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A B S T R A C T   

Synthesis of various earth-abundant electroactive materials in gram-scale via simple methods with excellent 
efficiency can effectively reduce the cost. In this context, we have demonstrated a gram-scale synthesis of 
α-Fe2O3@rGO core@shell nanocubes via a direct solution route. By the concept of charge-charge interactions, we 
have successfully wrapped the reduced graphene oxide (rGO) over the surface of α-Fe2O3 nanocubes resulting in 
the formation of α-Fe2O3@rGO core@shell nanocubes in a gram-scale. The synthesized α-Fe2O3@rGO core@shell 
nanocubes were characterized by a group of analytical methods and finally explored as an effective anode 
material for sodium-ion batteries (SIBs). The α-Fe2O3@rGO-10 wt% core@shell nanocubes sample displays an 
exceptional specific capacity of 970.2 mAh g− 1 at 0.1 C-rate with a better rate capability of 77.8 mAh g− 1 at 5.0 
C-rate. Moreover, the α-Fe2O3@rGO-10 wt% sample also demonstrates a better specific capacity of about 586.9 
mAh g− 1 after 100 cycles at 0.1 C-rate. The current approach can enable the synthesis of various electroactive 
materials on a gram-scale using a cost-effective strategy with better electrochemical performance for practical 
energy storage devices.   

1. Introduction 

Energy scarcity is the main problem shortly because of the rapid 
consumption of natural fossil fuels, resulting in an exponential increase 
in global warming and severe environmental issues [1,2]. Various 
alternative sustainable energy technologies, such as wind, solar, 
hydrogen energy, etc., have been regulated to solve this problem [3,4]. 
The intermittent nature of these resources restricts their large-scale 
utilization as reliable power sources. The current era is mainly 
concentrating on the electrification of vehicles and smart power grids [5, 
6]. The development of highly efficient and economical energy con
version and storage devices attracts a keen interest for their commer
cialization. In this context, lithium rechargeable batteries (LIBs) have 
been shown a sound output in high energy density, low self-discharge, 
long life, minimum maintenance, and eco-friendliness [7,8]. However, 
uneven distribution and the low affluence of lithium supplies in the 
earth crust doubt the development of efficient energy technologies in the 
future [9,10]. In recent years, SIBs are considered one of the alternatives 
for LIBs because of their high abundance, high safety, economic, and the 

most important fact is the charge storage mechanism is similar to LIBs 
[11]. However, the larger atomic radius of Na+ (1.02 Å) than that of Li+

(0.76 Å) hinders faster reaction kinetics in SIBs, resulting in significant 
volume changes, especially in anode electrode materials [12,13]. 

To date, various materials such as carbonaceous compounds, metal 
oxides/nitrides/sulfides/phosphides, and metal alloys have been 
explored as anode materials for SIBs [14–17]. Most of these materials 
alone suffer from low conductivity or significant volume expansion 
leading to poor cyclic stability. Various strategies have been established 
to control these problems, including doping of foreign elements into the 
crystal lattice of active material, tuning nanostructure morphology, 
forming composite materials, etc. [18]. In recent years, various metal 
oxides have been explored as anode materials for SIBs. Fe2O3 has paid 
more attention to these metal oxides because of their natural abundance, 
high chemical constancy, economical, and eco-friendliness [12,13]. 
Furthermore, it also exhibits a high theoretical specific capacity of 1007 
mAh g− 1 [6]. Nevertheless, Fe2O3 alone struggles with a significant 
volume expansion during the cyclic stability causes pulverization of the 
electrode. Fe2O3 has been combined with various carbonaceous 
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materials or doping with foreign elements to solve these issues [19,20]. 
For example, Zhang et al. have produced the α-Fe2O3/rGO nano
composites by microwave synthesis and examined them for SIBs [12]. 
They have exhibited a specific capacity of about 890.0 mAh g− 1 at a 
current density of 0.1 mA g− 1, but they have reserved only 310.0 mAh 
g− 1 after 150 cycles [12]. Liu et al. have synthesized the Fe2O3/rGO 
nanocomposites, which has displayed a low specific capacity (390.0 
mAh g− 1) at a low current density (0.05 mA g− 1) [21]. Li et al. have 
grown the Fe2O3 single crystallites on rGO; it has demonstrated a spe
cific capacity of 610.0 mAh g− 1 at a current density of 0.05 mA g− 1 and 
has retained a specific capacity of 500.0 mAh g− 1 after 100 cycles at the 
same current density [22]. Li et al. have synthesized the amorphous 
Fe2O3/graphene composite nanosheets, which have shown a specific 
capacity of about 440.0 mAh g− 1 at a current density of 0.1 mA g− 1 [23]. 
It has also demonstrated a better initial coulombic efficiency (CE) of 
approximately 81.2%, indicating an essential role of graphene to 
enhance its initial CE. Kong et al. have prepared the α-Fe2O3 nanorod 
arrays on rGO, which has demonstrated a specific capacity of about 
350.0 mAh g− 1 at a current density of 0.2 mA g− 1. It has retained a stable 
capacity of 332.0 mAh g− 1 after 300 cycles, indicating the advantage of 
1D growth of α-Fe2O3 nanorod arrays on rGO for better Na-ion storage 
through synergistic channels [13]. Meng et al. have explored the 
Fe2O3/nitrogen-doped graphene nanosheets for SIBs; it has displayed a 
specific capacity of about 401.0 mAh g− 1 at a current density of 0.05 mA 
g− 1 and has retained about 306.0 mAh g− 1 after 50 cycles at the same 
current density [24]. Recently, Wang et al. have demonstrated the 
Fe2O3/N, S co-doped modified graphene for SIBs, which has displayed a 
specific capacity of 467.0 mAh g− 1 after 50 cycles at 0.1 A g− 1 [20]. The 
formation of amorphous composite structures, growing single crystal
lites, tuning of Fe2O3 structure, and doping of foreign elements into 
graphene have been explored [12,13,20–24]. However, they have still 
lacked the theoretical specific capacity and better stability of the com
posite materials. 

