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1. Introduction

Compositing redox-rich Co-Co@Ni—Fe PBA
nanocubes into cauliflower-like conducting
polypyrrole as an electrode material in
supercapacitorst

Poulami Mukherjee, "2 £ Vishwanath R. S., 2 *1 Arie Borenstein and

Tomer ZidkiW2*

Supercapacitors (SCs) coupled with redox materials have been extensively investigated to maximize the
energy density of SCs. Common metal—organic frameworks explicitly used for this purpose are Prussian blue
analogs (PBAs). However, their low conductivity and number of external electroactive sites hinder their capa-
citance and reaction rate. Our work focuses on a material-level optimization strategy, including morphology
modification and superstructure fabrication of PBA. We report the synthesis of Co—-Co@Ni-Fe trimetallic

core—shell PBA nanocubes containing an Fe'"

redox couple in the Ni—-Fe PBA shell over the conductive
Co-Co PBA core. This complex underwent a reversible redox reaction and was further encapsulated in a
polypyrrole (PPy) network as a redox additive to prepare a novel polymer-encapsulated double-PBA
nanocube composite (Co-Co@Ni-Fe PBA-PPy). The composite exhibited a faradaic non-capacitive
diffusion-dominated charge storage ability. It yielded an improved specific capacity of 3181 C g *at 1A g™t
with a capacity retention of 90% over 2000 cycles @15 A g~*. Furthermore, an asymmetric supercapacitor
based on Co-Co@Ni-Fe PBA-PPy and activated carbon electrodes delivered a maximum energy density of
20 W h kg~ at a power density of 808.9 W kg™ within a 1.6 V voltage window. The electrochemical analy-
sis demonstrated a considerable improvement in the charge-storage performance due to an increase in
electron transfer, electrolyte diffusion, and electroactive area via strong electronic coupling between the
Co-Co@Ni-Fe core-shell PBA and the PPy. Furthermore, this work helps to differentiate the composite’s
current contributions from the PBA and PPy. The detailed electrochemical characterization steps of these
methods concerning redox additives integrated into conducting polymers are provided in this work.

Integrating active redox species and capacitive materials in
one electrode is one of the most straightforward methods

Electrochemical energy storage systems such as batteries and
supercapacitors (SCs) are primary devices that efficiently store
and deliver energy produced from sustainable sources." Com-
pared to SCs, batteries can provide high energy density; however,
their power density is relatively low due to the slow ion transport
through the electrode. SCs, on the other hand, having higher
power density, can quickly store and deliver significant energy and
demonstrate a higher cycle life than batteries.”> Hence, SCs have
been widely investigated, aiming to achieve high energy and
power densities in one system (electrode) for better performance
in practical applications.
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to maximize the energy density of SCs by preserving their power
density and cyclic stability.>”> However, such integration results
in a hybrid energy storage system with the co-existence of
faradaic, capacitive, or pseudocapacitive energy storage mec-
hanisms.”” The possible co-existing mechanisms are mainly of
three kinds: (1) the electric-double-layer (EDL) capacitance that
arises from the electrostatic charge storage via a thin electron-
ion partition layer at the electrode-electrolyte interface; (2) the
faradaic capacitive (pseudocapacitive) charge storage by the non-
diffusion-controlled reversible redox reactions at the electrode-
electrolyte interface; and (3) the faradaic non-capacitive process
by diffusion-controlled reversible redox reactions at the elec-
trode-electrolyte interface or within the solid electrode (solid-
state diffusion in battery electrodes).>®” In this mixed regime,
the kinetics study can only provide a rough differentiation
between capacitive and diffusive current contributions to the
energy storage mechanism.®

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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SCs are categorized as EDL capacitors and pseudo capacitors
based on the energy storage mechanism. In EDL SCs, many carbon-
based electrode materials, such as activated carbon (AC), carbon
nanotubes, graphene, and carbon nanofibers, have been used.®*"*>
The capacitance is limited to EDL formation; hence the specific
capacitance (Cs) is lower than that of the pseudocapacitive electrode
materials.® As a result, numerous pseudocapacitive compounds,
including transition metal oxides, sulfides, phosphides, selenides,
nitrides, and conducting polymers, are employed.***> Among
them, porous crystalline metal-organic frameworks (MOFs) are
mainly attractive due to their high surface area with open frame-
works for insertion/desertion of ions to associate the faradaic redox
reactions.

