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ABSTRACT

Manganese dioxide electrochemically deposited onto carbon aerogel/carbon fibres (CAG/CF)
shows a great potential as an electrode material in multifunctional structural supercapacitors. MnO;
nanowires grown by a pulse potentiometric method provide a large enhancement in capacitive
performance of the carbon electrodes and symmetric supercapacitor devices based on the hybrid
material.

1 INTRODUCTION

Multifunctional energy storage systems are able to retain their primary electrochemical functions
but with significant structural mechanical integrity. By achieving a suitable balance between
electrochemical and mechanical properties, such systems could deliver high power while acting as a
load bearing structural element, potentially offering a weight reduction relative to monofunctional
systems used in aerospace, electric/hybrid ground transport, and portable electronics.

Carbon fibres (CFs) are a primary reinforcing element in structural composites, widely used owing
to their excellent mechanical performance. However, the low intrinsic specific surface area (SSA
<1 m?g) limits their utilization for multifunctional structural supercapacitors. There is a central
challenge to improve the electrochemical properties of structural carbon fibres, whilst avoiding
degradation of their mechanical performance. Previously, various methods were explored to increase
SSA without compromising mechanical and electrical properties [1], [2]. The most promising strategy,
so far, is based on embedding structural carbon fibres into a monolithic carbon aerogel (CAG). Highly
porous CAG-modified carbon fibre fabrics demonstrate a notable increase in capacitance from
0.06 F/g to 14.3 F/g, whilst offering promising mechanical characteristics [3]. Despite this success,
further improvements in the CAG/CF composite electrodes are required in order to reach the level of
multifunctional efficiency at which structural power devices offer a weight saving.

One strategy involves the deposition of pseudocapacitive materials (e.g. transition metal oxides or
conducting polymers) which possess large charge-storage capacity resulting from fast and reversible
surface-confined Faradaic reactions [4], [5]. This approach utilizes the CF/CAG carbon material as a
highly porous conductive scaffold, which maximizes the effective surface of the redox active material
and provides the channels for fast charge transport [6], [7].

In this work, we report the use of CAG-modified CFs as high surface area conductive structure for
electrochemical deposition of pseudocapacitive manganese dioxide (MnQO2). The incorporation of
MnO; leads to a hybrid composite electrode offering significant contribution of redox reactions to the
charge storage mechanism, thus enhancing the total capacitance of the system. Optimization of
deposition conditions allows the morphology and mass loading of metal oxide to be adjusted, resulting
in a homogeneous distribution of MnO; with potentially high surface area exposed to electrolyte. The
improvement in electrochemical performance of MnO,@CAG/CF electrodes is evaluated in 2- and
3-electrode cells by electrochemical impedance spectroscopy, cyclic voltammetry and
charge-discharge tests.
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2 EXPERIMENTAL SECTION
2.1 Materials

Spread tow CF fabric (43 PW HS40 TeXtreme®, Oxeon AB) was used as the starting electrode
material and as a structural scaffold for CAG. Resorcinol (>99%), formaldehyde (37 wt.% solution in
H>0) and potassium hydroxide (>85% KOH basis) used for CAG synthesis were purchased from
Sigma Aldrich. Manganese(Il) acetate tetrahydrate (>99.0%) and sodium acetate (>99.0%) used for
electrochemical deposition of manganese oxide were obtained from Sigma Aldrich. All purchased
chemicals were used as-received.

2.2 Fabrication of CAG-modified CF fabrics

CF fabrics were embedded within a CAG monolith by the method described previously [3].
Briefly, resorcinol-formaldehyde (RF) gel was formed by mixing R (resorcinol), F (formaldehyde) and
KOH catalyst (C) in distilled water at molar ratios of R/F = 0.5 and R/C = 50 and overall RF weight
fraction of 40 wt.%. After thorough stirring at 20 °C for 3 hours, and at 30 °C for 3 hours, the tightly
sealed solution was kept at 5 °C for 24 hours. As-obtained RF polymer precursor was infused into CF
fabrics by resin infusion under flexible tooling (RIFT) process. In short, CF were sealed within a RIFT
plastic bag which was evacuated and permitted the uptake of RF sol throughout the fabric. The infused
RF gel was polymerized at room temperature, 50 ‘C and 90 °C for 24 h at each temperature and left to
dry at room temperature over 3 days. The dried RF/CF fabrics were then pyrolyzed at 800 ‘C under N,
gas to produce CAG/CF samples.

