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Asymmetric Supercapacitors

Abstract

Anion doping and oxygen-defect creation have been extensively employed to modify

SC

the electronic properties and increase concentration of electrochemically active sites
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of electrode materials for electrical energy storage technologies; however,
comprehensive study of the roles of anion doping and oxygen vacancy on the
enhancement of electrochemical performance is not clear. Herein, we provide new
insight into the effect of fluorine dopant and oxygen vacancy on electrochemical
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performance of fluorine-doped oxygen-deficient Co2MnO4 (F-Co2MnO4-x) nanowires
grown on carbon fiber (CF) as advanced electrode materials for supercapacitor. An
experimental and theoretical study reveals that the structural and electronic properties

EP

in F-Co2MnO4-x is effectively tuned by introducing F dopants and oxygen vacancies,
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synergistically increasing electrical conductivity and providing rich Faradaic redox
chemistry. The resultant F-Co2MnO4-x achieves a high specific capacity of 269 mA h
g−1 at 1 A g−1, and superior cyclic stability with 93.2% capacity retention after 5000
cycles at 15 A g−1. A flexible quasi-solid-state asymmetric supercapacitor (ASC) is
constructed with F-Co2MnO4-x/CF as the positive electrode and Fe2O3/CF as the
negative electrode. The ASC device exhibits a high energy density of 64.4 W h kg−1 at
a power density of 800 W kg−1. Significantly, the device yields 89.9% capacitance
1
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retention after 2000 bending tests at a bending angle ranging from 0 to 30°,
demonstrating the high integration of excellent mechanical flexibility and cycling
stability.
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Keywords: fluorine doping; oxygen vacancies; Co2MnO4; flexible quasi-solid-state
asymmetric supercapacitor; density functional theory calculations
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1. Introduction

M
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With the increasing demand for portable and wearable electronic devices, flexible
supercapacitors have been developed because of their higher power density and
longer cycling performance than those of lithium ion batteries (LIBs); however, their
relatively lower energy density than those of LIBs impedes their practical applications

TE
D

[1, 2]. The improvement of energy density for supercapacitors can be achieved by
increasing the specific capacitance or maximizing the cell voltage [3]. Recently, an
effective approach that broadens the energy density of supercapacitors is to construct

EP

an asymmetric supercapacitor (ASC) by combining high capacity battery-type
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electrode and high rate capacitive electrode [4, 5]. In general, ASC devices are mostly
operated in aqueous electrolytes, which easily suffer from solvent evaporation and
possible leakage of harmful electrolytes [6, 7]. By contrast, quasi/all-solid-state ASC
devices with gel electrolytes are preferred to avoid this problem and provide
additional advantages, such as lightweight, high mechanical integrity, good reliability,
and wide operating temperature [8, 9]. In this regard, solid-state ASC devices have
been widely explored as an alternative to next-generation portable and flexible
2
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electronics. However, studies have yet to overcome development of high-energy
solid-state ASC devices without sacrificing their power density and life span.

Extensive research efforts have been devoted to the development of desirable
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PT

battery-type materials (e.g., nickel and cobalt compounds) in electrochemical energy
storage systems, such as supercapacitors, LIBs and rechargeable alkaline batteries

SC

owing to their high theoretical capacity, low cost, and abundance in nature [10-12].
Among them, cobalt manganese oxides with multiple oxidation states in particular are
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considered attractive because they combine the prominent features of the extremely
high theoretical capacity of Co3O4 and high rate capability of MnO2 [13].
Nevertheless, they still suffer from these disadvantages, such as low electrical
conductivity, sluggish kinetics, and poor electrochemical stability, thus limiting their

TE
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implementation in real applications. Very recently, substitutional anion-doping in
transition metal oxides has been demonstrated as an effective approach to tune

EP

electrochemical and electrical properties of metal oxide electrodes [14]. Liang et al.
reported that by incorporating fluorine (F) dopant in NiFe-based oxide electrode,
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remarkable specific capacitance of 670 F cm−3 (134 mF cm−2) can be achieved [15].
Previous density functional theory (DFT) studies showed that the substitution of F for
O in Fe2O3 improves electrical conductivity because of the generation of defect levels
and the decreased band gap after F dopants, thereby facilitating the reaction kinetics
of Fe2O3 toward a photoelectrochemical processes [16]. In addition, the highly ionic
nature of the metal-fluorine bond that can provide higher lattice energy and suppress
the polarization with respect to their oxide counterparts, and thus increases redox
3
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potential of electrode materials [17, 18]. On the other hand, the intentional creation of
O vacancies in the lattice of transition metal oxides has been proven as an effective
approach to increase the reactivity of electrochemically active sites and to modify
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electrical properties [19, 20], which are beneficial to enhancement of electrochemical
performance. Kim et al. [21] reported that O vacancy-induced α-MoO3 efficiently
increased the carrier concentration and promoted a faster charge storage kinetics than those
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of fully oxidized α-MoO3, thereby remarkably enhancing electrochemical performance.

M
AN
U

However, the combined effects of F dopant and O vacancies on the electronic
structure and electrochemical properties of transition metal oxides in energy storage
systems have been rarely studied.

Herein, we report an effective strategy to boost the electrochemical performance of

TE
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F-Co2MnO4-x nanowires grown on carbon fiber (CF) as excellent electrode materials
for supercapacitor through introducing F heteroatoms and O vacancies. The enhanced

EP

electrochemical performances of F-Co2MnO4-x nanowires are comprehensively
studied by theoretical calculations and experimental analyses. The resultant
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F-Co2MnO4-x/CF exhibits high specific capacity and good cyclic stability. Moreover,
a flexible quasi-solid-state asymmetric supercapacitor (ASC) with F-Co2MnO4-x/CF
as the positive electrode and Fe2O3/CF as the negative electrode yields a high energy
density of 64.4 W h kg−1 at a high power density of 800 W kg−1. This ASC device
also retains 24.2 W h kg−1 even at an ultrahigh power density of 8000 W kg−1 and a
long cycling life (95.4% capacitance retention after 5000 cycles). In addition, the
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device shows 89.9% retention of the initial specific capacitance at 10 mV−1 over 2000
bending cycles at a bending angle from 0° to 30°.
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2. Results and Discussion
2.1 Characterization and electrochemical properties of the positive electrode
material

SC

The detailed schematic procedure of F-Co2MnO4-x nanowires is illustrated in Fig. 1a.
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The F-Co2MnO4 precursor nanowires grown on the CF substrate were prepared via a
hydrothermal reaction. Co2+ and Mn2+ are firstly hydrolyzed and lead to in-situ
deposition of F-Co2MnO4 precursor on growth substrate after consecutive nucleation
and crystal growth stages. SEM images show that the entire surface of the CF
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substrate is covered by densely packed precursor nanowires with a diameter of 100–
200 nm and a length of 2–3 µm (Fig. 1b, c and S1). The phase of the precursor was
investigated through XRD analysis (Fig. S2), which is matched with the reported

