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« Dopant engineering is an effective
strategy to enhance electrochemical
performances.

o The FM-Co03S,4 ultrathin NSAs are
prepared via a hydrothermal method
followed by a sulfurization reaction.

e FM-Co03S, ultrathin NSAs with more
electroactive sites show better
specific capacity and rate capability.

« The assembled devices exhibit an
energy density of 55 Wh kg~ at the
power density of 752 W kg~ .
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ABSTRACT

Dopant engineering in nanostructured materials is an effective strategy to enhance electrochemical per-
formances via regulating the electronic structures and achieving more active sites. In this work, a robust
electrode based on Fe and Mn co-doped CosS4 (FM-Co3S4) ultrathin nanosheet arrays (NSAs) on the Ni
foam substrate is prepared through a facile hydrothermal method followed by a subsequent sulfurization
reaction. It has been found that the incorporation of Fe ions is beneficial to higher specific capacity of the
final electrode and Mn ions contribute to the excellent rate capability in the reversible redox processes.
Density functional theory (DFT) calculations further verify that the Mn doping in the CosS4 obviously
shorten the energy gap of CosS,4, which favors the electrochemical performances. Due to the synergetic
effects of different transition metal ions, the as-prepared FM-Co3S4 ultrathin NSAs exhibit a high specific
capacity of 390 mAh g~ ' at 5 A g, as well as superior rate capability and excellent cycling stability.
Moreover, the corresponding quasi-solid-state hybrid supercapacitors constructed with the FM-CosS,
ultrathin NSAs and active carbon exhibit a high energy density of 55 Wh kg~! at the power density of
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752 W kg~ . These findings demonstrate a new platform for developing high-performance electrodes for
energy storage applications.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

The ever-increasing demand for modern electronics has driven
the development of the state-of-the-art energy storage devices
[1,2]. Owing to the fast charging/discharging rates, excellent
cycling life and high-power density, supercapacitors (SCs) have
turned out to be promising candidates for energy storage devices
and drawn wide attention from many various fields including dig-
ital cameras, portable devices and hybrid electric vehicles [3,4].
However, the problem of low energy densities drastically limits
their practical applications [5]. Therefore, it is the key to further
improve the energy density of SCs without sacrificing power den-
sity by the means of maximizing the specific capacities and cell
voltages [6,7]. Generally, the development of advanced electrode
materials is considered as a crucial way to achieve high specific
capacity [8,9], and the construction of hybrid supercapacitors
(HSCs) is an appropriate choice to widen the voltage window
[10,11].

Recently, transition metal electrodes, especially Co-based mate-
rials, have been considered as promising candidates for SCs due to
their low cost, high theoretical specific capacitance and excellent
electroactivity [12-15]. Nevertheless, their electrochemical perfor-
mances are still restricted by the poor rate capability and inferior
stability caused by sluggish reaction kinetics [16,17]. It is promis-
ing to introduce different heteroatoms to form multi-composition
Co-based materials for the aim of offsetting the drawbacks and
enhance electrochemical performances [12,18,19]. Specifically,
heteroatom doping into the Co-based materials tends to change
the charge states [20,21], resulting in more electroactive sites
and improved electrical conductivity to facilitate the reaction
kinetics and optimize their intrinsic activity [22,23], and therefore
superior rate capability, specific capacity and stability [24]. More-
over, the multi-composition Co-based materials integrate the
advantages of constituent to achieve synergetic effects of the dif-
ferent ingredients [25-27]. For example, Huang and co-workers
have synthesized CNVO 2D thin sheets, which display superior
supercapacitor performance owing to well-defined porous mor-
phology and synergistic contributions of the individual compo-
nents [28]. Wang and co-workers have developed the system of
ZnNiCo-P, which exhibits superior electrochemical performance
to Co-P systems. It is well established that the incorporation of
Zn and Ni into Co-P system can facilitate the utilization of electrons
and increase the multiple valences of the cations, resulting in
prominent electrochemical performances [29]. Huang and co-
workers have prepared CogsNipsWO, electrodes, which demon-
strates significantly improved electrochemical property due to
the unique 3D/2D porous nanostructures and synergistic effects
[30]. Therefore, it is expected that regulating the electronic struc-
tures by tailoring the compositions can efficiently boost the elec-
trochemical performances.

Structure-engineering with well-defined morphologies is
another effective strategy to boost electrochemical performances
[31-33]. Among various structural designs, two-dimensional (2D)
nanosheet arrays (NSAs) with atomic thickness are featured with
higher active surfaces, shorter carrier diffusion paths, superior
intrinsic porosity, high electrical conductivity and excellent cycling
stability, which endow them with the potential in energy storage
applications [34-36]. In particular, the cross-linked ultrathin NSAs
can not only provide abundant electroactive sites to accelerate the
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reaction kinetics [37], but also offer efficient voids to alleviate vol-
ume variation, resulting in excellent stability [38]. Zhu et al
demonstrated a facile synthesis of 2D porous Co304 thin sheets,
revealing a high specific capacity and excellent rate performance
[39]. Huang et al. synthesized porous 2D CoNi-LDH thin sheets
with honeycomb-like nanostructure, which delivers excellent elec-
trochemical properties [40]. Zhu et al. prepared ZnCo,0, thin
sheets, which show much improvements of energy density and
cycling life [41]. Despite these advances achieved, the rational
design of ultrathin NSAs with controllable compositions is still a
challenge.

