.1 774 2.9 72.5
PPy-CuO 50 S4 133.9 2.6 65.4 4.7 119.4 4.5 114.2
PPy-CuO 40 6.0 151.2 3.2 82 54 127.1 S.5 140
PPy-CuO 30 6.9 168.8 3.6 133.8 6 149.1 6.2 154.6
PPy-CuO 20 7.0 176 2.8 117.4 5.6 141.1 5.8 146.7
PPy 5.7 143 1.9 48.7 5.5 140.7 5.6 122.2
experimental data presented in Figure 5. The dependences of Ao
capacitance versus composition at different scan rates show = ien
8 szrmo 50
’g PPy-CuO 40
PPy-CuO 30
A B _g 6 - ::g«:uo 20
180f — 4 v s — 7 180 3mA cm? 7 :"4
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Figure 5. Capacitances (A) obtained at different scan rates from CV = |y ~ = 02
data and (B) obtained at different current densities from GCD data ;301 e
versus the composition of the electrodes. 0.1
102 0! 10 10 0 20 40 60 80 100

maxima. It is seen that significantly higher capacitances can be
achieved in the composite materials compared to the
capacitances of CuO or PPy. A linear approximation based
on the independent contributions of the individual compo-
nents gives significantly lower capacitance compared to the
experimental data:

Cc=CyyXm+ C, Xm,

)

where C¢ is the capacitance of a composite; C,,, and m, are
gravimetric capacitance and mass of the CuO component,
respectively; and C_, and m, are gravimetric capacitance and
mass of the PPy component, respectively.

The EIS data provided additional evidence of the synergistic
effect of CuO and PPy. Composite electrodes showed lower
real and imaginary parts of complex impedance compared to
CuO (Figure 6A,C). The composites containing 20—40% CuO
showed lower real and imaginary parts of impedance compared
to PPy. The lower real part of impedance indicated lower
resistance, whereas the lower imaginary part indicated higher
capacitance. Indeed, the calculations of the real component of
capacitance from the impedance data showed that the
composites containing 20—40% CuO showed higher capaci-
tance at 10 mHz compared to PPy (Figure 6B). Moreover,
such composites showed higher relaxation frequencies
corresponding to maxima in the imaginary parts of the
imaginary components of the complex capacitance (Figure
6C), which indicated better capacitance retention with
increasing frequency. The highest real part of capacitance at
10 mHz was 5.5 F cm™ for the PPy-CuO 30 electrode, in
agreement with CV and GCD data. The analysis of the
impedance data using an equivalent circuit developed for high
active mass electrodes”’ showed that charge transfer resistance
has a minimum (0.088 Q) for PPy-CuO 30 (Figure 6D),
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1 0
Frequency (Hz) PPy %
Figure 6. (A) Nyquist plot of EIS data, (B) real component of
capacitance (Cs') versus frequency, (C) imaginary component of
capacitance (Cg") versus frequency, and (D) charge transfer
resistance of the composites.

which correlated with the high capacitance of this composite.
The low total electrode resistance and charge transfer
resistance allowed better utilization of the capacitive properties
of the electrode materials.

The synergistic effect, which resulted in enhanced properties
of composites, is not well understood. The significant
difference in the electrical conductivity and dielectric constant
of PPy and CuO can promote charge accumulation at their
interface due to the Maxwell-Wagner effect and reduction of
the potential barrier for charge transfer. This can facilitate
charge transfer, which leads to reduced impedance and higher
capacitance. It should be noted that nonelectrochemical
studies also reported that CuO-PPy composites showed
lower electrical resistance than the resistances of the individual
components.” Interesting and enhanced properties were also
observed in other composites containing conductive polymers
and metal oxides. Observed phenomena were related to
enhanced electron transfer at the PPy-metal oxide interface,
which resulted in increased capacitance, magnetoresistance,
magnetization, and other properties. For example, the
investigations of polyaniline-coated ferromagnetic particles
revealed enhanced magnetoresistance,51 which resulted from
spin-polarized electron tunneling facilitated by the conducting
polymer. In another investigation, the surface modification of
ferromagnetic particles with PPy resulted in a significant
increase in magnetization®” that was higher than theoretically
expected. The pseudocapacitance of PPy composites contain-
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ing ferromagnetic nanoparticles was higher than the
capacitance of pure PPy electrodes.”® Therefore, the
investigation of interfacial phenomena and charge transfer at
the interface of conductive polymers/metal oxide nanoparticles
opens an avenue for the development of advanced super-
capacitors and other functional devices. It is also hypothesized
that the use of Tiron as a dopant for PPy can contribute to an
enhanced charge transfer. Tiron is a catecholate type molecule,
which can create strong catecholate bonds to the metal atoms
on the surface of metal oxide particles.”® It was demonstrated
that such bonding can result in the formation of a charge
transfer complex and enhanced charge transfer.>”

