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Freestanding electrodes with the advantage of continuous conductive paths are more appealing for
supercapacitor applications. In this work, using electrospun carbon nanofibers (CNFs) as conductive
supports, Au nanoparticles (NPs) were embedded in polyaniline (PANI) polymer to construct a freestanding
CNFs/PANI/Au electrode without binder. The binder-free CNFs/PANI/Au electrode with a meaningful three-
dimensional (3D) network framework presents enhanced electrochemical properties. The specific
capacitance of the CNFs/PANI/Au electrode (1144.5 F g™%) was 2.69-fold that of CNFs/PANI, and was 5.85-fold
that of CNFs/Au electrodes at a current density of 0.5 A g™ in the three-electrode configuration, when the
atomic weight of Au NPs was about 2.23 at%. The satisfactory capacitance properties were connected with
the freestanding structure and the efficient charge transfer that occurs at the CNFs/PANI/Au heterojunction
interface. Besides, benefiting from the unique 3D self-supporting nanostructures, the CNFs/PANI/Au
electrode exhibits long-term cycling stability with about 86.5% specific capacitance retention at 2 A gt of
initial capacitance after 5000 cycles. Our work provides a flexible strategy to construct freestanding and
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1. Introduction

Freestanding electrodes are receiving increasing attention with
the development of wearable and flexible electron devices.'™
Electrode materials are a vital part of freestanding electrodes
and can directly influence the electrochemical performance of
flexible devices.*® Compared with transition metal oxides or
hydroxide electrode materials, polyaniline (PANI) conductive
polymer has been widely used in the manufacture of
freestanding electrodes due to its low cost, superior flexibility,
and satisfactory environmental stability.”'® Moreover, PANI
has the intrinsic advantage of multiple redox states, which
contributes to its high theoretical capacitance and excellent
rate capability for pseudo-capacitors. However, the
conductivity of PANI polymer is relatively low (approximately
11.9 S ecm™* for doped state in the presence of 1.2 M
hydrochloric acid at 20 °C), making it challenging to meet the
demand for high-capacity supercapacitors."’™® Embedding
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binder-free electrodes, which is expected to improve and optimize energy-storage devices.

metal NPs in the electrodes can significantly improve the
conductivity of the PANI polymer.'**?

Among various metal NPs, Au NPs have been widely
considered because of their excellent electrical conductivity of
about 1.0 x 10° S m™ and environmental stability, which may
effectively prevent the degradation of acidic or alkaline
electrolytes during the charge/discharge process.'®'® Hence,
the embedding of nano-scale Au NPs into amorphous PANI not
only boosts the electrical characteristics of PANI nanostructures,
but it also efficiently increases charge transfer efficiency
between the surfaces of the PANI/Au hybrid electrode.'*>
Regrettably, in the charge/discharge process, the irregular
nanostructures and larger aggregations of PANI/Au hybrid
significantly impair the kinetics and utilization efficiency of
electrodes.”'® Moreover, the volume of PANI may alter the ion
extraction or insertion during the charge-discharge cycles,
causing the structural destruction and further limiting the
application of the PANI/Au  hybrid electrode for
supercapacitors.”>** Besides, the majority of PANI/Au or PANI-
based electrodes must be coated on the active materials using a
conductive adhesive during the manufacture of supercapacitor
electrodes.>*>® However, the uneven contact that occurs during
the mechanical mixing of carbon black, active materials, and
polymer binders (like polyvinylidene difluoride or
polytetrafluoroethylene) in the conventional slurry-derived
electrode preparation process inevitably leads to the formation
of “dead surfaces” or “dead volumes”.***’ Additionally, the
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microstructures of the active materials are easily damaged
during the grinding or ultrasonic treatment process used to
make the electrode slurry. The ion-transport kinetics is greatly
slowed down by the collapsed structures, which in turn
influences the capacitive characteristics of electrode materials.