EP

layered double hydroxides (LDHs) phase [22]. In LDHs structure, the partial bivalent
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metal cations coordinated octahedrally by hydroxyl groups are substituted by the
isomorphous trivalent metal cations, leading to the formation of positively charged
layers [23, 24]. Therefore, the F anions derived from the reactant NH4F during the
hydrothermal synthesis are inserted as interlayer anions between positively charged
host layers of Co-Mn LDHs for balancing charge [24]. Then, F-Co2MnO4 is obtained
by annealing Co-Mn LDHs in air at 350 °C for 2 h, in which partial O sites are
substituted by F dopants. The morphological shape of the F-Co2MnO4 nanowires is
5
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maintained after calcination (Fig. 1d and S3a–c). SEM analysis reveals that
none-doped Co2MnO4 preserves almost unanimous morphology relative to F-doped
Co2MnO4 (Fig. S3d–f). Careful observation reveals that the nanowires are composed
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of abundant highly crystalline nanoparticles, which are attributed to the release of
H2O and CO2 gases during the thermal decomposition of the precursor. The SEM
image and its corresponding energy dispersive spectrometry (EDS) elemental

SC

mapping images (Fig. S4a–e) clearly display the presence of Co, Mn, O, and F in the
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F-Co2MnO4 nanostructure, agreeing with the EDS spectrum (Fig. S4f). Finally,
F-Co2MnO4 was treated with NaOH dissolved in ethylene glycol (EG) for
solvothermal process. EG, a reductant in an alkaline medium, provides a mild
reduction condition to chemically reduce metal oxides and potentially create O
without

destroying

crystalline/microstructure

[10].

As

a

result,
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D

vacancies

F-Co2MnO4-x is obtained through the solvothermal reduction. Fig. 1e and S3g–i show
that the morphology and alignment of the nanowires are well preserved after the

EP

reduction. However, the surface of the F-Co2MnO4-x nanowires becomes rough
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possibly because of the etching effect and chemical reduction. This unique
nanoarchitecture of F-Co2MnO4-x is further demonstrated by the SEM-EDS elemental
mappings of Co, Mn, O, and F (Fig. S5a–e). The corresponding EDS spectrum (Fig.
S5f) shows that the stoichiometric ratio of Co:Mn:O:F is about 2.01:1.00:3.30:0.12 in
F-Co2MnO4-x sample. Accordingly, the x value in F-Co2MnO4-x is determined to
~0.53. The mass ratio of the detected F (1.81 at.%) slightly changes after reduction,
indicating that F is stable during the solvothermal process.
6
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TEM was performed to investigate the detailed structural information of F-Co2MnO4-x.
Consistent with the SEM results, the low-dimension TEM image shows that the
nanowires consist of numerous connected nanocrystals with sizes of 5–10 nm (Fig. 2a,
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b). The high-resolution TEM (HRTEM) image (Fig. 2c) reveals clear lattice fringes of
0.294 and 0.249 nm that correspond to the d-spacings of (200) and (311) planes of
Co2MnO4, respectively. The selected area electron diffraction (SAED) pattern of

SC

F-Co2MnO4-x shows clear diffraction rings (Fig. 2d), which can be ascribed to (111),
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(220), (311), (400), (511), and (440) planes of Co2MnO4. A representative STEM
image of F-Co2MnO4-x and its corresponding EDS elemental mappings show that all
of the elements are distributed homogeneously throughout the nanowires (Fig. 2e–i).

The crystallographic structures of the as-made products were examined through XRD
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analysis. For the XRD patterns of Co2MnO4, F-Co2MnO4, and F-Co2MnO4-x samples
(Fig. S7a), except the patterns of the broad peaks at 2θ of ~26.2° and 44.1° attributed

EP

to the CF substrate, all of the other diffraction peaks are assigned to cubic Co2MnO4
with the space group Fd3m (JCPDS No. 01-1130), indicating that the introduction of
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F atoms or O vacancies did not cause phase transition. The decrease of the peak
intensities upon the introduction of F heteroatoms and O vacancies into Co2MnO4 is
attributed to the slight degradation of the crystallinity, which is due to the disruption
of the crystal lattice structure from introduced defect within typical samples. Notably,
the (220) diffraction peak of F-Co2MnO4 at around 2θ=31.5° is observed to shift
slightly toward lower angles relative to pristine Co2MnO4, indicating that the lattice
volume increases as a result of the introduction of F heteroatoms, which is consistent
7
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with previous report [25]. The Raman spectra were carried out to investigate the
bonding characteristic of the as-synthesized samples (Fig. S7b). For Co2MnO4, the
conspicuous peaks observed at 189, 476, 517, and 680 cm−1 are assigned to F2g, Eg,
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F2g, and A1g models of Co2MnO4, respectively, and this assignment is consistent with
previous reports [26, 27]. Compared to those of pristine Co2MnO4 and F-Co2MnO4,
the scissoring vibration F2g at 189 cm−1 in the Raman spectrum of F-Co2MnO4-x

SC

disappears [28], which is possibly due to disruption of crystalline symmetry as a result
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of increased O vacancies within the nonstoichiometric F-Co2MnO4-x matrix. In
comparison with the peaks of Co2MnO4, the Raman peaks of F-Co2MnO4 and
F-Co2MnO4-x slightly shift to a higher wavenumber, which is ascribed to a large unit
cell as a result of partial F substitution for O. No additional signals can be detected,

TE
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indicating the complete conversion of the precursor to metal oxide after annealing. To
examine the effect of solvothermal reduction on the intrinsic defect of F-Co2MnO4-x,
we conducted electron paramagnetic resonance (EPR) to probe the O vacancy (Fig.

EP

3a). All of the samples show a symmetrical signal at the magnetic field corresponding
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to g = 1.95, indicating that presence of O vacancies in the lattice, and this observation
agrees with a previous report [29, 30]. It can be observed that the EPR intensity of
F-Co2MnO4-x is much larger than those of Co2MnO4 and F-Co2MnO4, suggesting that
more O vacancies are created in F-Co2MnO4-x [31].

XPS was conducted to investigate the surface chemical compositions of Co2MnO4,
F-Co2MnO4, and F-Co2MnO4-x. The surface atomic ratios obtained from XPS analysis
are listed in Table S1. The Co 2p spectrum of Co2MnO4 can be divided into two
8

ACCEPTED MANUSCRIPT
spin-orbit doublets and two shake-up satellites (Fig. 3b), which are characteristics of
Co3+ and Co2+ [32]. A positive shift in the peaks of F-Co2MnO4 is observed compared
with that of Co2MnO4, thereby supporting the incorporation of a more electronegative
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F that draws an electron from Co in the lattice; as a result, the binding energy
increases. However, the Co 2p peaks of F-Co2MnO4-x are positively shifted relative to
F-Co2MnO4, indicating the formation of more Co2+ in F-Co2MnO4-x [33, 34] because

SC

of the partial reduction of Co3+ and the increased concentration of O vacancies [34].
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Compared to Co2MnO4, the two satellite peaks corresponding to the Co2+ of the
F-Co2MnO4 and F-Co2MnO4-x at about 786.5 eV and 802.8 eV are swelled [35],
which is attributed that a portion of Co3+ ions is reduced to Co2+ with generating F
heteroatoms and O vacancies. The finding indicates the increased atomic ratio of

