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Ni/Mn;04/NiMn,0, Double-Shelled Hollow Spheres Embedded into
Reduced Graphene Oxide as Advanced Anodes for
Sodium-Ion Batteries

YAN Chong', KOU Hua-ri*, YAN Bo? LIU Xiao-jing', LI De-jun', LI Xi-fei*"
(1. Tianjin International Joint Research Centre of Surface Technology for Energy Storage Materials, College of
Physics and Materials Science, Tianjin Normal University, Tianjin 300387, China; 2. Institute of

Advanced Electrochemical Energy & School of Materials Science and Engineering, Xi’an University of
Technology, X1’ an, Shanxi 710048, China, Xi’an University of Technology, Xi’an 710048, China)

Abstract: Delicately building the unique nanocomposite with the combination of hollow structure and reduced graphene oxide
(rGO) is highly desirable and still remains a great challenge in the field of energy conversion and storage. In this work,
Ni/Mn;O,/NiMn,O, double-shelled hollow spheres coated by rGO (denoted as R-NMN) have been successfully synthetized via
one-step rapid solvothermal treatment followed by subsequent annealing for the first time. Served as anodes for sodium ion batteries
(SIBs), the R-NMN composite containing 25wt% rGO exhibits a high discharge capacity of 187.8 mAh-g" after 100 cycles at 50
mA - g in the potential range between 0.01 V and 3.0 V (vs. Na'/Na). When cycled at different current densities of 100, 200, 400, and
800 mA - g", the nanocomposites deliver the reversible capacities of 213.45, 192.9, 171.7, and 149.9 mAh-g", respectively, indicat-
ing a satisfactory rate capability. Our conclusions reveal that the significant improvement in electrochemical performance is mainly

attributed to the enhanced conductivity, reduced ion diffusion distance and suppressed volume fluctuation. The modification strate-

gy proposed in this study can be extended to the design of other electrode materials for sodium storage and beyond.
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As one of the dazzling energy storage devices,
lithium ion batteries (LIBs) have attracted considerable
attentions and been extensively studied in recent
years due to their long cycling life, high energy den-
sity, great safety, and environmental friendliness .
However, lithium lack in resources as well as uneven
distribution impedes the further applications and de-
velopments of LIBs™!. Recently, sodium ion battery
(SIB) has been regarded as a promising candidate to
replace LIB for its acceptable energy/power density
and the abundant of raw materials with low costs and
wide distributions. In view of the large radius of Na*
(1.02 A) over the Li* radius (0.76 A), unfortunately, SIBs

often suffer from huge volume changes and sluggish

Document Code: A

reaction kinetics. Especially for the anode materials,
it has been long considered as one of the most knotty
components for typical graphitic carbons employed in
LIBs barely intercalating sodium ions. Therefore,
searching for alternative anode materials with superi-
or performance is of vital importance to facilitate the
practical application of SIBs®*?,

Recently, researchers have witnessed that the bi-
nary transition-metal oxides (TMOs) show very pro-
mising applications in SIBs, in comparison to the sin-
gle TMOs, originating from relatively high electronic
conductivity and large reversible capacity®'. Never-
theless, the electrochemical performance of pristine

binary TMOs is still unsatisfactory due to the sluggish
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electronic/ionic transport and large volume effect. To
conquer the inherent drawbacks of binary TMOs, one
facile approach is to tailor the unique nanostructures,
particularly for designing hollow structures or yolk-
shell structures, which often manifests various attrac-
tive features to boost the high-efficiency energy stor-
age including: (i) large electrode/electrolyte contact
surface; (ii) shortening path length for electronic/ion
transport; (iii) alleviating the volume variation*'7,
For example, Chen et al." reported the design and
synthesis of hollow porous NiCo,0O4-nanoboxes
(NCO-NBs) with zeolitic imidazolate framework-67
nanocrystals as self-sacrificial template. The resulting
NCO-NBs anode enhanced sodium storage with a
high initial discharge capacity of 826 mAh -g' at a
current density of 50 mA -g" and moderate capacity
retention of 328 mAh -g" after 30 cycles, resulting
from the as-prepared hierarchical nanoboxes with
high specific surface area, promotional transports of
ions and electrons, and improved structural stability.
Another effective approach for addressing the
drawbacks is the masterly combination of TMOs with
highly conductive matrixes, which can effectively im-
prove the active material utilization and/or alleviate
the volume effect. Up to now, various conductive ma-
trixes have been widely explored, including amorphous
carbon!"!, ordered mesoporous carbon materials™”,
carbon nanotubes!!, and graphene nanosheets %1,
which have yielded very competitive performance in
the storage of alkali metal ions. Among numerous
conductive matrixes, rGO or graphene is preferable
to replace other matrixes owing to its extraordinary
properties including high electrical conductivity, un-
usual mechanical strength, and large specific surface
area. For example, Cai et al.”™ reported the CoMn,0,
nanoparticles loaded onto rGO as anode materials for
SIBs, which delivered a high discharge capacity of
114.0 mAh-g" after 60 cycles at a current density of
200 mA -g"'. Similarly, Zou et al.™ synthesized the
NiO/Ni
graphene shells which also demonstrated promising