Accordingly, Prussian blue analogs (PBAs) are valuable materials
due to their high surface area, 3D open framework, high charge-
transfer kinetics, and high ionic conductivity required for hybrid
SCs.*'¢2% On the other hand, most PBAs have low electrical
conductivity, a short cycle life, and poor stability in alkaline and
neutral solutions, preventing them from achieving the desired
energy/power densities.”’?* Mainly, the electrochemical stability
deteriorates with increasing cycles due to the rapid redox reactions
at the electrode-electrolyte interface. Integrating PBAs with conduct-
ing polymers has been proposed as an effective way to overcome
these challenges.*'*** The coated conducting polymers anchored
on the PBA nanocubes serve as a protective layer to avoid electrode
materials dissolution during cycling. Also, conducting polymers act
as electronic conductors to improve the electrical conductivity
of PBAs by forming a linkage between separated nanocubes.
Furthermore, the synergistic effect of conducting polymers and
multimetallic structures with redox reactions (pseudocapacitance)
further improves the specific capacitance.*** Accordingly, electrode
materials composited of PBAs and conducting polymers resulted in
SCs with enhanced electrochemical performance corresponding to
their constituents.***

Among various conducting polymers, polypyrrole (PPy) is
commonly used for compositing due to its feasible preparation,
high conductivity, and superior pseudocapacitance.>*® Never-
theless, these good intrinsic properties depend on polymerization
(chemical or electrochemical); compared to chemical oxidation,
the electrochemical methods allow more control over coating
thickness and morphology.>**” In the electrochemical process, a
solvent containing the pyrrole monomer is oxidized by the applied
anodic potential on the electrode surface. Thus, the PPy properties
rely on the solvent, supporting electrolyte, electropolymerization
techniques, and substrate.”**”2° The two main drawbacks that
hinder the use of PPy in high-performance SCs are the lower
practical capacitance (than theoretical capacitance) and the lack
of cycling stability.">*° Frequently, PPy-based electrodes retain
< 50% of their initial capacitance after 1000 cycles.*"*> Composit-
ing using various materials, including carbon-based materials,
metal oxides, metal-organic frameworks, and redox probes, can
address these issues.’>***! In this work, we increased the cyclic
stability of both the constituents (PBA and PPy) by PBA nanocubes
deposition on carbon paper (CP) and completely enfolded them
in the PPy network. Moreover, inert substrates, such as CP,
are favorable over metals for electropolymerization since the
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oxidation potential of the pyrrole monomers is higher than that
of oxidizable metals.”***

Herein, we employed Co-Co PBA as a template for synthe-
sizing well-defined Co-Co@Ni-Fe core-shell PBA nanocubes
(Co-Co@Ni-Fe PBA). The rational integration of Fe, Co, and Ni
in the hierarchical core-shell nanocubes played an essential
role in manipulating the charge transfer capability and con-
ductivity of the catalyst to achieve its activity. Later we electro-
deposited PPy to enwrap the core-shell PBA nanocubes to
increase the energy density, conductivity, and cyclic stability
of the Co-Co@Ni-Fe PBA-PPy composite. This refinement in
the electrochemical performance in the composite was
assigned to an upsurge in electron transfer, electrolyte diffu-
sion, and electroactive area through strong electronic coupling
and interfacial phenomena between Co-Co@Ni-Fe core-shell
PBA and PPy. However, including the redox behavior of the
Co-Co@Ni-Fe core-shell PBA into PPy increased the complex-
ity of determining the charge storage mechanisms. Our analysis
roughly differentiated that around ~93% of the C arrived from
the diffusion-controlled inner capacitance and ~7% from the
non-diffusion-controlled outer-surface capacitance.

2. Experimental procedure
2.1 Materials

Potassium hexacyanocobaltate (K;[Co(CN)s]), cobalt nitrate hexa-
hydrate (Co(NO3),-6H,0), trisodium citrate dihydrate (CcHsNazO,-
2H,0), potassium ferrocyanide (Ks[Fe(CN)g]), nickel nitrate hexa-
hydrate (Ni(NO3),-6H,0), 5 wt% Nafion, and tetrabutylammonium
hexafluorophosphate (TBACIO,) were purchased from Alfa Aesar.
Polyvinylpyrrolidone (PVP-M.W. 40 000) was purchased from Hol-
land Moran. Acetonitrile, pyrrole, and AC were purchased from
Sigma Aldrich. All chemical reagents were of analytical grade and
were used as received without further purification. Milli-pore water
(deionized water, DI) with a resistivity of >15 MQ cm was used
throughout the experiments.

