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1. Introduction

Co,GeO,4 nanocomposites with reduced graphene
oxide and carbon nanotubes as high-performance
anodes for Na-ion batteries

Bushra Nawaz,? Ghulam Ali, @ *® Muhammad Obaid Ullah,? Fauzia Igbal,®
Faiza Jan Iftikhar, @< Sheeraz Mehboob, ¢ Ata-Ur Rehman'
and Syed Mustansar Abbas (29

Heterostructure nanomaterials have attracted attention as potential anodes for sodium-ion batteries (NIBs),
owing to their outstanding properties. In this work, a single-step facile hydrothermal route was adopted for
the synthesis of Co,GeO,, Co,GeO,4/rGO, and Co,GeO4/MWCNT nanocomposites. The X-ray diffraction
analysis reveals the spinel phase formation of Co0,GeQ,4 C0,GeO4/rGO, and Co,GeO4/MWCNTSs.
Scanning and transmission electron microscopy results depict the growth of pristine Co,GeO,4 and
Co0,Ge04/rGO nanocomposites in the nanoscale size with sharp-edge plate-like morphology, while
plate-like particles in Co,GeO4/MWCNT nanocomposites are grown on the surface and inside MWCNTs.
The chemical bonding, oxidation state of elements in the composition, and the presence of rGO and
MWCNTSs are confirmed by X-ray photoelectron spectroscopy. The galvanostatic measurements reveal
that Co,GeQg4, C0,GeO4/rGO, and Co,GeO4/MWCNT electrodes exhibit specific capacities of 314, 425
and 475 mA h g~! respectively at a rate of 0.05C. The rate capability and long cycle testing results show
higher specific capacity and structural stability of Co,GeO4/MWCNT nanocomposites. Co,GeQ,4/
MWCNT nanocomposites show a specific capacity of 108 mA h g~* at a high current density of 6.4C.
Sodium diffusion coefficient was calculated using a galvanostatic intermittent titration technique and
values were calculated in the range of 107 t0 107 cm? s7* and 10723 to 1071 cm? s~ for Co,GeO.,4/
rGO, and Co,GeO4/MWCNTSs, respectively, which are greater than the values of pristine Co,GeOy4 (107
to 107 cm? s7Y). This indicates the improved sodium-ion diffusion kinetics of C0,GeO4/rGO and
Co0,GeO4/MWCNT nanocomposites, indicating their superior electrochemical performance to pristine
Co,Ge0y4.

environmentally friendly, unlike its rival Li. Moreover, Na has
the ability to utilize electrolytes that have low decomposition

There is a huge demand for rechargeable batteries owing to the
vast and ever-growing market of energy storage systems. To
quell this need, sodium-ion batteries (NIBs) are being deliber-
ated as a likely substitute to lithium-ion batteries (LIBs). NIBs
have captured much consideration because Na is the fourth
most abundant element in the earth crust, cheap and
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potential.’* However, the low energy densities of NIBs mar their
performance parameters, which limits the economic friendli-
ness of sodium. There are three ways to improve the energy
density. First, using materials, which possess high specific
capacities as electrodes. Second, cathode materials with high
working potentials can increase the energy density. Third, to
improve the energy density, anode materials should have low
redox potentials. Nevertheless, increasing the specific capacity
of the cathode materials is difficult due to the limitation in
storage sites. Electrolyte decomposition at high potentials also
limits the utilization of cathode materials having high redox
potentials. Therefore, in a bid to increase the energy density of
NIBs, the development of anode materials with intrinsic high
specific capacities and low working potentials is the best
approach.’>”

Alloy-type anode materials from group 14 elements have
high theoretical capacities, so they have been thoroughly
studied in LIBs. Hence, those elements can also be used to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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improve the capacity of NIBs because sodium behaves similar to
lithium.*>* Among group 14 elements, Si is considered a poor
choice to be used as an anode material due to their low activity
in NIBs.>" However, Si is being reported with oxycarbide where
it delivered a limited capacity of 233 mA h g~ *.** By contrast, Sn
delivers high capacity; however, the volume expansion despite
high capacity limits their utilization. This volume change
occurs as the sodiation of Sn leads to a gradual pulverization of
the electrode material and can cause poor cycling stability
during the electrochemical process.'*'® However, Ge is
a prospective anode material for NIBs as Ge has better reversible
capacities and capacity retention than Si or Sn anodes.”
Furthermore, the use of Ge with other 3D metal oxides provides
higher capacity values and better reversibility.