We have demonstrated the gram-scale synthesis of various amounts 
of rGO-wrapped porous α-Fe2O3 core@shell nanocubes via a simple 
solution route in the present study. The α-Fe2O3@rGO core@shell 
nanocubes possess several advantages, which includes as follows: (i) the 

current method offers the synthesis of uniform α-Fe2O3 nanocubes 
contain many pores on its surface via an economical route with an 
excellent yield (~150.0 g) in a single step; the high yield of α-Fe2O3 
nanocubes allows us to make a gram-scale synthesis of α-Fe2O3@rGO 
nanocomposites via simple chemistry further, which is more economical 
as well as efficient for battery fabrication; (ii) the porous structure of 
α-Fe2O3 enables a high number of active sites for Na-ion storage, and 
also it can hold significant volume changes throughout the cycling 
studies; and (iii) the rGO outer layers can shorten the diffusion length of 
Na-ion as well as protect the porous α-Fe2O3 nanocubes from rapid 
degradation across the charge/discharge cycles. The α-Fe2O3@rGO 
core@shell nanocubes were explored as an anode material for SIBs, and 
among them, the α-Fe2O3@rGO-10 wt% sample displays a specific ca
pacity of about 970.2 mAh g− 1 at a C-rate of 0.1C with a good rate 
capability of 77.8 mAh g− 1 at a high C-rate of 5.0C (50 times than the 
initial C-rate). Moreover, the α-Fe2O3@rGO-10 wt% sample exhibits 
better cyclic stability of about 587.0 mAh g− 1 (~60.5% of initial specific 
capacity) after 100 cycles at a C-rate of 0.1C. The better specific capacity 
and cyclic stability mainly contribute to the efficient synergistic inter
action between the porous α-Fe2O3 nanocubes and rGO nanosheets. 

2. Experimental section 

2.1. Reagents 

Iron(III) chloride hexahydrate (≥97.0%, Sigma-Aldrich), sodium 
hydroxide pellets (≥97.0%, Daejung Chemicals & Metals), poly
ethyleneimine (branched, Mw ~ 25,000, Sigma-Aldrich), graphite 
powder (<20 μm, Sigma-Aldrich), potassium permanganate (≥97.0%, 
Sigma-Aldrich), hydrogen peroxide solution (30.0 wt%, Sigma-Aldrich), 
and sulfuric acid (≥98.0%, Daejung Chemicals & Metals, Korea) were 
purchased and used as received. 

2.2. Synthesis 

The synthesis of α-Fe2O3@rGO core@shell nanocubes was carried 
out in three steps. The synthetic details are as follows. 

Scheme. 1. A schematic illustration for the synthesis of α-Fe2O3@rGO core@shell nanocubes.  
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2.3. Synthesis of the α-Fe2O3 nanocubes 

The α-Fe2O3 nanocubes were synthesized by a well-known sol-gel 
method. Initially, 2.0 M Iron(III) chloride hexahydrate (FeCl3.6H2O) 
solution was prepared in a 1.0 L of de-ionized (DI) water in a glass bottle 
and kept under constant stirring at room temperature until dissolving 
the iron salt. Then, a 5.4 M sodium hydroxide (NaOH) aqueous solution 
was prepared in 1.0 L of DI water. This solution was mixed to the above- 
prepared solution at a constant stirring by dropwise at room tempera
ture and continued the stirring further for another 30 min. The obtained 
thick gel was transferred into a preheated oven at 100 ◦C and continued 
reaction for eight days by aging. After completing the reaction, a 
reddish-brown precipitate was gathered by a repeated centrifuge and 
washed with distilled water and ethanol several times. The sample was 
dried at 100 ◦C overnight under a vacuum oven to attain the α-Fe2O3 
nanocubes powder sample (150.0 g). 

2.4. Synthesis of surface modification of the α-Fe2O3 nanocubes 

About 20.0 g of α-Fe2O3 nanocubes were dispersed in 1.0 L of 
distilled water and sonicated for about 5 min to get a uniform dispersion. 
After that, 20.0 g of polyethyleneimine (PEI) was dissolved in 2.0 L of 
distilled water and added this solution to the above dispersion at a 
constant stirring at room temperature. This mixture was stirring for 
overnight at room temperature. The obtained residue was centrifuged 
and washed with DI water and ethanol. The sample was finally dried in 
the vacuum oven overnight to get surface-modified α-Fe2O3 nanocubes. 

