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Abstract: Ion doping in transition metal oxides is always considered to be one of the most effective
methods to obtain high-performance electrochemical supercapacitors because of the introduction
of defective surfaces as well as the enhancement of electrical conductivity. Inspired by the smelting
process, an ancient method, quenching is introduced for doping metal ions into transition metal
oxides with intriguing physicochemical properties. Herein, as a proof of concept, x-Fe,O3 nanorods
grown on carbon cloths (x-Fe;O3@CC) heated at 400 °C are rapidly put into different aqueous
solutions of alkaline earth metal salts at 4 °C to obtain electrodes doped with different alkaline earth
metal ions (M-Fe; O3@CC). Among them, Sr-Fe; O3@CC shows the best electrochemical capacitance,
reaching 77.81 mF cm™2 at the current of 0.5 mA cm™2, which is 2.5 times that of «-Fe, O3@CC.
The results demonstrate that quenching is a feasible new idea for improving the electrochemical
performances of nanostructured materials.

Keywords: quenching; alkaline earth metals; doping; hematite nanorods; supercapacitors

1. Introduction

At present, the main electrode material of the commercial supercapacitor is still carbon
material. However, the surface sites of the carbon-based material cannot be fully utilized,
which causes the actual specific capacitance of the electric double layer capacitors (EDLC)
to be far less than the theoretical value. Therefore, the energy density of commercial super-
capacitors based on the EDLC is not ideal [1]. The nanostructured transition metal active
materials have more active sites for faraday redox reaction at the electrode/electrolyte
interface to enhance charge storage and, thus, exhibit excellent pseudocapacitance as well
as energy density [2,3]; these materials include CoOx [4], MnO, [5-7], RuO; [8,9], etc.

a-Fe,O3 is considered as a good candidate for the electrode material of supercapacitors
owing to its multivalent state, negative potential window, and high theoretical capaci-
tance [10]. However, the poor conductivity of a-Fe,O3 (~107* S cm™1) limits the actual
capacitance [11,12]. Further, the carbon-based materials have high electric conductivity
(2-12' S em™1) [13]. Therefore, in order to solve the above limitations, researchers have
proposed different solutions. For «-Fe,O3 carbon composite materials, Wang et al. an-
chored o-Fe;O3 nanoparticles on nitrogen-containing graphene, using the superior specific
surface area and high conductivity of graphene to increase the ion transmission rate, so that
the pseudocapacitance of x-Fe;O3 can be fully utilized [14]. Babasaheb R. Sankapal et al.
deposited multiwalled carbon nanotubes (MWCNTSs) on a stainless steel sheet and then
dipped it into a precursor solution to adsorb Fe3*. After annealing, «-Fe,O3/MWCNTs
with high conductivity was obtained [15]. To modify the structure, N. Munichandraiah
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et al. used a porous ball structure to embed «-Fe,O3, increasing the specific surface area
of a-Fe;O3 and overcoming the defect of low conductivity [16]. Additionally, Wang et al.
successfully prepared V,0Os-decorated a-Fe,O3 composite nanotubes by electrospinning,
which shows better reaction reversibility and cycle stability [17].

The conductivity of x-Fe,Oj is critical to increase its pseudocapacitance [18]. As we
know, doping can enhance the conductivity and increase oxygen vacancies of nanomate-
rials. Specially, alkaline earth metal ion doping will affect the band structure and carrier
migration rate. M.V. Reddy et al. [19] synthesized Mg-doped x-Fe;O3 electrode materials
for the anode of lithium-ion batteries. After 50 charge—discharge cycles, the capacity re-
tention rate was higher and the capacity decay was lower than that of the control sample.
Chen et al. [20] improved the oxygen reduction reaction (ORR) performance by doping
with alkaline earth metals (Mg, Ca, etc.). Guo et al. [21] used Ca-doped «-Fe,Oj3 to purify
peroxymonosulfate (PMS) in wastewater. Ca doping can not only enhance the electron
transfer rate from x-Fe; O3 to PMS but also increase the specific surface area of o-Fe;Os.
Here, we have developed a new doping method, quenching, which is widely used in
steel manufacturing to change the physical properties of iron. Generally, the iron blocks
burning at high temperature are quickly immersed in a solution at a low temperature. In
this paper, this method results in more surface defects of as-synthesized materials when
the quenching solution is deionized water. The disorganization may further lead to doping
of alkaline earth metal ions when the solution is the corresponding alkaline earth metal salt
solution [22]. The improved electrochemical performance can be obtained without complex
processes. x-Fe,Os is directly grown on carbon cloths (CC) without additional binders and
carbon black. During the conversion of FeOOH to «-Fe;O3, the scorching-hot «-Fe,O3 was
quickly put into different alkaline earth metal salt solutions. «-Fe;O3@CC was quenched
into Mg(NO3),, Ca(NO3),, Sr(NO3),, and Ba(NO3); solutions, respectively. Mg?*, Ca?*,
Sr?*, and Ba®* ions can be successfully doped into «-Fe;O3 nanorods. The influence of
these four alkaline earth metal ions on the capacitance performance of x-Fe,O3 has also
been explored. Among them, Sr-Fe; O3@CC shows the best results, reaching 77.81 mF cm 2
at the current of 0.5 mA cm 2.
2. Materials and Methods
2.1. Materials