2.3 Electrochemical deposition of MnO;

MnO; nanostructures were deposited onto carbon fibre-based electrodes by electrochemical
method. As-produced CAF/CF samples (~ 4 cm?) were employed as the working electrodes using
saturated calomel electrode (SCE) and platinum mesh as reference and counter electrodes,
respectively. MnO, was coated onto CAG/CF by anodic electrodeposition through a pulse
potentiometry. A pulse profile consisted of a current step of 200 mA/g applied for 10 ms followed by a
100 ms step of open-circuit voltage (OCV). The total “on” deposition time was set to 60 minutes equal
to 360 000 pulse cycles. The precursor deposition solution contained 0.1M MnAc; and 0.1M NaAc
dissolved in a mixture of ethanol and distilled water with a volumetric ratio of 1:1. The obtained
MnO,@CAG/CF composites were repeatedly rinsed with de-ionized water and dried at 70 "C under
vacuum for 24 hours.

2.4 Microstructure characterization of MnO, coated CAG/CF fabrics

Morphology of the samples was characterised by scanning electron microscopy (Zeiss Auriga
Cross Beam Workstation) operating at 5 kV. The crystal structure of the samples was analysed from
X-Ray diffraction patterns obtained on a PANalytical Empyrean diffractometer with Cu K, radiation
(A =0.154 nm) at a generator voltage of 40 kV and an emission current of 40 mA.

2.5 Electrochemical characterization

Electrochemical performance of as-produced CAG/CF and MnO.@CAG/CF samples was studied
by cyclic voltammetry (CV) using a Biologic VMP potentiostatic—galvanostatic system and three-
electrode cell configuration with SCE and Pt mesh as reference and counter electrodes, respectively.
1M Na,SO4 aqueous solution was used as the electrolyte. Scan rates applied ranged from 5 to 400
mV/s and the voltage window was fixed between -0.2V and +0.8V vs SCE. Specific capacitance was
obtained by integrating the area under CV curves and normalizing by the weight of electrode material
including CFs, CAG and MnO,.

Full cell symmetric devices were assembled by sandwiching a cellulose paper separator between
two carbon electrodes impregnated with 1M Na.SOs electrolyte in a two-electrode Swagelok cell.

Galvanostatic charge-discharge (CD) test at different current densities (1-20 mA cm™2) and



Electrochemical Impedance Spectroscopy (EIS) with the frequency range varied from 200 kHz to 10
mHz were applied to study electrochemical performance of CAG/CF and MnO.@CAG/CF electrodes
in a full cell. Capacitance of the device was calculated from the slope of the discharge curve as Ceen =
I/slope. Specific capacitance of a single electrode in a symmetric cell can be obtained as Cs = 4Cce.
The values of real energy and power densities were estimated according to the following equations:

Erea = | [Vdt 1)

Preal = Ereailtis (2)
where | is the current applied, V is the voltage window and tg;s is the discharge time.

3 RESULTS AND DISCUSSION

Various synthetic routes and organic precursors can be applied to produce high surface area carbon
aerogel. RF gel-based carbons are considered as one of the most promising candidates due to their

attractive properties including high electrical conductivity, controllable pore structures and high
surface areas [8]-[10]. Thus, RF polymer precursor was chosen for infusion into CF fabrics and
formation of CAG/CF composites. The premixed RF solution was infused into CF under vacuum
according to a standard RIFT procedure, following by the subsequent gelation and curing of the gel. In
order to obtain high surface area CAG as-produced organic gel was further carbonized under inert
conditions.

The morphology of as-produced CAG/CF composite is shown in Figure 1a,b. A compact and thin
CAG coating on CF spread tow (Figure 1a) confirms an effectiveness of the vacuum assisted infusion
of RF precursor. Owing to good impregnation of RF sol into CF fabrics and mitigated formation of
thick CAG skin the total weight fraction of CAG did not exceed 29 wt.%. SEM observation (Figure
1b) reveals highly porous CAG network consisting of mesopore channels of different size which is in

Figure 1: SEM images showing the morphology of (a, b) as-produced CAG/CF composite and (c, d)
MnQO; coated CAG/CF sample.
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good accordance with our previous reports [3]. The resulting specific surface area of the composite
obtained from BET (Brunauer-Emmett-Teller) analysis of N adsorption—desorption isotherm
corresponds to ~240 m?/g. The porous character of the carbon electrode with suitable mesoporosity is
an essential criterion for facile electrolyte infiltration into CAG required to form a large efficient
capacitive surface and to enable more evenly distributed nanoparticles coating.