2.5. Synthesis of the α-Fe2O3@rGO core@shell nanocubes 

Graphene oxide (GO) was produced based on our previous reports 
[25,26]. Various amounts of GO (e.g., 0.5 g or 1.0 g in 0.5 L of DIW) 
were added in a dropwise passion to the suspension of about 5.0 g of 
surface-modified α-Fe2O3 nanocubes in a 2.5 L of an aqueous solution. 
The contents were stirred for 4 h at room temperature, and the collected 
residue was centrifuged, washed with distilled water and ethanol. The 

powder samples were calcined at 200 ◦C for 4 h under an argon atmo
sphere (200 SCCM) to get α-Fe2O3@rGO core@shell nanocubes. The 
final samples were labeled as α-Fe2O3@rGO-10 wt% and 
α-Fe2O3@rGO-20 wt% corresponding to 0.5 g and 1.0 g of GO, respec
tively. The digital images of these samples are shown in Fig. S1. 

2.6. Results and discussion 

The formation of α-Fe2O3@rGO core@shell nanocubes is displayed 
in Scheme 1. Initially, iron salt ionizes to Fe2+, which reacts with the 
hydroxide ions leading to Fe(OH)3. At 100 ◦C, the formed product un
dergoes phase transformation by dehydration and produces α-Fe2O3 
nanocubes [27]. Afterward, the surface of α-Fe2O3 nanocubes is modi
fied with a PEI at room temperature, resulting in a positive charge over 
the surface of α-Fe2O3 nanocubes. Then, with the help of charge-charge 
interactions, negatively charged GO sheets are wrapped on the surface of 
positively charged α-Fe2O3 nanocubes. Finally, calcination under an 
argon atmosphere resulting in the formation of α-Fe2O3@rGO core@
shell nanocubes. The crystal structure of rGO, α-Fe2O3, and 
α-Fe2O3@rGO core@shell nanocubes were studied using XRD analysis 
as displayed in Fig. 1a. The pure rGO sample shows a broad diffraction 
peak centered at about 24.5◦ and a very weak diffraction peak centered 
at about 42.8◦, conforming to (002) and (100) planes of graphene. The 
XRD patterns of pure α-Fe2O3 and α-Fe2O3@rGO core@shell samples 
exhibit the significant reflections at a 2θ of 24.2, 33.2, 35.6, 40.8, 49.5, 
54.2, 57.6, 62.6, and 64.0◦ corresponding to (012), (104), (110), (113), 
(024), (116), (018), (214), and (300), and three minor reflections at 
39.2, 43.5, and 69.4◦ corresponding to (006), (202), and (208) re
flections of Fe2O3 (JCPDS No. 33–0664), respectively. In the case of 
α-Fe2O3@rGO core@shell samples, no significant XRD reflections of rGO 
are noticed, indicating the amorphous nature of rGO in these samples. 
The crystallite size of α-Fe2O3 in these samples was estimated using a 
Debye-Scherrer equation at 2θ of 33.2◦, and it is expressed as follows. 

δ=
Kλ

βCosθ
(1) 

Fig. 1. (a) XRD, and (b) Raman plots of rGO, α-Fe2O3, and α-Fe2O3@rGO core@shell nanocubes, (c) TGA plot of α-Fe2O3@rGO core@shell nanocubes, and (d) BJH 
plot of α-Fe2O3, and α-Fe2O3@rGO core@shell nanocubes. 
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Here δ is the average crystallite size of nanoparticles (nm), K is a 
dimensionless parameter (0.89), λ is the wavelength of Cu-Kα X-ray ra
diation, β is the full-width half-maximum, and θ is the Bragg angle. 
Crystallite size was calculated to be 19.3, 19.1, and 19.0 nm for the 
α-Fe2O3, α-Fe2O3@rGO-10 wt%, and α-Fe2O3@rGO-20 wt% samples, 
respectively. These results are indicating the phase purity of Fe2O3 in the 
α-Fe2O3@rGO core@shell nanocubes without any impurities. Moreover, 
coating of rGO over the surface of α-Fe2O3 nanocubes doesn’t change the 
crystallite size of Fe2O3 in the α-Fe2O3@rGO core@shell nanocubes. 

Raman spectroscopy was carried out to enumerate the existence of 
rGO in these samples, and the corresponding results are shown in 
Fig. 1b. In a Raman spectroscopy, zz polarization allows A1g modes, 
crossed xz, and yz polarization allows Eg modes, while the polarization 
in xx and xy configuration allows magnon scattering [28,29]. The 
α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes display two sets of 
Raman bands. One set of bands at 218.0, and 487.0 cm− 1 correspondings 
to A1g mode, while the other set of bands at 280.0, 395, 605, and 653 
cm− 1 ascribed to Eg mode of α-Fe2O3 [13]. Interestingly, the broadband 
at 653 cm− 1 in these samples mainly attributes to the formation of 
disordered hematite by dehydration [29]. Another two broad bands 
centered at 810 and 1057 cm− 1 mainly attribute to polarization in xx 
direction because of first-order magnon scattering [28,30]. In addition, 
another broadband at about 1300 cm− 1 in the α-Fe2O3 sample indicates 
the characteristic mode of hematite, which can be ascribed to the 
interaction of two-magnon scattering on antiparallel close spin sites [12, 
28]. In α-Fe2O3@rGO core@shell nanocubes, the characteristic band of 
hematite at 1300 cm− 1 is merged with the D band of rGO, while another 
band, 1590 cm− 1, consistent with the G band of rGO [12]. Among the 
α-Fe2O3@rGO core@shell nanocubes, α-Fe2O3@rGO-10 wt % sample 
shows a higher ID/IG value (1.74) than that of α-Fe2O3@rGO-20 wt % 
sample (1.55) indicating a more disordered porous structure of carbon, 
promising for better Na-ion storage since the more disordered or 

defected rGO structure possesses vacant sites that could enhance the 
electron and ion transport pathway channels [31,32]. 