FeCl; and NapSO; of analytical grade were purchased from Shanghai Aladdin Bio-
Technology Co., Ltd. (Shanghai, China). Sr(NO3),, Ba(NO3),, Mg(NO3),, and Ca(NOs),
of analytical grade were purchased from Guangzhou Chemical Reagent Factory Co., Ltd.
(Guangzhou, China).

2.2. Fabrication of a-Fe,O3@CC

a-Fe,O3@CC was synthesized by traditional hydrothermal method (Figure S2). In
short, 0.946 g FeClz and 0.497 g NaSO, were dissolved in 70 mL deionized water under
stirring for 30 min at room temperature. The solution was then transferred to 100 mL
autoclave liners, and two pieces of 2 x 3 cm? CC were vertically immersed into the reaction
solution and kept sealed at 160 °C for 6 h. After the reaction, the CC coated with a yellow
product was washed with deionized water and ethanol for several times and dried at 70 °C
for 12 h. The obtained precursor FeOOH was calcined in a muffle furnace at 400 °C for 1 h
to obtain x-Fe,O;@CC.

2.3. Fabrication of Sr-Fe;O3@CC

The solution of Sr(NO3), was prepared by dissolving 3.704 g of Sr(NOj3), in 35 mL of
deionized water. After stirring at room temperature for 30 min, the solution was transferred
to a refrigerator at 4 °C for 6 h.

The precursor was prepared in the same way. After roasting in a muffle furnace
at 400 °C for 1 h, the sample was rapidly put into the prepared Sr(NOs3), solution for



Processes 2021, 9, 1102

30f12

quenching, washed three times with deionized water and ethanol, and then dried at 70 °C
for 12 h to obtain Sr-Fe,O3;@CC.

2.4. Fabrication of Ba-Fe,O3@CC

The solution of Ba(NOsz), was prepared by dissolving 4.575 g of Ba(NO3), in 35 mL of
deionized water. After stirring at room temperature for 30 min, the solution was transferred
to a refrigerator at 4 °C for 6 h. The precursor and quenching were prepared in the same
way to obtain Ba-Fe,O3@CC.

2.5. Fabrication of Mg-Fe;O3@CC

The solution of Mg(NOj3), was prepared by dissolving 4.487 g of Mg(NO3), in 35 mL of
deionized water. After stirring at room temperature for 30 min, the solution was transferred
to a refrigerator at 4 °C for 6 h. The precursor and quenching were prepared in the same
way to obtain Mg-Fe, O;@CC.

2.6. Fabrication of Ca-Fe, O3@CC

The solution of Ca(NO3), was prepared by dissolving 4.132 g of Ca(NO3), in 35 mL of
deionized water. After stirring at room temperature for 30 min, the solution was transferred
to a refrigerator at 4 °C for 6 h. The precursor and quenching were prepared in the same
way to obtain Ca-Fe,O;@CC.