Despite the high theoretical capacity of Ge, the electro-
chemical performance is considerably affected by its intrinsic
shortcomings such as low cycling stability, capacity fading, and
volume expansion (become more worst in NIBs because of the
larger ionic radius of Na). Moreover, Ge owing to its poor elec-
trical conductivity and volume expansion during sodium
insertion/extraction has meagre cycling performance.”* Thus, to
overcome these shortcomings, there is a need to develop the
hybrid architecture for NIB anodes.

To lessen the volume change of alloy anode materials, there
are many strategies such as reducing the size to the nanoscale,
coating of carbonaceous materials, architecting a void space to
bear the volume change, and lastly forming 2D or 3D hetero-
structures with other elements to buffer the volume expansion
during the sodiation/desodiation process.”»** The exhaustively
employed way is to reduce the size of Ge to the nanoscale,
thereby reducing the pathways for sodium ion diffusion.
However, this also greatly affects the electronic conductivity
because of the induced quantum confinement effect at the
nanoscale.” The coating of carbonaceous materials on the
surface of anode materials has also been proved as an effective
strategy for increasing the cyclic stability.® This layering of
carbon can accommodate the internal stress caused by severe
volume change during sodium ion insertion and extraction with
high electrochemical activity, thus improve the cycling stability.
Lastly, but most importantly, the formation of binary or ternary
composite with carbonaceous materials like graphene and
carbon nanotubes (CNTs) can also mitigate structural degra-
dation due to the volume expansion.

Graphene among carbon materials has been proven a perfect
structure due to its excellent chemical stability and marvelous
electrical conductivity. Moreover, graphene with its superior
mechanical stability and high specific surface area also acts as
a cushion layer to accommodate the electrode materials after
their enormous volume expansion, and thus, it can avoid
structure destruction. Similarly, like graphene, multi-walled
carbon nanotubes (MWCNTs) also provide high electronic
conductivity, accommodate the volume expansion, reduce ion
diffusion pathways, and increase stability with efficient contact
with anode materials. The materials can be grown both inside
and on the surface of MWCNTSs.*

Nanorods of CuzGe coated by nitrogen-doped carbon were
prepared by Le Hu et al. as the anode of NIBs, which delivered

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a capacity of 160 mA h g " at a current rate of 100 mA g~ for 500
cycles.”” Qin et al. synthesized GeO,/reduced graphene oxide
(rGO) composites, which demonstrated excellent sodium storage
properties even at 1 A g ' and also showed good cycling
stability.® Qun Li et al. prepared a hybrid anode for NIBs and
LIBs, where Ge nanoparticles were encapsulated in hollow
carbon boxes that delivered a capacity close to the theoretical
capacity of germanium.” The hollow carbon structure not only
enhanced electronic conductivity but also prevented the volume
expansion of Ge at high rates with cyclic stability. In a recent
work, the Co,GeO,/graphene-based anode is explored for NIBs,
while providing a dynamic structure for ion storage. This anode
has shown outstanding performance in terms of metrics such as
capacity (319 mA h g~ "), rate capability (151 mAh g 'at1Ag™)
and cycling stability (84%).*° Rahman et al have prepared
a Coz0,/CNT composite as an anode for NIBs. The Coz0,
anchored on the CNT has shown a better capacity and coulombic
efficiency than those of the pristine Co;0, electrode.** Metal
oxides suffer from poor cycling performance due to the particle
division, aggregation and collapsing of the structure as anodes in
batteries. The use of carbonaceous materials is the best way to
lessen the aggregations of particles during charging and dis-
charging with improvement in structural stability and capacity
retention. Moreover, making heterostructures of graphene and
CNT can improve the rate capability by faster electronic flow to
the redox site due to electronegativity difference, thus eventually
improving energy parameters.*>*

A high-performance NIB needs electrode materials with
a flexible and smart architecture. In recent years, hetero-
structure architectures like 2D and 3D have attracted great
attention for their prospective applications in energy devices
because of their large surface areas and nanosized thickness.
For high power density devices, 2D and 3D structures could also
provide abundant reaction activity sites, shorter and faster
transmission paths for electrons and ions and can prevent the
aggregation of nanograins during the electrochemical process.>*