To estimate the carbon (rGO) content in the α-Fe2O3@rGO core@
shell nanocubes, thermogravimetric analysis (TGA) was conducted 
under air, and the related plot is shown in Fig. 1c. The total weight loss 
at 700 ◦C is about 10.1 and 17.8%, corresponding to α-Fe2O3@rGO-10 
wt% and α-Fe2O3@rGO-20 wt% samples. Until 250 ◦C, the 
α-Fe2O3@rGO core@shell nanocubes don’t show any weight loss. A 
significant weight loss between 250 and 500 ◦C is ascribed to the py
rolysis of rGO under air in the samples [12,13,33]. The specific surface 
area (SSA) and pore size distribution exhibit a vital part in the electro
chemical accomplishment of the electrode materials. The SSA of the 
α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes was assessed using 
Brunauer-Emmet-Teller (BET) analysis (Fig. S2), and all the samples 
exhibit a characteristic type-IV curve with H3 hysteresis. The SSA of the 
samples is measured to be 39.4, 47.6, and 51.8 m2 g− 1 corresponding to 
α-Fe2O3, α-Fe2O3@rGO-10 wt% and α-Fe2O3@rGO-20 wt%, respec
tively. The pore size distribution was estimated according to the BJH 
method, and the corresponding outcomes are provided in Fig. 1d. The 
pore size of the samples is measured to be 1.66, 1.88, and 1.72 nm 
corresponding to α-Fe2O3, α-Fe2O3@rGO-10 wt%, and 
α-Fe2O3@rGO-20 wt%, respectively. The narrow pore size distribution 
indicates well-defined mesopores, which favors better Na-ion storage 
[2]. 

The morphology of the α-Fe2O3 and α-Fe2O3@rGO core@shell 
nanocubes were analyzed using FE-SEM and TEM analysis (Figs. 2 and 
S3). The FE-SEM image of the α-Fe2O3 sample shows uniformly 
distributed cubic shape morphology with soft edges and corners 
(Fig. S3a). Moreover, the α-Fe2O3 nanocubes indicate a rough surface 
with smaller pores on its surface, ascribed to the aggregation of smaller 
α-Fe2O3 nanoparticles leading to α-Fe2O3 nanocubes. The presence of 
pores on the surface of α-Fe2O3 nanocubes can allow the free shuttling of 

Fig. 2. (a, f) FE-SEM, (b, g) low-magnification TEM, (c, h) high-magnification TEM, (d, i) HRTEM, (e, i) SAED, (k-o, q-u) EDS color mapping, and (p, v) EDS spectra of 
α-Fe2O3@rGO-10 wt% and α-Fe2O3@rGO-20 wt% core@shell nanocubes, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Na-ions during the GCD cycles, which favors the accommodation of 
volume changes. The diameter of the α-Fe2O3 nanocubes is estimated to 
be about 500 ± 20 nm. The surface-modified α-Fe2O3 nanocubes also 
exhibit similar morphology to α-Fe2O3 nanocubes without any change 
(Fig. S3b). The FE-SEM images of α-Fe2O3@rGO core@shell nanocubes 
are displayed in Fig. 2a and f. They can clearly show the complete 
wrapping of rGO monolayer sheets over the surface of α-Fe2O3 nano
cubes with many folds and crumples. The 3D interconnected network 
between the α-Fe2O3 nanocubes and the rGO layers favors better Na-ion 
insertion and deinsertion by shortening the diffusion path length during 
the GCD cycles. Three-dimensionally connected rGO shell can accom
modate volume changes offered by α-Fe2O3 nanocubes during the GCD 
cycles (Fig. S4). Moreover, the rGO shell effectively protects the ag
gregation of α-Fe2O3 nanocubes upon long-term cycling. 

To better understand the morphology of α-Fe2O3@rGO core@shell 
nanocubes, TEM analysis was carried out, and high/low magnification 
TEM images are given in Fig. 2b and c and Fig. 2g and h, corresponding 
to α-Fe2O3@rGO-10 wt% and α-Fe2O3@rGO-20 wt% samples, respec
tively. Fig. 2c and h indicate an interface between the α-Fe2O3 nano
cubes and the rGO shell layers. A rough surface of α-Fe2O3 nanocubes 
with gaps between each surface particle is noticed, which favors easy 
insertion and deinsertion pathways for Na-ions via conductive rGO 
network. Fig. 2d and i indicating HRTEM images of the α-Fe2O3@rGO 
core@shell nanocubes exhibit a lattice spacing of about 0.27 nm con
forming to (104) plane of α-Fe2O3 nanocubes. Fig. 2e and j displaying a 
selected area electron diffraction (SAED) patterns of the α-Fe2O3@rGO 
core@shell nanocubes, indicating a ring pattern with dots. It further 
confirms the polycrystalline nature of α-Fe2O3 present in the 
α-Fe2O3@rGO core@shell nanocubes. The diffractions of (012), (104), 
(110), (113), (024), and (116) planes confirm the presence of α-Fe2O3 in 
the α-Fe2O3@rGO core@shell nanocubes. 

