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a b s t r a c t   

Supercapacitors are considered emerging energy storage sources owing to their long-term cycling stability, 
high energy/power density, and rapid charge/discharge process. The performance characteristics of su-
percapacitors can be enhanced by devising electrodes with highly porous nanostructures through subtle 
hybridization of active materials and the development of current collectors with tailored nanoarchitectures. 
Herein, we reported the effect of Li doping on the electrochemical application of the pure α-Fe2O3 thin films. 
The preparation of nanoparticles-like nanostructures of the pure α-Fe2O3 and different percentages of Li- 
doped α-Fe2O3 thin films by cost effective and facile hydrothermal method for the supercapacitor appli-
cation. As-synthesized pure α-Fe2O3 and Li doped α-Fe2O3 thin films were analyzed by the X-ray diffraction 
(XRD), and X-ray photoelectron (XPS) spectroscopy, scanning electron microscopy, transmission electron 
microscopy, and supercapacitor properties. The XRD results revealed the formation of the pure phase of the 
α-Fe2O3 with the rhombohedral crystal structure. XPS results confirmed the Li species existence in the 0.5% 
Li doped α-Fe2O3. The electrochemical properties indicate the 3D chain of the nanoparticle-like surface 
morphology of pure α-Fe2O3 and Li-doped α-Fe2O3 are more useful electrode materials for electrochemical 
application. The calculated values of the specific capacity (Cs) indicate the different percentages of doping of 
Li are affected by the electrochemical properties of the pure α-Fe2O3. The Cs of the optimized 0.5% Li-doped 
α-Fe2O3 (79 mAh g−1) electrode was 1.3-fold higher than that of the pure α-Fe2O3 electrode (52 mAh g−1) at a 
constant scan rate with excellent cycling stability upto 3000 cycles. The electrochemical and surface 
morphological analysis demonstrate that the 0.5% Li-doped α-Fe2O3 electrode is more useful than the pure 
α-Fe2O3 and other electrodes for developing high-rate hybrid supercapacitor-based energy storage devices 
applications. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

In this present era of digitalization, the rapid growth of portable 
devices, wireless electronics, hybrid electric vehicles, and the aero-
space industry have triggered significant developments over the past 
few years [1,2]. The most important electrochemical energy con-
version and storage devices include batteries and supercapacitors, 
which stand out because of their potential use in various electrical 

appliances [3–8]. However, batteries have certain limitations such as 
high production cost, low power density, and limited life span. By 
contrast, the supercapacitor has huge potential as a backup power 
source because of its rapid charge−discharge rate, high power den-
sity, fast energy delivery, prolonged cycle life, lightweight, excellent 
reliability, and flexibility, which can fulfill the growing power re-
quirements of energy storage systems [9–11]. However, super-
capacitors lag batteries in terms of energy density. Hence, the idea is 
to fabricate supercapacitors with increased energy density, while 
retaining all of their other beneficial features. Supercapacitors are 
categorized into two types based on the underlying energy storage 
mechanism, namely electric double-layer capacitors (EDLCs) and 
pseudocapacitors. EDLCs’ function based on ion-adsorption 
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mechanisms at the electrolyte–electrode interface, whereas pseu-
docapacitors function based on fast redox Faradaic reactions [12]. 