TE
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Co2+/Co3+ on the surface of the typical samples. The Mn 2p spectrum of Co2MnO4
shows Mn 2p3/2 and Mn 2p1/2 peaks located at 641.8 and 653.5 eV, respectively (Fig.
3c). The fitting peaks at 643.2 and 652.7 eV are indexed to Mn3+, while the other

EP

peaks at 644.2 and 665.4 eV can be identified as Mn2+ [36]. Consistent with the case
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of Co 2p peaks, the peaks in Mn 2p of F-Co2MnO4 and F-Co2MnO4-x shift slightly to
a lower energy level compared with those of Co2MnO4, implying that more Mn2+
form as induced by F dopants and O vacancies. It is noted that the atomic ratio of
M2+/M3+ (M presents Co and Mn) for F-Co2MnO4-x is higher than that for Co2MnO4,
which agrees with the relatively more F dopants and O vacancies within F-Co2MnO4-x.
The appearance of F 1s peak at around 683.9 eV corresponds to the characteristic of
F-metal bond, verifying the successful incorporation of F into Co2MnO4 (Fig. 3d) [37,
9
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38]. The atomic contents of F in F-Co2MnO4 and F-Co2MnO4-x as determined by XPS
analysis are 2.08% and 1.92%, respectively (Table S1), which are similar to the bulk
F ratio measured through EDS. This finding elucidates the uniform distribution of F
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throughout the F-Co2MnO4-x nanostructure. For the O 1s core-level spectrum, the
peaks shift to a higher binding energy after a highly electronegative F is incorporated
into the lattice possibly because of the large electron-withdrawing effect of cations

SC

coordinated with F (Fig. S8) [39]. The partial substitution of lattice O2− with F− can
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increase the amount of low valence Co2+ and Mn2+ ions to compensate the charge
imbalance. The generation of low valence cations could further facilitate the electron
conduction due to mixed valence electron hopping, which enables efficient electrode
kinetics and thus increases electrochemical performance [40]. Conversely, the O 1s
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spectrum of F-Co2MnO4-x shifts to a lower binding energy compared with that of
F-Co2MnO4, implying a weakened metal−O bond caused by surface O defects [19].
The O vacancies have been proven to facilitate intrinsic conductivity and

EP

electrochemical redox activity [20, 41]. Therefore, the F-Co2MnO4-x with abundant O
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vacancies is expected to achieve good electrochemical properties in supercapacitors.

The electrochemical properties of the as-made samples as electrode materials were
evaluated in a three-electrode configuration by using 1 M KOH as the aqueous
electrolyte. Fig. 4a shows the comparison of the typical CV curves of Co2MnO4/CF,
F-Co2MnO4/CF, and F-Co2MnO4-x/CF electrodes at a scan rate of 30 mV s−1 with a
potential window within 0–0.6 V versus the saturated calomel electrode (vs. SCE).
The CV curves of the entire samples reveal a pair of pronounced redox peaks, which
10
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correspond to the possible the reversible Faradaic redox reactions. The reactions could
be expressed by the following equations [26, 42, 43].
(1)

CoOOH + OH– ⇌ CoO2 + H2O + e–

(2)

RI
PT

Co2MnO4 + H2O + OH– ⇌ MnOOH + 2CoOOH + e–

MnOOH + OH– ⇌ MnO2 + H2O + e–

(3)

SC

The areal current response of the bare CF substrate is much smaller than those of
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Co2MnO4/CF, F-Co2MnO4/CF, and F-Co2MnO4-x/CF electrodes (Fig. S9), indicating
its negligible contribution to the charge storage. The CV integral area of
F-Co2MnO4-x/CF electrode is larger than that of Co2MnO4/CF and F-Co2MnO4/CF
electrodes at the same scan rate, indicating the highest specific capacity. The

TE
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continuously improved electrochemical performance of F-Co2MnO4-x may be
attributed to the formed low valence Co2+ and Mn2+ ions within typical sample as a

EP

result of the introduction of F dopants and O vacancies. Moreover, the CV curves of
F-Co2MnO4-x/CF obtained at different scan rates ranging from 5 mV s−1 to 50 mV s−1
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have no obvious deformation (Fig. 4b), revealing small ohmic resistance and
polarization

[44].

To

further

investigate

the

charge

storage

kinetics

of

F-Co2MnO4-x/CF electrode, we analyzed the dependence of the current density (I) on
the scan rate (v) by using I = a·vb [45], where a and b are variable constants. b is
determined from the slope of a plot of log(i) versus log(v) (Fig. 4c). If b is 1, then the
reaction kinetics is a characteristic of the capacitive process; if b is 0.5, then the
reaction kinetics is diffusion controlled. Our results reveal b of 0.527 and 0.532 at the
11
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potentials of the anodic and cathodic peaks, respectively, and these values are close to
0.5, indicating that the peak current contribution primarily originates from diffusion
processes. The current response can be quantized by separating the contributions of
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capacitive and diffusion-controlled processes at a fixed potential at i = k1ν + k2ν1/2 (Fig.
4d) [46], where k1 and k2 are the coefficients in the capacitor-like and diffusion
processes, respectively. The ratio of capacitive charge storage to the total charge

SC

increases as scan rate increases. The fraction of the non-Faradaic capacity is
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determined to ~12% at the lowest scan rate of 5 mV s−1, suggesting a dominant
diffusion-controlled process of F-Co2MnO4-x, and this observation is consistent with
natural battery-type materials [47, 48].

The galvanostatic charge-discharge (GCD) curves of Co2MnO4/CF, F-Co2MnO4/CF,

TE
D

and F-Co2MnO4-x/CF electrodes were performed in the potential window of 0–0.45 V
(vs. SCE) at a current density of 1 A g−1. In Fig. 4e, the discharging time of

EP

F-Co2MnO4/CF and F-Co2MnO4-x/CF electrodes is longer than that of Co2MnO4/CF,
and F-Co2MnO4-x/CF presents the longest discharging time. The GCD curves of the
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F-Co2MnO4-x/CF electrode at different current densities are approximately symmetric,
indicating good electrochemical reversibility (Fig. 4f). Consistent with the CV results,
the plateau in the GCD curves illustrates the dominant charge storage mechanism of
Faradaic redox processes [49]. Considering that the GCD plots of all of the samples
are nonlinear and associated with the noncapacitive Faradaic behavior of battery-type
materials, we should apply the area integration of the GCD curves to provide the most
precise way of charge storage analysis (details in experimental section) [4]. The
12
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longer discharge plateau of the F-Co2MnO4-x relative to the other samples further
manifests that the introduced F atoms and O vacancies play a vital role in the charge–
discharge properties. The calculated specific capacity as a function of discharge
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current density is plotted in Fig. 4g. The specific capacities of Co2MnO4/CF,
F-Co2MnO4/CF, and F-Co2MnO4-x/CF at a current density of 1 A g−1 are 165, 204, and
269 mA h g−1, respectively. The F-Co2MnO4-x/CF electrode also highly exceeds the