The elemental composition of the α-Fe2O3@rGO core@shell nano
cubes was studied using FE-SEM EDS and TEM-EDS analysis. The FE- 
SEM EDS images are shown in Figs. S5 and S6 and TEM-EDS images 
are shown in Fig. 2(k-p) and 2(q-v) corresponding to α-Fe2O3@rGO-10 

wt% and α-Fe2O3@rGO-20 wt% samples, respectively. The TEM-EDS 
color mapping analysis clearly shows iron and oxygen in the core 
regime and carbon in the shell region. Moreover, the color maps of 
carbon indicating complete wrapping of rGO sheets over the surface of 
α-Fe2O3 nanocubes further confirm the formation of α-Fe2O3@rGO 
core@shell nanocubes. TEM-EDS spectra also verify the presence of iron, 
oxygen, and carbon in these samples. Later, the elemental composition 
and surface electronic states of the rGO, α-Fe2O3, and α-Fe2O3@rGO 
core@shell nanocubes were examined using XPS analysis. The survey 
spectra of pure α-Fe2O3 and rGO are shown in Figs. S7a and S7d. In the 
pure α-Fe2O3, the high-resolution XPS spectrum of Fe2p (Fig. S7b) il
lustrations two peaks centered at 710.5 and 724.2 eV, agreeing to Fe2p3/ 

2 and Fe2p1/2, respectively, along with two other satellite peaks [34,35]. 
The Fe2p3/2 and Fe2p1/2 show two doublets at 710.3 & 723.6 eV, and 
711.9 & 725.5 eV indicating +2 and + 3 oxidation states of iron present 
in the α-Fe2O3 [34]. The high-resolution spectrum of O1s (Fig. S7c) 
shows peaks at 529.9, 531.9, and 534.7 eV, conforming to O–Fe, –OH, 
and –OH2, respectively, indicating the presence of hydroxyl groups on 
the surface of α-Fe2O3 [36]. In the case of rGO, the high-resolution 
spectrum of C1s (Fig. S7e) shows three peaks centered at 284.5 
(C––C), 285.7 (C–O), and 288.5 eV (O–C––O), respectively [26]. Fig. 3a 
and S8a indicate the survey spectra of the α-Fe2O3@rGO core@shell 
nanocubes, confirming the presence of iron, oxygen, and carbon in these 
samples. The high-resolution XPS spectra of Fe2p (Figs. 3b and S8b) 
show similar features like Fe2p of pure α-Fe2O3. The high-resolution 
spectra of O1s are displayed in Figs. 3c and S8c display three peaks 
positioned at about 529.8 eV corresponding to O–Fe bond in the 
α-Fe2O3, and other two peaks at 531.5 and 533.2 eV consistent to O––C 
and C–OH/O–C–O of rGO, respectively [13,35,37], representing the 
strong bonding between the α-Fe2O3 and rGO in the α-Fe2O3@rGO 
core@shell samples. Figs. 3d and S8d display the high-resolution spectra 
of C1s, which show the peaks similar to C1s of rGO. These results further 
supporting the formation of α-Fe2O3@rGO core@shell samples. 

It is known that rGO can play a significant role in enlightening the 
rate capability and cyclic stability of the active electrode materials. 

Fig. 3. (a) XPS survey spectrum, and (b–d) high-resolution XPS spectra of Fe2p, O1s, and C1s of α-Fe2O3@rGO-10 wt% core@shell nanocubes.  
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Electrochemical studies (cyclic voltammetry (CV), Galvanostatic 
charge-discharge (GCD), rate capability, and cyclic stability) were per
formed in a half-cell system to empathize the Na-ion charge storage in 
α-Fe2O3@rGO core@shell nanocubes. Fig. 4a displays the CV plot of 
α-Fe2O3 and α-Fe2O3@rGO core@shell nanocube samples in the first 
cycle at a scan rate of 0.2 mV s− 1. All three samples show two weak (0.85 
& 0.33 V vs. Na/Na+) and two strong (0.61 & 0.01 V vs. Na/Na+) 
reduction peaks and two oxidation peaks at 0.87/1.00 and 1.92 V vs. Na/ 
Na+. A weak reduction peak at 0.85 V vs. Na/Na+ is credited to Na-ion 
insertion into the lattice of α-Fe2O3 leads to α-NaxFe2O3 [13]. A strong 
reduction peak at 0.61 V vs. Na/Na+ is caused by forming a solid elec
trolyte interface (SEI) accompanied by the electrolyte decomposition 
leading to an irreversible capacity loss in the first cycle [13,22]. Another 
weak and strong reduction peaks at 0.33 and 0.01 V vs. Na/Na+ are 
ascribed to the reduction of the α-Fe2O3 from Fe3+→Fe2+ and Fe2+→Fe0, 
respectively [23,24]. The α-Fe2O3 and α-Fe2O3@rGO-10 wt% samples 
show the oxidation peaks at about 1.00 and 1.92 V vs. Na/Na+ and that 
of α-Fe2O3@rGO-20 wt% shows at about 0.87 and 1.92 V vs. Na/Na +

corresponding to Fe0→Fe2+ and Fe2+→Fe3+, correspondingly [23,24]. 
The whole electrochemical process is expressed as follows [38–41]. 