2.7. Characterization

Sample morphologies were examined by SEM (ZEISS, Germany, 5.0 kV). The latter
was equipped with EDS mapping capabilities. XRD patterns were collected on an X-ray
diffractometer (X'Pert Powder, Netherlands) equipped with a Cu Ka radiation source
(A1 = 1.54060 A, A, = 1.54442 A). XRD patterns were collected over the range 26 = 10-90°
at a scanning rate of 5° min~! and a step size of 0.01°. Raman spectroscopy (Alpha300 R
Raman Instruments, Germany) was introduced to measure materials by using an excitation
laser of 532 nm. X-ray photoelectron spectroscopy (XPS) measurements were performed
on a Thermo Scientific K-Alpha spectrometer (America) equipped with a monochromatic
Al Ka X-ray source (1486.6 eV) operating at 100 W. Adventitious hydrocarbon reference
(C 1s = 284.8 eV) was used for binding energy scale calibration. Bulk elemental composi-
tions were examined using ICP-OES (Agilent ICP-OES 730, America). O,-TPD analyses
were carried out on a TP-5080B (China) multifunctional adsorption apparatus equipped
with a TCD detector. A 50 mg catalyst was pre-treated at 300 °C for 1 h in 30 mL min~! He
flow. The gas was switched to 10% O, /He at a flow rate of 30 mL min~! for 30 min, and the
O,-TPD curves were collected from 50 to 700 °C with a linear heating rate of 10 °C min !

in the flow of He gas at 30 mL min~—".

2.8. Electrochemical Measurements

The electrochemical performance of the M-Fe,O3@CC was characterized using a
Biologic electrochemical workstation. In half-cell tests, the electrochemical measurements
were performed in a standard three-electrode cell with an aqueous 5 M LiCl solution as
the electrolyte, a platinum foil as the counter electrode, and a saturated calomel electrode
(SCE) as the reference electrode. The working electrode consists of M-Fe;O3@CC (carbon
cloth, 1.0 cm x 1.0 cm, Figure S3).

3. Results
3.1. Characterization

Figure 1 shows the scanning electron microscope (SEM) images of Mg-Fe,O3;@CC,
Ca-Fe,O3@CC, Sr-Fe,O3@CC, and Ba-Fe,O3@CC. The SEM image of hematite supported
on CC is shown in Figure S4. All four samples had similar morphology. SEM images at
different magnifications confirm that the quenched x-Fe,O3 had good coverage and was
evenly distributed on the surface of CC. It can be seen that the rapid quenching process did



Processes 2021, 9, 1102 40f12

not cause the detachment or aggregation of x-Fe,O3 nanorods, and this characteristic still
remained with the change of quenching solution, so nanomaterials doped with different
alkaline earth metal ions can be obtained. «-Fe;O3; was supported on CC in the form of a
one-dimensional nanorod array (Figure 1a), which not only provides a large electrochemi-
cally active surface, but also facilitates the rapid transfer of electrons and ions [23]. It is
noted that the doping amounts of ions were different after quenching. When the quenching
solution concentration was 0.5 mol/L, the doping amounts of SrZ*, BaZ*, Mg2+, and Ca%*
were 0.34 wt.%, 1.30 wt.%, 0.17 wt.%, and 0.9 wt.% respectively (Table 1), which may be
related to the radius and electronegativity of ions.

Figure 1. SEM images of (a,b) Sr-Fe,O3@CC, (c,d) Ba-Fe,0O3@CC, (e,f) Mg-Fe,O3@CC, and (g,h) Ca-
Fe203@CC.
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Table 1. The content of Sr**, Ba®*, Mg?*, and Ca?* in Sr-Fe,03@CC, Ba-Fe,0;@CC, Mg-Fe,0;@CC,
and Ca-Fe;O3@CC according to the ICP-OES measurement.

M2+ M2+

Sample (mg/Kg) (wt. %)
Sr-Fe,03@CC 3365 0.34
Ba-Fe, 0;@CC 12,965 130
Mg-Fe,0,@CC 1691 0.17
Ca-Fe,0,@CC 9023 0.90