To date, several electrode materials have been synthesized for 
use in supercapacitors, including transition metal oxides, transition 
metal sulfides, carbonaceous materials, chalcogenides, poly-
oxometalates, conducting polymers, metal-organic frameworks, si-
loxenes, and Mxene [13–20]. Generally, to fabricate pseudocapacitive 
electrode materials, transition metal oxides (TMOs) such as CuO, 
Fe2O3, TiO2, RuO2, MnO2, In2O3, V2O5, Co3O4, and, Mn2O3 are used 
because they undergo reversible Faradaic reactions [21–28]. The 
energy densities of these TMOs are considerably higher than those of 
carbonaceous materials [29]. Among these TMOs, Iron oxide (Fe2O3) 
is an emerging electrode material for supercapacitors because of its 
features such as abundance in nature, lack of toxicity, cost-effec-
tiveness, high stability, good electrochemical activity, suitable vol-
tage window, and high theoretical capacity (3625 F g−1) [30–33]. 
However, Fe2O3 electrodes have low Cs values (120 −300 F g−1), poor 
intrinsic electrical conductivity (∼10 −14 S cm−1), and short elec-
trochemical durability. Moreover, Fe2O3 undergoes volume expan-
sion during electrochemical reactions, which results in a high 
electron transfer resistance and unwanted pulverization and accu-
mulation [34–38]. Moreover, for researchers, it is imperative to en-
hance the electrochemical performance of Fe2O3 electrodes to 
increase their capacitance, power density, energy density, and 
electronic conductivity. Several studies have reported that TMOs 
with more than one cation exhibit improved electrochemical activity 
and conductivity, and for this reason, their performance is superior 
to that of a single-component electrode. Examples of such materials 
include Mn-doped Co3O4, Cu-doped NiO, F-doped Fe2O3, Fe-doped 
SnO2, and Cr-, Co-, Ni-, and Cu-doped Mn3O4 [27,39–42]. Also, ni-
trogen/sulfur co-doped graphene hybrid supported N-Fe2O3 nano-
particles as the electrode material of supercapacitors [43]. Shinde 
et al. [44] reported the effect of Mn doping on the electrochemical 
performance of the hybrid CuO/Cu(OH)2 materials. They concluded 
that a positive effect on the surface morphology of the Mn doping. 
Finally, they reported the higher specific capacitance values for 3% 
Mn doping on the CuO/Cu(OH)2 hybrid electrode. Chougale et al. [45] 
reported the maghemite iron oxide phase using the electrodeposi-
tion method for supercapacitor application. They concluded that the 
maghemite crystal phase showed more electrical properties than the 
other phase of Fe2O3. The reported specific capacitance values of the 
524 F g−1 at scan rate of 5 mV s−1 in Na2SO3 electrolyte for the γ- 
Fe2O3 electrode. 

Based on these developments, in the present study, we aim to 
prepare Li-doped α-Fe2O3 nanomaterials with various percentages of 
Li doping suitable for electrochemical applications by following the 
hydrothermal method. We confirmed the synthesis of pure α-Fe2O3 

and Li-doped α-Fe2O3 nanomaterials by using different analytical 
techniques to classify their structural, surface morphological, and 
electrochemical properties. The pure and Li-doped α-Fe2O3 elec-
trodes were systematically tested in a three-electrode system within 
a potential window of − 0.1–0.5 V in the presence of 3 M KOH. The 
assembled hybrid asymmetric supercapacitors of 0.5% Li-doped α- 
Fe2O3//AC device provided an outstanding energy density of 
28.73 Wh kg−1, power density of 7508 W kg−1 with a superior spe-
cific capacitance of 136 F g−1. 

2. Experimental details 

2.1. Chemicals 

Ferric nitrate (Fe(NO3)3·9H2O, 99.99%), lithium nitrate (LiNO3, 
99.99%), sodium hydroxide (NaOH), polyvinyl alcohol (PVA) and 
potassium hydroxide (KOH) were procured from Sigma-Aldrich and 
utilized as-supplied. Nickel foam (450 µm, thickness: 1.6 mm) was 
procured from ALANTUM, S. Korea. 

2.2. Preparation of pure α-Fe2O3 and Li doped α-Fe2O3 samples 

The α-Fe2O3 NPs were synthesized by following the hydro-
thermal approach. To this end, equimolar concentrated solutions of 
Fe(NO3)3·9H2O and NaOH were prepared in MiliQ water, separately. 
Both solutions were mixed gradually by using a magnetic stirrer. The 
resulting solution was moved to a stainless-steel jacketed Teflon 
reactor in which the hydrothermal reaction proceeded at 100 °C for 
6 h. Then, the reactor contents were cooled to room temperature, 
and the resulting solution was centrifuged and washed several times 
with MiliQ water; finally, it was washed with ethanol and dried at 
60 °C in an oven. To synthesize Li-doped α-Fe2O3, we substituted 
ferric nitrate with 0.5%, 1%, 2%, 4%, and 6% LiNO3. Hereinafter, these 
samples are labeled Pure FO, LFO0.5, LFO01, LFO02, LFO04, and 
LFO06, respectively. 

2.3. Synthesis of α-Fe2O3 and Li-doped α-Fe2O3 thin films 

Ni foam as a substrate and polyvinyl alcohol (PVA) as a binder 
were used to screen-print thin-films containing the as-prepared α- 
Fe2O3 and Li-doped α-Fe2O3 powders. The constant mass of material 
deposited on Ni foam for pure α-Fe2O3 and Li-doped α-Fe2O3 (0.5%, 
1%, 2%, 4%, and 6%) electrodes is to be 3 mg cm−2, respectively. The 
prepared α-Fe2O3 and Li-doped α-Fe2O3 thin films were allowed to 
dry naturally and then annealed at 100 °C for 6 h. 

