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Nano-architectured cobalt
selenide spheres anchored on
graphene oxide sheets for
sodium ion battery anode
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Xiaoming Lin?*

'School of Chemical and Materials Engineering (SCME), School of Interdisciplinary Engineering and
Sciences (SINES), National University of Sciences and Technology (NUST), Islamabad, Pakistan, 2School
of Chemistry, South China Normal University, Guangzhou, China

Aimed at commercializing the technology of sodium-ion batteries (SIBs),
researchers have been trying to produce electrode materials with optimally
high charge storage capacity, superior rate capability, extended life, and cost-
effective components. Herein, we synthesized an electrode of cobalt selenides
loaded in carbon spheres and anchored on reduced graphene (CSSs@rGO) for
high-performance SIBs. This improved structure of CSSs@rGO permits the
pseudocapacitive storage of charge, thus enhancing the electrical
characteristics. It was discovered that the diameter of the carbon sphere had
a significant impact on the charge storage capacities of the developed
electrode materials, suggesting the probable depth of sodium-ion (Na-ion)
movement in the electrode materials during charge and discharge. For instance,
CSSs@rGO  with an average diameter of ~70nm presented the best
electrochemical performance as an anode of SIBs. The nano-architecture
CSSs@rGO exhibits excellent ion storage capability with a reversible capacity
of 600 mA h g-1 at a discharge rate of 100 mA g after 50 cycles. However, at a
higher discharge rate (e.g, 1,000 mAg™), a storage capacity as high as
380 mAhg™ was achieved. In addition to higher charge storage capability
and efficient charge storage at higher discharge rates, the developed CSSs@
rGO exhibited stable cycling performance for over 3,000 cycles, which clearly
shows the feasibility of our products. This work will open new approaches for
developing advanced electrode materials for high-performance sodium-ion
batteries.
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Introduction

The ubiquitous distribution of sodium metal resources
around the world and the low prices of its salts have urged
scientists across the globe to consider sodium-ion batteries (SIBs)
as a promising alternative to lithium-ion batteries (LIBs) (Slater
et al., 2013; Kim et al., 2016; Ali et al., 2020; Rashad et al., 2020;
Zhou et al,, 2021; Asif et al., 2022). Although the recent studies of
SIBs have reported cathode performances comparable to the
cathodes of LIBs (Barpanda et al., 2014; Lee et al.,, 2014; Xiang
etal, 2015; Ahsan et al., 2022), the development of an anode with
adequately high-energy capacity, sufficiently long cycling life,
and applicably low redox potential is still a big challenge for the
scientific community. Moreover, the deployment of the already
developed LIB anode materials in SIBs has been unsuccessful
owing to the greater ionic size and higher molar mass of sodium
compared to lithium (Yousaf et al., 2021). Graphite, silicon, and
titanium oxide-based materials are effective and mostly used as
anodes in LIBs. However, when employed in SIBs, these materials
show significant issues (Wang et al., 2013; Wen et al., 2014; Chen
etal., 2015; Kim et al,, 2015; Asif et al., 2020c). Even an expanded
graphite structure can only produce a reversible capacity of
184 mAhg' at 100mAg"' (Wen et al, 2014). “P,-Nages
[Lig,Tip78] Oy~ a layered material, was recently introduced,
exhibiting only ~0.77% volume change during sodium insertion/
extraction (Wang et al,, 2013; Ali et al,, 2020). Although it can
exhibit an average storage voltage of 0.75V, it can provide a
reversible capacity of only 116 mA h g™'. Silicon can concoct a
fully sodiated phase NaSi, but the required activation energy is
calculated to be higher than 1 eV, indicating limited uptake of
sodium-ion in pristine silicon. A recent report demonstrated that
silicon nano-particles can store sodium ions reversibly and
deliver a capacity of 279 mA h g™ at a very slow scan rate of
10 mA g' (Xu et al,, 2016).