hierarchical nanocrystals covered with
performance as SIBs anode materials beneficial from
the continuous conductive network and the buffered

volume change. Obviously, using any of the afore-

mentioned approaches can significantly improve the
sodium storage of binary TMOs?*", but at this stage
the majority of studies either focuses only on the de-
sign of unique nanostructured TMOs or employs an
uncompetitive nanostructured texture to combine
with rGO. Therefore, it is still a great desire to build a
superior nanocomposite with the combination of hol-
low nanostructure and rGO for tackling the chal-
lenges facing TMOs.

In this study, rGO coated Ni/Mn;O,/NiMn,O4
(R-NMN) double-shelled hollow spheres were fabri-
cated by one-step solvothermal treatment followed by
subsequent annealing, here the existence of metal Ni
can further enhance electrical conductivity. The ef-
fects of rGO content on the sodium storage of
nanocomposites were systematically investigated.
The resulting nanocomposite anodes have demon-
strated remarkable sodium storage performance with
high specific capacity, excellent cycle stability and
good rate capability. This proposed strategy opens up
a new path to design high-performance electrode ma-

terials for the storage of alkali metal ions.
1 Experimental Section

1.1 Synthesis of Graphite Oxide

In this study, the analytical grade of all chemical
reactants was used. The graphite oxide (GO) was first
prepared via the modified Hummer's method as pre-
viously presented by our groupt=,
1.2 Synthesis of the Spherical Precursor

To synthetize the precursor, 0.1 mmol of
Ni(CH;COO0),-4H,0, 0.2 mmol of Mn(CH;COO),-4H,0,
and 10 mL of glycerol were firstly dissolved into 30
mL of isopropanol to form a transparent brown solu-
tion. Secondly, the brown solution was then trans-
ferred into a Teflon-lined stainless steel autoclave
and kept at 180 °C for 6 h. Finally, the brown precipi-
tate was collected by centrifugation, cleaned thor-
oughly with ethanol and dried in an oven at 60 °C.
1.3 Synthesis of the Hollow Spheres NiMn,0,

and the R-NMN

For the fabrication of hollow spheres NiMn,O,,
the as-synthesized precursor was annealed at 350 °C

in air for 4 h with a slow heating rate of 2 °C-min™.
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In order to obtain the R-NMN, GO was dis-
persed in ethylene glycol by ultrasonic cell disruption
for 30 min to form a 2.0 g+-L"' brown solution (denot-
ed as Solution A). Subsequently, 30 mg precursor and
2.5 mL Solution A were added into 30 mL isopropanol
under magnetic stirring at room temperature. The ac-
quired solution was then transferred to a Teflon-lined
stainless steel autoclave and kept at 180 °C for 6 h.
After that, the black precipitate was gathered by
washed with ethanol and dried in an oven at 60 °C.
Finally, the target product (denoted as R-NMN-I con-
taining 15 wt% rGO) was obtained through the heat
treatment of dry precipitate at 350 °C for 4 h in Ar.
For comparison, 5 mL and 7.5 mL Solution As were
used in the above-mentioned experimental system
without altering other reaction conditions for prepar-
ing R-NMN-II (25wt% rGO) and R-NMN-III(35 wt%
rGO), respectively.

1.4 Materials Characterizations

The X-ray diffraction (XRD, D8 Advance of
Bruker, Germany) with Cu-K, radiation was used to
investigate the crystallinity phases of samples. TGA
curve of the spherical precursor was tested by Ther-
mogravimetric analyzer (TGA, Pyris Diamond 6000
TG/DTA, American). The scanning electron micro-
scope (SEM SUS8010, Hitachi) coupled with energy
dispersive spectroscope (EDS), transmission electron
microscope (TEM JEOL JEM-3000F) were used for
characterizing the morphologies of samples. The ele-
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mental information of the obtained materials was col-
lected on X-ray photoelectron spectroscope (XPS,
VG ESCALAB MK II).
1.5 Electrochemical Measurements