2.4. Characterization techniques 

The structural analysis and phase purity of the samples were 
analyzed by X-ray diffraction (XRD) on a PANalytical X′Pert PRO 
equipped with a monochromator and Ni-filtered Cu Kα(λ = 1.5406 Å) 
source. The morphological features of the synthesized samples were 
analyzed by Scanning Electron Microscopy (SEM, Hitachi S-4800 
JEOL JSM-7100). Microstructure analysis was carried out using Field- 
Emission Transmission Electron Microscopy (FE-TEM) with a Tecnai 
G2 microscope. X-ray photoelectron spectroscopy (XPS) analysis was 
recorded using an ESCALAB-MKII spectrometer. Brunauer-Emmett- 
Teller (BET) specific surface area measurement were carried out 
using Autosorb-iQ and Quadrasorb SI instruments (BELSORP; Tokyo, 
Japan). 

2.5. Electrochemical measurements 

The Versa STAT 3 instrument with the classical three-electrode 
system was used to perform electrochemical measurements. This 
system consists of the reference electrode (Ag/AgCl electrode), a 
counter electrode (Pt electrode), and pure Fe2O3 and the as-prepared 
Li-doped Fe2O3 electrodes as the working electrodes in 3 M KOH 
aqueous electrolyte. Electrochemical impedance spectroscopy (EIS) 
was performed with a frequency range of 1 Hz to 100 kHz. 

3. Results and discussion 

XRD patterns of the pure α-Fe2O3, LFO0.5, LFO01, LFO02, LFO04, 
and LFO06 materials are showcased in Fig. 1a. The diffraction pat-
terns at 24.00, 33.06, 35.70, 40.86, 49.42, 54.04, 62.39, and 64.13° 
were ascribed to the (012), (104), (110), (113), (024), (116), (214), and 
(300) planes, respectively. These diffraction peaks and hkl planes 
correspond to the pure α-Fe2O3 phase (JCPDS card 
No.–00–033–0664). The corresponding 2θ values and Miller indices 
were assigned to the rhombohedral crystal structure of Hematite 
with lattice parameters of a = 5.03, b = 5.03, and c = 13.74 Å and 
space group R-3c. Diffraction peaks other than those of α-Fe2O3 were 
not detected, thus indicating the formation of a pure α-Fe2O3 phase.  
Fig. 1b shows the characteristic peak shift of the XRD patterns. Ac-
cording to this Fig. 1b, the two main peaks at 33.24–33.06° and 
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35.70–35.61° are shifted toward a lower angle, indicating changes in 
the crystal structures owing to the presence of defects in Li and Fe 
ions. These XRD results indicate the presence of Li ions in the pure α- 
Fe2O3 phase, thus confirming Li ion formation in the Li-doped Fe2O3 

nanomaterials. 
In addition to the observable shift in the crystal lattice para-

meters, the structural details and compositions of pure α-Fe2O3 and 
the optimized 0.5% Li-doped α-Fe2O3 were investigated using XPS 

analysis. The survey scan spectra of both pure α-Fe2O3 and the op-
timized 0.5% Li-doped α-Fe2O3 indicate the presence of Fe and O, and 
Fe, Li, and O (as shown in Fig. 1c) respectively and confirm the for-
mation of a pure α-Fe2O3 phase and Li elements presented in the α- 
Fe2O3 compounds. Fig. 1(d–f) shows the core levels of Fe 2p, O 1 s, 
and Li 1 s in the optimized 0.5% Li-doped α-Fe2O3, respectively. In the 
Fe 2p spectra of the 0.5% Li-doped α-Fe2O3, four main peaks were 
observed, out of two are related to the main Fe 2p species and the 