In this work, the synthesis and thorough electrochemical
performance of bare Co,GeO,;, C0,GeO,/rGO and Co,GeO,/
MWCNT nanocomposites are explored in NIBs. The prepared
materials have uniform size and high yield, and contain
numerous nanochannels to provide facile diffusion of sodium
ions. The structural, morphological, chemical bonding, and
electrochemical features of Co0,GeO,, C0,GeO,/rGO and
C0,Ge0,/MWCNTs are examined by X-ray diffraction (XRD),
scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HR-TEM), and X-ray photoelec-
tron spectroscopy (XPS) to comprehend the electrochemical
process and storage mechanism. The synergetic effects between
Co0,Ge0, and rGO/MWCNTs have improved cyclic stability and
rate capabilities. Therefore, such materials are expected to be
favorable candidates for use as anodes in NIBs.

2. Experimental
2.1. Materials

Sodium hydroxide (=98%), germanium oxide (99.99%), and
cobalt chloride hexahydrate (98%) were purchased from Sigma-
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Aldrich. Multi-walled carbon nanotubes (>90% MWCNTs basis)
were purchased from Sigma-Aldrich with a length of 5-9 um and
a diameter of 110-170 nm.

2.2. Synthesis

Co,Ge0O,, and its composites C0,GeO,4/rGO and Co,GeO,/
MWCNTs were synthesized by a hydrothermal method. The
nanoparticles of Co,GeO, were synthesized via the hydro-
thermal route, which is elaborated in Scheme 1.

2.3. Preparation of Co,GeO,

First, an alkali solution was prepared in 30 ml of deionized
water by adding 0.5 mmol of NaOH. After this, 0.5 mmol of
GeO, was dissolved in the above solution under magnetic stir-
ring until a clear solution was formed. Later, 1 mmol of
CoCl,-6H,0 was put into this solution and continuously stirred
for another 10 min. Then, the precursor suspension containing
dissolved reagents was poured into a Teflon-lined autoclave
having a capacity of 200 ml. The autoclave was upheld at
a temperature of 180 °C for 12 h. Afterwards, it was permitted to
cool down naturally to room temperature. These precipitates
were centrifuged, washed several times with deionized water
and absolute ethanol to remove the byproducts, and dried
overnight at approximately 80 °C. In the end, the final product
was obtained by annealing of this powder in air atmosphere at
~500 °C for 6 h and labeled as Co,GeO,. The yield of the
Co,GeO, powder was measured as ~250 mg after calcination.
Graphene oxide and CNTs were added 5 wt% of the yield of
Co,GeO, powder.

2.4. Preparation of Co,GeO,4/rGO composites

Graphene oxide was obtained from natural graphite powder by
modified Hummer's method. In the conventional synthesis
process, graphene oxide was added into a deionized water
solution and sonicated for about 1 h. To 30 ml of deionized
water, 0.5 mmol of NaOH, 0.5 mmol of GeO,, and 1 mmol of
CoCl-6H,0 were added. Later, the graphene oxide solution was
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added into the above suspension and sonicated for 30 minutes.
The combined reagent solution was upheld at a temperature of
180 °C for 12 h under the hydrothermal treatment. It is worthy
to mention here that graphene oxide was reduced by NaOH in
the solution. At the end of the reaction, the acquired composite
was washed several times with deionized water and absolute
ethanol and later dried out overnight at 80 °C. Afterwards, the
sample was calcined at a temperature of 500 °C for 6 h at
a ramping rate of 1 °C per minute in Ar atmosphere to guar-
antee good adherence between rGO and Co,GeO, composites.