Herein, we have developed a facile strategy to prepare Fe and
Mn co-doped Co3S4 (FM-Co3S,4) ultrathin NSAs on the Ni foam sub-
strate. In this strategy, the CoFeMn-precursors are first achieved
through a facile hydrothermal and then transformed to FM-CosS,
ultrathin NSAs via a sulfidation reaction. Compared with the pris-
tine Co3S4 ultrathin NSAs, the doping of Fe and Mn into CosS, ultra-
thin NSAs can not only improve the electrical conductivity, but also
introduce more electroactive sites to promote the reactions and
optimize the overall activity for enhanced electrochemical perfor-
mances. Specially, the effect of Fe or Mn doping on the electronic
property of CosS, was further investigated by the density func-
tional theory (DFT). The resulting data reveals a better electrical
conductivity for charge transfer in Mn-CosS,4, providing a theoret-
ical support for the experimental results. The FM-Co3S, ultrathin
NSAs integrate the advantages of the unique structure and syner-
gistic effects of the components, which delivers a much higher
specific capacity of 390 mA h g~! at the current density of 5 A
g~ ! along with excellent rate capability and cycling stability. In
addition, the constructed HSC device exhibits a high energy density
of 55 Wh kg~! at a power density of 752 W kg~! and long-term
cycling stability. The outstanding performances of FM-CosS,4 ultra-
thin NSAs render it a promising potential for next-generation
energy storage or conversion applications.

2. Experimental section
2.1. Preparation of the CoFeMn-OH ultrathin NSAs

In a typical procedure, a piece of Ni foam (NF, 2 cm x 4 cm) was
sonicated in 3 M HCI solution and then washed with deionized
water and ethanol several times. 0.169 g MnSO4-H,0, 0.278 g
FeS0O4-7H;0, 0.562 g CoSO4-7H,0, 0.841 g CsH{,N4 and 0.074 g
NH4F were dissolved in 40 mL distilled water under sonication
for 10 min to obtain a clear solution. Then the treated NF and the
solution were transferred into a 50 mL Teflon-lined stainless auto-
clave and maintained at 120 °C for 8 h. When cooled down to room
temperature, the NF was washed with distilled water and ethanol
several times and dried at 60 °C for 12 h.

2.2. Preparation of FM-CosS, ultrathin NSAs

The FM-CosS; ultrathin NSAs were prepared by a facile
solvothermal method. Briefly, 0.18 g of thioacetamide (TAA) was
dissolved in 40 mL ethanol to form homogeneous solution. The
resulting solution was transferred into a 50 mL Teflon-lined stain-
less autoclave, and the CoFeMn-OH supported on NF was then put
into the autoclave. After maintained at 120 °C for 4 h, the autoclave
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was cooled to room temperature and the NF was washed with dis-
tilled water and ethanol several times and dried at 60 °C for 12 h.

2.3. Preparation of Mn-CosS4 ultrathin NSAs

The synthesis procedure of Mn-CosS4 ultrathin NSAs is similar
to the synthesis of FM-CosS, ultrathin NSAs described above,
except the usage of FeSO4-7H;0.

2.4. Preparation of Fe-CosS4 ultrathin NSAs

The synthesis procedure of Fe-Co3S, ultrathin NSAs is similar to
the synthesis of FM-CosS, ultrathin NSAs described above, except
the usage of MnSO4-H,0.

2.5. Preparation of CosS, ultrathin NSAs

The synthesis procedure of Mn-CosS,4 ultrathin NSAs is similar
to the synthesis of FM-CosS, ultrathin NSAs described above,
except the usage of FeS04-7H,0 and MnSO4-H,O0.

2.6. Characterization

The crystallographic information and phase purity of the sam-
ples were identified by powder X-ray diffraction (XRD) measure-
ments (Bruker D8 Advance diffractometer with Cu-Ko radiation).
The morphology and microstructure were examined by the tech-
nique of field-emission scanning electron microscopy (FESEM;
Hitachi S-4800), TEM (JEOL JEM-2100F), and HRTEM. The surface
compositions and oxidation states of the samples were examined
by X-ray photoelectron spectroscopy (XPS; ESCALab MKII with Al
Koo X-ray). Raman spectra were recorded on a Renishaw RM 1000
system with a laser line of 633 nm. The specific surface area and
corresponding pore size distribution were determined on the
Brunauer-Emmett-Teller (BET) technique by a gas adsorption
instrument (Autosorb-1Q, Quantachrome).

2.7. Electrochemical measurements

The electrochemical performance was characterized by cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and elec-
trochemical impedance spectroscopy (EIS) on a CHI 660E electro-
chemical workstation (Chenhua, Shanghai) in a three-electrode or
two-electrode configuration. A typical three-electrode system
was investigated in 6 M KOH, in which the Hg/HgO and Pt foil work
as the reference electrode and counter electrode, respectively. EIS
was performed at open circuit potential with the amplitude
5 mV in the frequency range from 100 kHz to 10 MHz.