SC

capacity values of CoMn-based ternary oxides [26, 50-52]. F-Co2MnO4/CF and
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F-Co2MnO4-x/CF electrodes show a higher rate capability (higher than 56.3% of the
initial specific capacity) than Co2MnO4/CF electrode (~50.1%) as current density
increases from 1 A g−1 to 15 A g−1. The feasibility analysis of rate capability retentions
for the samples prepared in three independent experiments was studied. The

TE
D

intermediate value of rate capability retentions at different batches electrodes shows
small deviation within ± 3.4% (Fig. S10), revealing good repeatability of electrode
performance. Correspondingly, the areal capacities of Co2MnO4, F-Co2MnO4 and

EP

F-Co2MnO4-x at a current density of 1 mA cm2 were determined to be 0.228, 0.295
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and 0.366 mA h cm−2, respectively (Fig. S11). Furthermore, F-Co2MnO4-x still retains
the areal capacity of 0.223 mA h cm−2 even at a high current density of 15 mA cm−2,
which is higher than those of Co2MnO4 (0.119 mA h cm−2) and F-Co2MnO4 (0.171
mA h cm−2). The BET specific surface areas recorded from powders of the
synthesized

Co2MnO4-based

nanostructures

were

evaluated

from

N2

adsorption−desorption isotherm. The N2 sorption isotherms exhibit a typical type-IV
curve with obvious hysteresis loops at the P/P0 ranges of 0.5–1.0 (Fig. S6), indicating
13
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the existence of mesoporous structures within typical samples [53]. The specific
surface areas of Co2MnO4, F-Co2MnO4 and F-Co2MnO4-x powder samples are
estimated to be 43.8, 47.9, and 57.4 m2 g−1, respectively. The areal capacity of
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F-Co2MnO4-x normalized relative to its BET specific surface area at 1 A g−1 was
calculated to be 4.7 mA h m−2, which is larger than that of F-Co2MnO4 (4.3 mA h
m−2) and Co2MnO4 (3.8 mA h m−2). The enhanced areal capacity for F-Co2MnO4-x

SC

can be attributed to the tuned electrical structure and improved electrochemical
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activity after introducing F atoms and O vacancies. To clarify whether simultaneous
introduction of F dopants and O vacancies can indeed improve the electrical
conductivity of pure Co2MnO4, the four-probe technique was carried out to measure
the conductance. The electrical conductivity obtained for F-Co2MnO4-x is 9.1×10−2 S

TE
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m−1, which is significantly improved in comparison to that of Co2MnO4 (7.6×10−3 S
m−1) and F-Co2MnO4 (4.2×10−2 S m−1).

EP

The electrochemical impedance spectroscopy (EIS) measurements of the as-made
samples were carried out to analyze the cause of the enhanced performance. The EIS
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spectra of all of the samples exhibit a semicircle in the high-frequency region
corresponding to charge transport resistance (Rct) induced by the redox reactions at
the electrode/electrolyte interface, and a straight line in the low-frequency region
related to the diffusive resistance of the electrolyte (Warburg impedance). The
intercept of the EIS curve on the real axis represents the equivalent series resistance
(Rs), which includes the intrinsic resistance of an active material, the electrolyte
resistance, and interface resistance between the current collector and the active
14
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material. In Fig. S12, Rs of F-Co2MnO4-x/CF electrode is 0.6 Ω, which are lower than
those of F-Co2MnO4/CF (0.7 Ω) and Co2MnO4/CF (0.9 Ω). Moreover, Rct of
F-Co2MnO4-x/CF is 1.4 Ω, which is smaller than those of F-Co2MnO4/CF (4.8 Ω) and
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Co2MnO4/CF (7.9 Ω). The results indicate improved electrical conductivity and
accelerated reaction kinetics of F-Co2MnO4-x/CF. These findings again demonstrate
the improvement of electrical conductivity and charge transfer kinetics after

SC

introducing F atoms and O vacancies. The cycling stabilities of the prepared
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electrodes were investigated at a high current density of 15 A g−1 (Fig. 4h). After
5000 cycles, Co2MnO4/CF, F-Co2MnO4/CF, and F-Co2MnO4-x/CF maintain 85.8%,
90.9%, and 93.3% of the initial capacity, respectively. This capacity retention of
F-Co2MnO4-x/CF is substantially higher than those of transition metal-based
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nanostructures [54-56]. Notably, all electrodes exhibit Coulombic efficiencies beyond
98% during cycling test (Fig. S13), implying their highly reversible redox reactions.
Furthermore, a slight increase in Rs and Rct is observed in F-Co2MnO4-x electrode

EP

after 5000 GCD cycles (Fig. S14), which is ascribed to the robust interfaces of
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nanomaterials and conductive CF substrate. Clearly, F-Co2MnO4-x shows lower Rs
and Rct than those of pristine Co2MnO4 and F-Co2MnO4, indicating better electrical
conductivity and faster kinetics of F-Co2MnO4-x, which is probably due to the
introduction of F dopants and O vacancies. To compare the electrochemical
performance of the synthesized electrodes at full specific capacity, the cycling
behavior of the synthesized electrodes was performed at a current density of 1 A g−1.
Clearly, the F-Co2MnO4-x/CF electrode possesses 97.4 % capacity retention after 1000
15

ACCEPTED MANUSCRIPT
cycles, which is higher than F-Co2MnO4/CF (94.5 %) and Co2MnO4/CF (92.8 %)
(Fig. S15). The finding suggests that the F-doping and O vacancies within
nanostructures would contribute to the improvement of cycling stability. To probe the
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existence of the F dopant and O vacancy in the F-Co2MnO4-x despite the phase
transformation from metal oxide to metal oxyhydroxide during the redox reaction,
SEM–EDS mapping and EPR spectrum of the cycled F-Co2MnO4-x electrode at a
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current density of 15 A g−1 were characterized. The elemental mapping analysis of the
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1000th cycled F-Co2MnO4-x clearly reveals the existence of Co, Mn, O and F elements
with Co/Mn/O/F atomic ratio of 1.96:1.00:3.51:0.11 (Fig. S16), which is very close to
atomic content of initial F-Co2MnO4-x (Fig. S5f). The finding reveals the good
structural stability of F-Co2MnO4-x during electrochemical cycling. Meanwhile, the
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peak intensity of EPR spectrum of the F-Co2MnO4-x decreases gradually with
increasing number of cycles (100, 1000, 3000 and 5000). However, the peak intensity
of EPR spectrum of the 5000th cycled F-Co2MnO4-x remains higher than that of

EP

F-Co2MnO4 (Fig. S17). The finding suggests that O vacancies still exist in
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F-Co2MnO4-x during the consecutive Faradaic redox processes. To further confirm the
presence of F dopant in the lattice of F-Co2MnO4-x after 1000 cycles at 15 A g−1, XPS
measurement of 1000 cycled F-Co2MnO4-x was performed. Results show that there is
no obvious change in F 1s XPS spectrum before and after the cycling process (Fig.
S18). The peak located at ~683.9 eV can be ascribed to the existence of F-metal
bonds in the cycled F-Co2MnO4-x. All of these observations manifest that the greatly
enhanced electrochemical properties of F-Co2MnO4-x are attributed to continuous
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improvement of the electrode kinetics as a result of introduction of F doping followed
by creation of O vacancies.

