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Abstract: Fe;_,S-TiO, nanoparticles embedded carbon nanofibers (Fe;_,S-TiO,/CNFs) composite as
a supercapacitor electrode material has been reported in the present work. The Fe;_S-TiO,/CNFs
composite was fabricated by electrospinning technique followed by carbonization under argon
atmosphere and characterized by the state-of-art techniques. The electrochemical studies were carried
out in a 2 M KOH electrolyte solution. The synthesized material showed a specific capacitance
value of 138 F/g at the current density of 1 A/g. Further, the capacitance retention was about 83%.
The obtained results indicate that the Fe;_S-TiO,/CNFs composite can be recognized as electrode
material in supercapacitor.
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1. Introduction

Due to the ever-increasing energy demand, developing efficient and environmentally friendly
energy storage devices has become one of the major tasks among the researchers. Supercapacitors
have been recognized as a reliable and efficient energy storage device in recent years [1-3]; however,
the performance of supercapacitors must be significantly improved to fulfill the future global energy
demand. Since the electrochemical properties of electrode play an important role in the overall
performance of supercapacitor, the fabrication of high-performance electrode material with an excellent
electrochemical performance is essential [1,4].

Recently, transition metal oxides such as Co304, Fe; O3, RuO;, NiO, ZnO, TiO,, MgO, MnO, have
been applied as electrode material for supercapacitors [1,3,5,6]. Among them, TiO; as one of the typical
pseudocapacitance materials has attracted immense interest for supercapacitors due to its high stability,
low-cost, excellent electrochemical stability, and nontoxicity [4,7,8]. However, one major issue is the
poor electric conductivity that limits its power density and rate capability [9]. To overcome this problem,
most of the reports have been focused on combining TiO, with conductive carbon materials such as
carbon nanofibers [4], graphene [7], and carbon nanotubes [10]. The carbon nanofibers offer mechanical
and physicochemical stability of the composite, as well as prevent the aggregation of metal oxide
nanoparticles [3,11]. In addition, the carbon nanofibers possess high electrical conductivity, high charge
transfer ability, large surface area and mesoporosity, and high electrolyte accessibility [12]. Therefore,
integrating TiO, into the carbon structures shows the combined effect of the pseudocapacitance of
metal oxide and double-layer capacitance of carbon. In our previous study [4], we fabricated TiO,
NPs embedded carbon nanofibers via the electrospinning technique and applied as a supercapacitor
electrode. It was observed that after incorporating TiO; into carbon fibers, the specific capacitance of
the TiO, was enhanced by ~2.3 times [4].
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Among transition metal compounds, metal sulfides have been identified as the alternative
material for supercapacitor electrode [13,14]. As compared to their metal oxides counterparts, metal
sulfides show better performance for practical application due to the smaller volume change and
higher efficiency. In particular, Fe;_4S nanostructures are emerging materials for supercapacitors and
lithium-ion batteries due to their abundance in nature, cost-effectiveness, mechanical stability, and
relatively large capacity compared with other metal sulfides [15-18]. However, low conductivity,
sluggish kinetics, possible dissolution of sulfur, and severe volume change during the cyclic use
are the issues of using iron sulfides in supercapacitor. Therefore, effective strategies should be
developed to overcome these limitations for practical applications. One effective way to enhance
the conductivity and buffer the volume expansion during the charge-discharge process is fabricating
composite with conductive carbon materials especially, carbon nanofibers [18,19]. Taking all these
factors into consideration, in this contribution, we prepared Fe;_S-TiO; decorated carbon nanofibers
(Fe1_xS/TiO,/CNFs) by the electrospinning process followed by direct carbonization under an inert
atmosphere of argon. The combination of Fe;_S-TiO; and conductive carbon nanofibers should
be greatly beneficial to the structural ability and overall performance of the composite electrode.
Such a novel structure exhibited enhanced electrochemical performance as compared to pristine
TiO, nanofibers.

2. Experimental

2.1. Materials

Iron (III) acetylacetonate, ethanol, polyvinylpyrrolidone (PVP), acetic acid, titanium
tetraisopropoxide (97%), ammonium sulfide solution (40-48 wt % in H,O), and polyvinylidene
fluoride (PVDF) were purchased from Sigma-Aldrich. N-methyl-2-pyrrolidone (NMP) (99.5%) was
purchased from Showa Chemicals Inc., Tokyo, Japan. Potassium hydroxide (99.5%) was obtained from
Samchun Pure Chemical Co. Ltd., Seoul, South Korea. All chemicals were of analytic grade and used
without any purification.