Fig. 1. (a) XRD patterns of the pure α-Fe2O3 and Li doped α-Fe2O3 at a different percentage of Li, (b) zoomed area of the marked area of the XRD patterns, (c) XPS survey spectra of 
the pure α-Fe2O3 and 0.5% Li doped α-Fe2O3 sample, (d-f) core levels of Fe 2p, O 1 s and Li 1 s of optimized 0.5% Li doped α-Fe2O3 sample, respectively. 
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remaining two correspond to the satellite peaks of the Fe 2p 
(Fig. 1d). The Fe 2p spectra show the two main characteristic peaks 
at the binding energies of 710.93 and 724.52 eV, which assigned to 
the Fe 2p3/2 and Fe 2p1/2, respectively. The approximate difference 
between the main two binding energy peaks of Fe 2p is 13.97 eV, 
which indicates the presence of Fe3+ species in the optimized 0.5% 
Li-doped α-Fe2O3. Additionally, other two peaks at the binding en-
ergies of 718.86 and 732.84 eV, which assigned to the satellite peaks 
of Fe2+, respectively [46,47]. The fitted data of the Fe 2p show one 
additional peak at the binding energy 713.40 eV, which is due to the 
Fe3+. These XPS analysis indicates that both species of Fe2+ and 
Fe3+are presented in the α-Fe2O3 sample. Fig. 1e exhibits the core- 
level spectra O 1 s, which consists of two main peaks at the binding 
energies 529.62 and 531.16 eV. The first peak at the binding energy of 
529.62 eV, which is related to the lattice oxygen species in the α- 
Fe2O3, and the second peak at the binding energy of 531.16 eV, which 
is assigned to the chemisorbed oxygen species on the surface, re-
spectively [48]. Similarly, the core level spectra of the Li are shown in  
Fig. 1f. The Li 1 s spectra indicate the peak at the binding energy of 
55.30 eV, which is related to the Li-O bond [49]. The observed Li-O 
bonds indicate Li specie is existing in 0.5% Li doped α-Fe2O3 [50]. XPS 
results confirmed the doping of the Li specie in the pure α-Fe2O3. 

The surface morphological features of the pure α-Fe2O3 and the 
Li-doped α-Fe2O3 samples were examined using SEM and TEM.  
Fig. 2(a–f) shows SEM images of the pure Fe2O3 and the 0.5%, 1%, 2%, 
4%, and 6% Li-doped α-Fe2O3 samples, respectively, and the insets 
show the corresponding higher magnification images. All SEM 
images clearly indicate the deposition of uniform and inter-
connected nanoparticles (NPs) on the surface of the α-Fe2O3 sam-
ples. The average particle size of the optimized 0.5% Li-doped α- 
Fe2O3 sample was 50–80 nm. The smaller and porous NPs are be-
lieved more surface area, which helps to accelerate ion transfor-
mation and is useful for enhancing the electrochemical properties. 

Fig. 3(a–c) presents TEM images of the optimized 0.5% Li-doped 
α-Fe2O3 sample obtained at different magnifications, respectively. 
The TEM results clearly show the development of highly mesoporous 
and interconnected NPs on the surface of the 0.5% Li-doped α-Fe2O3 

samples. At higher magnifications, a highly porous layer can be ob-
served on the spherical surface of the NPs (as shown in the marked 
area with dotted lines in Fig. 3c). Such surface morphology simplifies 
ion transformation. Moreover, the images show lattice fringes with 
an interplanar distance of 0.28 nm, which corresponds to the (104) 
hkl plane of α-Fe2O3. The selected area electron diffraction patterns 
in Fig. 3d show the diffraction planes (hkl) of pure α-Fe2O3, which is 
consistent with the XRD data, thus confirming the crystalline nature 
of the 0.5% Li-doped α-Fe2O3 sample. 

The BET specific surface area of pure α-Fe2O3 and optimized 0.5% 
Li-doped α-Fe2O3 samples were determined by N2 adsorption/des-
orption measurement. Fig. 4(a–b) shows N2 adsorption-desorption 
isotherms of α-Fe2O3 and optimized 0.5% Li-doped α-Fe2O3 samples 
and inset of corresponding pore size distributions (nm). For all the 
samples, the isotherms show a discrete hysteresis loop starting from 
P/Po ∼0.045 and demonstrate the presence of mesopores. The cor-
responding pore size distributions were calculated from the deso-
rption part of the isotherms and given in the insets of Fig. 4(a–b). The 
wide range distribution of mesopores is observed indicating the 
coexistence of structural pores as well as interconnected pores [19]. 
The measured Brunauer-Emmett-Teller (BET) values are 98.27 and 
148.07 m2/g for the pure α-Fe2O3 and 0.5% Li-doped α-Fe2O3. From 
these observations, it can be concluded that the 0.5% Li-doped α- 
Fe2O3 nanostructure exhibits relatively high BET surface area than 
that of samples pure α-Fe2O3. This is probably due to the open pores 
formed by the nanoparticles in the 0.5% Li-doped α-Fe2O3 (also 
evident from the TEM results), resulting in a high surface area. The 
BET results indicate that the substitution of Li into α-Fe2O3 greatly 

enhances the surface area and therefore improves the capacitive 
performance of the composite electrode effectively [44]. 