2.2 Synthesis of Co-Co PBA nanocubes

The Co—-Co PBA nanocubes were synthesized by the co-precipitation
method following a reported protocol.** Briefly, solution A was
prepared by combining 0.6 mmol Co(NOj3), and 0.9 mmol sodium
citrate in 20 mL DI water. Solution B contained 0.4 mmol of
K;[Co(CN)e] dissolved in 20 mL DI water. Then, solution B was
added dropwise to solution A under magnetic stirring for 15 min to
distribute the particles uniformly. The resulting mixed solution was
aged for 24 h at room temperature. The pink-colored product was
centrifuged, rinsed thrice with DI water and absolute ethanol, and
dried overnight at 70 °C.

2.3 Synthesis of Co-Co@Ni-Fe core-shell PBA nanocubes

20 mg of Co-Co nanocubes, 142 mg of Ni(NOj3),-6H,0, 0.3 mg of
sodium citrate, and 0.3 g of PVP (K30) were dissolved in 30 mL
DI water to obtain a transparent green solution. Meanwhile,
solution B was prepared by dissolving 66 mg of Kz[Fe(CN)g]
in 20 mL of DI water. Then, solution B was added to solution
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A under constant magnetic stirring for 15 min. The resulting
solution was aged for 24 h at room temperature without
interruption. The obtained, yellow-colored precipitate was cen-
trifuged, washed thrice with DI water and absolute ethanol, and
dried overnight at 70 °C.

2.4 Preparation of electrodes

Co-Co@Ni-Fe PBA. 1 mg of Co-Co@Ni-Fe core-shell PBA
(active material) was dispersed in 50 puL DI water, 50 pL isopropyl
alcohol, and 10 pL of Nafion binder (5 wt% in water/1-propanol
mixture) employing ultrasonication for 15 min to produce a
homogeneous suspension. Subsequently, 30 pL of the obtained
suspension was drop-casted onto a 2 cm’ carbon paper (CP)
substrate and air-dried. The mass loading of the catalyst on CP
was ~0.5 mg cm 2,

Co-Co@Ni-Fe PBA-PPy composite. Cyclic voltammetry was
used to deposit a PPy layer on a core-shell PBA drop-casted CP
substrate using a 3-electrode cell setup with an Ag/AgNO;
(CH3;CN with 0.01 M AgNO; and 0.1 M TBACIO,) reference
electrode and a Ptwire counter electrode. Fig. S1 (ESIT)
shows the electropolymerization CVs of PPy over Co-Co@Ni-Fe
core-shell PBA nanocubes in acetonitrile electrolyte containing
50 mM pyrrole and 0.1 M TBACIO,. Along with PPy deposition,
we ensured the redox behavior retention of the Fe""™ pair of the
Co@Ni-Fe core-shell PBA active material, and the mass loading
of PPy was approximately 0.42 mg cm ™2 for three consecutive
deposition cycles at 20 mV s~ * (Fig. S1, ESI{). The photographic
image of the resulting Co-Co@Ni-Fe PBA-PPy composite is
shown in Fig. S2 (ESI}).

3. Results and discussion

Since regulating the morphologies and sizes of PBA nanocubes in an
aqueous medium is complex, the straightforward co-precipitation
approach was used to generate regular Co-Co PBA nanocubes.®
Because of its similar crystal structure and lattice constant,*® a Ni-Fe
PBA shell could be easily formed atop the Co-Co PBA nanocubes
through epitaxial deposition at ambient temperature. The resulting
nanocubes are marked as Co-Co@Ni-Fe core-shell PBA. Later, the
core-shell structure was enwrapped by PPy, denoted as Co-Co@
Ni-Fe PBA-PPy. The synthesis procedure of the composite is
illustrated in Scheme 1.

Step 1 Step 2
I ——

Co-precipitation Electropolymerizatios

Co-Co PBA
Nanocube

Co-Co@Ni-Fe PBA-PPy
Composite

Co-Co@Ni-Fe PBA
Core-shell Nanocube

Scheme 1 Schematic illustration of the synthesis process of the Co-Co@
Ni—Fe PBA-PPy composite.
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3.1 Structural characterization

The structural morphology of the nanocubes was analyzed by field-
emission scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM). Fig. 1(a) shows the HR-SEM image of
the Co-Co@Ni-Fe core-shell PBA nanocubes with an average
particle size of 400 nm. The core-shell nanocubes retain their
cubic structure due to the low-speed co-precipitation synthesis
method. Adding citrate as a chelating agent slowed the crystal-
lization process and improved the catalyst crystallinity.”” The Ni-Fe
PBA’s homogeneous coating over the Co-Co PBA template was
demonstrated by the contrast in the TEM images (Fig. 1(b)).
Fig. 1(c) depicts a shell thickness of ~30 nm over the Co core.
The elemental mapping images of a single core-shell nanocube
obtained using energy dispersive X-ray (EDX) reveal a Co-riched
core and a shell rich in Ni and Fe, Fig. 1(d), illustrating the
compositional variability of the Co-Co@Ni-Fe core-shell PBA
nanocubes. In supercapacitors, the synergistic combination of Ni
and Co provides excellent electrical conductivity and electrochemi-
cal performance.*®*° The Fe species improve the conductivity of the
electrode’™"" or act as an electron promoter’® to enable high
activities, and Ni stabilizes the crystal structure.*?