Based on the above issues, it is worthwhile to create
binder-free electrodes with self-supporting structures by
loading PANI/Au nanostructures onto appropriate supports.
As is known, electrospun carbon nanofibers (CNFs) are a
viable substrate for energy storage systems due to their
mechanical strength, flexibility, and high conductivity, which
ranges from 10~ to 107 Q m.>*! Also, CNFs with ultralong
one-dimensional structures can build three-dimensional (3D)
network structures by cross-linking with one another during
the electrospinning process, and are optimal supports for
constructing freestanding electrodes.>* > Therefore, using
CNFs as conductive supports to construct binder-free CNFs/
PANI/Au nanostructures could alleviate the aforesaid
challenges. The freestanding CNFs/PANI/Au electrode could
not only prevent the addition of polymer binder, but also
simplify the preparation procedure of supercapacitor
electrodes.  Meanwhile, binder-free  electrodes  with
continuous conducting substrates could efficiently minimize
internal resistance, resulting in improved electron and charge
transport during the charge/discharge process.

Herein, the binder-free CNFs/PANI/Au electrode was obtained
through the hierarchical assembly of PANI nanostructures and
Au NPs on CNFs supports. The CNFs/PANI/Au electrodes with
cross-linked 3D network structures are useful to increase the
contact area of the electrode-electrolyte interface. The capacitive
properties also improve significantly with the increase of ion
diffusion rate. Besides, as an effective electron conduction
bridge, Au NPs may be more useful in building high-efficiency
electron transport channels at the heterojunction interface in
CNFs/PANI/Au electrodes, which was favorable for improving the
interfacial charge transfer rate of the CNFs/PANI/Au electrode. As
expected, at 0.5 A g current density, the binderfree and
freestanding CNFs/PANI/Au electrode with a specific capacitance
of 1144.5 F g™' outperformed the CNFs/PANI (425 F g') and
CNFs/Au (195.5 F g') electrodes significantly. Our findings
suggest new approaches to promote the development of binder-
free and freestanding electrodes in solid-state supercapacitors
and flexible electronic devices.

2. Experiment
2.1. Materials

Polyacrylonitrile (PAN, ~99.0%) with a molecular weight of
approximately 150000, aniline (C¢HsNH,, ~99.5%), and
tetrachloroauric acid tetrahydrate (HAuCl,4H,0, =47.8%)
were produced by Sigma-Aldrich Corporation. Ferric chloride
hexahydrate (FeCl;-6H,0, ~99.0%), stannous chloride
(SnCl,-H,0, ~98.0%), and N,N-dimethylformamide (DMF,
~99.5%) were made by Tianjin Zhiyuan Corporation. The
laboratory manager purchased hydrochloric acid (HCl, 36.0-
38.0%), concentrated nitrate (HNO; 65.0-68.0%), and
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ammonium hydroxide (NH;3-H,O, 25.0-28.0%) reagents from
Kermel Analytical Reagent Company.

2.2. Preparation of the CNFs/PANI nanofiber electrode

The CNFs substrates could be obtained by calcination of
electrospun PAN nanofibers at 900 °C in argon shielding
gas.**?” The CNFs were submerged in nitric acid for 48
hours, and then rinsed with deionized water until the filtrate
had a pH of 7. The uniform PANI nanostructures were grown
on CNFs by in situ chemical polymerization of aniline
monomers. In a typical synthetic approach, the as-prepared
CNFs (20 mg) were put in a 30 mL mixed solution of ferric
chloride (9 mmol) and HCI solution (6 mmol). Moreover, 4.5
mmol of aniline monomer was gradually added to the
aforementioned combination. The mixed solution was
maintained at 60 °C for approximately 12 hours. The CNFs/
PANI nanofibers were generated by repeating the above-
mentioned method five times. The CNFs/PANI nanofibers
were then produced by washing with ethanol and ultrapure
water alternately. The final products of CNFs/PANI nanofibers
were obtained by drying at low temperature.

2.3. Synthesis of the CNFs/PANI/Au nanofiber electrode

Au NPs were in situ immobilized on the CNFs/PANI nanofibers
via a facile redox process, as previously studied.*® The
preparation process of CNFs/PANI/Au nanofibers is shown in
Scheme 1. The as-prepared CNFs/PANI nanofibers (20 mg)
were immersed in a SnCl, solution (0.25 M; 20 mL) under
magnetic stirring for 12 hours. Then, the activated CNFs/PANI
nanofibers were added into a mixed solution of HAuCl, (0.12
M; 20 pL) and ammonium hydroxide (8.4 M; 10 mL), and
stirred for 25 minutes. Notably, ammonia was utilized to
efficiently control the size of Au NPs and avoid the formation
of large-sized Au aggregates on the surface of the CNFs/PANI
nanofibers, according to the relevant literature.*>*° The
washing and drying of CNFs/PANI/Au nanofiber electrodes
were the same as those of CNFs/PANI nanofibers.
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Scheme 1 Graphical synthetic routes of freestanding the CNFs/PANI/
Au electrode.