2.5. Preparation of Co,GeO,/MWCNT composites

Co0,GeO,/MWCNT composites were synthesized by the same
facile hydrothermal method, as described above. MWCNTs
were added to 20 ml of distilled water and sonicated for 2 h to
form its uniformly dispersed solution. Then, to a 30 ml solution

——Co,Ge0,
—— Co0,Ge0,/rGO
—— Co,Ge0,/MWCNTs
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Fig. 1 XRD patterns of C0,GeQ,4 C0,GeO4/rGO, and Co,GeO,4/
MWCNTs. (*) denotes peak from MWCNTSs.
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Scheme 1 Preparation route of Co,GeOy4, C0,GeO4/rGO and Co,GeO4/MWCNT composites.
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containing cobalt, germanium precursor, this MWCNT solution
was added. The solution was treated hydrothermally and
preserved at a temperature of 180 °C for 12 h. Subsequently, the
obtained precipitates were washed several times with deionized
water and absolute ethanol, in an effort to get rid of the
impurities. Lastly, the synthesized sample was annealed at
a temperature of 500 °C for 6 h in argon gas environment, with
a slow ramping rate of 1 °C per minute for good adherence
between Co,GeO, and MWCNT composites.

2.6. Characterization

X-ray diffraction examination was performed to determine the
phase purity of the composites using a Bruker APEX-II diffrac-
tometer equipped with a Mo Ka source. Surface and morpho-
logical properties were examined by SEM (NOVA FE-SEM, FEI).
The microstructure analysis of Co,GeO,, C0,GeO,/rGO and
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Co0,Ge0,/MWCNT composites was performed using a TEM (G2
F20 FEI, Tecnai). XPS (Thermo Scientific, XPS) equipped with an
Al-Ka X-ray source was used to identify the functional groups
and elements in the composite. The CR 2032 cell assembly was
used to assess the electrochemical properties of the prepared
materials. The working electrodes were prepared by mixing
produced nanocomposites as the active material, Super P
carbon, and polyvinylidene difluoride as the binder in a weight
ratio of 7:2: 1. This mixture was dissolved in a N-methyl-2-
pyrrolidinone solvent to create a paste. The prepared paste
was spread on the copper file. Afterwards, the casted Cu foil was
dried in a vacuum oven to remove the byproducts of N-methyl-2-
pyrrolidinone. The average mass loading of the active materials
was in the range of 2.2-2.6 mg. The electrochemical cells were
assembled in an argon-filled glove box in a controlled envi-
ronment with optimized values (<0.1 ppm) of oxygen and
moisture. The electrolyte was made up of 1 M NaClO, dissolved

Fig. 2 SEM images of (a and b) Co,GeOy, (c and d) Co,GeO4/rGO, and (e and f) Co,GeO4/MWCNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in diethyl carbonate, propylene carbonate, and ethylene
carbonate with an identical weight ratio. Later, 3 wt% fluoro-
ethylene carbonate was added to the above electrolyte solution.
The selection and amount of the electrolyte play an important
role in electrochemical performance.***® The amount of 1 M
NaClO, in the range of 50-100 pl was used to make coin cells.
The composite electrochemical properties were tested using
a Gamry Instrument.

3. Results and discussion

XRD analysis demonstrates the formation of the crystalline
structure for Co,GeO, and its rGO and MWCNT composites, as
shown in Fig. 1. The peaks match well with the standard
diffraction pattern (JCPDS no. 10-0464) for phase pure cubic
Co0,Ge0, with a lattice parameter of 0.8319 nm and Fd3m space
group.””* The diffraction peaks are synched with the standard
XRD data, which confirm the phase pure cubic structured
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Co,Ge0,. It is worth mentioning that no extra peaks for phases
like Co;0, and GeO, were observed. In the XRD diffraction
pattern of Co,GeO,/MWCNTs, the extra peak at 12.06° could be
assigned to the reflection plane (002) of the MWCNTSs. The XRD
patterns of composites show relatively high intensity peaks,
which indicates a better crystalline structure due to the pres-
ence of rGO and MWCNTs. The Scherrer formula (eqn (1)) was
utilized for the assessment of the crystallite size on a nanometer
scale of the manufactured particles:

kx4
" Bxcos 6

(1)

while A is the radiation wavelength, in this case, it is Mo radi-
ation (0.7107 A), k is the shape factor (0.9), 8 is the full width at
half maximum (FWHM) of the peaks in radians and theta is the
Bragg angle. Therefore, the estimated crystallite sizes were
25 nm, 23 nm, and 22 (£3) nm for Co,Ge0,, C0,GeO,/rGO, and

Fig. 3 TEM and selected area electron diffraction images of (a—c) Co,GeOy, (d—f) Co,GeO4/rGO, and (g—i) Co,GeO4/MWCNTSs.
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Co0,GeO,/MWCNTs, respectively, which showed a slight
decrease in particle size of composites than pristine particles.