The as-synthesized pure α-Fe2O3 and the 0.5%, 1%, 2%, 4%, and 6% 
Li-doped α-Fe2O3 electrodes prepared using the hydrothermal 
method were subjected to electrochemical testing. All of these 
electrodes were examined using a three-electrode system in 3 M 
KOH as the electrolyte; the prepared α-Fe2O3 and Li-doped α-Fe2O3 

electrodes were employed as the working electrodes in this system 
in the potential range of − 0.1–0.5 V. Figs. 5a and 5b present the CV 
measurement results and the Cs values of the as-synthesized pure α- 
Fe2O3 and the 0.5%, 1%, 2%, 4%, and 6% Li-doped α-Fe2O3 electrodes at 
a constant scan rate of 100 mV s−1, respectively. The CV curves and 
their integral areas indicate that the electrochemical properties of 
0.5% Li-doped α-Fe2O3 are superior to those of α-Fe2O3 doped with 
other Li concentrations and the as-synthesized pure α-Fe2O3. 
Therefore, the Cs of the 0.5% Li-doped α-Fe2O3 electrode was higher 
than those of the other electrodes. The Cs values of pure α-Fe2O3 and 
0.5%, 1%, 2%, 4%, and 6% Li-doped α-Fe2O3 were 52, 79, 30, 24, 21, and 
12 mAh g−1, respectively. These Cs values indicate that the electrical 
properties of the 0.5% Li-doped α-Fe2O3 were enhanced, which 
means that Li+ replaced Fe3+ ions. Moreover, owing to the smaller- 
sized NPs comprising the 0.5% Li-doped α-Fe2O3 electrode, its sur-
face area was larger and porosity higher, which increased its Cs 
value [51]. 

Fig. 5(c, d) and Fig. S1 (a–d) show the CV curves of pure α-Fe2O3 

and Li-doped α-Fe2O3 (0.5%, 1%, 2%, 4%, and 6%) obtained at scan 
rates of 5–100 mV s−1, respectively. All CV curves show the formation 
of stronger redox and oxidation peaks, and the peaks are shifted 
toward the positive and negative potential window, indicating the 
occurrence of faster Faradaic reactions between Li+ and Fe3+ ions. 
The Cs values of the pure α-Fe2O3 and Li-doped α-Fe2O3 (0.5%, 1%, 2%, 
4%, and 6%) at scan rates of 5–100 mV s−1 (as shown in Fig. 5e), re-
spectively, indicate that the Cs values of the 0.5% Li-doped α-Fe2O3 

electrode were the highest. The Cs values of the optimized 0.5% Li- 
doped α-Fe2O3 electrode at the various scan rates in the range of 
5–100 mV s−1 were 79, 76, 73, 55, 43, and 73 mAh g−1. The CV curves 
and the integral area are higher than those of the other electrodes, 
indicating that the 0.5% Li-doped α-Fe2O3 is useful for the enhanced 
electrical properties in comparison with the α-Fe2O3 nanomaterials. 
The Cs values of the 0.5% Li-doped α-Fe2O3 composite were sig-
nificantly higher than those of the pure α-Fe2O3 and other Li-doped 
α-Fe2O3 electrodes at various scan rates, indicating a positive sy-
nergic effect between pure α-Fe2O3 and 0.5% Li doping. Fig. 5d shows 
the CV curves of the 0.5% Li-doped α-Fe2O3 electrode at different 
scan rates of 5–100 mV s−1 in the same potential window. According 
to Fig. 5e, the Cs value of the final 0.5% Li-doped α-Fe2O3 composite 
is 79 mAh g−1 at a constant scan rate of 5 mV s−1, which is con-
siderably higher than that of pure α-Fe2O3 (52 mAh g−1) and 1% Li- 
doped α-Fe2O3 (30 mAh g−1), 2% Li-doped α-Fe2O3 (24 mAh g−1), 4% 
Li-doped α-Fe2O3 (21 mAh g−1), and 6% Li-doped α-Fe2O3 (12 mAh 
g−1) at the same scan rate. The outstanding improvement in the Cs of 
the 0.5% Li-doped Fe2O3 composite electrode can be attributed to the 
higher conductivity of the porous nanoparticles and the positive 
synergic effect [51–53]. The previously reported values of the su-
percapacitors are summarized in Table S1, indicating that Li doping 
in Fe2O3 materials is a superior alternative option for supercapacitor 
testing to the other dopants. 