The specific capacity (Cs, mAh g~') and specific capacitance (Csp,
Fg ') of the electrodes in a half cell are calculated according to Egs.
(1) and (2),

2i [ Vdt

==L M
1At

& ~ mAV @)

where I represents the current (A), At means the discharge time (s),
m refers to the mass of the active materials (g), and 4V corresponds
to the potential window (V), [V dt is the integral area under the dis-
charge curve, respectively.

2.8. Assembly of quasi-solid-state HSCs

The quasi-solid-state HSCs were assembled with the FM-Co3S4
ultrathin NSAs and activated carbon (AC) as positive and negative
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electrodes, respectively, and poly(vinyl alcohol) (PVA)/KOH as the
gel electrolyte. The PVA/KOH gel electrolyte was prepared by the
following process. 3.0 g of PVA was dissolved in 20 mL of distilled
water at 90 °C under vigorously stirring, and 10 mL of KOH solution
(0.3 g/mL) was dropped in until the solution became clear. Then
the electrodes were soaked in the gel for 10 min before assembling.
Finally, the quasi-solid-state HSCs were wrapped with a Kapton
film.

Prior to assemble HSCs, the mass ratio of the positive electrode
to the negative electrode is decided according to the following Eq.
(3),

m. C_AV_
m_ C,AV.

3)

where m is the loading mass of the active material (g), Cis the speci-
fic capacitance (F g!), and 4V is the potential (V) window range for
the positive and negative electrodes, respectively.

Based on the equation, the mass ratio of the FM-CosS,4 ultrathin
NSAs to AC is approximately 1:9 and the mass loading of FM-CosS,
ultrathin NSAs and AC is about 1.5 mg and 13.5 mg, respectively.
Therefore, the total mass loading of the assembled HSC is about
15 mg. The negative electrode was fabricated by pressing the mix-
ture consisting of AC, carbon black and polyvinylidene-fluoride
(PVDF) with the mass ratio of 8:1:1 in N-methylpyrrolidone
(NMP) onto a NF and dried at 70 °C for 12 h in a vacuum oven.

The energy density E (Wh kg~!) and power density P (W kg~!)
of the HSCs are determined with the following formulas:

1

E=5 CAV? (4)

P= (5)
where C refers to the specific capacitance (F g~1), AV represents the
potential (V) window and t means the discharge time (s),
respectively.

~| m

2.9. DFT calculations

DFT calculations were performed using Vienna ab initio Simula-
tion Package (VASP) based on the projected augmented wave
(PAW) method Spin-polarized Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional and on-site Coulomb repulsion U
term for d electrons in spirit of Hubbard via Dudarev’s approach
has been employed to describe exchange and correlation. Effective
U values for 3d electron of Co, Fe and Mn were 5.9 eV, 3.8 eV and
4.0 eV, respectively, referring to previous studies. A plane wave
basis set with energy cut off of 400 eV and appropriate k-points
were used to ensure the convergence of total ground-state energy.
All geometrical optimizations were performed until force acting on
relaxing atoms was less than 0.02 eV/A. The lattice constant of
Co5S, with conventional spinel cell was optimized to 9.67 A. Dop-
ing configuration of Fe or Mn atom substituting one Co atom on
octahedral site or tetrahedral site in a single conventional spinel
cell were considered, thus the modeling doping ratio was 1/24
with respect to Co.

3. Results and discussion

The synthetic procedure of the FM-CosS, ultrathin NSAs is
schematically illustrated in Fig. 1. Uniform CoFeMn-OH ultrathin
NSAs on NF are first prepared through a facile hydrothermal
method, which are then converted to FM-Co3S, ultrathin NSAs by
an anion-exchange reaction at 120 °C for 4 h. The morphology
and structure of the as-prepared samples were analyzed by SEM
image. The SEM images of CoFeMn-OH reveal that the ultrathin
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Fig. 1. Schematic illustration of the synthetic procedures of FM-Co5S, ultrathin NSAs.