Charge storage mechanisms at the anode could be
intercalation, alloying, or conversion. Until now, intercalation-
type anode materials such as graphite and Na;V,(PO,); have
been mostly used (Cai et al., 2018; Dong et al., 2018; Gu et al.,
2018; Yousaf et al., 2021; Zhou et al,, 2021). This type presents
sufficient cyclic performance and rate capabilities but suffers
from low energy capacities (i.e., less than 300 mA h g™') (Yousaf
et al,, 2021; Zhou et al,, 2021). Materials that store charge by
making alloys (e.g., P, Sb, and Ge) or conversion (e.g., SnO,,
MoS,, and NiSe,) mechanisms usually possess higher energy
capacities but lack longer cycling life due to severe structural
deteriorations caused by large volume changes (Dahbi et al,
2016; Jiang et al., 2016; Lu et al., 2017; Luo et al., 2017; Asif et al.,
2018; Ahsan et al., 2020). To rectify this problem of structural
instability, many authors have successfully presented the
incorporation of carbon-based additives to make composite or
utilization of 2D structures to compensate for volumetric change
materials (Huang et al., 2019; Mahmood et al., 2019; Wang et al.,
2019). Transition metal chalcogenides (TMCs) are among these
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FIGURE 1
Schematic representation of the cobalt selenide spheres
embedded on rGO sheets (CSSs@rGO).

conversion mechanism-based anode materials (Ali et al., 2018a;
Alietal., 2018b; Ali et al., 2019; Riaz et al., 2019; Asif et al., 2020b;
Mahmood et al., 2020; Rashad et al., 2020; Sajjad et al., 2021;
Usman et al., 2022), which have attracted pronounced attraction
as anodes of SIBs because of their high theoretical energy
capacity, low cost, robust structure, and facile synthesis
techniques (Li et al, 2019; Riaz et al.,, 2019; Ali et al., 2020;
Rashad et al., 2020; Wang et al., 2020; Usman et al., 2022). To the
best of our knowledge, a spherical structure composed of cobalt
selenides in the spherical form embedded on rGO has not been
reported yet.

Herein, we present an anode composed of uniquely
(CSSs),
uniformly anchored on reduced graphene oxide (rGO)

structured cobalt selenide spheres which are
sheets. These CSSs consist of small crystallites (2-4 nm) of
cobalt selenide embedded and dispersed in an amorphous
carbon matrix. The carbon matrix not only enhances the
electronic properties but also provides the buffers for the
volumetric changes during the charge-discharge cycling.
CSSs of various diameters (specifically 70, 150, and 300 nm)
were produced in this study by controlling the reactant
concentrations in a one-step hydrothermal method. Due to
their unique structure, CSSs@rGO (with 70 nm diameter
spheres) presented extraordinary electrochemical
performance as an anode of SIBs. The tapping density of the
electrode materials is a big question for the graphene-
containing composite electrodes. In our study, tapping
density was sufficiently high (1.5 mgcm™) as we utilized
very small concentrations (2-3wt%) of graphene oxide as the
precursor. The composite showed high initial discharge
capacity (770 mAhg™" at 100mAg™"'), improved rate
capability (770 mAhg' at 100mA g' and 200mAhg" at
5,000mA g™'), and ultra-long cycle life (380mAhg™ at

1,000 mA g™') after 3,000 cycles.
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FIGURE 2

X-ray diffraction analysis of the cobalt as obtained cobalt
selenide spheres, annealed cobalt selenide spheres (CSS), and
composited with rGO cobalt selenide spheres (CSS@rGO).

Results and discussion

Cobealt selenide spheres were produced by a facile method (for
details, see Experiments and methods) where precursors were
dissolved in isopropanol in the presence of glycerol and treated
hydrothermally. As the CSSs were formed by the well-renowned
crystallization and Ostwald growth mechanism, where growth can
be controlled by solution viscosity (Meinders and van Vliet, 2004),
we utilized varying amounts of glycerol to tailor viscosity. Hence,
CSSs with different diameters were produced, and composites with
sphere diameters of 70, 150, and 300 nm were termed CSSs70@
rGO, CSSs150@rGO, and CSSs300@rGO, respectively. Although
the as-obtained spheres were amorphous, crystalline spheres of
cobalt selenide were obtained by annealing at 400°C for 3 h. These
spheres consist of nano-crystallites embedded in a carbon matrix
within the spheres, as illustrated by the schematic in Figure 1.

X-ray diffraction (XRD) analysis was used to investigate the
crystalline phases and compositions. Figure 2 shows XRD patterns
in a 20 range of 5°-80° of the as-obtained, annealed, and anchored
on rGO CSSs. The XRD pattern of the as-obtained CSSs does not
show the presence of any crystalline phases. However, annealing
under optimal conditions (i.e., above recrystallization temperature
for a sufficient duration) causes the formation of various crystals.
All peaks of the XRD pattern can be attributed to the JCPDS No.
89-2004, indicating the hexagonal symmetry of the CSSs with a
space group of P63/mmc. The absence of any other peaks shows
good phase purity. Supplementary Figure SI presents the
optimization of annealing conditions for different temperatures
and varying durations. XRD peaks become clearer as the annealing
temperature is increased from 300 °C to 400°C or 500°C. However,
the crystalline nature of the CSSs is not affected prominently by
longer than 3 h (i.e,, 4 or 5h) annealing durations.
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In order to investigate the unique morphologies of the CSSs@
rGO
transmission electron microscopy (TEM), and high-resolution
TEM (HRTEM) were employed. The SEM and TEM analyses
confirm the uniform distribution and anchoring of CSS over
nanosheets of rGO (Figure 3A-D). Moreover, the high-
resolution TEM analysis (Figure 3E) of an individual sphere