Fe2O3 + 6Na+ + 6e− →3Na2O + 2Fe (2) 

The CV analysis of α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes 
were tested at diverse scan rates from 0.2 to 1.0 mV s− 1 to understand 
the kinetics of the electrodes (Fig. 4b–d). All three samples show a broad 
reduction peak between 1.15 and 0.50 V vs. Na/Na+ with a peak 
centered at about 0.72 V vs. Na/Na + corresponding to Fe3+→Fe0 [23]. 
The broad oxidation peak is noticed between 1.20 and 2.25 V vs. Na/Na+

with a peak centered at about 1.75 V vs. Na/Na + corresponding to 
Fe0→Fe3+ [40,41]. Moreover, with proliferating the scan rate, redox 
peaks are shifted towards lower and higher potential sides without 
altering the shape of the peaks indicating the excellent reversibility of 
the redox reactions [2,42]. Among the three electrodes, the 
α-Fe2O3@rGO-10 wt% sample shows higher current with the increase of 
scan rate, indicating better electrochemical performance than other 
samples. To understand the charge storage mechanism, peak current (ip) 
at various scan rates was evaluated using the following equations [31, 
42]. 

i ​ = ​ aνb (3)  

log ​ i ​ = ​ log ​ a ​ + ​ blog ​ ν (4) 

Fig. 4e shows a linear association between log i and log ν with a slope 
(b) values greater than 0.5, indicating the significant charge storage 
contribution is because of capacitive behavior (b = 1.0) rather than ion- 
diffusion controlled process (b = 0.5) in these samples [43,44]. The 
slope values for peak 1 are 0.69, 0.74, and 0.70, and that of peak 2 are 
0.66, 0.72, and 0.68, corresponding to α-Fe2O3, α-Fe2O3@rGO-10 wt% 
and α-Fe2O3@rGO-20 wt% samples, respectively. The following equa
tion is employed to enumerate capacitive (k1ν) contribution and 
ion-diffusion controlled (k2ν1/2) process in these samples. 

i(V) ​ = ​ k1ν + ​ k2ν1/2 (5) 

The contribution of charge storage of α-Fe2O3, α-Fe2O3@rGO-10 wt 
%, and α-Fe2O3@rGO-20 wt% samples at different scan rates is shown in 
Fig. 4f. It is noticed that with the rise of scan rate from 0.2 to 1.0 mV s− 1, 
the capacitive impact is gradually increased, and the ion-diffusion 
contribution is decreased for all three samples. Among the three sam
ples, the α-Fe2O3@rGO-10 wt% sample shows a higher capacitive 
contribution than the rest of the samples. The better electrochemical 
performance of the α-Fe2O3@rGO-10 wt% sample is mainly ascribed to 
synergistic interaction of porous α-Fe2O3 with an interconnected 
network of rGO layers, which can decrease the diffusion path length for 
Na-ion shuttling and enhances the electrochemical activity [12,22]. 

To empathize the electrochemical performance of the α-Fe2O3 and 
α-Fe2O3@rGO core@shell nanocubes, GCD analysis was accomplished 
at various C-rates ranging from 0.1 to 5.0C (1.0C = 1000 mA g− 1), and 
the corresponding results are shown in Fig. 5a–c. The first discharge and 
charge capacities for α-Fe2O3@rGO-10 wt% sample are found to be 
1661.6 and 920.8 mAh g− 1 with a CE of 55.5%, and that of α-Fe2O3 and 
α-Fe2O3@rGO-20 wt% samples are found to be 1500.7 & 904.8 mAh g− 1 

and 942.0 & 476.1 mAh g− 1 with a CEs of 60.3% and 50.5%, respec
tively. The discharge capacities in the second cycle are measured to be 
about 970.2, 505.3, and 910.3 mAh g− 1 corresponding to α-Fe2O3@rGO- 
10 wt%, α-Fe2O3@rGO-20 wt%, and α-Fe2O3, respectively. The low CE 
in the first cycle and irreversible capacity loss between the first and 

Fig. 4. (a) CV spectra of α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes in a first cycle at a scan rate of 0.2 mV s− 1, (b–d) CV spectra of α-Fe2O3@rGO-10 wt%, 
α-Fe2O3@rGO-20 wt%, and α-Fe2O3 at scan rates between 0.2 and 1.0 mV s− 1, respectively, (e) Log i vs. Log ν plot, and (f) 3D plot of capacitive and diffusion current 
contribution ratio of α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes. 
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second cycle is commonly observed for conversion-based metal oxide 
nanoparticles. It is primarily accredited to establishing the SEI layer by 
decomposing the electrolyte, indicating a reduction peak at about 0.61 V 
vs. Na/Na+ and irreversible intercalation of Na-ions into the crystal 
lattice of α-Fe2O3 in the first cycle [38,39]. Among the three samples, the 
α-Fe2O3@rGO-10 wt% sample shows higher discharge capacity in the 
second cycle. We were fabricated the α-Fe2O3@rGO freestanding elec
trodes along with SWCNTs. To understand SWCNTs’ specific capacity 
contribution in these electrodes, we were carried out GCD analysis with 
SWCNTs electrode alone with an electrode mass of 1.0 mg cm− 2 

(Fig. S9). It exhibits a specific capacity of about 100 mAh g− 1 at 0.1C. In 
the case of α-Fe2O3@rGO freestanding electrodes, the mass of SWCNTs 
is about 0.2 mg cm− 2, and the contribution of SWCNTs’ can be about five 
times lower when compared with an SWCNTs mass of 1.0 mg cm− 2, 
corresponding to a specific capacity contribution of about 20 mAh g− 1 at 
0.1C. The α-Fe2O3@rGO-10 wt% freestanding electrode shows a specific 
capacity of 970.2 mAh g− 1; the contribution of SWCNTs’ in this elec
trode is about 2.0% of its overall capacity, and the significant contri
bution (98.0%) is shown by α-Fe2O3@rGO alone. Afterward, the rate 
capability of all the three samples was tested, and the corresponding plot 
is shown in Fig. 5d. The discharge capacities of α-Fe2O3@rGO-10 wt% 
sample are found to be 663.2, 490.9, 346.7, 145.4, and 77.8 mAh g− 1 at 
a C-rates of 0.2, 0.5, 1.0, 2.0 and 5.0C, correspondingly, and that of 