nanosheets are vertically grown on the NF, and the network con-
sists of interconnected nanosheets with a smooth surface (Fig. 2a
and b). As shown in Fig. S1a, the corresponding XRD pattern indi-
cates the formation of CoFeMn-OH (JCPDS No. 50-0235). As a com-
parison, CoMn-LDH, CoFe-LDH and Co(OH), ultrathin NSAs are also
successfully synthesized without the addition of Fe source, Mn
source and combined Mn and Fe sources, and the diffraction peaks
can be identified as CoMn-LDH (JCPDS No. 46-0605), CoFe-LDH
(JCPDS No. 50-0235) and Co(OH), (JCPDS No. 02-0925), respec-
tively (Fig. S2a, S3a and S4a). From the SEM images, it can be seen
that the CoMn-LDH, CoFe-LDH and Co(OH), have the similar
nanosheet arrays (Fig. S2b, S3b and S4b). Meanwhile, the elemental
compositions of the samples were explored via energy dispersive
X-ray (EDX) analysis (Fig. S1b, S2¢, S3c and S4c). It reveals that
there is minor Fe and Mn in the as-obtained samples, which can
be attributed that the higher solubility product constant of Mn-
based and Fe-based hydroxides than Co-based hydroxides
[42,43]. Meanwhile, the adsorption rate for Co?* on Ni foam is fas-
ter than Fe?* and Mn?* due to their different ionic radius and ion
mass [44,45]. After sulfidation, the CoFeMn-OH precursor are
transformed into FM-CosS, ultrathin NSAs, which can be confirmed
by the XRD analysis. The diffraction peaks of the FM-CosS, ultra-
thin NSAs can be well indexed to the CosS, ultrathin NSAs (JCPDS
No. 47-1738), without any impurity phase of iron or manganese
sulfate detectable, implying the achieved co-doping of Fe and Mn
(Fig. 3). The successful formation of FM-Co3S,4 ultrathin NSAs is also
verified by Raman spectra. As shown in Fig. S5, the peaks located at
190, 467, 513 and 666 cm ™" are corresponding to the Ay, Eg, F,z and
Aqg modes of CosSy, respectively [46-48]. Fig. 2c and d depict that
the structure and morphology of the as-prepared FM-CosS,4 ultra-
thin NSAs are well inherited from the CoFeMn-OH precursor
except the roughened surface. Fe-CosS4 ultrathin NSAs, Mn-CosS4
ultrathin NSAs and CosS, ultrathin NSAs are also obtained and
compared, which exhibit similar morphology and structure to the
FM-Co5S,4 ultrathin NSAs (Fig. S6a, ¢ and e). The EDX was per-
formed for the powdered which detached from the NF substrate
via long time of ultrasonic process, which further show the ratio
of the total metal (Fe (or Mn) and Co) and S is close to 3:4
(Fig. S6b, d and f). Additionally, N, adsorption-desorption tests
were examined to investigate the surface area and porous struc-
ture of the as-prepared samples. As shown in Fig. S7, the FM-
Co3S4 ultrathin NSAs exhibit a relatively high Brunauer-Emmett-
Teller (BET) surface area of 157.96 m? g~ ! with an average pore size
of 17.42 nm, while the BET surface area of Co3S,4, Fe-Co3S4 and Mn-
C03S, ultrathin NSAs is examined to be 48.94 m? g~ !, 79.41 m? g !
and 56.71 m? g, respectively. The larger surface area as well as
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mesoporous structure of the FM-CosS, ultrathin NSAs can provide
more active sites, initiate rapid electrochemical reactions with
electrolyte ions, and enhance the specific capacity, which are cor-
responding to the electrochemical performances. The doping level
was controlled by precisely regulating the molar ratio of metal
salts in the precursor solution (Fe: Mn: Co is 0.5: 0.5: 2 and 2: 2:
2, respectively) under identical experimental conditions, which
are depicted as FM-C03S4-0.5 and FM-Co3S4-2 ultrathin NSAs. The
actual ratio of Fe, Mn, Co and S in the FM-C03S4-0.5, FM-C03S4
and FM-CosS4-2 ultrathin NSAs were determined by EDX, which
reveals the atomic ratio of Fe: Mn: Co: S is about 1.08: 0.58:
42.31: 56.03, 2.15: 1.09: 40.98: 55.78 and 4.08: 2.05: 37.92:
55.95, respectively. The ratio of the total metal (Fe, Mn and Co)
and S is nearly 3:4, which can be verified the successful formation
of doping rather than hybrid (Fig. S8 and Fig. 2d, inset).

The ultrathin NSAs were further investigated by TEM. Obvi-
ously, FM-CosS; ultrathin NSAs demonstrate chiffon-like
nanosheets (Fig. 4a). The magnified TEM (Fig. 4b) clearly displays
that wrinkled networks are constructed with ultrathin NSAs, which
enables abundant active sites and facilitates the ions and electrons
transfer. The high-resolution TEM (HRTEM) image shows an inter-
planar spacing of 0.236 nm, which is consistent with the distance
of (400) plane of CosS4 (Fig. 4c). In addition, the selected area elec-
tron diffraction (SAED) corresponds to the different diffraction
planes of CosS, (Fig. 4d), which further proves the formation of
C03S4. The element distribution confirms that the Co, Mn, Fe and
S elements are uniformly distributed in the ultrathin nanosheets
(Fig. 4e-i). The above results confirm that the obtained product is
a compound rather than a mixture of two sulfides, which also indi-
cates the successful doping of Fe and Mn ions into the sulfide.