2.2. Synthesis of Fe;_,S-TiO2/CNFs Composite

Figure 1 depicts the synthetic protocol for the fabrication of Fe;_,S-TiOp/CNFs composite. All the
chemicals in this experiment were purchased from Sigma-Aldrich. In the beginning, 0.5 g of PVP and
5 g of ethanol were taken in a glass vial and stirred for 2 h. Next, 0.45 g of Iron (III) acetylacetonate was
mixed to the solution followed by the addition of 0.3 mL of ammonium sulfide and stirred for 1 h.
In a separate vial, 1.5 g of titanium tetraisopropoxide was added to 3 g of acetic acid. After 10 min of
stirring, it was transferred to the aforementioned PVP solution and stirred for 3 h at room temperature
to form a homogeneous mixture. The electrospinning technique (NanoNC electrospinning system)
was applied to fabricate nanofibers membrane from the resulting precursor/polymer solution. During
the electrospinning process, the tip-to-collector distance and applied voltage were 15 cm and 18 kV,
respectively. A polyethylene sheet was wrapped around the collector for collecting the nanofiber
mat. The collected nanofibers mat was vacuum dried at 60 °C for 12 h. After carbonization in the
argon atmosphere at 850 °C for 3 h, the sample was used for further analyses. For comparison, we
prepared TiO, NFs by following the same procedure as in our previous reports [4,20]. Briefly, the PVP
solution containing titanium tetraisopropoxide was electrospun into the nanofiber under the identical
conditions as mentioned above and the obtained nanofiber mat was subjected to calcination in air at
600 °C for 3 h to obtain TiO, NFs.
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Figure 1. Schematic diagram showing the preparation of Fe;_,S-TiO, nanoparticles embedded carbon

nanofibers (Fe;_,S-TiO,/CNFs) composite.
2.3. Characterization

A morphological study of the sample was conducted by field emission scanning electron
microscopy (FE-SEM, S-7400, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM,
JEM-2010, JEOL, Tokyo, Japan). X-ray diffraction patterns (XRD) were collected at room temperature
by using the X-ray diffractometer (Rigaku Co., Tokyo, Japan). The Fourier transform infrared (FTIR)
spectra were recorded using an ABB Bomen MB100 spectrometer (Bomen, QC, Canada). The spectrum
and origin were used to analyze and fit the FTIR spectra. The X-ray photoelectron spectroscopy
(XPS) analyses were carried out by (XPS; Thermo Fisher Scientific, Loughborough, UK) and the data
were fitted with origin. Brunauer—-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) studies
for the specific surface area and porosity of the sample were evaluated on an ASAP 2020 Plus system
(Micromeritics Instrument Corp., Norcross, GA, USA).

2.4. Electrochemical Studies

The working electrodes were prepared by coating the nickel foam with a homogenous slurry of
as-prepared samples, carbon black, and polyvinylidene fluoride (PVDF) at a weight ratio of 8:1:1 in
N-methyl-2-pyrrolidone (NMP). The substrate was then dried at 60 °C overnight. The electrochemical
performance was investigated with a conventional three-electrode electrochemical analyzer (VersaSTAT3,
Algete-Madrid, Spain) at room temperature in a 2 M KOH solution as an electrolyte. Nickel foam,
Ag/AgC(Cl, and Pt wire were used as the working, reference, and counter electrodes, respectively. Cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy
(EIS), and the stability by charge—discharge cycles were performed using Versastate3. The CV tests were
carried out at different scanning rates (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s) from 0.0 to 0.5 V.
GCD tests were performed from 0 to 0.45 V at different current densities (1, 2, 3, 4, and 5 A/g). The EIS
was measured from 100 kHz to 0.01 Hz. The specific capacitance of the electrodes was calculated by the
GCD method by applying the equation below:

I At

C= m. AV M

where ‘C’ is the specific capacitance (F/g), ‘I’ is the charge-discharge current (A), ‘t’ is the discharge
time (s), ‘m’ is the mass of the active material (g), and "V’ is the potential window (V).