composites, scanning electron microscopy (SEM),

reveals that the cobalt selenide particles are embedded in an
amorphous carbon matrix. Furthermore, lattice fringes with a
spacing of 0.26 nm agree well with the (101) plane of the
hexagonal cobalt selenide (Figure 3E, inset). CSSs of different
diameters obtained by varying the glycerol amount are presented
in the TEM image (Supplementary Figures S2A-F). CSSs of
nearly 700 nm diameters were produced with ~5wt% glycerol,
and the diameters decreased by increasing the glycerol amount.
To produce CSSs in a nanometer range (<100 nm), the glycerol
amount used was 25wt%. A further increase in glycerol amount
inhibits the formation of the spherical shape of the particles
(Supplementary Figure S2I). SEM images of cobalt selenide
spheres prepared with and without rGO solution are
presented in Supplementary Figures S3A-C, whereas the CSSs
produced without adding rGO are presented in Supplementary
Figures S3D-F. Monodispersed sphere-like morphologies are
evidenced by the TEM and SEM analyses presented in
Supplementary Figures S2G,H, and Supplementary Figure S3,
respectively. However, all the CSS spheres seem to be firmly
anchored over the rGO sheets.

Elemental mapping of a graphene-embedded cobalt selenide
sphere was done using energy dispersive spectroscopy (EDS).
Figure 3F confirms the uniform distribution of cobalt, selenium,
and carbon across the sphere. Due to the presence of graphene,
the carbon signal around the sphere is also high. Hence,
composites with cobalt selenide spheres anchored on reduced
graphene oxide are ascertained. Such composites are expected to
perform extraordinarily as an anode of sodium-ion batteries
owing to the enhanced surface area, intimate contact with
rGO, and monodispersed nature of chalcogenide species in
carbon matrices (Asif et al., 2020a; Magbool et al., 2020).

The electrochemical performance of the CSSs@rGO was
examined by fabricating 2032-type coin cells with sodium
metal foil as reference and counter electrode. The literature
reveals that ether-based electrolytes yield the best results for
TMC-based anodes (Ganesan et al., 2015; Zhang et al., 2015;
Zhang et al., 2016a; Zhang et al., 2016b; Ko et al., 2016; Luo et al.,
2016; Peng et al., 2016; Su et al,, 2016; Zhu et al., 2017). Therefore,
an electrolyte containing 1.0 M NaCF;SO; in an ether-based
solvent [diethylene glycol (DEG) and dimethyl ether (DME) in a
1:1 volume ratio] was used in this study. For good cycle stability,
the scan voltage window is critical (Xu et al., 2013; Hu et al., 2015;
Kim et al,, 2015). Thus, varying voltage windows were used in
previous reports to optimize the cycling performance. Our initial
CV tests revealed that no peaks are present in the voltage range of
0.01-0.5 and 2.5-3.0 V. Hence, learning from CV tests and
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(A,B) SEM images. (C,D) TEM images. (E) High-resolution TEM images. (F) EDS elemental mapping of CSSs@rGO.

previous studies, we have compared the cyclic performance of
only two voltage ranges (i.e., 0.1-2.8 and 0.5-2.8 V) at a scan rate
of 2000 mAg ™. In order to observe a charge-discharge behavior
in detail, CV tests were performed for all composites of CSSs@
rGO, showing similar behavior to that presented in Figure 4A. In
the first cycle, the cathodic peak at 0.95 V can be associated with
the solid electrolyte layer (SEI) formation. However, the anodic
peaks of 1.75 and 1.81V can be related to the formation of
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Na,CoSe, and cobalt selenide successively (Tang et al., 2017).
From the second cycle onward, the strong cathodic peak at 1.14 V
evidences the formation of CoSe, and Na,Se together, whereas a
shallow peak around 0.65 V confirms the formation of Co metal
and Na,Se (Cui et al, 2018). Meanwhile, the anodic peak of
1.81 V confirms the reformation of cobalt selenide from Na,Se.
The charge-discharge behavior for the 1st and 10th cycles
(Figure 4C) is consistent with the CV data, proving the
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FIGURE 4