XPS characterization was conducted to understand the chemical
compositions and electronic states of the FM-CosS,4 ultrathin NSAs.
The high-resolution Co 2p XPS spectrum (Fig. 5a) can be deconvo-
luted into three doublets corresponding to Co-S (778.4 and
793.6 eV), Co>* (780.5 and 796.0 eV), Co®* (782.4 and 797.4 eV)
[12,49]. Compared with the Fe-Cos3S4, Mn-CosS4 or CosS,4, the Co
2p spectrum of the FM-CosS, ultrathin NSAs shifts to higher bind-
ing energy, indicating more transferred electrons in the FM-CosS,
ultrathin NSAs system. As shown in Fig. 5b, the two peaks at
161.4 eV and 162.6 eV in the S 2p spectrum correspond to the S
2ps2 and S 2pyq, respectively, and the other peaks near 168.4 eV
are ascribed to the S—O bond on the surface [50]. The S 2p spec-
trum in the FM-CosS, ultrathin NSAs displays a downshift in com-
parison with the Fe-CosS;, Mn-CosS; or CosS4, suggesting the
presence of electron-rich states. And the oxidation state of Fe 2p
is clarified in Fig. 5c. The peak at 706.1 eV corresponds to Fe-S,
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Fig. 2. SEM images of the (a, b) CoFeMn precursors, (c, d) FM-CosS,4 ultrathin NSAs, and the corresponding EDX spectrum (inset).
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Fig. 3. XRD patterns of the as-prepared FM-Co03S,, Fe-C03S4, Mn-C03S4, and Co3Sy
ultrathin NSAs.

and the two peaks at 711.4 eV and 714.2 eV belong to Fe 2ps),,
while the peak at 720.5 eV is ascribed to Fe 2p,, [51-54]. Note that
the binding energies of Fe 2p in the FM-Co03S,4 ultrathin NSAs shift
negatively compared with the Fe-CosS, ultrathin NSAs, implying
that the incorporated Fe species act as electron accepting sites in
FM-CosS,4 ultrathin NSAs. The Mn 2p can be divided into three
peaks, representing Mn?* (638.2 eV), Mn>* (641.2 eV) and Mn**
(645.4 eV), respectively (Fig. 5d) [55-57]. In contrast with the
Mn-CosS, ultrathin NSAs, the peaks of Mn 2p display an upshift,
revealing that the Mn dopants act as electronic donors in FM-
Co3S4 ultrathin NSAs [55]. In summary, all the above results verify
that the electrons migrate from Co and Mn to Fe and S in the FM-
Co3S4 ultrathin NSAs system, which will promote OH™ to adsorb
and deprotonate/protonate, leading to superior electrochemical
performance [29].
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The electrochemical properties of the FM-Co3S, ultrathin NSAs
were tested in a three-electrode system with 2 M, 4 M and 6 M
KOH aqueous electrolyte, respectively (Fig. S9). The FM-CosS,
ultrathin NSAs reveal similar cyclic voltammetry (CV) profiles in
the three solution and the peak areas are the largest in 6 M KOH,
indicating the better capacitive performances of FM-CosS, ultra-
thin NSAs in higher concentration of KOH solution (Fig. S9a, ¢
and Fig. 6a). According to the galvanostatic charge/discharge
(GCD) curves (Fig. S9b, d), the specific capacities are calculated.
Obviously, the specific capacities of the FM-Co3S, ultrathin NSAs
in 6 M KOH (390 mAh g™ ') electrolyte are higher than those in
4 M (280 mAh g ') and 2 M (165 mAh g 1) at 5 A g1, which are
corresponding to the CV curves (Fig. S9e). Moreover, KOH elec-
trolyte with concentration of higher than 6 M has a negative effect
on the NF substrate due to peeling off active materials from con-
ductive substrate [58,59]. Therefore, 6 M KOH is used as the aque-
ous electrolyte in a three-electrode system. Fig. 6a compares the
CV curves of the as-prepared FM-Co3S, ultrathin NSAs, Mn-CosSy
ultrathin NSAs, Fe-Cos3S, ultrathin NSAs and CosS, ultrathin NSAs
recorded at a scan rate of 5 mV s~! with a potential window of
0-0.5 V. Obviously, all of the CV curves show a pair of redox peaks,
which can be attributed to the presence of reversible Faradaic reac-
tions in the alkaline electrolyte. In particular, the CV curve of FM-
Co3S4 ultrathin NSAs shows the largest enclosed area among all the
as-prepared electrodes, suggesting enhanced specific capacity due
to the synergistic effects of the different components in FM-CosS,
ultrathin NSAs. Meanwhile, the corresponding discharging time
of FM-CosS, ultrathin NSAs is the longest in the GCD at 5 A g~!
(Fig. 6b), which is consistent with the CV curves. In particular,
the FM-CosS, ultrathin NSAs induce more active sites to promote
the redox reactions more efficiently. The detailed GCD curves at
different current densities are displayed in Fig. S10 and the specific
capacities of the electrodes are summarized in Fig. 6¢. Clearly, the
FM-Co5S, ultrathin NSAs deliver the specific capacity of 390 mAh
g~ ! at the current density of 5 A g~!, higher than Fe-Co5S, ultrathin
NSAs (382 mAh g~!), Mn-CosS, ultrathin NSAs (287 mAh g™1),
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Fig. 4. (a, b) TEM images, (c) HREM image, (d) corresponding SAED pattern, and (e) STEM image of the as-prepared FM-Co3S, ultrathin nanosheet, and elemental mapping
images of (f) Co, (g) Mn, (h) Fe and (i) S.
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Fig. 6. Electrochemical performance of the as-prepared FM-Co3S,, Fe-C03S4, Mn-C03S4, and Co3S,4 ultrathin NSAs: (a) CV curves at 5 mV s~ !, (b) GCD profiles measured at 5 A
g1, (c) Specific capacities at different current density, (d) EIS spectra, (e) Cycling stability at the current density of 10 A g~ .