3. Results and Discussion

Figure 2A,B depicts the FE-SEM images of TiO, NFs and Fe;_,S-TiO,-CNFs composite, respectively.
The pristine TiO, NFs showed continuous and smooth morphology. It should be noted that the TiO,
nanofibers were prepared from titanium tetraisopropoxide/PVP nanofibers by calcination at 600 °C
for 3 h. During the calcination process, the PVP was selectively removed and continuous TiO, NFs
were obtained. When the electrospun PVP nanofibers containing titanium tetraisopropoxide and iron
sulfide precursors were directly carbonized under the argon atmosphere, the PVP was carbonized and
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titanium tetraisopropoxide was decomposed to give TiO, NPs, thereby resulting in the formation of
Fe1_S-TiO, incorporated carbon nanofibers (Figure 2B). Since the addition of sulfide ions in the iron
precursor may result in the formation of iron chalcogenide, the nanofibers should have Fe;_S-TiO,
particles embedded in the carbon matrix. It is noticeable that the nanofiber morphology was preserved
even after the carbonization process. The TEM image in Figure 2C clearly shows the projection of
particles from the body of carbon nanofiber. To confirm the successful loading of the iron sulfide-TiO,
NPs in the carbon nanofibers, elemental mapping was carried out. As in Figure 2D, the mapping study
detected C, Ti, O, Fe, and S, showing the presence of all elements present in the fiber synthesis.

(T e B S S B
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Figure 2. FE-SEM images of pristine TiO, NFs (A) and Fe;_,S-TiO,/CNFs composite (B). (C) and (D)
are the TEM image and elemental mapping of the Fe;_,S-TiO,-CNFs composite, respectively. The inset
of (C) represents the SAED pattern.

The phase structure and crystallinity of the as-obtained nanofibers were studied by XRD patterns,
as shownin Figure 3A. The pristine TiO, nanofibers showed both anatase and rutile phase. The apparent
peaks for anatase were observed at 26 values of 25.1, 38, 47.89, and 75° which were corresponding to
the (101), (004), (200), and (125) phase, respectively [20]. Similarly, the existence of crystalline peaks
at 20 values of 27.3, 36, 41.2, 54.25, 62.4, 68.73, and 70.1° corresponding with the crystal plane of
(110), (101), (111), (211), (002), (301), and (112), respectively represent the rutile phase of TiO, NFs [20].
It should be noted that the anatase peaks are highly suppressed and the rutile peaks are dominant
in the Fe;_,S-TiO,/CNFs composite sample. Moreover, a strong peak appeared at 20 values of 44.7°
which corresponds to (210) crystal plane of rutile TiO,. Previous studies have also shown that the
crystallinity of TiO, is affected by the temperature [4,21,22]. Since the synthesis of Fe;_,S-TiO,/CNFs
was carried out at higher temperature (850 °C) as compared to TiO; NFs (600 °C), the higher thermal
treatment played a role in the transformation of the crystal phase from anatase to rutile [23]. In addition
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to the rutile peaks, a small and broad peak between 26 values of 22 and 23° was observed, which is
attributed to the (002) plane of the amorphous carbon [23,24]. This finding indicated that the PVP
was successfully converted into the carbon under inert atmosphere during the carbonization process.
Additionally, the peaks at 26 values of 30.3 and 43.6° corresponding to the (200) and (2010) planes
of Fe1_,S were observed (JCPDS # 29-0724) [25,26]. The selected area electron diffraction (SAED) in
the inset in Figure 2C also shows the polycrystalline nature of the prepared sample. The interaction
between the Fe;_,S, TiO,, and carbon was studied by Fourier transform infrared spectroscopy (FTIR)
and the results are given in Figure 3B. The peaks at about 1200 and 1550 cm™! are attributed to the C-C
stretching vibration and asymmetric and symmetric stretching band of COO-, respectively [1,4]. The
absorption peaks around 500-700 cm~! for Ti-O vibration represents the interaction of TiO, with the
carbon [4]. The band at 1030 and 812 cm™! are due to the asymmetric stretching of sulfur functional
groups such as S-O [27]. Further, the peaks at 654, 623, and 582 cm™~! correspond to the disulfide
(5-5) stretching vibrations [27]. It has also been reported in previous studies that the peaks around
1120-1156 cm™! represent the pyrite surface chemistry (Fe=S) and the peaks around 607-622 cm™!
represent the stretching S-S and Fe-S bonds [28,29].
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Figure 3. XRD spectra of Fe;_,S-TiO,/CNFs composite as compared to TiO, NFs (A) and FTIR spectra
of the Fe;_S-TiO,/CNFs composite (B).