Fig. S3(a) and (b) (ESIt) show the HR-SEM and TEM images
of the initial Co-Co PBA with a uniform particle size of around
300 nm. The HR-SEM image of PPy shows a net-like structure
(Fig. 2(a)), but the magnified SEM image reveals a homogenous
granular structure reminding one of cauliflower (Fig. 2(b)). The
larger and smaller granules appear to form a dense, non-porous
layer. Fig. 2(c) depicts the PPy enveloped core-shell PBA nano-
cubes. The cauliflower-like arrangement on the nanocubes’
surface in the composite is highlighted in Fig. 2(d). Roughness,
a critical physical-chemical surface property, increased impli-
citly with polymerization, which benefits the electrode/electro-
Iyte contact (Fig. 2(d)).

Powder X-ray diffraction (XRD) analysis validated the effec-
tive production of Co-Co PBA nano-cubes (Fig. S3c, ESIt). The
prominent peaks suggest that the nanocubes created exhibited
excellent crystallinity and could be indexed to Coz[Co(CN)e],
(JCPDS no. 77-1161).** The diffraction peaks of the core-shell

200 _nm

(e) Co-Co@NI-Fo PBA

JL Coca PBA JCPOS: 771181

N

11

w 70

Fig. 1 (a) HR-SEM image; (b), (c) TEM images; (d) STEM image of core—
shell PBA and the corresponding elemental mapping of the same frame
showing Co, Fe, and Ni with their overlay; (e) XRD patterns of Co-Co@
Ni—Fe core—shell PBA.
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Fig. 2 HR-SEMimages of (a), (b) PPy; and (c), (d) Co-Co@Ni—Fe PBA-PPy
composite.

PBA relocated at slightly low angles due to the Ni-Fe PBA shell
formation compared to the Co-Co PBA core (Fig. 1(e)). The
crystalline nature of the nanocubes proved advantageous
because faster ion diffusion and a greater depth could be
achieved in well-crystalline PBAs with smaller dimensions
and a higher specific surface area.** With a higher Ni content,
the atomic ratio of Ni/Fe was proven to be 1.2 in the EDX
spectrum (Fig. S4, ESIt). Co, as the core element, accounted for
80% of the total composition of the core-shell nanocube. The
ICP results were consistent with the EDX study, which showed
that the Ni/Fe ratio for Co-Co@Ni-Fe PBA was 1.5 (Table S1,
ESIY), i.e., the theoretical ratio for Ni-Fe PBA. We performed
Fourier transform infrared (FTIR) spectroscopy to characterize
the chemical composition of PPy, Co-Co@Ni-Fe PBA, and the
Co-Co@Ni-Fe PBA-PPy composite (Fig. S5, ESIt). The detailed
study is provided in the ESL.t Fig. S6 (ESIt) shows the thermal
gravimetric analysis (TGA) plot for the Co-Co@Ni-Fe PBA-PPy
composite deposited on the CP substrate.

X-ray photoelectron spectroscopy (XPS) analysis of core-shell
PBA, PPy, and Co-Co@Ni-Fe PBA-PPy composite was performed
to characterize the chemical composition and element valence
states. In the high-resolution spectra, Fig. 3(b)-(d) and Fig. S7,
S8b-d, and S9b, c (ESIt), the black and red colors stand for
experimental and fitting data, respectively, and the other colors
for deconvoluted data. Fig. 3(a) and Fig. S8a (ESIt) confirm the
presence of Ni, Co, Fe, O, N, and C in the Co-Co@Ni-Fe PBA-PPy
composite and core-shell PBA, respectively. It is worth noting that
the peak intensities of O, C, and N increased in the PBA-PPy
composite compared with core-shell PBA, indicating the success-
ful polymerization of PPy over core-shell PBA (compare Fig. 3(a)
and Fig. S8a, ESIt). In the high-resolution Co 2p spectrum, the
binding energies (BE) at 785.3 eV and 798.6 eV corresponded to
the Co 2p;/, and Co 2py,, of Co®" (Fig. 3(b)).*>"*° These peaks were
upshifted compared to core-shell PBA nanocubes (Fig. S8b, ESIT).
The peak at 789.3 eV was attributed to a satellite of Co**.*” The
prominent Ni 2ps, peak at 856.5 eV belonged to Ni**, which was
downshifted with respect to core-shell PBA. The other peaks at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 (a) XPS survey spectrum of the Co-Co@Ni-Fe PBA-PPy compo-

site; high-resolution XPS spectra of (b) Co 2p; (c) Ni 2p; (d) Fe 2p.