Co03S, ultrathin NSAs (215 mAh g~'). Surprisingly, the specific
capacity of FM-CosS,4 ultrathin NSAs is also superior to the reported
values for Co-based electrodes (Table S1).

NisS; nanosheets electrode is also synthesized by directly sulfu-
rizing NF with TAA and tested in a three-electrode system with 6 M
KOH aqueous electrolyte. As shown in Fig. S11, the CV curves of the
NisS; nanosheets electrode display a smallest enclosed area among
all of the as-prepared electrodes. According to the GCD curves, the
specific capacities are calculated. The NisS;, delivers the specific
capacity of 45 mAh g~ ! at the current density of 5 A g', which
can be ignored in comparison with the FM-CosS, ultrathin NSAs
(390 mAh g ). In addition, the surface of the NF was uniformly
coated with NSAs, preventing the NF from being sulfurized to some
extent, which is consistent with the previously reported [60,61].
Compared with the CosS4 ultrathin NSAs, the Fe-CosS4 ultrathin
NSAs exhibit larger CV integral area and longer discharging time,
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signifying the higher performance of specific capacity. And there
is a gentle trend that the Mn-CosS,4 ultrathin NSAs display superior
capacity retention to that of CosS, ultrathin NSAs, indicating
improved rate capability. Therefore, it can be concluded that the
Fe ions are beneficial to higher electrochemical activity and the
Mn ions contribute to superior rate properties. Integrating the
advantages of Fe and Mn ions, FM-CosS, ultrathin NSAs not only
improve the specific capacity, but also enhance the rate capability.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out to evaluate the intrinsic conductivity and reaction
kinetics of the as-prepared electrodes. The representative Nyquist
plots of each electrode are presented in Fig. 6d, involving the
equivalent series resistance (Rg), charge-transfer resistance (Rg)
and the diffusion resistance (R,,). The intercept of the X-axis at
high frequency refers to R, which comprises the intrinsic resis-
tance, contact resistance, and electrolyte resistance. The FM-
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Co3S4 ultrathin NSAs display the lowest resistance (Rs) of 0.34 Q
among the as-prepared electrodes, indicating the highest electrical
conductivity. In addition, the R is governed by a diameter of the
semicircle which controls the redox reaction kinetics. The FM-
Cos3S,4 ultrathin NSAs also display the smallest R, of 0.55 Q
(0.62 Q for Mn-CosS,4 ultrathin NSAs, 0.68 Q for Fe-CosS, ultrathin
NSAs, 1.15 Q for CosS, ultrathin NSAs), implying the fastest trans-
port in the electrochemical processes. And the straight line of the
FM-CosS,4 ultrathin NSAs electrode is steeper than the others in
the low-frequency region, suggesting the smaller diffusion resis-
tance. Evidently, the FM-CosS4 ultrathin NSAs are the favorable
electrodes with enhanced conductivity and faster transfer kinetics.
All these results are matched well with the CV and GCD results,
which is associated with the synergistic effects of different compo-
nents for the excellent electrochemical performances. Besides, the
cycling stability is considered as an essential factor for practical
energy storage and conversion applications. Fig. 6e compares the
cycling stability of the electrodes at the current density of 10 A
g~ 1. As expected, the retention rate of the FM-Co3S, ultrathin NSAs
electrode maintains 88.9%, which is higher than the others, indicat-
ing the unique components of the FM-CosS, ultrathin NSAs can
efficiently promote cycling stability. Specifically, the unique com-
ponents of the FM-CosS, ultrathin NSAs can facilitate the trans-
portation of electrons and ions and the ultrathin NSAs enhance
the utilization of accessibility for electrolyte ion penetration. The
specific capacity of the FM-CosS4 ultrathin NSAs electrode shows
a constant increase in the first 1200 cycles, which is due to the acti-
vation of the electrode materials. Subsequently, a stable specific
capacity is well maintained until 3700 cycles and a slightly degra-
dation is observed after 5000 cycles. The excellent stability of the
FM-Co3S, ultrathin NSAs electrode was further verified by the EIS
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results, exhibiting no obvious change after 5000 cycles (Fig. S12).
To understand the outstanding electrochemical performances of
the as-prepared samples, the morphology of FM-CosS, ultrathin
NSAs electrode after 5000 rounds of cycling was inspected by
SEM measurements, which can be observed that the morphology
and structure of the ultrathin NSAs are well maintained (Fig. S13).