&> : Aniline monomer . :Au NPs
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For contrast, the CNFs/Au nanofibers were also prepared
by growing Au particles directly on CNFs under identical
conditions.

2.4. Characterization

Scanning electron  microscopy (SEM, Hitachi-SU70),
transmission electron microscopy (TEM, PHILIPS TECNAI-
20), and X-ray diffraction (XRD, D/max2600) from Rigaku
were applied to detect and analyze the microstructures of the
as-prepared electrodes. The ALPHA infrared spectrometer
was used to detect the bonding of samples by Fourier
transform infrared spectroscopy (FTIR) analysis. Additionally,
the instrument model AXIS SUPRA+ (Shimadzu, Japan) was
devoted to measure the X-ray photoelectron spectroscopy
(XPS) data of electrode materials.

2.5. Electrochemical measurements

The CNFs/PANI/Au nanofiber electrode was investigated in 1 M
H,S0, electrolyte using a standard three-electrode setup. A
platinum foil electrode and a silver chloride electrode were
used as the counter electrode and reference -electrode,
respectively. Notably, the CNFs/PANI/Au nanofibers were
squeezed between two stainless steel meshes, resulting in a
working electrode weighing approximately 0.8 mg. The binder-
free and freestanding electrodes prepared under 3 MPa
pressure have an area of approximately 0.5 x 0.5 cm”® and a
thickness of approximately 40 pm. Scheme 1 shows the
physical picture of the CNFs/PANI/Au nanofiber electrode. The
as-fabricated CNFs/PANI/Au nanofiber electrode demonstrated a
macroscopic lamellated structure, allowing tweezers to pick up
the fibrous membranes. The self-supporting structure of the
CNFs/PANI/Au electrode allows for the creation of new-style
integrated electrodes that do not require any conductive
adhesives. The electrochemical characteristics of the obtained
measured using an
workstation (VMP3, France). Electrochemical impedance
spectroscopy (EIS) was carried out using an interference
amplitude of 5 mV. Cyclic voltammetry (CV) processes achieved
series scanning speeds of 5, 10, 20, 30, 50, and 100 mV s at
an appropriate voltage interval of -0.2 ~0.8 V. In the
corresponding voltage range, the current densities of
galvanostatic charge/discharge (GCD) processes increase from
0.5 to 8 A g”", respectively. The specific capacitance value of the
electrode was calculated using eqn (1). The formula denotes
the specific capacitance (F g™') as Cm; the response current as I
(A); and the discharge time (s), active material mass (g), and
voltage interval (V) as At, m, and AV, respectively.

electrodes  were electrochemical

IxXAt
Cm = (1)
mxAV

3. Results and discussion

The microstructures of the electrode materials were
examined using SEM and TEM images. The CNFs exhibited a
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smooth surface with an average diameter of around 158.3 nm
(Fig. 1a and S1af). The continuous spiny PANI polymers were
uniformly grafted onto the surface of the CNF by in situ
polymerization of aniline molecules (Fig. 1b). The attached
spinous and corrugated PANI revealed the large specific
surface area of CNF/PANI nanofibers, making it easier to trap
Au NPs on their surface during the synthesis processes. In
comparison to CNF/PANI, SEM images of CNFs/PANI/Au and
CNFs/Au nanofibers revealed many nanometer-sized Au NPs
with spherical shapes (Fig. 1c and d). In addition, CNFs/PANI
nanofibers (~488.7 nm) and CNF/PANI/Au nanofibers
(~499.5 nm) have significantly greater diameters compared
to CNFs and CNF/Au nanofibers (Fig. S1b-dt). Meanwhile the
CNFs/PANI/Au nanofibers retain a stable 3D network structure
developed from CNFs. This contributes to optimizing the
free-standing properties of the nanofiber electrodes.