Electrochemical performance of CSSs70@rGO, (A) CV curves of as-prepared, and (B) cycled cells at the scan rate of 1 mV s™* between 0.5 and
2.8 V. (C) Charge—discharge curves at 1,000 mA g~*scan rate. (D) Rate performance of CSSs70@rGO. (E) Long-term cyclic performance of CSSs70@

rGO at the scan rate of 1,000 mA g™

validity of these findings. Reversible Na-ion storage causes
changes in the morphology and electrochemical activity of
electrode materials, increasing the charge storage capacity
(Zhang et al., 2015; Zhang et al, 2016a; Liu et al, 2016).
However, the formation of unstable SEI or phase changes
(activation) of material structure may reduce the charge
storage capacity (Ge et al, 2018). Reports on cobalt selenide
have described both the descent and increase in capacity as a
result of these competing mechanisms (Zhang et al., 2015; Zhang
etal,,2016a; Liu et al,, 2016; Ge et al., 2018). We observed a steady
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drop in the charge storage capacity of CSSs@rGO throughout the
first 70 cycles until it reached a steady level. During these cycles, a
discharge plateau at 1.14 V and a charge plateau at 1.82V are
shown in charge-discharge curves (Figure 4C), consistent with
the CV results of Figure 4A. The charge-discharge patterns
the
subsequent cycles. After the activation (rearrangement), the

undergo a significant reorganization throughout
(dis)charge patterns become stable. Subsequently, the material
shows extraordinary stability even after 3,000 cycles. Similar

activation behavior was reported and described in the
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literature because of the morphological or phase changes in
electrode materials (Zhang et al., 2016a; Ali et al., 2018b; Ge
et al, 2018). After the activation process, CV tests were
conducted at 1,000, 2,000, and 3,000 cycles (Figure 4B),
the
persistent electrochemical activity. These CV scans contain

showing overlapping patterns indicating materials’
four cathodic peaks: 1.83 V for Na-ion adsorption, 1.69 V for
the formation of Na,CoSe, intermediate phase, 1.14 V for the
generation reaction of CoSe, and Na,Se, and around 0.65V
confirming the formation of Co metal and Na,Se. Each of these
CV scans depicted two anodic peaks (centered at 1.5 and 1.9 V)
corresponding to the regeneration of Na ions from the Na,CoSe,
intermediate phase and Na,Se, respectively (Tang et al., 2017; Cui
2018). These CV curves
discharge-charge curves shown in Figure 4C.

The performance rate of the CSSs70@rGO is presented in
Figure 4D. As the current densities gradually increase from 100 to
200, 500, 1,000, and 2,000 mA g™', the discharge capacities
change from 855 to 555, 358, 258, and 200mAhg",
respectively. Even at ultrahigh current densities of 5,000 and

et al, were consistent with

10,000 mA g™', the discharge capacities remain 144 and
105mAhg’, respectively. Moreover, when the current
density is reduced back to 500mA g, the capacity can
recover to 263mAhg. This outstanding rate capability
could arise from the intimate contact between crystallites of
cobalt selenide and carbon matrix, which helps in faster ion/
charge transfer at higher scan rates.

The long-term cycling performance of the CSSs70@rGO at a
current rate of 1,000 mA g™ is presented in Figure 4E. The
energy capacity becomes stable after about 80 cycles, and the
capacity values can reach 350 mA h g™' even after 3,000 cycles at
a scan rate of 1,000 mA g™', which is 110 % and 72% of those at
the 80th and 5th cycles, respectively. Specific capacity increases
after 500 cycles because Na* ions could diffuse to the outer
reduced graphene oxide before they get to the active material.
Therefore, the Na* ions may diffuse into the CSS via vacancies or
defects present in the reduced graphene oxide instead of the
intercalation mechanism (Yousaf et al., 2019). The coulombic
efficiency always ranges between 99.66 % and 102.21% for all the
cycles, except for the first cycle.