The detailed energy storage kinetics and mechanism were fur-
ther investigated by CV characterization. The CV curves of the
FM-CosS,4 ultrathin NSAs at different scan rates are displayed in
Fig. 7a. All the curves show a pair of redox peaks, revealing the Far-
adaic process of battery-type electrode. Moreover, as the scan rate
increases, the CV curves maintain a similar shape without distinct
distortion, indicating that the FM-CosS, ultrathin NSAs electrode
favors for fast redox reactions. The involved charge storage process
can be described by the following reactions:

M;S4(M = Co, Fe, Mn) + 110H"
M;S4(OH),; (M = Co, Fe, Mn) + 11e"

—

(6)

M;S4(OH),,(M = Co, Fe, Mn) + 90H™ «

7
M3S54019(M = Co, Fe, Mn) + 10H,0 + 9e~ @

In general, the relationship between current (i) and scan rate (v)
obeys a power-law as follows:

i=av® (8)

where a and b are variables. The value of b suggests the type of cur-
rent control: b = 1 reflects a surface-controlled process, while b = 0.5
implies a diffusion-controlled behavior. In the case of FM-Cos3S4
ultrathin NSAs, the fitted b-values of the cathode and anode peaks
are 0.62 and 0.63, respectively (Fig. 7b), indicating that the kinetics
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~1 (d) Relative contributions of the capacitive and diffusion-controlled charge
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of FM-Co3S4 ultrathin NSAs are regulated by a diffusion-controlled
redox reaction.

The contribution of the capacitive and diffusion-controlled pro-
cesses to the total capacity can be derived from the following
equation:

l(V) = k]l/-‘rkz?)]/z (9)

where i(V) is the current at a given potential V, and k;v and k,v"?
correspond to capacitive processes and diffusion-controlled effects,
respectively. According to the plot i(V) with respect to /v!/? and v'/?,
the k; and k; constants can be determined. As shown in Fig. 7c, the
capacitive contribution occupies about 12% of the entire capacity at
5 mV s~!. And the contribution of the two processes at different
scan rates are demonstrated in Fig. 7d. It is clear that the contribu-
tion of the diffusion-controlled process decreases with the
increased scan rates, indicating the deficient diffusion time for the
ions into the lattices.

The effects of doping Fe or Mn atoms on the electronic structure
of CosS4 ultrathin NSAs were verified via DFT calculations. In a con-
ventional spinel CosS, cell, Co?* and Co®" located at tetrahedral and
octahedral 0%~ interstitial respectively (Fig. S14) [62]. Configura-
tion of doped CosS, with Fe/Mn substituting Co at both type of
interstitial sites within spinel cell were calculated, respectively.
Energy comparison (Fig. S15 and Fig. S16) shows that the octahe-
dral interstitial sites were more energetically preferable both for
Fe and Mn doping. The original CosS,4 is a semi-conductor with
an energy gap (0.58 eV as determined in current work) between
valance band maximum (VBM) and conduction band minimum
(CBM), as the calculated density of states (DOS) spectra shown in
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Fig. 8. It was found that the total density of states (TDOS) of
Co3S,4, Fe-Co3S, and Mn-CosS, ultrathin NSAs near Fermi energy
follows the trend: Mn-Co3S4 ultrathin NSAs and Fe-Co3S,4 ultrathin
NSAs > CosS,4 ultrathin NSAs (Fig. 8a). The band gap is reduced by
different extent with doping of Fe or Mn. From the calculated par-
tial DOS spectra in Fig. 8b-d, it can be seen that defect states are
induced by the doping atoms. Especially for Mn doped CosS,4, the
original VBM and CBM of CosS; are concatenated by the Mn
induced defect states, leading to a DOS spectra of semi-metallic
type ultimately. The results of DFT study indicates that doping of
Fe or Mn will improve the electrical conductivity, and Mn doping
has a better promotion than Fe. In addition, the potential syner-
getic effects of the multi-metal components in FM-Co3S, ultrathin
NSAs may offer more active sites to promote the reactions, which
increase the number of oxidation states and accelerate the elec-
trons transfer during the redox process. The superior electrical con-
ductivity and better oxidation in the FM-Co3S4 ultrathin NSAs are
favor for the final deprotonation, which potentially has a direct
influence on the driving force for the charge/discharge process to
enhance electrochemical performance [29,55].

Based on the above discussion, the enhanced electrochemical
performances of the FM-CosS, ultrathin NSAs are ascribed to the
following characteristics. Firstly, the direct attachment of the FM-
CosS4 ultrathin NSAs on 3D porous NF can effectively improve
the conductivity of the electrode to facilitate the electron transfer.
Secondly, the favorable complementarities of Co, Mn and Fe in FM-
CosS,4 ultrathin NSAs lead to synergetic effects, providing more
electroactive sites to accelerate the reactions and resulting in
enhanced specific capacity and rate capability. Thirdly, the unique
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Fig. 8. Density of states (DOS) spectra of original Co3S4 and doped Co3S4 with Fe/Mn substituting Co in the octahedral interstitial sites within conventional spinel cell. (a) The
total DOS of CosS,4, Fe-CosS4 and Mn-CosS, ultrathin NSAs, (b-d) The partial DOS of Co3S4, Fe-Co3S4 and Mn-Co3S,4 ultrathin NSAs.
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ultrathin NSAs enable sufficiently accessible to the electrolyte to
facilitate the redox processes.