Fig. 1e shows a TEM image of a CNFs/PANI/Au nanofiber
with a one-dimensional nanostructure consisting of
homogeneous PANI polymeric layers and highly distributed
Au NPs. CNFs supports with a high surface area provide
abundant active centers, facilitating intimate interaction with
both PANI and Au NPs. Also, the agglomeration of aniline
monomer may be avoided during the in situ polymerization
process. Notably, a portion of Au NPs were incorporated in
the PANI polymer matrix to generate a particular coating
heterostructure (Fig. le inset). The lattice stripe spacing of
the Au NPs is 0.236 nm, corresponding to the (1 1 1) lattice
plane in the HRTEM image (Fig. 1f).'® In addition, the
contrast between the PANI polymer and the dark Au NPs
clearly distinguishes the heterostructure, which improves the

[ T S

Fig. 1 SEM images of (a) CNFs, (b) CNFs/PANI, (c) CNFs/PANI/Au and (d)
CNFs/Au nanofibers; (e) TEM and (f) HRTEM images of the CNFs/PANI/Au
nanofibers.
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stability of the hybrid structure and promotes charge transfer
at the heterojunction interface between PANI and Au NPs.

Fig. 2a shows the XRD spectrogram, where all the samples
have the usual broad peak of CNFs at 20 ~24.1°. The typical
characteristic peaks of PANI at 15° and 25° were observed in
the CNFs/PANI and CNFs/PANI/Au nanofibers. Four
characteristic peaks were observed clearly in the samples of
CNFs/PANI/Au and CNFs/Au nanofibers at 38.2°, 44.4°, 64.6°,
and 77.5°, which was attributed to the (1 1 1), (2 0 0), (2 2 0),
and (3 1 1) crystal planes of Au NPs (JCPDS no. 040784),
respectively.>'® In addition, the content of the Au element in
CNFs/PANI/Au (2.23 at%) and CNFs/Au (2.54 at%) nanofibers
was virtually the same during the simultaneous synthesis
process of Au NPs, according to the EDX data (Table 1). These
results confirm that Au NPs with good crystallinity and
controllable loading capacity can be successfully assembled
on CNFs/PANI/Au nanofibers.

The chemical bonding and structures of the as-prepared
nanofiber electrodes were further analyzed using FTIR spectra
(Fig. 2b). The absorption peaks of CNFs and CNFs/Au nanofibers
at 804 and 1579 cm™" result from the bending vibration of C-H
and the stretching vibrations of COO- groups, respectively.**!
Also, the characteristic bands of the C-H stretching vibration
appear in the wave-number interval of 2800 ~3000 cm *.***
For the spectra of CNFs/PANI nanofibers, the peaks at 1565 and
1485 cm ™" are derived from the C=C stretching vibration.** The
C-N bond of the secondary aromatic amine appears at 1286
cm™.** PANI showed two bonds of C-N'- and N-H" at 1170 and
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Fig. 2 (a) XRD diagrams and (b) FT-IR spectra of the as-fabricated
samples; (c) survey XPS spectrum of CNFs/PANI/Au nanofibers, and XPS
data of (d) C 1s and (e) N 1s core-level spectra for the CNFs/PANI
nanofibers; XPS patterns of (f) Au 4f, (g) C 1s, and (h) N 1s core-level
spectra for the CNFs/PANI nanofibers.
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1103 cm™, respectively.'® The plane stretching of C-H and -NH-
characteristic bonds were shown in wavenumbers of 820 and
3221 em'. Notably, the C-H, C-N*-, and C=C bonds of CNFs/
PANI/Au nanofibers were significantly shifted at 834, 1157 and
1578 cm™, respectively.*” This result indicated the effective
interaction between Au NPs and the PANI matrix. The strong
interaction on the CNFs/PANI/Au nanofibers may promote the
stability of the heterojunction and assist the effective transfer of
interfacial charge for charge storage operation.