To the authors’ knowledge, the literature contains few reports on 
metal-doped iron oxide NPs for use in supercapacitor applications. 
For example, Dubal et al. [55] prepared the Fe-doped nanomaterial 
for the supercapacitor application. They mentioned that after the 2% 
Fe doping in the MnO2, electrodes show more supercapacitor per-
formance than the pristine MnO2. Kulal et al. [56] synthesized Fe2O3 

thin films using the SILAR method for the supercapacitor properties. 
They observed that the Fe2O3 shows an amorphous crystal structure. 
Finally, they reported the prepared Fe2O3 electrode exhibited the Cs 
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of 178 F g−1 at the lower scan rate of 5 mV s−1 in the 1 M NaOH 
electrolyte. For this reason, we developed novel nanomaterials (0.5% 
Li-doped α-Fe2O3) with good stability for use in supercapacitor ap-
plications, which was hitherto not attempted. Fig. 5f shows the cy-
cling retention capacity of the pure α-Fe2O3 and the optimized 0.5% 
Li-doped α-Fe2O3 electrodes at the constant current density 2 mA 
cm−2 up to 3000 cycles in the same potential window. The α-Fe2O3 

and optimized 0.5% Li-doped α-Fe2O3 electrodes exhibited cycling 
retentions of 89% and 96% up to 3000 cycles, indicating the super-
iority of the 0.5% Li-doped α-Fe2O3 electrode over the pure α-Fe2O3 

electrode. 
Similarly, the GCD curves of the pure as-synthesized α-Fe2O3 

electrode and the electrodes made of α-Fe2O3 doped with different 
percentages of Li (0.5%, 1%, 2%, 4%, and 6%) were tested at a constant 
current density of 1 mA cm−2 in a potential window of 0–0.5 V (as 
shown in Fig. 6a). The GCD curves indicate that the charge-discharge 
times were 33.55, 48.02, 40.12, 34.72, 31.94, and 13.67 s for the pure 
α-Fe2O3 and 0.5%, 1%, 2%, 4%, and 6% Li-doped α-Fe2O3 electrodes, 
respectively. Moreover, the Ir drop (0.021 V) of the 0.5% Li-doped α- 
Fe2O3 sample was considerably lower than those of the others, 

which indicates that the Cs value of the 0.5% Li-doped electrode is 
higher. According to the GCD shapes and recorded discharge times 
(s), that discharge time of the 0.5% Li-doped α-Fe2O3 electrode was 
longer than those of the pure and other Li-doped α-Fe2O3 electrodes, 
which indicates that this electrode has the highest Cs, as illustrated 
in Fig. 6d. 

Fig. 6(b, c) and Fig. S2 (a–d) show the GCD curves of the pure α- 
Fe2O3, optimized 0.5% Li-doped α-Fe2O3, and other Li-doped α-Fe2O3 

electrodes for current densities of 1–5 mA cm−2, respectively. All of 
the results in these Figures (Fig. 6 and S2) indicate that the final 0.5% 
Li-doped α-Fe2O3 composite electrode had a higher Cs than those of 
the other electrodes. Fig. 6d shows the Cs values of pure α-Fe2O3, 
optimized 0.5% Li-doped Fe2O3, and other Li-doped α-Fe2O3 com-
posite electrodes at current densities of 1–5 mA cm−2. The Cs values 
of the pure α-Fe2O3, 0.5% Li-doped α-Fe2O3, 1% Li-doped α-Fe2O3, 2% 
Li-doped α-Fe2O3, 4% Li-doped α-Fe2O3, and 6% Li-doped α-Fe2O3 

composite electrodes are 38, 43, 39, 34, 31, and 24 mAh g−1, re-
spectively, at a constant current density of 1 mA cm−2. These re-
sultant Cs values suggest that the final 0.5% Li-doped α-Fe2O3 

composite electrode is superior to all the other prepared electrodes 

Fig. 2. (a–f) SEM images of the pure α-Fe2O3 and Li doped α-Fe2O3 prepared at a different percentage of Li (0.5%, 1%, 2%, 4%, and 6%, respectively), inset shows the higher 
magnifications images, respectively. 
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because of the growth of a porous and uniform LiO layer on the α- 
Fe2O3 NPs, which is useful for accelerating the Faradaic reactions to 
realize the enhanced electrochemical properties required in various 
supercapacitor applications [54]. The Cs values of the final composite 
0.5% Li-doped α-Fe2O3 electrode were 43, 38, 36, 34, and 31 mAh g−1 

for the current densities of 1–5 mA cm−2, respectively. These results 
indicate that the 0.5% Li-doped α-Fe2O3 electrode was considerably 
more suited for use in supercapacitor applications owing to its in-
terconnected and porous NP-like nanostructures that accelerate ion 

transfer and its porous surface that provides a higher level of elec-
trical conductivity [51,54]. 