Field emission SEM is employed to examine the surface
morphology of Co,GeO,4, Co,Ge0,/rGO, and Co,GeO,/MWCNTSs
materials. In Fig. 2a and b, pristine Co,GeO, exhibits flake-like
nanoplates with the size ranging from 20 to 100 nm. All parti-
cles are in the nanoscale with slight aggregation of particles. In
Fig. 2c and d, the C0,GeO,/rGO composite is seen uniformly
distributed on graphene layers, which will result in fast charge
transfer. Fig. 2e and f show the morphology of the Co,GeO,/
MWCNT composite, where the particles are seen well consis-
tently anchored on the MWCNTs. It is evident from the SEM
images that MWCNTSs have increased the uniformity of particle
distribution.

TEM was performed to gain further understanding of the
surface properties. Fig. 3a displays the existence of Co,GeO,
nanoplates with a sharp edge disk-like structure, and the high-
resolution image (Fig. 3b) shows that the disks are further
composed of tiny nanoparticles with a size <10 nm. Fig. 3c
shows the selected area electron diffraction (SAED) image of
pristine Co,GeO, nanoplates, where the dotted circles show
a crystalline structure with hkl values matched with the XRD
pattern shown in Fig. 1. Fig. 3d and e display the morphology of
Co0,Ge0,/rGO composites where the Co,GeO,4 nanoparticles are
entirely enfolded in the rGO layers. Hence, rGO layers will not
only serve to boost up the electronic properties of the composite
but also provide more reaction sites for composites. Agglom-
eration between the tiny Co,GeO, nanoparticles was also
observed in the Co,GeO,/rGO composite. Fig. 3f shows the
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SAED pattern of the Co,GeO,/rGO composite material with
a crystalline structure. The Co,GeO,/MWCNT composite also
shows agglomeration and the particles are attached on the
surface of CNTs, as shown in Fig. 3g. High-resolution image
(Fig. 3h) of the Co,GeO,/MWCNT composite shows that some
tiny particles are also grown inside the CNTs. The microcrys-
tallinity of the Co,GeO,/MWCNT composite was further
confirmed with the SAED pattern, as shown in Fig. 3i.
Compared with Co,GeOy,, the size and shape of Co,GeO,4/rGO
and Co,GeO,/MWCNT composites were almost unchanged,
which suggested that the introduction of rGO and MWCNTSs
does not affect the morphology of pristine Co,GeO,.

Fig. 4a displays the XPS survey spectra of Co,GeOy4, C0,GeO,/
rGO, and Co,GeO,/MWCNT composites. The survey spectra of
all three composites display the occurrence of functional groups
of C 1s, O 1s, Co 2p, and Ge 2p for elements C, O, Co, and Ge,
respectively. Fig. 4b-e shows the individual deconvoluted
spectra of C 1s, O 1s, Co 2p, and Ge 2p peaks. Fig. 4g shows the
C 1s deconvoluted XPS spectrum of the Co,GeO,/rGO nano-
composite. The C 1s spectrum can be deconvoluted into two
peaks at 284.7 and 286.1 eV, corresponding to the C-C bond and
C-O bond, respectively. The high intensity of the C-C bond
compared to the C-O bond indicates the presence of high
carbon content, and less amount of oxygen appears due to the
reduced graphene oxide. The C 1s XPS spectrum of the
C0,GeO,/MWCNT nanocomposite shows two peaks at 284.7
and 286.1 eV, corresponding to C-C and C-O bonds, respec-
tively. The presence of C-O bonds in the Co,GeO,/MWCNT
nanocomposite could be attributed to the functionalized
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CNTs.***" Fig. 4c shows the O 1s peak at 531.9 eV for Co,GeOy,
C0,Ge0,/rGO, and Co,GeO,/MWCNTSs, which is attributed to
the metal oxide bond. The Co 2p deconvoluted spectra contain
the two main peaks at 781.8 eV and 798.5 eV, which correspond
to the Co 2p;/, and Co 2py, orbitals respectively, as shown in
Fig. 4d, which are related with Co®" ion binding energy in the
Co0,Ge0,, C0,Ge0,/rGO, and Co,GeO,/MWCNT compounds.®”
The peaks at 787.5 eV and 804 eV were also observed, which are
satellite peaks. Fig. 4e shows the spectra of Ge 2p, which has two
main peaks at 1220 and 1252 eV, conforming to Ge 2p;,, and Ge
2py,, orbits, respectively.’” These peaks show the Ge** oxidation
state of Ge in all samples.