858.4 eV and 863.4 eV were satellite peaks (Fig. 3(c)).*® The peak at
874.4 eV of Ni 2p,,, was attributed to NiIOOH (Ni 2p,,, at 875.6 eV
for core-shell PBA, Fig. S8c, ESIt).*> The presence of oxygen
causes the formation of Ni(OH),, which may be electrochemically
oxidized to NiOOH by the presence of Co.’° It is known that
NiOOH is much more conductive than Ni(OH),, and its conduc-
tivity can be significantly increased by the presence of
Fe.’® Therefore, the formation of NiOOH in the Co-Co@Ni-Fe
PBA-PPy composite can further increase the conductivity of the
catalyst. In the high-resolution Fe 2p spectrum (Fig. 3(d)), the BE
peaks at 710.2 eV and 723.6 eV corresponded to Fe 2p;, and
Fe 2p,), of Fe**, respectively.>* The peak at 712.1 eV was ascribed
to Fe 2p;,, representing Fe®".>> All the Fe peaks also shifted
towards higher BEs with respect to Co-Co@Ni-Fe core-shell PBA.
Hence, the iron in the Ni-Fe PBA was present in mixed oxidation
states of Fe** and Fe*" as both Ni**~CN-Fe®" and Ni**-CN-Fe*".
The Ni**~CN-Fe*" sites were mainly located at the surfaces of the
nanocubes, while the Ni**~CN-Fe®" were at the body center."”
Since XPS is a surface analysis, we mainly saw the Fe*" peaks,
not Fe**. The BE shifts of Co, Fe, and Ni in the Co-Co@Ni-Fe
PBA-PPy composite relative to core-shell PBA implied synergistic
electronic interactions between Fe, Co, and Ni atoms due to the
Ppy deposition in the Co-Co@Ni-Fe PBA-PPy composite. The
deconvoluted N 1s spectrum showed three peaks at 399.9, 401.4,
and 402.4 eV, belonging to C-N or C=N, C—=N, and N-O bonds,
respectively (Fig. S7, ESIT).>® The oxidation states and electronic
environment of all the elements of core-shell PBA and PPy are
shown in Fig. S8 and S9 (ESIf).

3.2 Electrochemical studies

Initially, cyclic voltammetry (CV) measurements of the as-
prepared Co-Co@Ni-Fe core-shell PBA (Fig. 4(a)) and other
bimetallic PBA complexes with different metal combinations
(Fig. S10, ESIt) were executed to observe the metal-centered
electrochemical behavior. As shown in Fig. 4(a), the CVs of
Co-Co@Ni-Fe core-shell PBA showed well-defined, metal-
based reversible Fe'"™ redox couples, with the ratio of anodic

Mater. Chem. Front., 2023, 7, MO-1119 | T3
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Fig. 4 (a) CV curves of Co-—Co@Ni-Fe core—shell PBA at different scan
rates in 1.0 M Na,SOy; (b) the dependency of the peak currents on the
square root of scan rates; (c) CV profiles of the Co—Co@Ni—Fe PBA-PPy
composite at various scan rates in 1.0 M Na,SOy; (d) the plot of peak
currents against the square root of scan rates.

to the cathodic current being close to unity. The Fe''™ sites in

the Ni-Fe PBA outer shell (over the Co-Co PBA core) were the
source of this redox couple wave, and the Co-Co PBA showed
no prominent peaks (a detailed explanation is provided with
Fig. S10, ESIT). The CV integral area increased gradually with
the scan rate. Fig. 4(b) exhibits the linear dependence of both
anodic (I,,) and cathodic peak currents (I,) against the square root
of the scan rate (+'/%), indicating that the Fe"™ faradaic redox
reaction was diffusion-controlled and obeyed the Randles-Sevcik
equation.