Figure 2a exhibits the X-ray diffraction (XRD) pattern of the FeOOH precursor. The
position and relative intensity of the diffraction peak matched with the JCPDS card of
FeOOH (#75-1594) [24]. The diffraction peaks in the XRD pattern (Figure 2b) of o-Fe;O3
easily matched the hematite phase (JCPDS#33-0664), 26 = 24.01°, 33.18°, 35.60°, 40.73°,
49.38°,54.01°, and 62.32°, corresponding to the crystal planes (012), (104), (110), (113), (024),
(116), (214), and (300), respectively [25], which shows that the modification of Sr2*, Ba2t,
Mg?*, and Ca?* did not significantly change the crystal structure of «-Fe;O3. However, it
is difficult to detect the different diffraction peaks after quenching attributed to the small

amounts of ions doping.
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Figure 2. (a) XRD patterns for FeFOOH. (b) XRD patterns, (c) Raman spectra, and (d) O,-TPD patterns for x-Fe,O3@CC,
Sr-Fe,03@CC, Ba-Fe,O;@CC, Mg-Fe, O3@CC, and Ca-Fe,O3@CC.

Figure 2c shows the Raman spectra collected for a-Fe,O3@CC, Sr-Fe,O;@CC, Ba-
Fe,O3@CC, Mg-Fe,03@CC, and Ca-Fe,O3@CC [26,27]. It is found that the Raman spectra
of all the samples were almost unchanged after quenching treatment, which may be due to
the low doping amounts. O, temperature-programmed desorption (O,-TPD) is used to
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determine the concentration of oxygen vacancies [28]. The conductivity of the electrode
material is related to the property of surface oxygen and the form of the oxygen species
adsorbed on the surface. It can be identified by the following transformation reaction: O,
(adsorption)%Oz_ (adsorption)—O~ (adsorption)%Oz_ (adsorption/lattice) [29]. The
first peak (~250 °C) is related to the desorption of physically adsorbed oxygen. The second
peak (~500 °C) is related to the chemical desorption of O>~ (and/or O~). The third peak
(<600 °C) is related to the desorption of lattice oxygen. It can be seen from Figure 2d that
the area of the second peak increased in all samples after quenching in alkaline earth metal
solution, which means an increase in oxygen defects. Among them, the area of the second
peak of Ba-Fe,O3@CC increased the most, while Sr-Fe,O3;@CC increased the least. On the
one hand, the increase in oxygen vacancies is conducive to the improvement of electrical
conductivity. The capacitance also is affected by doping amount, electrochemical specific
surface area (ECSA), and other factors, so comprehensive analysis is needed.

The X-ray photoelectron spectroscopy (XPS) survey spectra for Sr-Fe;O3@CC are
shown in Figure 3a, revealing the presence of Sr in Sr-Fe;O3@CC. Furthermore, the Sr
3d XPS spectrum in Figure 3b shows the presence of satellite peaks 134.70 and 136.80 eV
for Sr2* [30,31].

(a) 5 b)) 3 Sr3d
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2 >
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Figure 3. (a) XPS survey spectra of a-Fe;O3@CC and Sr-Fe,O3@CC. (b) Sr 3d core-level XPS spectra for Sr-Fe,O3@CC.

The specific Brunauer-Emmett-Teller (BET) surface area of the sample is slightly
differentdue to alkaline earth metal ions doping after quenching (Table 2) [32]. The Nitrogen
adsorption/desorption isotherms are shown in Figure S5. Compared with the undoped
o—Fe,03@CC, the specific surface area of Sr-Fe,0;@CC increased from 77.18 m? g~ ! to
79.60 m? g~1, which may due to the defective surface caused by Sr?* doping [33]. The
specific surface area of the Ba-Fe,03@CC sample was reduced by 74.65 m? g~ 1. The specific
surface area of Mg-Fe,O3@CC was almost unchanged due to the low doping amount [34].
The specific surface area of Ca-Fe,03@CC was greatly reduced by 53.06 m? g~!, which
may be related to the pore destruction of a-Fe,O3 caused by the doping of Ca?*.

Table 2. BET surface area for a-Fe,O3@CC, Sr-Fe,O3@CC, Ba-Fe,O3@CC, Mg-Fe,O3@CC, and
Ca—Fe203@CC.