The analysis of the charge storage mechanism of the
electrode materials was performed using CV data and the
following equation:*®

i= al/h (8)
where i is the measured current, v is the sweep rate, and a and
b are parameters, with the b values derived from the slope of
log i vs log v. It is well-known that parameter b varies from 0.5
to 1. For the battery-type dominating charging mechanism, 0.5
< b < 0.8, whereas for the dominating pseudocapacitive
mechanism, 0.8 < b < 1, and parameter b equals 1 for the pure
capacitive process.57_6l

Figure 7 shows the dependence of calculated parameter b on
the PPy content. For the pure CuO electrode, b = 0.67, and the
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Figure 7. Parameter b vs electrode composition.

battery charging mechanism is dominant. It can be explained
by the slow diffusion kinetics due to the high agglomeration as
seen in TEM analysis in Figure 2, in agreement with the
literature.”’ By adding PPy to CuO, the parameter b values
ranged from 0.94 to 0.99 where the pseudocapacitive charging
mechanism is dominant. This change in the charging
mechanism was due to the enhanced charge transfer, which
facilitated redox reactions, and the fast redox reaction led to
the pseudocapacitive behavior.

The PPy-CuO 30 composite showed a promising capacitive
behavior, and this material was selected for further analysis and

application in asymmetric supercapacitor devices. The analysis
of capacitive behavior of this electrode was performed using
the following equations:**

I(V) = icap + idiff = klv + klvl/z (9)
i(V) 1/2

=k + k
/2 i 2 (10)

where current (i) is a function of potential (V) and can be
differentiated into capacitive current (i,) and current from
diffusion-controlled process (igg). By using eq 10 to plot

i(V)/v""? versus v'/?, slope (k;) and intercept (k,) can be
evaluated. Differentiated currents are plotted in Figure 8A at
different scan rates. A dominant diffusion process at the low
scan rate of 1 mV s™' can be noticed due to the dominant
Faradaic intercalation process and facilitated electrolyte ion
diffusion through the bulk electrode. The diffusion-controlled
process was reported to be dependent on the sweep rate,
exhibiting a gradual increase in the capacitive process at the
electrode surface.”” The differentiated currents of the PPy-
CuO 30 electrode were plotted for a scan rate of 3 mV s
versus potential in Figure 8B. The sum of diffusion and
capacitive controlled contributions (Figure 8B) at all potentials
coincides with the experimental CV graph for the PPy-CuO 30
electrode presented in Figure 8C. The contribution of the
diffusion current (44% of the total current) is higher than
literature data for other materials at the same scan rates.’”®®
The investigation of the cyclic stability of the PPy-CuO 30
electrodes showed (Figure 9) a capacitance retention of
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Figure 9. Capacitance retention for PPy-CuO-30 electrodes.

97.03% after 2000 cycles. SEM studies of the electrodes before
and after cycling showed electrode stability (Figure S4). It
should be noted that other anode materials for asymmetric
supercapacitors, such as FeOOH,** showed poor cyclic
stability. Therefore, PPy-CuO 30 is promising for applications
in anodes of supercapacitor devices. The higher capacitance of
PPY-CuO 30 compared to other composites can result from a
lower charge transfer resistance, which facilitates Faradaic
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Figure 8. (A) The diffusion and capacitive-controlled contributions to the total charge storage process of the PPy-CuO 30 composite at different
CV scan rates at a fixed potential 0.1 V, (B) CV curves of PPy-Cu0O-30 electrodes recorded at 3 mV s~ divided into diffusion and surface current
contributions, and (C) experimental CV for PPy-CuO-30 electrodes recorded at 3 mV s~
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reactions. Such anodes must be combined with advanced
cathodes, which exhibit a comparable areal capacitance with a
similar active mass loading in the same electrolyte in partially
overlapping65 voltage windows.