DFT calculations were performed to investigate the role of F anions and O vacancies
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in the structural and electronic properties of Co2MnO4. Studies have shown that the
ground state structure of Co2MnO4 is thermodynamically stable when it is an inverse

SC

spinel [57, 58]. In particular, Mn prefers to occupy the octahedral sites and exhibits as
high-spin Mn3+ while half Co takes the tetrahedral sites as high-spin Co2+ and the
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other half takes the octahedral sites as nonmagnetic Co3+ [57]. Therefore, the
structural and electronic analyses of Co2MnO4, Co2MnO4-x, F-Co2MnO4, and
F-Co2MnO4-x were performed on the basis of the inverse spinel model. For the
F-doped case, we replaced 1 of the 32 O atoms with an F atom in the Co2MnO4 unit
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cell. To create O vacancy, we removed 1 of the 32 O atoms in the Co2MnO4 unit cell
(Fig. S19). Table S2 presents the optimized lattice constants of F-doped and O

EP

vacancy-defected Co2MnO4 obtained from DFT calculations. To evaluate the
thermodynamics of O vacancy formation and F doping, we calculated the O vacancy
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formation energy (Eform) and F doping energy (Edop) within a unit cell as follows:
Eform = E(Co2MnO4-x) + 0.5xE(O2) − E(Co2MnO4),

(4)

Edop = E(Co2MnO4-xFx) − E(Co2MnO4) + 0.5xE(O2) − 0.5xE(F2),

(5)

where E(Co2MnO4), E(Co2MnO4-x), and E(Co2MnO4-xFx) are the calculated total
energies of Co2MnO4, Co2MnO4-x and F-Co2MnO4-x, respectively; and E(O2) and E(F2)
are the total energies of O2 and F2 in vacuum, respectively. From these definitions,
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negative Edop and low Eform correspond to favorable doping thermodynamics and
vacancy formation, respectively. The calculated O vacancy formation energy is about
3.05 eV, which is quite high for intrinsic O vacancy formation. However, as the
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prepared samples are nanostructures, O vacancy formation at surfaces can be more
favorable. Furthermore, the calculated Edop is approximately −0.56 eV, indicating that

SC

F dopants can be created from a thermodynamic perspective.

The density of states (DOSs) of Co2MnO4, Co2MnO4-x, F-Co2MnO4, and
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F-Co2MnO4-x are given in Fig. 5. Impurity states are found in the forbidden band
around the Fermi level (Ef) when F dopants and O vacancies are created. These
impurity states decrease the band gap of the pure Co2MnO4 (Fig. 5 and Table S2). The
band gap of Co2MnO4 is 0.35 eV. For Co2MnO4-x, F-Co2MnO4 and F-Co2MnO4-x, the
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band gaps decrease to 0.18, 0.14 and 0.13 eV, respectively. The decrease in the band
gap induces an increase in electronic conductivity and provides enhanced reaction
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kinetics. This finding is consistent with the experimental observations (Fig. 4). The
obtained band gap of the Co2MnO4 (0.35 eV) is in good agreement with other
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theoretical results ranging from 0 eV to 0.5 eV, which were calculated with different
theoretical levels [13, 57, 59]. However, the energy gap of the Co2MnO4 seems too
small comparing with the experimental observations, which ranges from 1.69 eV to
2.93 eV from different researchers [60-62]. We mention here that all these
experimental results were obtained from fitting the UV-Vis absorption spectra
[60-62], from which the energy gap represents only the optical transition between the
conduction band and the valence band. However, there are many impurity states
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staying in between the conduction band and the valence band (Fig. 5a), which are not
sensitive to the UV-Vis absorption spectra. Without considering these impurity states,
the energy gap between the valence band and the conduction band is larger than 2 eV,
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as can be seen in Fig. 5a.

The further analysis of the partial DOS (PDOS, Figure 5b, d, f, h) of the 3d states of
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different metal atoms shows that the energy states around the Fermi level are mainly
contributed by the 3d states from Mn and Co atoms, particularly contributed by Mn2+
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ions. Fig. S20 presents the band structure of F-Co2MnO4-x and the band-decomposed
charge density of the highest occupied band (highlighted in red in the inset in Fig.
S20). The highest occupied band is composed of the 3d states of the low oxidation
state Mn2+ ion, with a small contribution from the neighboring O atoms. These
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impurity states contribute to the electronic conductivity of Co2MnO4, as already
mentioned above. The PDOS data further demonstrate that F dopants and O vacancies
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are beneficial to produce low valence state of Mn2+ and Co2+ ions. More importantly,
the energy levels of the electronic states of these low oxidation state ions are very
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close to the Fermi level such that these states are very active upon electrochemical
cycling, and thus enable rapid reaction kinetics of electrode materials. In the charging
process, electrons taking these states near the Fermi level could be first transferred,
and these low oxidation state Co2+ and Mn2+ ions dominantly change into Co3+ and
Mn3+, which further contribute to rich Faradic redox reactions [41, 63, 64].

2.2 Characterization and electrochemical properties of the negative electrode
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Fig. 6a illustrates the typical synthesis of hollow Fe2O3 core-branch nanostructures on
a CF substrate. The ZnO nanorods were initially synthesized via the seeded substrate
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and then subjected to a low-temperature hydrothermal process. The CF was fully
covered with the aligned ZnO nanorods with diameters of 200–400 nm and lengths of
2–3 µm (Fig. S21a, b). The SEM-EDS elemental mappings and their corresponding
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EDS spectra confirm that Zn and O are uniformly distributed (Fig. S21c–f). The
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obtained ZnO nanorods are chosen as a sacrificial template, which is decomposed in
the acid medium produced through Fe3+ precursor hydrolysis, whereas the dissolution
of ZnO accelerates Fe3+ hydrolysis. After a shape-reservation transformation of the
annealing treatment occurred under Ar, the well-oriented hollow Fe2O3 nanorods with
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decorated outer surfaces are finally obtained (Fig. 6b and c and Fig. S22). In Fig. 6d, a
well-resolved lattice spacing of 0.372 nm corresponding to the (012) plane of Fe2O3 is
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observed. The crystallographic structure is confirmed in the XRD profile (Fig. S23a).
All of the reflected peaks are indexed to the rhombohedral hematite phase (JCPDS No.
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33-664), but the two other characteristic graphitic peaks are ascribed to the CF
substrate. EDS elemental mappings show that Fe and O are homogeneously
distributed in an individual tubular nanostructure (Fig. 6e-h). XPS analysis was
carried out to further clarify the elemental composition and chemical state of the
surface species. The full XPS spectrum of Fe2O3 (Fig. S23b) shows the existence of
Fe and O, which are in accordance with the EDS analysis. The Fe 2p XPS spectrum
(Fig. S23c) shows that the fitting peaks at 711.0 and 724.3 eV correspond to Fe 2p3/2
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and Fe 2p1/2, respectively, along with two satellite peaks, which are consistent with
the binding energies of Fe3+ in the reported Fe2O3 [65, 66]. The O 1s spectrum (Fig.
S23d) can be deconvoluted into two characteristic peaks of O2− derived from Fe2O3
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(529.9 eV) and hydroxyl groups or surface-adsorbed O (531.5 eV) in accordance with
previous report [67].
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The electrochemical performance of as-synthesized Fe2O3/CF electrode for
supercapacitor was evaluated with a three-electrode configuration in 1 M KOH
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electrolyte. Fig. S24a shows the CV curves obtained at scan rates ranging from 5 mV
s−1 to 50 mV s−1 in a potential window of −1 V to 0 V (vs. SCE). The shape of the CV
curves can be retained at different scan rates, implying good capacitive behavior.
According to the CV shapes, it is indicated that the stored energy of Fe2O3/CF
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electrode is attributed to the electric-double layer capacitance by surface adsorption of
electrolyte OH− ions and the pseudocapacitance by Faradaic redox reaction of