The XPS full-spectrum of CNFs/PANI/Au nanofiber electrode
demonstrated the existence of the Au element as shown in
Fig. 2c. The residual Sn originates from the stannous chloride
reducing agent remaining from the in situ reduction process of
Au NPs. The Au 4f spectrum of the CNFs/PANI/Au nanofiber
electrode has two typical peaks at 83.7 and 87.4 €V, separately
(Fig. 2f)."®"” The photoelectron peak with binding energy at
284.6 eV is attributed to the C-C bond of CNFs (Fig. 2d and g).
The binding energy at 285.9 eV originates from the C-O group.
The N-C=N bond at 287.4 eV is from the quinone-like
structure of the PANI polymer component over the CNFs/PANI
nanofiber electrode.*® Also, the peak binding energies of the N
1s spectra at 398.9, 400.6, and 402.5 eV over the CNFs/PANI
nanofiber electrode come from the typical quinoid amine (-
N=), benzenoid amine (-NH-) and nitrogen cation radical
(N1, respectively (Fig. 2e).”° Notably, the binding energy in the
C-C bond of CNFs/PANI/Au nanofiber is shifted markedly to a
higher binding energy (288.4 eV) as shown in Fig. 2g. Moreover,
the above binding energies of N 1s on the CNFs/PANI/Au
nanofiber electrode also reached the higher binding energies
of 399.4, 402.4, and 404.4 eV, respectively (Fig. 2h). The shift of
binding energies may be connected with the efficient formation
of the PANI/Au heterojunction when the PANI component is in
close contact with Au NPs.*®*° Electrons are able to transfer
spontaneously from PANI to the Au NPs with a high work-
function of 5.1 eV.***° The depletion of electrons on the PANI
surface would result in a positive charge zone near the PANI
component, which will increase the corresponding binding
energies for the XPS test. Combined with the results of FTIR
spectroscopy and TEM, Au NPs should act as electron acceptors
to accelerate the charge transfer on the CNFs/PANI/Au
nanofiber electrode at the component interface between PANI
and Au NPs. Thus, the effective charge transfer behavior
occurring on the CNFs/PANI/Au nanofiber electrode may greatly
improve its electrochemical performance.

The charge storage performance of nanofiber electrodes
was estimated with CV and GCD curves. Fig. 3a presents CV
curves of the as-fabricated nanofiber electrodes with a slow-
speed scanning of 5 mV s~'. The CNFs/PANI and CNFs/PANI/Au
nanofiber electrodes exhibited two groups of typical peaks in
the CV curves, which can be ascribed to the redox transition
of PANI between a semiconducting state (leucoemeraldine
form) and a conducting state (polaronic emeraldine form) as
well as the faradaic transformation of emeraldine
pernigraniline, respectively.”* There is no polarization
observed in the CV data of the CNFs/PANI/Au electrode. This
indicates that nanofiber electrodes with a 3D network

This journal is © The Royal Society of Chemistry 2024
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Table 1 Experimental parameters and the EDX data of the electrode materials

Experimental conditions Element contents
Samples FeCl;-6H,0 (g) HCI (mL) C¢H,N (mL) HAuCl, (uL) C N Au (at%)
CNFs — — — — 87.48 12.52 —
CNFs/PANI 1.0 0.5 0.4 — 83.38 16.62 —
CNFs/PANI/Au 1.0 0.5 0.4 20 83.92 13.85 2.23
CNFs/Au — — — 20 84.87 12.60 2.54

structure can be fully and efficiently utilized by the electrolyte
and are more conducive to ion diffusion. Obviously, the
integrated area of the CV curve of the CNFs/PANI/Au nanofiber
electrode is larger than that of the CNFs/PANI electrode,
indicating enhanced specific capacitance. The specific
capacitance of the as-obtained samples was obtained
according to eqn (1) in the GCD measurement with 0.5 A g*
current density. To investigate the benefits of the
freestanding CNFs/PANI/Au electrode, the electrode slurry of
CNFs/PANI/Au was made by combining the active material,
carbon black, and PVDF in an 8:1:1 ratio. The resulting
mixture was then coated onto a stainless steel mesh for GCD
testing. The specific capacitance of the slurry-coating CNFs/
PANI/Au electrode is 423.9 F g™' (Fig. S2af) at a current
density of 0.5 A g, which is much less than that of the
non-adhesive freestanding CNFs/PANI/Au electrode (1144.5 F
g "), as shown in Fig. 3b. The structure and morphology of the
CNFs/PANI/Au nanofibers are clearly disrupted throughout the
process of manufacturing electrode slurry, as can be seen
from the SEM following the GCD test (Fig. S2bf). This has a
negative impact on the electrochemical performance of the
slurry-coating CNFs/PANI/Au electrode. More importantly, the
specific capacitance of CNFs/PANI/Au (1144.5 F g') was
significantly greater than that of CNFs/PANI (425.0 F g,
CNFs/Au (195.5 F g™'), and CNFs (44.0 F g™"), respectively
(Fig. 3b). These results may be due to the contribution of Au
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Fig. 3 (a) CV curves of nanofiber electrodes at 5 mV s™%; (b) GCD
curves of electrodes at 0.5 A g% (c) CV and (d) GCD curves of the
CNFs/PANI/Au nanofiber electrodes under different measurement
conditions.
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NPs, which promote faster and more effective electron
transfer between the CNFs supports and the active
components of PANI.