Such outstanding electrochemical properties and extraordinary
cyclability (380 mA h g™ even after 3,000 cycles at 1 A g') render
the CSSs@rGO as a potential anode material for SIBs. These
unparalleled properties can be attributed to some reasons. First,
carbon matrix existence in material improves the electronic
conductivity and provides the buffer for volumetric changes
during intercalation/deintercalation of ions. Second, for the redox
processes, the major portion of charge storage is pseudocapacitive
behaviors. The last but most important reason is the intimate contact
between crystallites of cobalt selenide and the carbon matrix of
miniaturized spheres, which makes a smooth transfer of charges
during repeated cycles and eases off the kinetic impedance associated
with the transport of ions through the material.
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Conclusion

In summary, the monodispersed spheres of cobalt selenide
embedded on rGO (CSSs@rGO) were produced via a one-step
hydrothermal process. Controllable, different sizes of spheres
were synthesized by varying reactant concentrations. As an
anode of SIBs, the CSSs@rGO presented an extraordinarily
reversible specific capacity of 390mAhg' even after
3,000 cycles at the scan rate of 1,000 mA g'. At a slow scan
rate such as 100 mA g™', the specific capacity was as high as
554mAhg’ This

performance can be attributed to the intimate contact between

after 50 cycles. outstanding  cycling
crystallites of cobalt selenide and the carbon matrix of nano-
spheres. Moreover, the pseudocapacitive behaviors in the redox
reaction also take part in enhancing rate capability and
cyclability. Such intriguing electrochemical properties render

CSSs@rGO a potential material for SIBs anode.

Experiments and methods

Synthesis of CSSs and CSS@rGO

CSSs were produced via a facile single-step hydrothermal
process. In a typical synthesis; 0.3 mol of Co(NOs)2.6H20 (cobalt
nitrate hexahydrate) and 0.1 mol of H;0,Se (selenous acid) were
dissolved in 40 ml of (CH;3),CHOH (isopropanol) + 20%
glycerol, by magnetic stirring at 40°C for half an hour to
obtain a dark purple solution, to which a separately prepared
5ml rGO/isopropanol solution of 1 mgml™" was added. This
solution was transferred to a Teflon-lined stainless-steel
container and treated hydrothermally for 6hours at
120°C-150°C. After natural cooling to room temperature, the
product was centrifuged and washed thoroughly with absolute
ethanol several times. As-obtained purple precipitates were dried
at 70°C for 12 h under vacuum conditions. The product was then
annealed at 400°C under a nitrogen environment for 5 h with a
heating rate of 5°C per min. Then, reduced graphene oxide sheets
were mixed with annealed material in absolute ethanol and

sonicated for 1 h to obtain CoSe,@GO composite.

Material characterization

X-ray diffraction (XRD) studies were done using a PAN
analytical X’Pert-3 Powder X-ray diffractometer equipped with
Cu Ka radiation. The accelerating voltage and current were
40kV and 40 mA, respectively. The XRD analysis was
performed in the 26 range of 5°-8 0°. The morphological
characterization of the product was carried out using FEI
Tecnai T20, F20, and F30 transmission electron microscopes.
The elemental composition of composites was analyzed by an
energy dispersive spectroscopy detector equipped with F30 and
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X-ray photoelectron spectroscopy (XPS), Kratos Axis Ultra with
monochromatized Al Ka radiation (1,486.6¢eV). The BET
analysis was done using ASAP 2010. The thermogravimetric
analysis (TGA) was carried out by an SDT Q600 (USA) in argon
at a heating rate of 5°C per min from 25°C to 900°C.

Electrochemical analysis

The working electrode was prepared by mixing the active
materials (CSSs or CSSs@rGO), conductive agent (acetylene
black), and binder (carboxymethylcellulose sodium) in a weight
ratio of 80:10:10, respectively. A homogenous slurry (obtained
by mixing in deionized water) was then pasted onto a well-
cleaned Cu foil and dried at 70°C for 24 h under a vacuum. The
final mass loading of active material was between 1.00 and
1.2 mg cm . Na foil cut into circular disks was used as reference
and counter electrodes. A glass fiber filter paper was used as a
separator. The 2032-type coin half cells were fabricated in an
Ar-filled glovebox. The electrolyte was 1 mol dm™ of sodium
trifluoro-methane-sulfonate (NaCF;SO;) in an ether-based
solvent (diethylene glycol (DEG) and dimethyl ether (DME)
in 1:1 volume ratio). Electrochemical measurements of the
prepared half cells were carried out with a LAND CT 2001A
analyzer at different current densities with a potential window
of 0.1-2.8V vs. Na+/Na. Cyclic Voltammetry tests were
performed in the same voltage range, and electrochemical
impedance spectroscopy (EIS) was carried out in the
frequency range of 100 kHz to 100 mHz with a sinusoidal
voltage signal of 5mV using CHI
(Shanghai Chenhua).
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