After the electropolymerization of PPy on Co-Co@Ni-Fe
core-shell PBA, the CV curves of the Co-Co@Ni-Fe PBA-PPy
composite depicted redox peaks between 0 to 0.7 V due to
faradaic Fe'™ redox reactions (Fig. 4(c)). The CV curve area
increased with the scan rates, and the ratio of the anodic peak
current to the cathodic peak current was almost identical. Also,
the CV shapes were retained at the higher scan rates showing
the faster charge/discharge rates supported by PPy conducting
polymer. The order-of-magnitude increase in CV current for the
Co-Co@Ni-Fe PBA-PPy composite compared to Co-Co@Ni-Fe
core-shell PBA revealed the high conductivity, enhanced elec-
tron transport, and charge-discharge rates due to the synergis-
tic effect of PBA and PPy constituents. The polymerization of
PPy in the spaces between the PBA nanocube layers provided
improved conductivity, interfacial effects, and electrolyte diffu-
sion. The linear dependence of the peak currents as a function
of the scan rate’s square root was retained even after the PPy
deposition. The linear curve intercepts close to the origin ensured
the Fe'™ reversible redox couple was diffusion-controlled and
followed the Randles-Sevcik equation (Fig. 4(d)).

According to Lindstrom et al.,>* the power-law (i = a/) relates
to the non-diffusion-limited capacitive/pseudocapacitive and
diffusion-limited faradaic current contribution of the redox peaks
by the relationship between the peak current response (i) with
its corresponding scan rate (v). The b is the exponential com-
ponent (slope) obtained from the plot of log (peak current) vs. log
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(scan rate); b = 0.5 for the diffusion-dominated charge storage
phenomenon, and b = 1 for the capacitive type charge-storage
process. The transition range from 0.5 to 1 indicates the change
from the diffusion-controlled reaction to the capacitive type
(surface-controlled reaction).>'%>>3¢

From Fig. 5(a), the derived b values of the Co-Co@Ni-Fe
PBA-PPy composite were 0.6443 and 0.6440, corresponding
to the anodic and cathodic peaks, respectively, showing the
co-existence of capacitive and diffusion-controlled contribu-
tions to the energy storage mechanism. In this mixed regime,
the current was regulated by diffusion and electrochemical
redox reaction rate. However, the b values are close to 0.5,
indicating that the diffusion-controlled charge-storage process
was dominant. The concentration gradient could arise within
the aqueous electrolyte at the electrode-electrolyte interface
and inside the solid composite electrode. Additionally, Trasat-
ti’s analysis was used to quantify the contribution of capacitive
and diffusive currents to the total capacitance value.’**" '
According to this approach, the total charge (gr) is the sum of
the diffusion-controlled inner (g;) and non-diffusion-controlled
outer surface charge (gq,); by dividing the charge with the CV
potential window, total capacitance (Cr), diffusion-controlled
inner capacitance (C;), and non-diffusion controlled outer-
surface capacitance (C,) can be determined.’**>** The Cy
equals the reciprocal y-intercept of the C, ' vs. v? plot
(Fig. S11a, ESIt), and C, is equal to the y-intercept of the
C, vs. v ' plot (Fig. S11b, ESIf). The subtraction of C, from
Cr gives the maximum diffusion-controlled inner capacitance
(Ci). Over ~92.9% of the Co-Co@Ni-Fe PBA-PPy composite’s
Cs came from the diffusion-controlled inner capacitance con-
tribution, and the remaining ~7.1% from the non-diffusion
controlled outer-surface capacitance. All the electrode-electro-
Iyte interfaces formed the EDL. In faradaic energy storage
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Fig. 5 (a) The plot of the logarithm of peak current vs. the logarithm of
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PBA-PPy composite at different current densities; (c) comparing the
specific capacitance of all materials at increasing current densities;
and (d) Nyquist plots of Co—Co@Ni-Fe PBA-PPy and Co-Co@Ni-Fe
core—shell PBA composites at a fully charged state.
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systems, EDL capacitance does not contribute significantly;
hence it can be neglected.”