The surface composition and chemical state of the samples were further investigated by the X-ray
photoelectron spectra (XPS). The survey spectrum indicated signals from Fe, S, Ti, O, and C in the
composite sample (Figure 4A). In the high resolution of Fe 2p (Figure 4B), the peaks at ~710.9 and
724.3 eV are attributed to the Fe 2p3/2 and Fe 2p1/2, which are in good agreement with the Fe;_,S
phase [25]. The peak at 710.9 eV suggests the existence of Fe?* [17]. The high-resolution S 2p (Figure 4C)
detected three peaks at ~163.4, 164.1, and 168. 7eV representing the characteristic feature of Fe;_,S [25].
The peaks at ~163.4 and 164.1 eV correspond to S 2p3/2 and S 2p1/2, respectively whereas the peak at
168.7 eV corresponds to the S-O bond [17,30]. The high resolution XPS scan of Ti 2p (Figure 4D) showed
two peaks at about 458.5 and 464.2 eV, representing the Ti 2p3/2 and Ti 2p1/2, respectively [31]. The
peak of O 1s (Figure 4E) is centered at ~529.9 eV, which is attributed to the oxide of the titanium [31].
In the XPS spectrum of Cls (Figure 4F), the peak centered at about 284.21 eV is associated with the
C-C [32]. Overall, the obtained results indicated that Fe;_,S and TiO, have been introduced into the
carbon fiber matrix successfully.

Materials with sufficient porosity and high surface area are considered to enhance electrochemical
performance [33,34]. In order to study the specific surface area and the porosity of the synthesized
materials, we performed Brunauer—-Emmett-Teller (BET) gas sorption analyses (Figure 5A,B). The
Nitrogen adsorption—-desorption isotherm showed a mesoporous nature of the materials. It was
noticed that the BET surface area and total pore volume of Fe;_S-TiO,/CNFs composite were higher
as compared to TiO, NFs whereas the mean pore diameter was found to be lower (Table 1). The
interconnected porous structure providing a larger specific surface area in Fe;_,S-TiO»/CNFs composite
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shortens the transport path and establishes a continuous pathway for the electrolyte diffusion [4].
Therefore, we expect a good electrochemical performance from the Fe; _S-TiO,/CNFs composite sample.
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Figure 4. XPS survey (A) and high resolution XPS scan for Fe 2p (B), S 2p (C), Ti 2p (D), O 1s (E), and C
1s (F) of the Fe;_,S-TiO,/CNFs composite.
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Figure 5. Nitrogen adsorption and desorption isotherm (A) and pore size distribution graph (B) for the
Fe_S-TiO,/CNFs composite as compared to TiO, NFs.

Table 1. Surface area, pore volume, and pore diameter of the Fe;_,S-TiO,/CNFs composite as compared

to the TiO, NFs.
Sample BET Surface Area Total Pore Volume Mean Pore Diameter
P (m?/g) (em3/g) (nm)
TiO, NFs 44.507 0.07209 6.479
Fe1_,S-TiO,-CNFs 291.06 0.2402 3.3007

The cyclic voltammetry curves of the pristine TiO, NFs and the composite sample were recorded
in a 2 M KOH electrolyte solution in the voltage range of 0 to 0.5 V at various scan rates as shown
in Figure 6A,B. The CV profile exhibited a pseudocapacitive nature in both cases; however, there is
slight difference in the redox peaks which is due to the structural difference in the two electrodes.
Figure 6C shows the comparative CV curves of the pristine TiO, NFs and Fe;_S-TiO,/CNFs at a
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scan rate of 10 mV/s. As in the figure, the area under CV curve of Fe;_,S-TiO,/CNFs is higher than
that of pristine TiO, NFs which suggests the higher capacitance of Fe;_,S-TiO,/CNFs as compared
to TiO, NFs. The addition of Fe;_,S and carbon in the TiO, could have the combined effect of the
faradiac capacitance of the Fe;_,S and double-layer capacitance of the carbon, thereby enhancing the
electrochemical performance of the composite nanofiber. The specific capacitance of the as-fabricated
composite materials was calculated by the GCD method and compared with pristine TiO, NFs. The
GCD was recorded over the potential window between 0 to 0.45 at the current density of 1, 2, 3,
4, and 5 A/g. It can be noted that the charge-discharge curves are consistent with the CV curves,
suggesting a good pseudocapacitive behavior. The increase in the current density led to a decrease
in discharge time (Figure 7A,B). The specific capacitances of TiO, NFs at the current densities of 1,
2, 3, 4, and 5 were recorded as 44.2, 20.8, 11.3, 7.1, 4.3 F/g, respectively. The specific capacitances
for the Fe;_S-TiO,/CNFs composite were found to be 138.8, 126.3, 115.2, 100.4, and 95.4 F/g at the
current densities of 1, 2, 3, 4, and 5 A/g, respectively (Figure 7C). The specific capacitance is mainly
attributed to the porosity and conductivity, which are advantageous properties for the adsorption,
penetration, and fast transportation of ions [33]. The cyclic stability is one of the important features of
the electrode material in supercapacitor [1]. Therefore, we studied the stability of the Fe;_S-TiO,/CNFs
composite electrode by the GCD method for 2000 cycles and the results are given in Figure 8A. As
in the figure, it can be observed that the capacitance retention is constant up to 100 cycles, whereas
after 100 cycles, it is slightly decreased. The decline in capacitance retention pronounced more
after 1000 cycles. The electrode material showed about 83% capacitive retention after 2000 cycles,
suggesting good stability. The GCD curves showing the stability up to 50 cycles can be seen in
the inset of Figure 8A. Next, the EIS were recorded (frequency range: 0.001-10,000 Hz) before and
after the stability test to study the electrical conductivity of the electrode material (Figure 8B). As
in the figure, after the stability test, the diameter of the semicircle at the high-frequency region is
slightly increased as compared to that before the stability test, which suggests a slight reduction
in the conductivity of the material [35,36]. Overall, it can be concluded that the as-synthesized
Fe1_«S-TiO,/CNFs composite showed a good electrochemical performance showing some potentiality
for the supercapacitor electrode. In order to compare the performance of the Fe;_S-TiO,/CNFs electrode
with some previously investigated TiO,-based electrode, a table is given (Table 2). It can be seen that
the performance of the Fe;_,S-TiO»/CNFs as electrode material for supercapacitor is satisfactory.