For the working electrode, 70wt% active material
(the NiMn,0,, the R-NMN), 20wt% acetylene black,
and 10wt% carboxyl methyl cellulose were first dis-
persed in N-methyl pyrrolidinone solvent to form a
homogeneous slurry, and then spread onto a Cu foil.
The working electrodes were dried overnight in an
oven at 80 °C. The 2032 typed coin cells were assem-
bled in an Ar-filled dry glovebox using metal sodium
pieces as counter electrodes, glass fiber as the separa-
tor, and 1 mol -L! of NaClO, in ethylene carbonate
and dimethyl carbonate (1:1 by volume) with Swt% of
fluoroethylene carbonate as the electrolyte. The Land
battery testing system (LANHE CT2001A) was used
for galvanostatic charge/discharge tests with various
current densities in the voltage range of 0.01 ~ 3.0 V
(vs. Na'/Na). Cyclic voltammogram (CV) measure-
ments were made with Princeton Applied Research
VersaSTAT4 in the potential range of 0.01 ~ 3.00 V
(vs. Na'/Na) at a scan rate of 0.1 mV +s'. The fre-
quency range from 0.01 Hz to 100 kHz was employed
to measure electrochemical impedance spectrum
(EIS) at an amplitude of 5 mV.

2 Results and Discussion
Fig. 1A shows XRD patterns of the as-prepared
materials. Clearly, all the diffraction peaks of the
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Fig. 1 (A) XRD patterns of (i) NiMn,O,, (ii) R-NMN-I, (iii) R-NMN-II and (iv) R-NMN-III; (B) TGA curve of the spherical

precursor
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pristine material can be indexed to the NiMn,O,
(JCPDS No.01-1110). Meanwhile, the additional diff-
raction peaks are observed in the R-NMN-I,
R-NMN-II and R-NMN-III, which can be assigned to
Mn;0, (JCPDS No.13-0162) and Ni (JCPDS No.04-
0850), derived from the reduction of rGO under an-
nealing. A typical feature presented in XRD results is
the broadening of diffraction peaks for R-NMN. Such
a phenomenon can be ascribed to two aspects: (i) the
coating of rGO reduces the crystallinity of products;
(i1) the co-existence of pony-size Mn;O, and NiMn,0,
leads to the broadening peak. TGA curve of the
spherical precursor is shown in Fig. 1B. The different
amounts of rGO contained in R-NMN were calculat-
ed from this curve.

To further verify the chemical structure, XPS
measurement of R-NMN-II was carried out. Fig. 2
shows the high-resolution XPS spectra of Mn, Ni, C
and O elements. As shown in Fig. 2A, two spin-orbit
peaks at binding energies of 642.3 and 653.8 eV from

Intensity/(a.u.)

630 640 650 660 670
Binding energy/eV

C C-C 2845

0-C=0 288.0

Intensity/(a.u.)

275 280 285 290 295 300
Binding energy/eV

the Mn 2p spectrum can be divided into four peaks.
Two peaks centered at 642.8 eV and 653.6 eV are as-
signed to Mn 2p;, and Mn 2p,, of Mn*', respectively,
while the other two peaks centered at 641.0 and
653.6 eV are attributed to Mn 2p;, and Mn 2p,, of
Mn?*, respectively™. Fig. 2B presents the Ni 2p spec-
trum. Two peaks at 854.6 and 872.0 eV are corre-
sponding to Ni 2p;, and Ni 2p,,, respectively. Simul-
taneously, two peaks located at 854.6 and 872.4 eV
are assigned to Ni*, while the other peaks centered at
857 eV are attributed to Ni*'®Y. As shown in the XPS
spectrum of Cis (Fig. 2C), two peaks located at 284.5
and 287.5 eV are related to C-C and O-C=0, respec-
tively**1. The XPS spectrum of Oy in Fig. 2D can
be separated into two peaks, which centered at 529.1
and 530.6 eV assigning to Ni-O-Mn and O-C=0/C=0
isolated -OH, respectively™*. From these observa-
tions, it can be confidently concluded that the
nanocomposite consists of Mn;O,, NiMn,O,, Ni and
conductive rGO, of which the rGO with few function-

Shake-up peak

Shake-up peak

Intensity/(a.u.)

840 850 860 870 880 890
Binding energy/eV

0-C=0/C=0
isolated -OH
530.6

Intensity/(a.u.)

520 525 530 535 540 545
Binding energy/eV

Fig. 2 XPS analyses of R-NMN-II: (A) Mn 2p, (B) Ni 2p, (C) C,;and (D) Oy,
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al groups possesses relatively high electronic conduc-
tivity.