In the case of bare PPy, the CVs seemed nearly quasi-
rectangular when scanned up to 0.8 V at different scan rates
(Fig. S12a, ESIT). The CV integral area increased with the scan
rate; however, this behavior diminished when scanned up to
1.0 V (Fig. S12b, ESIf). PPy underwent irreversible oxidative
degradation in aqueous solutions at higher oxidation poten-
tials, resulting in a loss of electrochemical activity, conjugation,
and conductivity.®*"®® Hence, the gradual decrease in current
with subsequent scan rate increase (5 to 120 mV s~ ') was
observed in a wider potential window (—0.4 to 1 V). In contrast,
the Co-Co@Ni-Fe PBA-PPy composite did not show a decrease
in the peak current with the scan rate in the wider potential
window (up to 1.0 V in Fig. 4(c)). Still, for further galvanostatic
charge-discharge (GCD) measurements, the potential range
was limited between —0.4 to 0.8 V to avoid partial/overoxidation
of PPy. GCD measurements were carried out at different current
densities to estimate the Cg of Co-Co@Ni-Fe PBA-PPy compo-
site (Fig. 5(b)), Co-Co@Ni-Fe core-shell PBA (Fig. S13a, ESIY),
and PPy electrodes (Fig. S13b, ESIt), using eqn (S2) (ESIT). As
shown in Fig. 5(b), the discharge curve of the composite had
two regions; the first region (0.8 to 0.4 V) was designated for the
linear discharge, including the iR-drop that discharged the charge
near the surface. Similar behavior was seen with the PBA core-shell
nanocubes (Fig. S13a, ESIt). Conversely, the second region, from
0.4 to —0.4 V, was assigned to the extended discharge curve,
where the diffusion-limited de-intercalation of the ions from the
Co-Co@Ni-Fe PBA-PPy composite dominates. Fig. 5(c) shows that
the Co-Co@Ni-Fe PBA-PPy composite showed the best perfor-
mance, and the calculated C, values were 265, 258, 251, 245, 239,
236,233, and 225 F g™ ' at the current densities 1, 2, 3, 4, 5, 6, 7, and
8 Ag ', respectively. For PPy, the values are 183, 168, 159, 148, 143,
141,135,and 133 F gfl, and Co—-Co@Ni-Fe core-shell PBA were 38,
20, 14, 12, 10, 9, 8.4, and 8 F g~ ' (Fig. 5(c)), at identical current
densities. The C; of all materials decreased with an increase in the
current density because the electrolyte ions did not get adequate
time to diffuse inside the material. Note that the Co-Co@Ni-Fe
PBA-PPy and Co-Co@Ni-Fe PBA exhibit battery-type behavior, so
their electrochemical performance can be compared and presented
in terms of specific capacity (Q;, C g '). The Q, values of
Co-Co@Ni-Fe PBA-PPy were 318.1, 308.3, 301.7, 295.1, 287.6,
285.7, 284.1, and 271 C g~ ' at current densities of 1, 2, 3, 4, 5, 6,
7, and 8 A g ', respectively. In contrast, the Q; of Co-Co@Ni-Fe
PBA were 46.5, 24.9, 17.5, 14.5, 12.6, 11.3, 10, and 9.6 C g~ * at the
same current densities as Co-Co@Ni-Fe PBA-PPy. Furthermore,
the estimated Cs value of Co-Co@Ni-Fe PBA-PPy was compared
with other reported PBA-based electrodes in Table S2 (ESIY).
Fig. 5(d) exhibits the Nyquist plots with the inset of the fitted
equivalent circuit model. Ry is the equivalent series resistance
arising from the combined resistance of the electrolyte, active
material, current collector, and the contact between the active
material and current collector. In the high-frequency region, the
Co-Co@Ni-Fe PBA-PPy composite showed a negligible increase in
the R, value compared to the Co@Ni-Fe core-shell PBA (Table S3,
ESIt). The semicircle diameter near the high-to-medium frequency
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area presented the charge-transfer resistance (R.) across the elec-
trode/electrolyte interface, and the inclined slope at the low-
frequency part confines the Warburg diffusion resistance (W),
which emerged due to the frequency-dependent ion diffusion
inside the electrolyte and the electrode composite material. The
lower R value and the high slope (plot shift towards the —Z") for
Co-Co@Ni-Fe PBA-PPy composite indicated the fast charge trans-
fer rate at the electrode/electrolyte interface and effective ions
diffusion (Table S3, ESIt). The EIS study revealed that PPy deposi-
tion on core-shell PBA significantly enhanced the conductivity and
ion diffusion, which set the superior capacitive performance of the
Co-Co@Ni-Fe PBA-PPy composite. Fig. S14 (ESIf) depicts the
cyclic stability test of the PBA-PPy composite performed over
3000 charge-discharge cycles at a current density of 15 A g%
The Co-Co@Ni-Fe PBA-PPy composite demonstrated excellent
cycling stability over 2000 cycles with a 90% capacity retention;
the capacitance dropped to 71.4% after 3000 cycles. This rapid
decline was primarily due to the loss of active capacitive sites of the
composite, either redox sites of Co-Co@Ni-Fe core-shell PBA or
degradation of the PPy network by swelling and shrinking upon
cycling. The Co-Co@Ni-Fe PBA-PPy composite’s HR-SEM images
are depicted in Fig. S15a and b (ESIt), and they indicate some
structural alteration that may be responsible for the modest
reduction in activity after 3000 cycles.