Table 2. Comparison of the electrochemical performance of as-synthesized Fe;_,S-TiO,/CNFs composite
as a supercapacitor electrode material with some other TiO,-based electrodes.

. Fabrication Specific .
S.N.  Electrode Material Method Electrolyte Capacitance Stability Ref.
TiO-nanotube- Electrochemical . 5.12 mF/cm? at o

! array anodizaion LiPFe 1.2M 100 pA/cm? 88% 571

. . . LizSO4 -1 95% after
2 TiO, NFs Electrospinning 1 mol L1 75 F/g at 1 mAg 5000 cycles [38]

78% after

KOH-treated TiO, . Na,SOy4

3. NFs Electrospinning 1 mol L-1 65.84 F/g at 1 mV/s 1(})7,C(Jl(e)(s) [39]
4 TiO,@CNF Electrospinning ~ KOH6M  151.5F/gat1A/g Zgb%/ C;Cff: [40]
5 TiO,-CNFs Electrospinning ~KOH2M 10657 F/gat 1 A/g 2%‘36":;;?; [4]
6 Fe-TiO,/CNFs Electrospinning KOH1M 137 F/g at5mV/s - [41]

83% after This

7 Fe;_«S-TiO,/CNFs  Electrospinning ~ KOH2 M 138 F/gat1 A/g 2000 cycles  study
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Figure 6. Cyclic voltammetry (CV) curves of TiO, NFs (A) and Fe;_,S-TiO,/CNFs composite electrode
(B) at various scan rates. (C) shows the CV results for the TiO, NFs and Fe;_,S-TiO,/CNFs composite

electrodes at a 10 mV/s scan rate.
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Figure 7. Galvanostatic charge-discharge (GCD) curves of TiO, NFs (A) and Fe;_,S-TiO,/CNFs
composite (B). (C) represents the specific capacitance of Fe;_,S-TiO,/CNFs composite electrode as

compared to TiO, NFs at various current densities.



Molecules 2020, 25, 1075 9of 11

100 o= 25
\°\o—'°\¢ ( A) —o— Before stability test (
Te—a—, {—2— After stability test
—.

g T
< 80+ 83 % 20
c
-g 0.5
s
g —
3 604 o g 15 -
8 § 0.3 4 :‘
c K N
S 445 " 10
‘0 & 0.2
©
&

0.1
O 2 5

0.0 T T T T T T

500 1000 1500 2000 2500 3000 3500
Time (s)
o T T T T T T T T T T T 0 T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 2 4 6 8 10
No of cycle Z' (Ohm)

Figure 8. Cyclic stability for 2000 cycles (A) and EIS profile of the Fe;_,S-TiO,/CNFs composite
electrode (B). Inset A represents GCD profiles for 50 cycles.

4. Conclusions

In summary, the Fe;_,S-TiO»/CNFs composite was prepared by electrospinning followed by the
carbonization under the inert atmosphere. The Fe;_,S-TiO, loaded carbon nanofibers possessed high
surface area, enough porosity, and good conductivity which provide a fast ion diffusion, thereby
boosting electrochemical performances. This study suggested that the integration of Fe;_S and
TiO; in the carbon fibers could be a good strategy to enhance the electrochemical behavior of the
TiO,-based material.
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