Pulse potentiometric electrodeposition was employed to deposit MnO, on CAG/CF fabrics. The
pulse technique allows electrolyte ions to diffuse into the interior of CAG network thus avoiding a
possible blockage of the pores. Whereas the diffusion rate of Mn?* is a limiting factor of MnO;
deposition, the longer OCV intervals enable penetration of the species farther into CAG pores and
short current pulses confine nucleation and growth of the metal oxide. The anodic deposition of
manganese dioxide in neutral supporting electrolytes occurs through a number of intermediate steps,
involving electrochemical oxidation of Mn?* to M®*, hydrolysis of Mn3** to MnOOH and its further
electrochemical oxidation to MnO; [11]. The kinetics of these reactions depend on the deposition
parameters (i.e. peak current density, duty cycle, deposition time) and determine both the
microstructure of the oxide and efficiency of the coating. In this work, the pulse characteristics were
chosen from the perspective of a preliminary optimization of the process which can be further tailored
to achieve an optimum performance of the material.

SEM observation (Figure 1c) indicates that CAG is entirely coated with MnO. nanoparticles after
60 minutes of total time at peak current. It is clearly seen that MnO is uniformly distributed all around
the CAG and CF surface. Cracks detected on the surface of metal oxide layer are expected to be
induced by shrinkage stress during drying which can be further prevented through controlled drying
processes. SEM image at higher magnification (Figure 1d) reveals that MnO; nanoparticles consist of
interconnected nanowires with a wide range of lengths and diameters forming a porous network of
active material.

X-ray diffraction was further applied to investigate the crystal structure of the samples as it is
known to impact electrochemical behaviour of the oxide [12]. Figure 2 shows XRD patterns obtained
for as-produced and MnO, coated CAG/CF samples. The results indicate that two diffraction peaks
clearly emerged after electrodeposition: a peak at a 26 of 36.9° and a low intense peak at around 66.1°.
Despite low signal-to-noise ratio denoting poor crystallinity of the produced MnO; the crystal
structure of hexagonal akhtenskite e-MnQ2 still can be well defined (JCPDS no. 00-030-0820) [13]-
[15].
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Figure 2: XRD profiles obtained for as-produced and MnO; modified (60 min deposition) CAG/CF
samples.



Electrochemical properties of MnOz-modified electrodes were studied and compared to
as-produced CAG/CF fabrics by cyclic voltammetry in half-cell configuration in neutral 1M NazSO4
aqueous electrolyte. Figure 3a depicts CV curves of the hybrid electrodes measured at different scan
rates. At low scan rates CV plots demonstrate a quasi-rectangular shape with no peaks within the
experimental electrochemical window which indicates that the hybrid electrode is charged and
discharged at a pseudo-constant rate over the complete voltammetric cycle [16], [17]. As the scan rate
increases, the peak current raises, while the shape of the curve deviates from the quasi-rectangular.
This is associated to a limited mass transport of MnO, at faster voltage sweep. Cyclic voltammograms
in Figure 3b compare capacitive properties of as-produced CAG/CF and the hybrid samples decorated
with the metal oxide. The increased area under CV curve of MnO,@CAG/CF electrode indicates a
significant contribution of MnO; pseudocapacitance to total capacitive performance of the hybrid
system. The corresponding values of specific capacitance estimated by integration of CV curves and
normalised by the total mass of the electrodes are increased by almost 3 folds, reaching the maximum
value of 53.6 F/g for the hybrid sample as compared to 18.6 F/g of as-produced CAG/CF. It is
important to highlight that many reports on MnOj,-decorated materials describe electrochemical
performance of the electrodes not considering contribution of current collector and necessary
additives, resulting in overestimated capacitance not achievable in real SC devices. In contrast,
MnO,@CAG/CF poses a self-standing multifunctional electrode capable to be integrated into a full
cell without additional components.
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Figure 3. Electrochemical characterization in a half-cell in aqueous 1M Na,SO; electrolyte: a) CV
curves of MnO,-decorated electrode at various scan rates and b) CV curves at 5 mV/s comparing
capacitive performance of as-produced and MnO,-modified CAG/CF fabrics.