α-Fe2O3@rGO-20 wt%, and α-Fe2O3 are estimated to be 355.7, 276.5, 
101.7, 60.7, & 39.5 mAh g− 1, and 467.9, 273.5, 142.0, 65.4, & 20.3 mAh 
g− 1 at a same C-rates, respectively. The slight decay in specific capacities 
at low C-rate is primarily accredited to the continuous formation of 
stable SEI accompanied by side reactions of the electrolyte [12,24]. 
When the C-rate brings back to 0.1C, the α-Fe2O3@rGO electrodes show 
better discharge capacities than α-Fe2O3 electrode indicating better rate 
capability. Among the α-Fe2O3@rGO core@shell samples, the 
α-Fe2O3@rGO-20 wt% sample may possess low electrical conductivity 
because excess rGO might have blocked the active sites for Na-ion 
diffusion in α-Fe2O3 and thus resulting in a low specific capacity as 
well as rate capability at all C-rates than that of α-Fe2O3@rGO-10 wt% 
sample. 

The cyclic stability of all the three samples until 650 cycles at 0.1 C- 
rate is displayed in Fig. 5e. After 100 cycles, the α-Fe2O3@rGO-10 wt% 
sample displays a discharge capacity of 586.9 mAh g− 1, while 
α-Fe2O3@rGO-20 wt% and α-Fe2O3 samples show 340.9 and 242.7 mAh 
g− 1. In the case of α-Fe2O3 nanocubes, the discharge capacity is fallen 
rapidly after 65 cycles and showed much fluctuation in the CE, which 
can be due to the faster aggregation of α-Fe2O3 nanocubes by the large 
volume changes during the cycling [12,20,39]. From the 101th to 300th 

cycle, discharge capacities are slowly decayed, and afterward, pro
longed decay is observed until the 650th cycle in the α-Fe2O3@rGO 

Fig. 5. (a–c) GCD plots of α-Fe2O3@rGO-10 wt%, α-Fe2O3@rGO-20 wt%, and α-Fe2O3 at various C-rates, respectively, (d) rate capability, (e) cyclic stability at 0.1 C- 
rate, (f) comparison of specific capacity and rate capability of α-Fe2O3@rGO-10 wt% sample with a reported Fe2O3/rGO materials (inset shows the comparison of 
retention capacity after cyclic stability), (g) EIS spectra at 650th cycle of α-Fe2O3 and α-Fe2O3@rGO core@shell nanocubes (corresponding lines are indicating fitting 
curves); inset shows the corresponding equivalent circuit, (h) GITT plot of α-Fe2O3@rGO-10 wt% sample at 0.1 C-rate, and (i) chemical diffusion coefficient of Na-ion 
as a function of voltage during the discharge curves of GITT in the α-Fe2O3 and α-Fe2O3@rGO samples. 
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core@shell samples. At the 650th cycle, discharge capacities are 98.2, 
98.7, and 37.2 mAh g− 1 corresponding to α-Fe2O3@rGO-10 wt%, 
α-Fe2O3@rGO-20 wt%, and α-Fe2O3, respectively. The α-Fe2O3@rGO 
samples show about two and half times higher discharge capacities after 
650 cycles than pure α-Fe2O3 alone. The better discharge capacity of 
α-Fe2O3@rGO core@shell nanocubes is mainly attributed to slowing the 
aggregation of α-Fe2O3 by the interconnected rGO network and short
ening the path length for Na-ion shuttling during the cycling [13,39]. 
The comparison of specific capacity, rate capability, and cyclic stability 
of α-Fe2O3@rGO core@shell nanocubes with previously reported liter
ature were summarized in Table S1 [12,13,19–24,45–49] and also 
provided in Fig. 5f. As compared to previously reported α-Fe2O3/rGO 
electrode materials, the α-Fe2O3@rGO core@shell nanocubes exhibit 
superior initial specific capacity and cyclic stability. 

Afterward, the electrode kinetics of the samples were tested at the 
650th cycle using EIS, and the corresponding results are shown in Fig. 5g. 
All the parameters were evaluated by fitting the curve according to the 
equivalent circuit model [13,23]. In the high-frequency region, solution 
resistance (Rs) of α-Fe2O3@rGO-10 wt%, α-Fe2O3@rGO-20 wt%, and 
α-Fe2O3 is found to be 2.63, 2.76, and 3.03 Ω, respectively. The SEI film 
resistance (Rf) is measured to be 91, 207, and 242 Ω corresponding to 
α-Fe2O3@rGO-10 wt%, α-Fe2O3@rGO-20 wt%, and α-Fe2O3, respec
tively. The lower Rf value of α-Fe2O3@rGO-10 wt% indicates lesser 
electrolyte decomposition to form the SEI layer on the surface of 
α-Fe2O3@rGO-10 wt% than that of α-Fe2O3@rGO-20 wt%, and α-Fe2O3 
[23]. The depressed semicircle is a parallel coalescence of charge 
transfer resistance (Rct) and constant phase element (Q). The Rct is 
calculated to be 750, 1001, and 1106 Ω corresponding to 
α-Fe2O3@rGO-10 wt%, α-Fe2O3@rGO-20 wt%, and α-Fe2O3, respec
tively, indicating the α-Fe2O3@rGO-10 wt% possesses faster electron 
transfer than α-Fe2O3@rGO-20 wt%, and α-Fe2O3 because of its better 
electrical conductivity [12]. In the low-frequency region, the inclined 
line exhibited a similar slope for all the samples indicating similar 
diffusion. EIS results indicating better electrode kinetics in 
α-Fe2O3@rGO samples than α-Fe2O3 because of better electrical con
ductivity offered by rGO in these samples. To study the Na-ion diffusion 
coefficient in these samples, we were performed the GITT analysis, and 
the corresponding GITT plot of the α-Fe2O3@rGO-10 wt% sample is 
shown in Fig. 5h and that of α-Fe2O3 and α-Fe2O3@rGO-20 wt% samples 
are shown in Fig. S10a &b. The single titration of the α-Fe2O3@rGO-10 
wt% sample during the discharge is shown in Fig. S10c. During the 
second charge-discharge cycle, the Na-ion diffusion coefficient was 
estimated according to Fick’s second law [50]. 