3.1Charge-discharge and cycle life performance

The galvanostatic performance of Co,GeO,4, C0,GeO,/rGO, and
Co,GeO,/MWCNT electrodes were investigated in a voltage
window of 0.01-2.5 V. Fig. 5a shows the charge-discharge
capacity of the pristine Co,GeO, electrode for the first three
cycles. In Fig. 5a, this first discharge curve shows a capacity of
844 mA h g~' at a constant current rate of 0.05C with a large
plateau, which is associated with the conversion of Co,GeO, to
metals and formation of Na,O. The first charge curve of the
pristine Co,GeO, electrode shows a capacity of 314 mA h g~*
with a coulombic efficiency of 37%. A low value of coulombic
efficiency can be a result of electrolyte breakdown and the
creation of the solid electrolyte interface (SEI) layer. This irre-
versible loss in capacity occurs due to the formation of the SEI
film on the large contact interface between Co,GeO, and the
electrolyte. But this irreversible loss during the initial cycle is
common in the anode materials with a large specific area. In
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later cycles, discharge/charge curves are well aligned with a high
value of coulombic efficiency, signifying the high reversibility of
the Co,GeO, electrode. The pristine Co,GeO, electrode shows
charge capacities of 267 and 251 mA h g~ ' during 2nd and 3rd
cycles, respectively. When tested on high current densities, the
pristine Co,GeO, electrode exhibits average specific charge
capacities of 244, 183, 142, 102, 60, and 31 mA h g~ ' at rates of
0.05, 0.1, 0.2, 0.4, 0.8 and 1.6C, respectively, as shown in Fig. 5d.
It is worthy to mention here that the pristine Co,GeO, electrode
shows negligible sodium storage at high rates of 3.2 and 6.4C.
When the rate reset to 0.2C after deep current cycling, the
pristine Co,GeO, electrode recovers a specific capacity of
145 mA h g~'. The pristine C0,GeO, electrode demonstrates
reasonable retention from 80th to 100th cycle and then there
was a capacity degradation till the 500th cycle, where the elec-
trode shows a specific capacity of 29 mA h g™, as shown in
Fig. 5d.

The Co0,Ge0,/rGO composite cell shows charge and
discharge capacities of 425 and 871 mA h g~' during the 1st
cycle (Fig. 5b), with coulombic efficiency of 49%. This shows an
improved value of coulombic efficiency compared to the pris-
tine electrode. The capacity loss in the first cycle of all electrodes
is mainly triggered by the creation of the SEI film after the
electrolyte decomposition on the electrode surface. This
passivation layer on the electrode results in the trapping of
some sodium ions on the defect sites or nanoclusters. The 1st
discharge curve is noticed different compared to the subse-
quent discharge curves. This is due to the different reaction
mechanism during the 1st discharge process (eqn (2)) and
subsequent discharge processes (eqn (4)), while the reaction
mechanism during the charge process follows eqn (3):
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Fig. 5 Initial three charge—-discharge curves of (a) Co,GeOy,, (b) Co,GeO4/rGO, and (c) Co,GeO4/MWCNTSs at a rate of 0.05C in the voltage

range of 0.01-2.5 V. (d) Rate capability with subsequent cycle tests in the voltage range of 0.01-2.5 V.
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Co0,GeO,4 + 8Na — 2Co + Ge + 4Na,O (2)
2Co + Ge + 4Na,O — 2Co0O + GeO, + 8Na (3)
2Co0 + GeO, + 8Na — 2Co + Ge + 4Na,O (4)