In order to evaluate the practical application of FM-CosS, ultra-
thin NSAs, the corresponding HSC was assembled with FM-CosS,
ultrathin NSAs and AC as the electrodes in a PVA/KOH gel elec-
trolyte. The electrochemical performances of the AC are shown in
Fig. S17, which demonstrates the specific capacitance of 223 F
g lat1Ag ' From the CV curves of the FM-CosS, ultrathin NSAs
and AC at a scan rate of 5 mV s}, the stable operating voltage
reaches 1.5 V (Fig. S18). Fig. 9a displays the CV curves of FM-
Co3S4 ultrathin NSAs//AC HSC at different scan rates ranging from
5mV s~! to 100 mV s~'. All the curves show a quasi-rectangular
shape, indicating the superior charge match between the positive
and negative electrodes. In addition, there is no distinct distortion
of the CV curves at different scan rates, suggesting excellent rate

Q)
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capabilities. The GCD curves of FM-CosS, ultrathin NSAs//AC HSC
at 1 A g7! to 20 A g ! display an almost symmetric behavior
(Fig. 9b), demonstrating its excellent electrochemical reversibility,
which can be further evidenced by the columbic efficiency accord-
ing to the following equation:

_ta

= (10)

where t. and tq4 are the charging and discharging time, respectively.
The coulomb efficiency is close to 100% when the current density
reaches 15 A g~'. Based on the GCD curves, the specific capacities
of FM-CosS, ultrathin NSAs//AC HSC are shown in Fig. 9c, which
delivers specific capacities from 73 mAh g at 1 A g~ ! to 64 mAh
g ! at 15 A g7}, revealing superior rate capability. The energy and
power densities of FM-Co03S, ultrathin NSAs//AC HSC are the two
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Fig. 9. Electrochemical performance of the FM-Co3S,4 ultrathin NSAs//AC HSC. (a) CV curves at different scan rates from 5 mV s~! to 100 mV s~ . (b) GCD curves at different
current densities from 1.0 A g~' to 15 A g~ . (c) Specific capacities and coulombic efficiencies at different current densities. (d) The Ragone plot compared with the state-of-
the-art HSCs. (e) Cycling stability at the current density of 10 A g~!. The insets of (e) shows the photographic images of LEDs lit up by two HSCs in series.
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significant parameters to evaluate a HSC device, which can be calcu-
lated according to the GCD curves. As displayed in the Ragone plot
(Fig. 9d), the HSC device achieves an energy density of 55 Wh kg~!
at the power density of 752 W kg~!, and maintains 48 Wh kg™!
even at 11250 W kg~ !, which is also higher than most of recently
reported HSCs, such as MnCo,S,/CC//PCP/rGO (801 W kg~!, 43
Wh kg~') [63], Co (P, S)/CC//PCP/rGO (800 W kg~', 39 Wh kg™ 1)
[64], CoeSs@Ni(OH),//AC (252.8 W kg~ !, 31.35 Wh kg ') [65],
C00/CosSg//AC (550 W kg~!, 46.2 Wh kg~') [66], MnO,@NiCo-
LDH/CoS,//AC (391.5 W kg™, 49.5 Wh kg ') [67], CogSg/NS-C-
1.5 h//AC (681.82 W kg~!, 14.85 Wh kg™ ') [68], MnC0,04@Ni
(OH),//AC (1400 W kg, 48 Wh kg~') [69] (Table S2). In addition,
the long-term cycling stability is one of the essential factors to esti-
mate the feasibility of the HSCs. Fig. 9e demonstrates the HSCs can
retain 86.1% of the initial specific capacity after 5000 cycles at the
current density of 10 A g}, suggesting excellent stability. To further
evaluate the kinetics of the FM-Co3S, ultrathin NSAs//AC HSC, the
EIS measurements were performed before and after the 5000 cycles
(Fig. S19). From the Nyquist plots, it reveals that the Rg and R of
HSCs are 1.75 Q and 2.23 Q, respectively. Even after the 5000
cycles, the intercept at the real axis slightly increases and a semicir-
cle is well maintained, showing the ultrafast charge-discharge char-
acteristics and superior cycling stability. In order to fully evaluate
the practical application of the HSCs, two as-assembled HSCs in ser-
ies can power light emitting diodes (LEDs) with “ZJNU” logo as illus-
trated in the inset of Fig. 9e. These outstanding electrochemical
performances of the FM-CosS, ultrathin NSAs//AC HSC device fur-
ther verifies that the FM-Co3S,4 ultrathin NSAs are a promising can-
didate for the next generation of energy storage materials.

4. Conclusions

In summary, we have successfully fabricated FM-CosS, ultra-
thin NSAs through a facile hydrothermal method with subsequent
sulfurization treatment. Benefiting from the unique structure and
synergistic effects of the doped components of Fe and Mn ions,
the FM-Co3S,4 ultrathin NSAs deliver a high specific capacity of
390 mAh g~ ! at the current density of 5 A g, an outstanding rate
capability of 76% and excellent cycling stability. The DFT calcula-
tion reveal that Mn-doped CosS, greatly improve the electrical
conductivity and charge transfer, thus significantly enhance elec-
trochemical performances. Moreover, the HSC device comprised
of FM-CosS4 ultrathin NSAs and AC electrodes achieves a high
energy density of 55 Wh kg~! at the power density of
752 W kg ! and exhibits an excellent cycling stability of 86.1%
retention after 5000 cycles at 10 A g~'. This work demonstrates a
facile strategy to engineering advanced electrode materials for
next-generation energy storage applications.
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