EP

Fe2+/Fe3+ [67]. The GCD curves of Fe2O3 at different current densities are almost
linear and symmetric (Fig. S24b), revealing a highly reversible response and a good
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rate capability. The specific capacitance calculated from the GCD curves reaches 322
F g−1 at of 1 A g−1 (Fig. S24c), and this values exceeds that of Fe2O3 nanostructures
[67, 68]. The specific capacitance of 124 F g−1 is retained even at a large current
density of 15 A g−1, implying a good rate capability. The cycling performance was
evaluated at a current density of 8 A g−1 (Fig. S24d). After 5000 cycles, a capacitance
retention of 87.8% with a Coulombic efficiency of 98.1% is obtained, indicating good
cycling stability. Rs and Rct obtained from the Fe2O3/CF electrode are ~1.1 and ~1.4 Ω,
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respectively (Fig. S24e). No obvious changes can be observed in the EIS plots before
and after the cycling test, and this phenomenon can be beneficial to a good
electrochemical behavior. These excellent electrochemical performances can be

2.3

Electrochemical

performance

of

F-Co2MnO4-x/CF//Fe2O3/CF

flexible

SC

quasi-solid-state ASC device
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attributed to the structural merits of Fe2O3/CF electrode (Fig. S24f).

To further demonstrate the feasibility of F-Co2MnO4-x/CF//Fe2O3/CF for practical
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applications, we assembled ASC device by using F-Co2MnO4-x/CF as the positive
electrode, Fe2O3/CF as the negative electrode, and filter paper as the separator with a
KOH/PVA gel electrolyte (Fig. 7a). According to the comparative CV curves of
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Fe2O3/CF and F-Co2MnO4-x/CF obtained at a scan rate of 5 mV s−1 (Fig. S25a), the
mass ratio of Fe2O3 to F-Co2MnO4-x is set to around 0.42 in the assembled ASC in
accordance with the principle of charge balance [47]. Fig. S25b shows the CV curves
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of an optimized device at different voltage windows. The presence of the redox peaks
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is attributed to the reversible Faradaic reactions of the electrode materials. As the cell
voltage of the ASC increases, the corresponding stored energy increases. The stable
electrochemical window of the device can be extended to 1.6 V. However, the voltage
window is increased to 1.7 V, the CV curve becomes slightly distorted. Thus, the
optimized voltage window is determined to be 1.6 V for the ASC device.

The CV curves of the F-Co2MnO4-x/CF//Fe2O3/CF ASC were obtained at different
scan rates ranging from 5 mV s−1 to 50 mV s−1 (Fig. 7b). No obvious deformation in
22
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the CV curves can be detected, indicating good reversibility and rate capability. The
nearly symmetric GCD curves of the ASC indicate its high columbic efficiency (Fig.
7c). From the GCD curves, the specific capacitance of the device is calculated and
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plotted in Fig. S25c. The device delivers a high specific capacitance of 180 F g−1 at a
current density of 1 A g−1, whereas 68 F g−1 is retained even at 10 A g−1. The cycling
stability was evaluated by successive GCD measurements at a high current density of
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10 A g−1 (Fig. 7d). The result shows an excellent cycling performance with ~95.4%
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capacitance retention and excellent Coulombic efficiency of nearly 100% after 5000
cycles. In case of non-linear GCD characteristic of the present ASC device, the
energy efficiency (ηE) would be considered as a key parameter to evaluate its
potential practical applications [69]. The ηE is determined to be ~83.7% in the initial
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stage and still remains 82.5% after the cycling test (Fig. S26), which is superior to the
recently reported value [69, 70]. The EIS plots of the device before and after cycling
test are shown in Fig. S25d. The obtained Rs and Rct of before cycling are 2.2 and 7.9

EP

Ω, respectively. After cycling test, the device shows an increase in the value of Rs and
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Rct compared to the original state, which is probably ascribed to the loss of adhesion
of electrochemically active F-Co2MnO4-x and Fe2O3 with the CF current collector
upon long‐term cycling, resulting in the attenuated active material/current collector
contact

and

charge-transfer

kinetics.

The

Ragone

plot

of

the

F-Co2MnO4-x/CF//Fe2O3/CF associated with the relationship between energy density
and power density is shown in Fig. 7e. A maximum gravimetric energy density of
64.4 W h kg−1 is achieved at a power density of 800 W kg−1, and 24.2 W h kg−1 is
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retained at a high power density of 8000 W kg−1. These results are higher than those
of quasi-solid-state asymmetrical electrochemical energy storage devices, such as
NiCo2O4@CNT/CNT//carbon

paper

[71],

ZnCo2O4//vanadium

nitride

[72],
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Co3O4//carbon aerogel [73], NiO//α-Fe2O3 [74], MnO2/CNT//Fe2O3/CNT [75], and
Co3O4@CoMoO4//CNT [76]. For comparison, a quasi-solid-state symmetric
supercapacitor was assembled with pristine CF substrate as the electrodes. The CV
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curves collected at different scan rates and GCD curves conducted at different
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discharge current densities for the CF//CF device are shown in Fig. S27a-c. The
nearly rectangle-like CV curves and the quasi-isosceles triangle GCD curves of the
CF//CF device indicate its electrical double layer capacitive properties. Notably, the
CF//CF device exhibits a much low energy density of 0.97 W h kg−1 at a power
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density of 500 W h kg−1 due to its low specific capacitance and narrow cell voltage
(Fig. S27d). Fig. 7f and 7g show no negligible change in the CV curves of the
F-Co2MnO4-x/CF//Fe2O3/CF device at di‐erent bending angles, implying its good
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mechanical flexibility. Moreover, the unitarity of good mechanical flexibility and
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cycling stability of the device was investigated. Notably, nearly 89.9% capacitance of
the initial value is retained after 2000 cycles with a bending angle ranging from 0° to
30° by using the comparative CV curves at 10 mV s−1 (Fig. 7h). No significant change
is observed in the EIS spectra (Fig. S28) of the F-Co2MnO4-x/CF//Fe2O3/CF device
recorded under the different bending angles (0°, 30°, 60°, 90°), again demonstrating
the excellent flexibility of the constructed device. To further demonstrate the potential
of the device at a circuit level of real applications, we assembled two
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F-Co2MnO4-x/CF//Fe2O3/CF devices and connected them in series. Fig. 7i illustrates
that the two tandem devices can power a red light-emitting diode (LED, ~2.0 V). The
ASC device is charged to 1.6 V at a current density of 1 A g−1 and kept the
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constant-voltage charging at 1.6 V for 2 h, and then allowed to undergo self-discharge
process. The self-discharge curve shows a rapid self-discharge rate within the first
several hours, which then reduces slowly after several hours. Finally the output
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voltage drops to ~0.94 V with 58.8 % retention of the initial charge potential after 20
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h (Fig. S29), indicating low self-discharge behaviour of our prepared devices.