The Co0,GeO,/rGO composite cell delivers a charge and
a discharge capacity of 364 and 382 mA h g~ " with a coulombic
efficiency of 95% for the 2nd cycle, as shown in Fig. 5b. In the
3rd cycle, coulombic efficiency further increases to 99% with
352/355 mA h g~ charge/discharge capacity. The C0,GeO,/rGO
composite cell shows average specific capacities of 334, 278,
237,204,169, 141,110, and 75 mA h g~ ' at rates of 0.05, 0.1, 0.2,
0.4, 0.8, 1.6, 3.2, and 6.4C, respectively, as displayed in Fig. 5d.
Interestingly, the Co0,GeO,/rGO composite electrode shows
a specific capacity of 87 mA h g compared to a negligible
capacity of the pristine electrode at a high current rate of 6.4C.
This is due to rGO layers which not only increase the charge
transfer but also enhance the reaction sites in the composite.
The Co0,GeO,/rGO composite electrode regains a specific
capacity of 198 mA h g~ ! during the 81st cycle when the rate
reverted to 0.2C after deep cycling. The Co,GeO,/rGO composite
electrode shows good capacity retention where the electrode
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shows the specific capacity of 136 mA h g~ ' during the 500th
cycle.

Fig. 5c shows the charged and discharge curves measured at
0.05C for Co0,GeO4,/MWCNT composite electrodes. The
Co0,GeO,/MWCNT composite electrode delivers a discharge/
charge capacity of 859/474 mA h g~ during the 1st cycle with
a coulombic efficiency of 55%. This improved coulombic effi-
ciency can be ascribed to better reversibility of sodium ions in
rGO composite electrodes than the pristine electrode. The
Co0,Ge0,/MWCNT composite electrode shows a discharge/
charge capacity 413/409 mA h g~* and 399/396 mA h g~ ! for
2nd and 3rd cycles, respectively, while achieving a coulombic
efficiency of 99%. The rate capability of Co,GeO,/ MWCNTSs was
carried out under similar current densities as other electrodes
with an interval of 10 cycles for each step. It is shown in Fig. 5d
that the Co,GeO,/MWCNT electrode is capable of delivering the
specific capacities of 378, 318, 277, 239, 201, 173, 140, and
103 mA h ¢! at different current rates of 0.05, 0.1, 0.2, 0.4, 0.8,
1.6, 3.2, and 6.4C, respectively. Remarkably, when the current
density was reverted to 0.2C, the Co,GeO,/MWCNT electrode
was capable of recovering the capacity of 241 mA h g~ . Thus,
suggesting exceptional cycling stability and long cycle life of the
electrode with enhanced electrochemical reversibility, even at
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Fig. 6 Galvanostatic intermittent titration technique (GITT) along with the calculated sodium diffusion coefficient of (a) Co,GeOy,, (b) Co,GeO,4/
rGO, and (c) Co,GeO4/MWCNTSs at a rate of 0.05C in the voltage range of 0.01-2.5 V.
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the 500th cycle with a specific capacity of 207 mA h ¢~ *. Hence,
the Co,GeO,/MWCNT electrode has shown superior rate capa-
bility with good stability over 500 cycles, which is due to the fine
attachment of CNTs with Co,GeO, in the composite.

The synergistic effect of transition metal and MWCNTs
results in enhanced electrochemical performance because
MWCNTSs can prevent the agglomeration of particles, buffer the
volume changes along with a good conducting matrix, and
provide better contact at the current collector. The CNTs when
compared with graphene, despite its tough nature, high
conductivity and stability, have advantages of faster electronic
and ionic transmissions through the wall and interior tubular
structure and less irreversible capacity loss. It has been reported
Na-ion storage properties in the SnO,/MWCNT composite are
better than those of bare and other carbon materials such as
activated carbon, mesoporous carbon, and graphene nano-
sheets,” while it has already been tested that CNTs have better
electrochemical performance than rGO in terms of specific
capacitance for supercapacitors and far better rate capability as
anodes for SIBs and delivered 40 mA h g~' for rGO and
100 mA h g~* for CNTs.**

The diffusion kinetics of the sodium ions in the electro-
chemical process is examined by GITT, a technique based on
chronopotentiometry established by Weppner and Huggins to
measure the diffusion coefficient of mobile ions across the host
structure. GITT employed both the steady-state and transient
calculations; moreover, they also maintain the thermodynamic
data. GITT experiments were performed on Co,GeO,, Co,GeO,/
rGO, and Co,GeO,/MWCNTs anodes in a voltage window of
0.01-2.5 V at a current rate of 0.05C. The measured GITT
profiles of all the electrodes as a function of potential along with
the values of sodium ion diffusion coefficients (Dy,+) are shown
in Fig. 6a-c. The GITT data were collected by applying the
current pulses for 10 minutes repeatedly followed by a resting
time of 1 hour to get equilibrium during the whole charge/
discharge process. It is assumed that Fick's second law is fol-
lowed by sodium diffusion in the electrode, and the sodium ion
diffusion coefficient (Dy,) was measured using eqn (5):