BET Surface Area
Sample

(m*g1)
(X-Fez 03 @CC 77.18
Sr-Fezog @CC 79.60
Ba-Fe,0;@CC 74.65
Mg-Fe,0;@CC 77.52

Ca-Fe,0;@CC 53.06
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The increase in the ECSA enhances the contact area between the electrode and elec-
trolyte and then increases the accumulation of charge [34]. To further explore the factors
that affect the increase in capacitance, the ECSA was determined by measuring the elec-
tric double layer capacitance (Cpp) from the CV curve at various scan rates, shown in
Figure 4, and the ECSA value was determined by the slope of ic-v, shown in Table 3. Af-
ter doping with alkaline earth metal ions, the ECSA of all samples improved, except for
Ca-Fe,03@CC. The doping of Sr>* ions can induce the change of nanostructured surface
of a-FepO3, leading to generation of more active sites and the increase in the ECSA. The
ECSA of Sr-Fe, O3@CC reached twice that of x-Fe,O3@CC, which can result in a substan-
tial improvement in the capacitance of Sr-Fe,O3@CC. Table 3 shows the ECSA value of
Ca-Fe,O3@CC. It can be seen that after Ca?* doping, the ECSA of a-Fe,O;@CC dropped
by 98%. Ca?* ions can affect the inner surface potential, changing the surface charge due to
their adsorption and formation the Stern plane in the EDL. Therefore, Ca?* may induce
particle coagulation, which may destroy the pore structure of the material surface, resulting
in a decrease in BET and ECSA [35]. Therefore, the ability of a-Fe,O3 to transport electrons
and store charges is reduced.

3.2. Electrochemical Performances of M-Fe,O3@CC Electrode

In order to explore the electrochemical properties of the materials before and after
quenching, cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) tests were
carried out in a standard three-electrode system with M-Fe,O3@CC as the working elec-
trode, the platinum mesh as the counter electrode, and an SCE as the reference electrode,
tested in 5 M LiCl solution.

Figure 5a shows the CV curves of different electrodes collected at a scan rate of
100 mV s~ 1. The current density of the Sr-Fe,O3@CC electrode was significantly higher
than those of the unquenched x-Fe;O3@CC electrode and the «—Fe;O3@CC electrode
doped with Ba?*, Mg?*, and Ca®*, indicating that the Sr?* modification was the most
effective form in the four alkaline earth metal ions [36]. This is because, with the doping
of Sr?* ions, the ECSA increases, which greatly increases the EDLC of Sr—Fe,O;@CC. At
the same time, the increase in oxygen vacancies enhances the electron and ion transfer rate
between the electrode and electrolyte, which accelerates the rate of redox reactions and
greatly increases the pseudocapacitance. The capacitance of the Ca—Fe,O3@CC electrode
was significantly smaller than that of the original «a—Fe,O3@CC, which proves that the
modification of Ca?* has a side effect on x—Fe;O3@CC. In addition, the shape of the
CV curve (Figure 5a) was also different from other electrodes. This may be due to the
fact that the surface structure breaks after Ca®* doping. At the same time, its ability for
electron adsorption and charge storage decreased with the reduction in ECSA, resulting in
a decrease in EDLC, both of which make the final capacitance reduce massively.

Figure 5b shows the GCD curves of Sr—Fe,O3@CC, Ba—Fe; O3@CC, Mg—Fe, O3@CC,
and Ca—Fe,03@CC collected at a current density of 1 mA cm~2. Sr—Fe;03@CC exhib-
ited the highest area capacitance among all tested electrodes, reaching 77.81 mF cm 2
at 0.5 mA cm 2. When the current density increased from 0.5 mA cm~2 to 8 mA cm 2
(Figure 5c¢), the charge-discharge curve of Sr—Fe,O;@CC maintained an equilateral trian-
gle shape, indicating that Sr—Fe,O3@CC has excellent capacitance and faraday reaction
reversibility [37]. When tested at high current density (8 mA cm™~2), a capacitance of 67.34%
was maintained (Figure 5d). The EIS curve (Figure 5e) shows that the Sr—Fe,O3@CC had
the lowest equivalent series resistance [38]. For supercapacitors, stability is an important
consideration. Figure 5f shows that Ba—Fe,O;@CC, Mg—Fe,O3@CC, and Sr—Fe, O3@CC
possessed good cycling stability and had no downward trend (a capacitance of 100% of
the initial capacitance maintain) after 800 charge—discharge cycles at the current density of
1 mA cm™~2. However, the initial capacity was relatively low, and it needed to be activated
for a period of time.
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Table 3. ECSA for a-Fe,O3@CC, Sr-Fe, O3@CC, Ba-Fe,03@CC, Mg-Fe,0O3@CC, and Ca-Fe,O;@CC.