3. Conclusion
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An effective strategy of F-triggered and O-vacancy-mediated modulation for the
synthesis of F-Co2MnO4-x nanowires on a CF substrate is demonstrated. Insight into

EP

the effect of F doping and O vacancy on electrochemical performance of
F-Co2MnO4-x in supercapacitors is concluded by theoretical and experimental studies.
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The results reveal that the simultaneous introduction of F dopant and O vacancies to
F-Co2MnO4-x results in newly formed energy levels and increases the reactivity of
electrochemically active sites, thereby significantly improving the electrochemical
performance. The integrated design of nanowires anchored on a conductive substrate
not only provides fast charge transport but also avoids the addition of conductive
additives and binding agents. With good electrical conductivity and distinct structural
advantages, the resultant F-Co2MnO4-x/CF electrode yields a high specific capacity of
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269 mA h g−1 at a current density of 1 A g−1 and an excellent cyclic stability with
93.2% retention over 5000 cycles 15 A g−1. The fabricated quasi-solid-state ASC
comprising F-Co2MnO4-x/CF and Fe2O3/CF electrodes exhibits a maximum energy
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density of 64.4 W h kg−1 at a power density of 800 W kg−1 and possesses highly
integrative features of excellent mechanical flexibility and cycling performance
(89.9% capacitance retention at 10 mV s−1 after 2000 cycles with a bending angle

SC

ranging from 0 to 30°). These findings offer new opportunities to tune the intrinsic

portable and flexible electronics.

4. Experimental Section
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4.1 Synthesis of materials
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structural properties of electroactive materials for their use as advanced electrodes in

Synthesis of F-Co2MnO4/CF. Prior to the experiment, the CF substrate was treated
with concentrated HNO3 solution for 40 min, and then rinsed by deionized (DI) water

EP

for several times. All the chemicals were directly used without further purification
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after purchase. In this procedure, 1.4 mmol of Mn(NO3)2·4H2O, 2.8 mmol of
Co(NO3)2·6H2O, and 16.8 mmol urea [CO(NH2)2] were dissolved in a solution of 70
mL of DI water at room temperature to form a clear pink solution and added with 8.4
mmol of ammonium fluoride (NH4F) under continuous stirring. Two pieces of
cleaned CF (2.0 cm × 3.0 cm) were placed in the above solution, and then the solution
was transferred to a Teflon-lined stainless steel autoclave and kept at 100 °C for 6 h.
The substrate with the as-grown precursor was annealed in air at 350 °C for 2 h. For
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the comparative study, pure Co2MnO4 was prepared without the added NH4F under
the same conditions. The loading mass of the as-synthesized products on the CF
substrate was about 1.2 mg cm−2.
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Synthesis of F-Co2MnO4-x/CF. The obtained F-Co2MnO4 nanowires anchored on CF
were immersed in a solution containing 30 mL of ethylene glycol (C2H6O2) and 30
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mmol of NaOH and transferred to a Teflon-lined stainless autoclave for solvothermal
reaction at 120 °C for 14 h. Then, the substrate covered with F-Co2MnO4-x was taken
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out, washed with DI water and ethanol, and dried at 70 °C for 12 h. The average mass
loading of F-Co2MnO4-x on CF substrate was about 1.1 mg cm−2.
Synthesis of Fe2O3/CF. A hollow Fe2O3 core branched structure was fabricated

TE
D

through a self-sacrificing method as reported in literature with some modifications
[66]. First, ZnO nanorods were vertically grown on a CF via modified wet chemical
process [77]. A layer of ZnO crystal seeds was deposited on the substrate by
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immersing the CF in 0.5 M KMnO4 for 40 mins. The seeded substrate was then
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immersed in a solution containing 10.5 mM Zn(NO3)2·6H2O, 10.5 mM
hexamethylenetetramine, and 70 mL of DI water, added with ammonia water (4 mL;
30%), and kept at 90 °C for 12 h. Second, the obtained substrate with ZnO nanorods
was immersed in 0.013 M Fe(NO3)3 aqueous solution and maintained at room
temperature for 24 h. Finally, the obtained products were washed with DI water, dried
in air, and annealed at 400 °C for 2 h under Ar. The load mass of Fe2O3 was about 1.1
mg cm–2.
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4.2 Material characterization
The morphological characteristics and structures of the samples were examined with a
field-emission scanning electron microscope (FESEM; JEOL-7801) and a

RI
PT

transmission electron microscope (TEM; JEOL, JEM-2010). The chemical
composition and crystalline structures of the samples were evaluated through X-ray
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diffraction (XRD) on Rigaku Smartlab equipped with Cu Kα source (λ = 1.5406 Å).
Raman spectra were recorded with a FluoroMax-4 (Horiba Jobin Yvon)
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spectrofluorometer. Electron paramagnetic resonance (EPR) spectra were obtained
using a Bruker EMX-plus spectrometer equipped with a dual mode cavity operating at
X-band frequencies (9.4 GHz) at room temperature. Surface chemical composition
was analyzed through X-ray photoelectron spectroscopy (XPS; VG-Microtech
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ESCA-2000) with a monochromatic Al Kα X-ray source. The electrical properties of
sample pellets compressed from as-synthesized powders were measured by a Keithley
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4200‐SCS semiconductor characterization system using a 4-probe method. The
Brunauer–Emmett–Teller (BET) surface areas were determined with an Autosorb-iQ
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2ST/MP (Quantachrome, USA) system using nitrogen as an adsorptive at 77 K. The
bending test of the assembled ASC device was conducted on an Instron (Micro Tester,
5848, Instron) using continuous compression recovery process at a speed of 5 mm/s.

4.3 Electrochemical measurement

Electrochemical measurements were conducted with a multi-channel electrochemical
analyzer (Ivium Technologies, Netherlands) in 1 M KOH electrolyte. For the three
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electrode tests, the synthesized samples on the CF (area= 1 × 1 cm2), the saturated
calomel, and a Pt foil were used as the working electrode, the reference electrode, and
the counter electrode, respectively. The loading masses of as-synthesized samples
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were determined by subtracting the weight of CF substrate before and after deposition
of active materials. Specifically, the total mass (Mtotal) of active material loading on
the piece of CF was obtained, and then the mass (mper) of per unit area (1 cm2) was
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calculated based on the equation: mper = Mtotal/6. Two electrode tests were performed
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by assembling F-Co2MnO4-x as the positive electrode and Fe2O3 as the negative
electrode, with KOH/polyvinyl alcohol (PVA) as the solid electrolyte. The KOH/PVA
electrolyte was prepared by dissolving 2 g of KOH and 2.4 g of PVA in 20 mL of DI
water and heated at 90°C under stirring for 4 h.
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Considering that Co2MnO4-based electrodes exhibit obvious Faradaic peaks and
charge/discharge plateaus, it is reasonable for evaluating their charge storage
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performance using specific capacity [4]. While the CV and GCD curves of Fe2O3
electrode show dominantly pseudocapacitive behaviour rather than battery-type
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electrode behaviour due to the nanoscale structural feature of Fe2O3 [4]. Therefore,
charge storage performance of Fe2O3 was evaluated using specific capacitance. The
specific capacity Q (mA h g–1) of Co2MnO4-based electrodes and the specific
capacitance Cs (F g–1) of Fe2O3 electrode can be calculated from the discharge curves
by using the following equations [47, 78]:
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where I (A) is the current response, ti and tf are the initial and final values of discharge
time t (s), m (g) is the mass, V (V) is the operating potential,