Mn;0, and MnO, exhibit high capacitance in a voltage
window of 0 to +1.0 V versus SCE in Na,SO, electrolyte. The
capacitance of 6—8 F cm™ was achieved' for MnO, electrodes
with an active mass of 40 mg cm™2. However, the high
resistivity of MnO, resulted in significant capacitance
reduction with increasing scan rate and in poor capacitance
retention at high scan rates.”’ In contrast, Mn;O, electrodes
showed good capacitance retention at high scan rates.”
Mn;0, electrodes with an active mass of 40 mg cm™> showed
capacitances of 5.58 and 3.83 F cm™ at scan rates of 1 and 100
mV s™}, respectively.20 The capacitance of such electrodes was
lower at 1 mV s™' and higher at 100 mV s™' than the
capacitance of PPy-CuO 30 at the same scan rates. Therefore,
Mn;0, electrodes’ were used because such electrodes allowed
for better matching of PPy-CuO-30 capacitance in scan rate
range of 1—100 mV s~'. Figure 10 shows the CVs for PPy-
CuO 30 and Mn;0, electrodes at 20 mV s™'. The CVs showed
comparable areas, which indicated comparable capacitances.
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Figure 10. CVs for (a) PPy-CuO 30 and (b) Mn;0, electrodes with
an active mass of 40 mg cm™? in the Na,SO, electrolyte.

The asymmetric device was tested in a voltage window of 1.5
Vin a 0.5 M Na,SO, electrolyte. The CVs at low scan rates
were of nearly ideal rectangular shape (Figure 11A). A
capacitance of 2.76 F cm™* was obtained at a scan rate of 1 mV

s!. The device showed a capacitance retention of 33% in the
range of 1—100 mV s~ (Figure 11B) and a relatively low
impedance (Figure 11C). The relaxation frequency for the
complex capacitance was found to be 20 mHz (Figure 11D).
Nearly ideal linear charge—discharge dependences were
obtained at different current densities (Figure 11E). The
capacitance calculated from the GCD data decreased from 2.74
to 2.12 F cm ™2 with an increasing current density from 3 to 40
mA cm™ (Figure 11F).

The asymmetric devices showed a high energy density of
10.83 Wh kg™' and power density of 373 W kg™' at a current
density of 40 mA cm™* (calculated for total mass of 80 mg of
both electrodes) and good cyclic stability of 92.02% after 2000
cycles (Figure 12).
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Figure 12. Capacitance retention for the asymmetric device
containing PPy-CuO-30 and Mn304 electrodes.

Bl CONCLUSIONS

CuO and PPy-CuO electrodes for supercapacitors were
fabricated using CuO nanoparticles prepared by hydrothermal
synthesis and PPy polymer synthesized by chemical polymer-
ization using Tiron as a dopant. The voltage window was
optimized in the range of —0.5 to +0.4 V for the Na,SO,
electrolyte, and charge storage mechanisms of CuO were
suggested. The synergistic effect of CuO and PPy resulted in
the enhanced capacitance of the composite electrodes, reduced
impedance, and reduced charge transfer resistance. The
enhanced charge transfer properties were linked to the
Maxwell-Wagner effect at the materials' interface and
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Figure 11. (A) CVs, (B) capacitance as a function of scan rate, (C) EIS impedance data, (D) components of complex capacitance versus frequency,
(E) GCD data, and (F) capacitance calculated from GCD data as a function of current density for an asymmetric device containing PPy-CuO 30
anodes and Mn;0, cathodes. The gravimetric capacitance C,, was obtained by normalizing the device capacitance by a total mass of 80 mg of both

electrodes.
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chelating properties of Tiron. A remarkably high capacitance of
7 F cm™” was obtained for the composite electrodes, which
exhibited good cyclic stability. This finding eliminates the
problems of lower capacitance of negative electrodes compared
to the capacitance of advanced positive electrodes and poor
cyclic stability of negative electrodes. The obtained results
opened an avenue for improved matching of areal capacitances
of cathodes and anodes and fabrication of advanced
asymmetric supercapacitors. The fabricated asymmetric
devices showed a remarkably high capacitance of 2.76 F
cm™ in a voltage window of 1.5 V, high energy density of
10.83 Wh kg™ for the device with a total electrode mass of 80
mg cm™?, and excellent cyclic stability. The results obtained
stress the importance of interfacial phenomena at the
polypyrrole—metal oxide interface that can potentially be
used for other energy storage devices.
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