The enhanced capacitance performance of the as-obtained
nanofiber electrodes was further investigated by cyclic
voltammetry in H,SO, electrolyte with the scanning rate
increasing to 100 mV s7!, as illustrated in Fig. 3c, S3a, ¢, and
e.t The CNFs/PANI/Au and CNFs/PANI nanofiber electrodes
showed an increased current density with increasing scan
rate, demonstrating ideal capacitor behavior. Also, the
potential of the redox peaks shifted in the direction of
positive/negative potential as the scanning rate increased.
This phenomenon indicates that a surface-controlled process
of electrochemical polarization occurred at the electrode
surface; similar results have been observed in the
literature.”'” Besides, despite an increase in sweep speed,
electrolyte ions still have difficulty reaching the bulk phase of
the electrode material.”* To improve the response kinetics
during charge storage, modifying the electrode surface with
Au NPs is an effective way to reduce the charge transfer
resistance at the electrode-electrolyte interface. As shown in
Fig. 3b, S3b, d, and f,f the GCD curves of CNFs/PANI/Au and
CNFs/PANI nanofiber electrodes exhibited a nonlinear relation
between potential and time, which was contributed by the
CNFs-derived double-layer capacitance and the pseudo-
capacitance behavior of the polyaniline substrate.'®**

Notably, the CNFs/PANI/Au and CNFs/PANI nanofiber
electrodes retained 61.7 and 60.0% of the capacitance values
at a higher ampere density of 8 A g™ versus 1 A g, as
pictured in Fig. 4a. However, CNFs/Au and CNFs electrodes
retained only 38.6 and 24.2% of their specific capacitance,
respectively. It was determined that the spinous and
corrugated structures of the PANI matrix on the CNFs surface
may provide abundant active sites for the electrochemical
process, hence increasing the rate capability of the electrodes
noticeably. In particular, the capacitance value of the CNFs/
PANI/Au nanofiber electrode at 0.5 A g™* (1144.5 F g™') was
actually 3.1 times that at 1 A g™* (372 F g™') as shown in
Fig. 4b. Based on the TEM image in the inset of Fig. 1e, it is
likely that the PANI/Au heterojunctions formed on the CNFs/
PANI/Au nanofiber electrodes. The unique heterostructure of
these nanofiber electrodes helps the internal electrode
material participate more fully in the electrochemical
reaction at lower current densities."”'® Au NPs coated with
the thin PANI nanostructures may decrease the charge
transfer space between the Au NPs and PANI component,
considerably increasing the charge transfer efficiency of
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Fig. 4 (a) Capacitance values of the CNFs, CNFs/PANI, CNFs/PANI/
Au and CNFs/Au nanofibers with multiple current densities; (b) the
contrast diagram of capacitances for the samples at different current
densities of 0.5 and 1 A g% (c) Nyquist plots and (d) the linear
relationship of the peak current vs. square root of scan rates for the
as-obtained electrodes.

electrode materials. Also, the overall conductivity of the CNFs/
PANT/Au nanofiber electrode will also be improved due to the
participation of Au NPs in the PANI matrix. Furthermore, the
capacitance values of the CNFs/PANI/Au nanofibers are very
competitive compared to other similar electrode materials
reported in the literature (Table 2). Based on the above
analysis, the higher specific capacitance of the fabricated
CNFs/PANI/Au nanofiber electrodes can be attributed to the
synergistic action of their unique heterostructures and good
charge transfer properties.

View Article Online
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The charge transfer properties of nanofiber electrodes
were evaluated by EIS analysis. The Nyquist spectra of
the as-obtained nanofiber electrodes all exhibit a
normal semicircle in the high-frequency section
(Fig. 4c). The CNFs/PANI/Au nanofiber electrode shows
a smaller diameter of the hemicircular arc compared to
the CNFs/PANI, CNFs, and CNFs/Au nanofiber electrodes,
which reflects a smaller charge-transfer resistance (R.).
Besides,the CNFs/PANI/Au nanofiber electrode exhibits a
straight line with an approximate vertical Y-axis in the low-
frequency section. These results indicate that the contribution
of Au NPs may promote high-efficiency charge/ion transfer at
the electrode/electrolyte interfaces. The K values of ion
diffusion rates were calculated using the classical Randles-
Sevcik eqn (2).%