!"#

$V& is the mean

of V (V) during discharge process, respectively.
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value of V, and U (V) is the potential window, Vi and Vf are the initial and final values
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Prior to the assembling of ASC device, the charge stored in the positive and negative

'
(

=
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electrodes should be balanced using the following relationship [4]:
)( × ∆ (
+'

(8)

where Q+ (mA h g–1) and C– (F g–1) are the gravimetric specific capacity of the
positive electrode and specific capacitance of negative electrode, respectively. ∆V– is
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the potential window of negative electrode material. m+ and m– (g) are the mass of
the positive and negative electrodes, respectively.
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For the assembled asymmetric supercapacitors, the specific capacitance (Cd; F g–1),

AC
C

energy density (E; W h kg–1), power density (P; W kg–1) and energy efficiency (ηE)
were calculated on the basis of the following equations [47, 69, 79]:
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where 7 $g& is the total mass of positive and negative electrode materials, 9 (V) is
the operating voltage,

 (V)

is the voltage window, and EC and ED are the charge and

discharge specific energies (E), respectively.
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4.4 DFT calculations

Density functional theory (DFT) calculations were performed at the spin-polarized
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GGA+U and PBE level by using the Vienna ab initio simulation package [80, 81].
Core ion and valence electron interaction was described in accordance with the
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projector augmented wave method [82]. The valence electronic configurations of Co,
Mn, O, and F elements in this study are 3d74s2, 3d54s2, 2s22p4, and 2s22p5,
respectively. Therefore, the numbers of valence electrons for Co, Mn, O, and F are 9,
7, 6, and 7, respectively. A cutoff energy of 600 eV was used to expand the plane
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waves. The effective onsite Coulomb terms (U values) for the 3d states of Mn and Co
were set as 4.5 and 3.91 eV, respectively [83, 84]. The Co2MnO4 was modeled with
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its conventional unit-cell, which contains 8 Mn, 16 Co and 32 O atoms. A 3×3×3
Monkhorst-Pack scheme k-point mesh was used for structural optimization and the

AC
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density of states (DOS) [85], which was smeared by the Gaussian smearing method
with a smearing width of 0.05 eV. The lattice constants and the atomic positions were
fully relaxed until the final forces were converged to 0.05 eV/Å. Although this force
convergence criterion seems coarse, we mention here that the ground state energy is
converged to less than 1 meV per formula unit. The inverse spinel structure of
Co2MnO4 is much more thermodynamically stable than its standard spinel structure
[58]. As such, an inverse spinel model was used in the current study.
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Fig. 1. (a) Schematic of the synthesis of F-Co2MnO4-x nanowires on CF substrate.
SEM images of (b, c) Co-Mn precursor, (d) F-Co2MnO4, and (e) F-Co2MnO4-x.
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Fig. 2. (a, b) TEM images, (c) HRTEM image, (d) SAED pattern, and (e–i)
STEM-EDS elemental mappings of Co, Mn, O, and F of the prepared F-Co2MnO4-x.

34

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

TE
D

Fig. 3. (a) EPR spectra and high-resolution (b) Co 2p, (c) Mn 2p, and (d) F 1s XPS
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spectra of the as-synthesized Co2MnO4, F-Co2MnO4, and F-Co2MnO4-x.
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Fig. 4. (a) Comparative CV curves of Co2MnO4, F-Co2MnO4, and F-Co2MnO4-x

TE
D

electrodes at a scan rate of 30 mV s−1. (b) CV curves of F-Co2MnO4-x at different scan
rates ranging from 5 mV s−1 to 50 mV s−1. (c) b determination from the plot of log(i)

EP

versus log(v) for both cathodic and anodic peaks of F-Co2MnO4-x. (d) Percentage
contribution to the total charge from the capacitive and diffusion-controlled processes

AC
C

of F-Co2MnO4-x at different scan rates. (e) GCD curves of Co2MnO4, F-Co2MnO4,
and F-Co2MnO4-x electrodes at a current density of 1 A g−1. (f) GCD curves of
F-Co2MnO4-x at different current densities. (g) Comparison of the specific capacities
as a function of current density for Co2MnO4, F-Co2MnO4, and F-Co2MnO4-x
electrodes. (h) Capacity retentions of Co2MnO4, F-Co2MnO4, and F-Co2MnO4-x
electrodes at a current density of 15 A g−1.
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Fig. 5 Total (left) and partial (right) density of states of the inverse spinel Co2MnO4
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(a, b), Co2MnO4-x (c, d), F-Co2MnO4 (e, f) and F-Co2MnO4-x (g, h).
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Fig. 6. (a) Synthesis scheme of the hollow Fe2O3 core-branch nanostructure. Electron
microscopy characterizations of Fe2O3 nanostructure; (b) SEM image; (c) TEM image;
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(d) HRTEM image; (e–h) TEM image, and corresponding EDS elemental mapping.
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properties

of

the

assembled

quasi-solid-state
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F-Co2MnO4-x/CF//Fe2O3/CF ASC. (a) Schematic of the structural configuration of the
device. (b) CV curves obtained at different scan rates of 5–50 mV s−1. (c) GCD curves

EP

at different current densities of 1–10 A g−1. (d) Cycling performance and Coulombic
efficiency at a current density of 10 A g−1. (e) Ragone plot (power density vs. energy

AC
C

density). (f) Digital photographs of the device bent at different angles (0°, 30°, 60°,
and 90°). (g) Capacitance retention; the inset shows the CV curves obtained at
different bending angles. (h) CV curves obtained for the device before and after 2000
cycles at a scan rate of 10 mV s−1 under a bending angle of 0–30°. (i) A red LED
illuminated by ASC devices connected in series.
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Graphical abstract
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Fluorine-doped oxygen-deficient Co2MnO4 nanowires were fabricated on a flexible
carbon fiber for use as electrode materials for supercapacitor. Experimental and
theoretical studies provide new insight on the effect of the introduced F dopant and O

EP

vacancies on electrochemical performance of F-Co2MnO4-x. Flexible quasi-solid-state

AC
C

asymmetric supercapacitors comprising the F-Co2MnO4-x as the positive electrode
material and Fe2O3 as the negative electrode material achieve high energy density of
64.4 W h kg−1 at a power density of 800 W kg−1, and highly integrative features with
excellent cycling performance and mechanical flexibility (89.9% retention of the
initial capacitance at 10 mV s−1 after 2000 bending cycles with an angle ranging from
0 to 30°).
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