To examine the standard working mechanism of the synthesized 
working electrode in aqueous electrolyte (KOH), we performed EIS 
measurements at 1–100 kHz in 3 M aqueous KOH. Fig. 7 presents a 
comparative study of the Nyquist plots of the pure α-Fe2O3, 0.5% Li- 
doped α-Fe2O3, 1% Li-doped α-Fe2O3, 2% Li-doped α-Fe2O3, 4% Li- 
doped α-Fe2O3, and 6% Li-doped α-Fe2O3 composite electrodes.  
Table 1 lists the solution resistance (Rs) and charge-transfer 

Fig. 3. (a-c) TEM images with different magnifications of the optimized 0.5% Li doped α-Fe2O3 sample, respectively, (d) SEAD pattern of the optimized 0.5% Li doped α-Fe2O3 

sample. 

Fig. 4. Nitrogen adsorption and desorption isotherms of (a) pure α-Fe2O3 and (b) optimized 0.5% Li doped α-Fe2O3 and the insets show the corresponding BJH pore distribu-
tions size. 
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resistance (Rct) values of all electrodes. The calculated Rct value of 
2.47 Ω for the 0.5% Li-doped Fe2O3 composite electrode is con-
siderably lower than that of the pure α-Fe2O3 electrode, as well as 
those of the 1% Li-doped α-Fe2O3, 2% Li-doped α-Fe2O3 , 4% Li-doped 
α-Fe2O3, and 6% Li-doped α-Fe2O3 composite electrodes. The Rs and 
Rct of the 0.5% Li-doped α-Fe2O3 composite electrode are 1.98 Ω and 

2.47 Ω, respectively. The calculated Rs and Rct values are lower than 
those of the other electrodes, which indicates that the 0.5% Li-doped 
composite has higher Cs and is appropriate for the electrochemical 
applications. 

Fig. 5. (a) CV curves the pure α-Fe2O3 and Li doped α-Fe2O3 at constant scan rates 100 mV s−1 (b) specific capacity of the pure α-Fe2O3 and Li doped α-Fe2O3 at constant scan rate 
100 mV s−1, (c, d) CV curves of pure α-Fe2O3 and optimized 0.5% Li doped α-Fe2O3 electrodes at different scan rates from 5 to 100 mV s−1, (e) specific capacity of the pure α-Fe2O3 

and Li doped α-Fe2O3 prepared at a different percentage of Li (0.5%, 1%, 2%, 4%, and 6%, respectively) with various scan rates, (f) cycling stability of the pure α-Fe2O3 and optimized 
0.5% Li doped α-Fe2O3 electrodes up to 3000 cycles. 
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3.1. Hybrid supercapacitor application 

To cheek practical applicative of the as-prepared 0.5% Li doped α- 
Fe2O3 electrode, we constructed asymmetric hybrid supercapacitors 
of 0.5% Li doped α-Fe2O3//AC (LFO0.5//AC) device, as prepared 0.5% Li 
doped α-Fe2O3 electrodes as a positive electrode, AC as a negative 

electrode, and 0.5 M KOH/PVA electrolyte gel, respectively. Fig. 8a 
shows the CV curves of the asymmetric hybrid supercapacitors of 
the LFO0.5//AC electrode with various potential windows at a con-
stant scan rate of 50 mV s-1, respectively. The CV curves indicate that 
1.5 V shows a higher surface area compared to the other potential 
windows, therefore we finalized 1.5 V for further electrochemical 
study. Fig. 8b shows the CV curves of the asymmetric hybrid su-
percapacitors of the LFO0.5//AC electrode with different scan rates of 
5–100 mV s−1, at a constant potential window, respectively. The CV 
curves of the device show strong reduction and oxidation peaks at 
0.3 V and 0.8 V, which indicates the faradic reaction occurred during 
the electrochemical reaction. Similarly, the optimization of the po-
tential window. Fig. 8c shows the GCD curves of the asymmetric 
hybrid supercapacitors of the LFO0.5//AC electrode with different 
potential windows from 0.9 to 1.7 V at a constant current density, 
respectively. The GCD curves at different potential windows indicate 

Fig. 6. (a) GCD curves the pure α-Fe2O3 and Li doped α-Fe2O3 at a constant current density 1 mA cm−2, (b, c) GCD curves of pure α-Fe2O3 and optimized 0.5% Li doped α-Fe2O3 

electrodes at different current densities from 1 to 5 mA cm−2, (d) specific capacity of the pure α-Fe2O3 and Li doped α-Fe2O3 prepared at a different percentage of Li (0.5%, 1%, 2%, 
4%, and 6%, respectively) with various current densities, respectively. 