To assess the practical utility of the Co-Co@Ni-Fe PBA-PPy
composite, an asymmetric supercapacitor (ASC) device (denoted
Co-Co@Ni-Fe PBA-PPy//AC) was assembled using Co-Co@Ni-Fe
PBA-PPy as a positive electrode and AC as a negative electrode.
The fabrication procedure is given in the electrochemical mea-
surements section (in the the ESIT). Before the device assembly
evaluation, electrochemical measurements of AC were conducted
in the similar three-electrode configuration used for Co-Co@
Ni-Fe PBA-PPy (Fig. S16, ESIf), and the comparison CVs are
depicted in Fig. 6(a). The charge/mass balance between positive
and negative electrodes was assessed following eqn (S4) (ESIT) to
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Fig. 6 (a) CV curves of AC and Co-Co@Ni-Fe PBA-PPy composite at
40 mV s71in 1.0 M Na»SOy,. (b) CV curves, (c) GCD curves, and (d) Ragone
plot of the Co—Co@Ni-Fe PBA-PPy//AC device.

Mater. Chem. Front., 2023, 7, 110-1119 | 1115


https://doi.org/10.1039/d2qm01162j

Published on 13 ledna 2023. Downloaded on 19.02.2026 14:51:31.

Materials Chemistry Frontiers

be 0.75. The predicted operating potential window of the
Co-Co@Ni-Fe PBA-PPy//AC device was 2.0 V, ascribed to the
combined potential window of the positive and negative electro-
des. However, the CVs were scanned up to 1.6 V (Fig. 6(b)) to avoid
electrolyte decomposition and oxidative degradation of PPy at
1.7 V, suggesting that the stable potential window of the device is
up to 1.6 V. Fig. 6(b) illustrates the CV curves of the ASC device at
different scan rates; the anodic peaks were visible with less
distinguishable cathodic peaks. This trend was almost retained
with increasing scan rates, indicating the good electrochemical
reversibility associated with the fast charge/discharge properties.

Nevertheless, both anodic and cathodic peaks were visible
only when a symmetric SC cell configuration was formed by
taking positive and negative electrodes containing an equal
amount of Co-Co@Ni-Fe PBA-PPy (Fig. S17, ESIt). Based on
the GCD curves of the ASC device at various current densities
(Fig. 6(c)), the Qs values were 90, 67, 61.9, 45.6, 44.5, 40.2, and
31.5C gf1 at current densities of 1, 2, 3, 4, 5, 6, and 7 A gfl,
respectively. The long-term stability of the device showed 79%
capacity retention at 10 A g~ over 2000 cycles (Fig. S18, ESI{),
indicating good cyclic stability. Moreover, the energy density
and power density of the ASC device are estimated using
eqn (S5) and (S6) (ESIt), and the relationship between them
is shown in the Ragone plot (Fig. 6(d)). The device delivered
a high energy density of 20 W h kg™" at a power density of
808.9 W kg ' and maintained 7.0 W h kg ~" at a higher power
density of 1996.1 W kg~ '. The estimated energy and power
density were compared with other PBA composite-based ASC
devices in the reported literature (Table S4, ESIT).

4. Conclusions

In summary, Co-Co@Ni-Fe trimetallic core-shell PBA nano-
cubes were synthesized using the co-precipitation method,
where Ni-Fe PBA uniformly coated the Co-Co PBA core. The
Co-rich core facilitated the conduction of electrons, whereas
the Fe'"™" sites in the Ni-Fe PBA shell acted as a redox couple.
The Co-Co@Ni-Fe PBA redox nanocube was encapsulated in a
PPy network to boost core-shell PBA stability, redox response
and electrolyte diffusion to increase the Q; of the Co-Co@Ni-Fe
PBA-PPy composite. Profiting from the abovementioned prop-
erties, the Co-Co@Ni-Fe PBA-PPy composite showed a Qg of
318.1 Cg 'at1 A g, higher than the individual constituents.
Also, the composite exhibited 90% of the initial capacity
over 2000 cycles at 15 A g~ '. Furthermore, the ASC device,
Co-Co@Ni-Fe PBA-PPy//AC, held the maximal Q, of 90 C g * at
1 A g ' and provided a high energy density of 20 Wh kg™ " at a
power density of 808.9 W kg™ ' with 79% initial capacity
retention at 10 A g~ over 2000 cycles. The Co-Co@Ni-Fe
PBA-PPy composite showed the hybrid energy storage mecha-
nism involving capacitive and diffusion-controlled current con-
tributions. However, the significant capacitance came from the
diffusion-controlled inner capacitance of the composite. We believe
this straightforward approach can be used for most redox-active
metal-organic frameworks suffering poor conductivity, limited

116 | Mater. Chem. Front., 2023, 7, 1110-1119

View Article Online

Research Article

cyclic stability, and low energy density for supercapacitor applica-
tions. Furthermore, this work assists in differentiating co-existing
energy storage mechanisms based on the current contributions.
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