I, = (2.69 x 10°)n*?AD"*C v (2)

The number of electrons transferred in the REDOX
reaction is expressed as “n”. A represents the active
electrode area, C, indicates the mole concentration of the
active substance involved in the redox reaction, and D
represents the ion diffusion coefficient, respectively. The K
value can be fitted from the linear relationship between
the anodic peak current (I,) and square root of the scan
rates (v"/?). According to eqn (2), the K value of the CNFs/
PANI/Au nanofiber electrodes (K, ~ 116.4) was significantly
higher than that of the CNFs/PANI (K}, ~ 46.5), CNFs/Au (K,
~ 9.1) and CNFs (K4 ~ 2.8) electrodes as shown in
Fig. 4d. This indicates that the CNFs/PANI/Au nanofiber
electrodes with a unique heterostructure appeared to be
more marketable than the other electrodes in the ion
transport process.

Table 2 Capacitance values and cycling ability of the CNFs/PANI/Au nanofiber electrode contrast of relevant reports

Electrode material Electrolyte Specific capacitance Cycle life Ref.

PANI/N-CNFs electrode 1M H,SO, 580.9 F g’1 109.7% 31
(at0.5Ag™") (90 000th at 20 A g™")

PANI/CNFs electrode 1M H,SO, 296.3 F g’1 83.8% 12
(at1Ag™h (2000th at 2 A g™

PANI/PSS/CNP electrode 1M HCI 2.56 F cm” 81.5% 2
(at 2 mA cm™) (8000th at 10 mA cm™?)

PANI/CNFs/CNS electrode 1 M H,SO, 381.8 F g_l — 30
(at1Ag™h —

PANI/GO/CNFs electrode 1 M H,SO, 680.8 F g_1 93.5% 29
(at0.5A g™ (3000th at 3 A g™)

PANI/CNFs/CNT electrode 1 M H,SO, 629.1F g’ 88.5% 5
(at0.5A g™ (5000th at 10 A g™")

PANI/CNFs/MnO, electrode 1 M Na,SO, 654 F g’1 88.8% 28
(at 10 mv s (1000th at 10 A g™

PANI/CNFs electrode 1 M H,S0, 493.75 F g" 90.0% 52
(at 1 mA cm?) (5000th at 1 mA cm™2)

rGO/PANI-Au electrode 0.5 M H,S0, 309F g 53.0% 53
(at1Agh) (2000th at 400 mV s™")

rGO-Au@PANI electrode 1M H,SO, 212.8 F g'l 86.9% 16
(at1Ag™h (5000th at 1 A g ™)

CNFs/PANI/Au electrode 1 M H,S0, 11445F g 86.5% This work
(at 0.5 Ag™) (5000th at 2 A g™)
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In this heterostructure system, the work function of Au
was greater than CNFs (4.6 eV), leading them could act as
electronic sinks to facilitate interfacial charge transfer
between CNFs and Au NPs.*” The known highest occupied
molecular orbital (HOMO) of PANI (vs. NHE) is ca. +1.24 eV
and the lowest unoccupied molecular orbital (LUMO) (vs.
NHE) is ca. -1.11 eV.>* The work function of the electrode
materials can be calculated according to eqn (3).**

E (eV)=E (Vvs. NHE) + 4.5V (3)

The computational work function of PANI is 3.39 eV. Such
energy levels suggest that the electrons stored in the LUMO of
PANI may diffuse to the surface of the CNFs and subsequently
transfer to the Au NPs during the discharge process in path
number 1 (Fig. 5). The depletion of electrons on the PANI
surface would generate a positive charge space around the PANI
component, resulting in a built-in electric field. Meanwhile,
once Au NPs come into immediate contact with the PANI
components, a portion of them construct PANI/Au core-shell
structures as shown in the TEM images in Fig. le and f. As
demonstrated in path number 2, the electrons of PANI may also
be directly caught by the Au NPs, on account of the Schottky
junction of Au/PANI that occurs in the CNFs/PANI/Au nanofiber
electrode.”'*** This multi-channel charge transfer path may
promote the charge transfer efficiency, resulting in excellent
capacitance retention during charge/discharge cycles.