Sample Cpr, (mF) ECSA (cm?)
«-Fe, O3@CC 0.2050 5.12
Sr-Fe,O3@CC 0.4450 11.13
Ba-Fe, O3@CC 0.2800 7.00
Mg-Fe, O3@CC 0.3800 9.50
Ca-Fe, O3@CC 0.0046 0.12
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Figure 5. (a) CV curves collected at a scan rate of 100 mV s~! for Sr-Fe,0;@CC, Ba-Fe,03@CC, Mg-Fe,03@CC, a-Fe, O3@CC,
and Ca-Fe;03@CC. (b) GCD curves collected at a current density of 1 mA cm~2 for Sr-Fe,0;@CC, Ba-Fe,0;@CC, Mg-
Fe,O3@CC, and Ca-Fe,O3@CC. (c) GCD curves for the Sr-Fe,O3@CC electrode collected at different current densities.
(d) Specific areal capacitances and (e) EIS curves for Sr-Fe, O3@CC, Ba-Fe,O;@CC, Mg-Fe,O3@CC, and Ca-Fe,O3@CC at
different current densities. (f) Cycling stability for Ba-Fe;O3@CC, Mg-Fe,O3@CC, and Sr-Fe;O3@CC at a current density of

1mA em~2.

3.3. Formatting of Mathematical Components

The areal capacitance (Cs) in the three-electrode cell was calculated according Equation (1):

_ IxAt
T sxX Av

Cs @
where [ is the discharge current, At is the discharge time, s is the electrode area, v is the
electrode volume, and Av is the potential. The area of the M-Fe,O3@CC fiber is about 1 cm?.

Cyclic voltammetry curves were collected in 1 M NaOH at different scan rates. The
electrochemical specific surface areas of Sr-Fe,O;@CC, Ba-Fe,O;@CC, Mg-Fe,O;@CC,
and Ca-Fe,O3@CC electrodes were tested under —0.06 V to 0.00 V (relative to SCE). The
double-layer current (ic) is equal to the product of the scan rate (v) and the electrochemical
double-layer capacitance (Cpy), as shown in Equation (2):

ic =vCpr )

The slope value of the i.-v fitted line (Figure 3b,d,fh,i) is equal to Cpy. The ECSA
value was obtained through calculation according to Equation (3):

ECSA — CDL €)
Cs
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where C; is the specific capacitance, which is 40.00 uF cm~2 for general metal oxides.

4. Conclusions

In summary, we introduced a new method, quenching, to modify the surfaces of nano-
materials for improving electrochemical performance of x—Fe,O3 nanorods. & —Fe,O;@CC
was quenched in Sr(NOj3),, Ba(NO3),, Mg(NOs3),, and Ca(NOj3), solutions, and Sr2+,
Ba%*, Mg?*, and Ca?* ions were successfully doped into cc—Fe;O3 nanorods. The dop-
ing amounts of ions varies with the different ionic radius and valence of the ions. The
Sr—Fe,03@CC electrode achieved the best performance, reaching 77.81 mF cm~2 at
0.5 mA cm~2. Due to the doping of Sr**, the ECSA increases, which greatly increases
the EDLC of Sr—Fe,O3@CC. Besides, the increase in oxygen vacancies accelerates the
electron and ion transfer rate between the electrode and electrolyte, resulting in the increase
in the pseudocapacitance. It is interesting to note that the modification of Ca?* has the
opposite effect. The capacitance of Ca—Fe,O3@CC has decreased, which proves that not
all ion modifications can have a positive effect on the capacitance of supercapacitors. The
function needs to be selected according to the properties of the ion itself, such as radius,
redox, and so on.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9071102/s1, Figure S1: Digital photo of (a) the thickness (b) length and width of carbon cloth.
(c,d) SEM images of carbon cloth in different magnifications., Figure S2. Schematic of hydrothermal
reaction. Figure S3. Schematic of three electrode test. Figure S4. SEM image of hematite supported
on CC. Figure S5. Nitrogen adsorption/desorption isotherms for a-Fe,O3@CC, Sr-Fe,O;@CC, Ba-
Fe,O3@CC, Mg-Fe,03@CC and Ca-Fe,O3@CC.
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