In order to further evaluate electrochemical capabilities of the hybrid electrodes, a two-electrode
symmetric device was assembled in a Swagelok cell and a series of CD tests were conducted at
different current densities. Figure 4a depicts CD profiles obtained at 5 mA/cm? for CAG/CFs with and
without MnO; coating. Triangular shape of the curves and high coulombic efficiency over 96%
suggests fast and reversible Faradic reaction of MnO,. The values of specific capacitance at different
current densities obtained from discharge slopes are represented in Figure 4b. At low charge—
discharge currents, capacitance of MnO,@CAG/CF exhibits significant increase as compare to non-
modified CAG/CF electrodes, achieving 47 F/g and 12.3 F/g, respectively, at high 1 mA/cm?. At the
same time, MnO,@CAG/CF exhibits poor rate capability reflected in large decay of capacitance at
higher current density. The decrease of capacitance with increasing scan rate is a common
phenomenon for pseudocapacitive transition metal oxide associated to sluggish electron transport and
hindered ion diffusion in a densely packed films [18]. This effect becomes more pronounced due to
formation of excessive MnQO; layer at the surface of CAG leading to a larger time constant for inter-
particle pores [7], [19]. However, the drastic decrease of capacitance at high rates can be further
improved by adjusting deposition conditions and additional post-synthetic treatments [20].
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Ragone plot in Figure 4c illustrates an effect of MnO. deposition onto energy and power densities
of SC device. As it is clear from the area under discharge curves in Figure 4a, symmetric SC based on
hybrid electrodes demonstrates a noticeable increase of specific energy, reaching 1.66 Wh/kg which is
4 times larger than for CAG/CF (0.39 Wh/kg). Such a remarkable difference mainly arises from
pseudocapacitive contribution of MnO,, though possible improvement in hydrophilic behaviour of
CAG/CF still should be considered. On the other hand, prolonged discharge time in CD curves
associated to slow redox reaction of MnO_ occurring over entire voltage window results in reduction
of power density from 557 W/kg to 260 W/kg for as-produced and Mn coated CAG/CF, respectively.
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Figure 4. Electrochemical characterization in a symmetric full-cell in aqueous 1M Na,SO; electrolyte:
a) CD profiles, b) specific capacitance, ¢) Ragone and d) Nyquist plots comparing electrochemical
performance of as-produced and MnO,-modified CAG/CF fabrics in Swagelok cell.

Nyquist plots of the samples are displayed in Figure 4d. Both devices demonstrate typical resistive
behaviour with well-defined semicircle in the low-frequency region. Apparently, equivalent series
resistance (ESR) of MnO,-coated material is 4.5 Qcm?, which is only 0.7 Qcm? larger of that for
as-produced CAG/CF (3.8 Qcm?). The slope of the Nyquist plot at mid frequency region clearly
decreases after deposition of the metal oxide. Nearly vertical line for CAG-CF-based SC indicates a
characteristic electric-double layer capacitive (EDLC) behaviour, while a 45° slope against the real
axis for MnOj-coated sample denotes a contribution of the Warburg resistance associated to
semi-infinite diffusion processes observed for MnO,-based electrodes [21], [22]. Finally, SC device
based on hybrid electrode material exhibits substantially lower overall impedance which is inversely
proportional to the total capacitance of the cell. This further confirms major contribution of MnO; to
capacitive capabilities of the electrodes and hence a good prospect for its utilization in CAG/CF-based

structural supercapacitors.



4 CONCLUSIONS

A facile electrochemical deposition method based on pulse potentiometry was applied to produce
MnO; nanowires coated onto CAG/CF composite. Electrochemical properties of MnO,@CAG/CF
were evaluated in half and full cell and compared to as-produced CAG/CF fabrics. Symmetric SC
device based on hybrid electrodes exhibits nearly 4 times increase of capacitance
(47 F/g) and energy density (1.66 Wh/kg), while showing half the power density (260 W/kg). The
study demonstrates a simple route to maximize capacitive performance of multifunctional structural
supercapacitors which can be further tuned by adjusting the parameters of electrochemical deposition
including deposition time, peak current density, duty cycle etc. Furthermore, in order to evaluate the
prospect of MnO, coated electrodes for application in structural supercapacitors a part of the future
work will be devoted to mechanical testing of the hybrid structures.
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