DNa =
4
πτ (mBVM/MwA)2

(ΔEs/ΔEτ)
2 (6) 

Here, D is the Na-ion diffusion coefficient (cm2 s− 1), τ is the pulse 
time of single titration (s), mB is the mass of active material (g), VM is the 
molar volume of the active material (cm3 mol− 1), Mw is the molecular 
weight of the active material (g mol− 1), A is the active surface area at the 
electrode-electrolyte interface (cm2), ΔEs is the steady-state potential, 

and ΔEτ is the total difference in the cell voltage during the single 
titration. The chemical Na-ion diffusion coefficient as a function of 
voltage is showing in Fig. 5i, which reveals that α-Fe2O3@rGO-10 wt% 
sample shows Na-ion diffusion coefficient 5.96 × 10− 10 to 1.93 × 10− 10 

cm2 s− 1, while that of α-Fe2O3@rGO-20 wt% and α-Fe2O3 samples show 
1.91 × 10− 10 to 4.84 × 10− 11 cm2 s− 1 and 3.76 × 10− 10 to 9.74 × 10− 11 

cm2 s− 1, respectively. Among the three samples, the α-Fe2O3@rGO-10 
wt% sample shows a higher Na-ion diffusion coefficient indicating better 
Na-ion diffusion favored by rGO layers over the surface of α-Fe2O3, 
whereas low Na-ion diffusion coefficient in the α-Fe2O3@rGO-20 wt% 
sample indicating blockage of surface pores of α-Fe2O3 by excess rGO. 
These results further support the better specific capacity and rate 
capability of the α-Fe2O3@rGO-10 wt% sample. 

Finally, the morphology of the α-Fe2O3@rGO samples was tested 
using FE-SEM analysis after the cyclic stability test, and the corre
sponding results are shown in Fig. S11. Both the α-Fe2O3@rGO samples 
show a slight aggregation of α-Fe2O3 nanocubes after 650 cycles. These 
samples show SWCNTs in the FE-SEM images because these freestanding 
electrodes were fabricated with the help of SWCNTs. Based on the above 
results, a schematic illustration of Na-ion storage in the α-Fe2O3@rGO 
samples during the charge-discharge cycles is depicted in Fig. 6. The 
better activity and high structural stability of α-Fe2O3@rGO core@shell 
nanocubes is mainly attributing to the efficient synergistic interaction 
between the α-Fe2O3 nanocubes and rGO layers [21,24]. Moreover, the 
porous structure of α-Fe2O3 nanocubes can prevent significant volume 
changes during the cyclic stability; the rGO network can provide better 
conductivity to improve the activity and structural integrity of the 
α-Fe2O3@rGO core@shell nanocubes [12]. Therefore, tuning the porous 
structure of active materials with a 3D morphology and coupling with 
them by an rGO network can enormously improve the electrochemical 
activity of the functional materials. Because of these reasons, 
α-Fe2O3@rGO, core@shell nanocubes show excellent electrochemical 
properties than α-Fe2O3 nanocubes alone. These insights can be helpful 
to develop various electroactive materials in the future for energy 
storage applications. 

3. Conclusion 

We have effectively demonstrated the gram-scale synthesis of 
α-Fe2O3@rGO core@shell nanocubes via a direct and economical solu
tion route. The synthesized α-Fe2O3@rGO core@shell nanocubes sam
ples were well characterized to confirm the phase purity, surface 
oxidation states, and morphology by various analytical techniques. The 
synthesized α-Fe2O3@rGO core@shell nanocubes were deliberated as 
effective anode materials for SIBs. The α-Fe2O3@rGO-10 wt% sample 
shows a specific capacity of about 970.2 mAh g− 1 at 0.1 C-rate. More
over, it also delivers an excellent rate capability of about 77.8 mAh g− 1 

at 5.0 C-rate. In addition, the α-Fe2O3@rGO-10 wt% sample also dis
plays a specific capacity of approximately 586.9 mAh g− 1 after 100 
cycles at 0.1 C-rate. The better specific capacity, rate capability, and 
cyclic stability mainly contribute to the synergistic interaction between 

Fig. 6. A schematic illustration of Na-ion storage during the charge and discharge in the α-Fe2O3@rGO core@shell nanocubes.  
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porous α-Fe2O3 and rGO. The current synthetic strategy expects to 
reduce the cost of synthesizing various electroactive materials in the 
future and will help design effective anode materials for different 
practical energy storage devices. 
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