Fig. 7. Nyquist plots of the pure α-Fe2O3 and Li doped α-Fe2O3 electrodes at a different 
doping percentage of the Li, inset shows the zoom area of the Nyquist plot and 
equivalent circuit. 

Table 1 
The calculated EIS parameters of pure α-Fe2O3, Li doped α-Fe2O3 at a different per-
centage of Li( 0.5%, 1%, 2%, 4%, and 6%) composite electrodes.     

Sample ID Rs(Ω) Rct(Ω)  

Pure FO  2.91  12.26 
LFO0.5  1.98  2.47 
LFO01  3.76  2.96 
LFO02  3.19  8.97 
LFO04  4.74  18.86 
LFO06  5.46  18.11 
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that 1.5 V is the better potential window for further electrochemical 
study. Fig. 8d shows the GCD curves of the asymmetric hybrid su-
percapacitors of the LFO0.5//AC electrode with different current 
densities from 15 to 30 mA cm−2 at a constant potential window of 
1.5 V respectively. Fig. 8e shows the calculated Cs values of the 
LFO0.5//AC electrode with different current densities, respectively. 
The obtained values of the Cs of the LFO0.5//AC electrode is 136 F g−1 

at a current density of 15 mA cm−2. The calculated values of the 
LFO0.5//AC device are superior to the previously reported results  
[57,58]. Another important parameter is Ragone plots as shown in  
Fig. 8f. The asymmetric hybrid supercapacitor of the LFO0.5//AC cell 
provided the power density and energy density of 7508 W kg−1 and 
28.73 Wh kg−1, respectively. EIS results indicate the lower resistivity 
and higher electrical conductivity of the hybrid asymmetric super-
capacitor of the LFO0.5//AC cell (as shown in Fig. S3). These elec-
trochemical properties of the Li-doped α-Fe2O3 composite electrode 
show that the Li doping in binary iron oxide is a promising electrode 
material for the electrochemical application and next generation of 
hybrid supercapacitor energy storage devices. 

4. Conclusions 

In brief, we summarized the current research work on the Li- 
doped α-Fe2O3 via a simple and easy hydrothermal reaction method 
for supercapacitor application. The structural and morphological 
features were analyzed by various characterization techniques such 
as XRD, XPS, SEM, and TEM respectively. The surface morphological 
results show the uniform deposition of NPs-like nanostructure 
grows on the surface of Fe2O3 materials. In comparison with pure 
Fe2O3, 0.5% Li doped α-Fe2O3 demonstrates outstanding electro-
chemical performance in an alkaline medium. The electrochemical 
results indicate the 0.5% Li doped α-Fe2O3 electrode shows enhanced 

values for Cs than the pure α-Fe2O3 and other Li doping percentage 
samples, suggesting that the 0.5% Li doped α-Fe2O3 will be more 
useful for the further electrochemical study, because of lower par-
ticle size, mesoporous nanostructure, and lower values of solution 
resistance and charge transfer resistance. Furthermore, constructed 
two-electrode device of the 0.5% Li doped α-Fe2O3 sample shows 
better specific energy of 28.73 Wh kg−1 and specific power of 
7508 W kg−1 with a higher specific capacitance of 136 F g−1. 
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Fig. 8. (a) CV of the 0.5% Li doped α-Fe2O3//AC at different potential windows at constant scan rates 100 mV s−1, (b) CV of the 0.5% Li doped α-Fe2O3//AC at different scan rates from 
5 to 100 mV s−1 with constant potential window 1.5 V, (c) GCD of the 0.5% Li doped α-Fe2O3//AC at different potential windows at constant current density, (d) GCD of the 0.5% Li 
doped α-Fe2O3//AC at different current densities from 15 to 30 mA cm−2 with constant potential window 1.5 V, (e) Cs of the 0.5% Li doped α-Fe2O3//AC device, (f) Ragone plots of 
the 0.5% Li doped α-Fe2O3//AC device, respectively. 
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