The stability of the as-obtained nanofiber electrodes was
examined in cycle testing with an ampere density of 2 A g™
(Fig. 6a). The CNFs/PANI/Au nanofiber electrode retains
approximately 86.5% of its initial capacitance after 5000 cycles,
showing outstanding long-term cycling stability. Following
cycle testing, the free-standing and binder-free electrode was
disassembled, and it was found that the structures and
morphologies of the CNFs/PANI/Au electrode remained mostly
unchanged, as depicted in the SEM image in Fig. S4.;f In
addition, the 600th cycle saw a considerable rise in electrode
capacitance, which could be attributed to the electrodes being

Vacuum @(e

Potential vs. NHE(eV)

Fig. 5 Schematic diagram of the proposed mechanistic model of
charge transfer occurring at the CNFs/PANI/Au nanofibers.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Cycling stability of the CNFs/PANI/Au nanofiber electrode
for 5000 cycles, and the (inset) GCD curves of the CNFs/PANI/Au after
the different cycle numbers; (b) rate capability of the CNFs/PANI/Au
nanofiber electrode at the different current densities.

fully activated. The CNFs/PANI/Au nanofiber electrode presents
a favorable repeatability of potential-time correlation after the
different cycle numbers, respectively (Fig. 6a inset). The rate
capacitance of the CNFs/PANI/Au nanofiber electrode was
further investigated by cycle testing for 700 cycles with various
high current densities from 2 to 20 A g”* (Fig. 6b). The CNFs/
PANI/Au nanofiber electrode exhibits outstanding rate
capability performance. Even after the highest current density
of 20 A g™" cycle test, the invertible capacity (241.9 F g™') of
CNFs/PANI/Au nanofibers can still achieve more than 82.8% of
the initial capacitance (292.1 F g ') value at a lower current
density of 2 Ag™".

Apparently, the CNFs/PANI/Au nanofiber electrodes can
endure a wide range of current density cycle tests, which is
an ideal characteristic for nanofiber electrodes. The unusual
heterostructure of CNFs/PANI/Au nanofiber electrodes
contributes to their good cycling stability: (1) homogeneous
Au NPs decorating CNFs/PANI nanofibers can provide
excellent charge carriers between the CNFs and PANI
components, which is beneficial for establishing
interconnecting channels and can effectively promote
electron transfer efficiency; (2) the CNFs/PANI/Au nanofiber
electrodes also possess a similar ultra-long 1D nanostructure
as the CNFs supports, which is effective for optimizing the
contact interface and shortening the charge transfer path
between Au NPs and PANI components; (3) these
freestanding electrodes, which do not require adhesives,
effectively eliminate dead volume, boosting charge transfer
and ion exchange between the electrolyte and the active
material. Therefore, the obtained freestanding CNFs/PANI/Au
nanofiber electrodes possess a unique 3D network structure,
enhanced specific capacitance, and optimized cycling
stability, implying their potential for flexible electronic
devices or integrated applications.

4. Conclusions

In this work, freestanding CNFs/PANI/Au nanofiber electrodes
with adjustable atomic weights of Au NPs and PANI
nanostructures were flexibly integrated via a facile
hierarchical assembly process. For the CNFs/PANI/Au
nanofiber electrodes, we emphasize two advantages from a
novel perspective: 1) the binder-free and freestanding

CrystEngComm, 2024, 26, 4985-4994 | 4991


https://doi.org/10.1039/d4ce00625a

Published on 05 August 2024. Downloaded on 11/19/2024 1:24:02 PM.

Paper

electrodes with 3D network nanostructures offer a
continuous conducting route to enhance the fast transport/
collection of electrons and ions at the electrode/electrolyte
interface; 2) the nanofiber electrodes construct an efficient
charge transfer channel using Au NPs as a charge transfer
bridge, supporting the efficient charge transfer at the
heterojunction interface. The freestanding CNFs/PANI/Au
nanofiber electrode presents a desirable specific capacitance
of 1144.5 F g™* at a current density of 0.5 A g and exhibits
long-term stability, with about 86.5% specific capacitance
retention at 2 A g ' of incipient capacitance after 5000
cycles. The outstanding capacitive properties of the CNFs/
PANI/Au nanofibers were closely related to their optimized
3D network nanostructures, excellent charge transportation,
and unique electrode preparation method without the use
of conductive adhesives. This work presents a new approach
for the of charge storage devices that use
freestanding and binder-free electrodes generated from
heterojunction nanofibers.
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