4 (mpVu\’ (AE)*

E( mps ) (AET) (5)
where: T = current pulse time interval, mp = active mass of
electrode material (grams), V; = molar volume (cm® s ™), My =
molecular weight (g mol ™), S = effective surface area (cm?), AE,
= change in the steady-state potential for the step at the plateau,
AE, = total change in the cell potential during the current pulse
for the time 7.

The calculated values of Dy, for all electrodes displayed an
irregularly decreasing fashion during the charge/discharge
process and varied between 10°'> cm® s~ " and 10~ ecm® s~ ..
The values of Dy, for the bare electrode are ~10"**> cm? s~ *
the starting of the discharge process and decrease to ~10~"7
cm?® s™' at the completion of the discharge process. The Dy,
values in the Co,GeO,/rGO composite were calculated and
found to vary in the range of ~10 ** ecm* s to ~10 "® cm®s "
during start and completion of the discharge process. While the

Na® =

at
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values of Dy, for the Co,GeO,/MWCNT composite anode were
calculated in the range of ~10™" cm® s to ~107"® cm® s7*
during the 1st cycle. The sodium ions bear high polarization at
the depth of charge and discharge, indicated by higher values of
Dy, at the beginning and lower values at the completion of the
discharge process. This decline in values of sodium ion diffu-
sion can be explained by the critically slowest electrochemical
reactions in these regions because of the strong interference of
other surrounding ions with diffusion kinetics of sodium ions.
Due to the structural changes and change in potential from the
open circuit to fully discharged state, sodium ion diffusion
kinetics were compromised. The Dy, values follow the same
trend during the charge process as followed in the discharge
process. Furthermore, the C0,GeO,/MWCNTs and Co,GeO,/
rGO electrode exhibited slightly lower reaction resistances for
both Na' insertion and extraction processes than those of the
pristine Co,GeO, electrode, exhibiting the better sodium-ion
diffusion kinetics and conforming well to the superior electro-
chemical performance of the rGO and MWCNT composites.

Hence, Co0,Ge0O,/rGO and Co,GeO,/MWCNTs composites
have displayed superior electrochemical performance, which
can be attributed to their heterostructure. In these composites,
the MWCNTs and rGO have offered multifold advantages than
pristine Co,GeO, such as reduction of the stress during the
charge/discharge process, accommodation of the volume
changes during the electrochemical reaction, providing better
electronic conductivity, lessening the aggregation of the nano-
particles, and also reduction of the pathways for the sodium ion
diffusion. All these factors result in better cycling stability and
improved capacity of these composites, thus suggesting them as
potential candidates for the NIBs.

4. Conclusion

Co,Ge0,, C0,Ge0,/rGO, and Co,GeO,/MWCNTs have been
efficaciously synthesized by a single-step facile hydrothermal
method. SEM analysis ensured that the morphology of all the
prepared materials was in the nanoscale with a disc-like shape.
HR-TEM images confirmed the wrapping of particles in rGO
layers and homogenous dispersion of Co,GeO, along the chains
of MWCNTSs in the composites. The Co,GeO,4, Co,GeO,/rGO and
C0,GeO,/MWCNT electrodes deliver charge/discharge capac-
ities of 266/300, 362/380, and 408/411 mA h g~ ' at 0.05C,
respectively. Both composites deliver excellent long cycle testing
for 500 cycles; however, the Co,GeO,/MWCNT electrode shows
the highest capacity of 140 and 103 mA h g~ at high current
densities of 3.2C and 6.4C. The GITT technique showed that
C0,Ge0,/rGO and Co,GeO,/MWCNTs have higher values of
sodium ion diffusion coefficient, which results in superior
electrochemical performance to pristine Co,GeO,. Hence,
C0,Ge0,/rGO and Co,GeO,/MWCNTs have shown their
tendency as potential anode materials for NIBs.
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