The morphologies and structures of the desired
materials were further confirmed by SEM and TEM.
As shown in Fig. 3A, the morphology of NiMn,O, is
a type of uniformly spherical structure. High resolu-
tion image in Fig. 3B reveals that the diameter of
sub-microsphere is approximately 250 nm. Mean-
while, the rough surface of NiMn,O, indicates that
the sub-microsphere consists of primary nanoparti-
cles. As revealed by the TEM image in Fig. 3C, one
can clearly observe the double-shelled hollow struc-
ture of secondary microspheres, and the core of mi-
crosphere is highly porous (Fig. 3D), resulting from
the random stack of primary nanoparticles. Fig. 3E-G
show the typical SEM and TEM images of the as-pre-
pared R-NMN-II. Obviously, rGO encapsulated Ni/
Mn;0,/NiMn,0,
would effectively promote the mechanical strength of

constituting protective network

nanocomposite (Fig. 3E and F). It should be noted
here that the Ni/Mn;O,/NiMn,O, microsphere is also
the hollow construction with legible edge (Fig. 3G),
which is identical to that of NiMn,O,. The HRTEM
image (Fig. 3H) of R-NMN-II shows lattice fringes
with spacing of 0.209 and 0.297 nm corresponding to
the (400) and (220) planes of spinel NiMn,O, (JCPDS
No.01-1110) phase, respectively. Besides, the lattice
distances of 0.203 and 0.243 nm correspond to the
(100) and (222) crystal planes of Ni (JCPDS No.04-
0850) and Mn;04 (JCPDS No.13-0162), respective-
ly. The corresponding EDS images shown in Fig. 4
also verify uniformly distributed Ni, Mn, O, and C in
agreement with the XRD and XPS results.

The electrochemical properties of these as-pre-
pared nanocomposites were investigated by cyclic
voltammetry (CV) at a scan rate of 0.1 mV -s” in the
potential window of 0.01 V to 3.0 V. Fig. 5A shows
the first three CV curves of NiMn,O,. In the first ca-
thodic process, the peak centered at 1.2 V is due to the
reduction of Mn* to Mn*, and the peak centered at
0.55 V relates to the reduction of Mn*" (Ni*") to Mn (Ni)
and the formation of solid electrolyte interphase
(SEDP™, In the anodic process, three oxidation peaks
around 1.08 V, 1.54 V and 2.32 V are attributed to

Fig. 3 (A, B) SEM and (E, F) TEM images of NiMn,O,; and
(C, D) SEM and (G) TEM images of R-NMN-II; (H)
HRTEM image of R-NMN-IL

the oxidations of Mn° to Mn*" and Ni’ to Ni*, and the
decomposition of Na,O matrix, respectively® 1, Ow-
ing to an irreversible transformation, the subsequent
sweeps display an obvious difference comparing with
the first one. Fig. 5SB-D exhibit the CV curves of
R-NMN-I, R-NMN-II, and R-NMN-III, which are
similar to that of the pristine NiMn,O,. It should be
noted here that the high peak specific currents
achieved in R-NMN-I, R-NMN-II and R-NMN-III
electrodes over the pristine one may suggest the im-
proved electrochemical performance due to the pres-
ences of rGO and Ni metal.

Fig. 6A-B show the charge-discharge perfor-
mances of the as-prepared nanocomposite for the 1st,



%1

B 2 Ni/MnyOy/NiMn,O,@RGO 25 .0 Bk 4 1Y il £ K it 4l v g <117 -

Fig. 4 (A) SEM image of R-NMN-IL. The elemental mapping of (B) Ni, Mn, C, and O of R-NMN-IIL.

50th and 100th cycles at a current density of 50 mA - g
in the potential window of 0.01 ~ 3.0 V (vs. Na'/Na).
The first discharge/charge capacities of NiMn,O,
(Fig. 6A) and R-NMN-II (Fig. 6B) are 366.1/222.7
mAh-g'and 421.6/236.6 mAh-g", respectively. Such
a big irreversible capacity is mainly due to the forma-
tion of SEI film™" matching well with CV results. The
discharge/charge-capacities of NiMn,O,, R-NMN-II
in the 100th cycle are 119.5/118.7 mAh-g"' and 186.4/
185.1 mAh-g", respectively. Apparently, the R-NMN-II
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exhibits the superior electrochemical stability over
the pristine one, which can be mainly attributed to the
unique nanostructures and appropriate rGO content.
Fig. 6C shows the cycling performances of NiMn,0,,
R-NMN-I, R-NMN-II and R-NMN-III electrodes at a
current density of 50 mA - g"'. After 100 cycles, it is
evident that the R-NMN-II delivers the best discharge
capacity of 187.8 mAh-g' comparing with 126.3, 156.8
and 166.4 mAh - g' of NiMn,O,, R-NMN-I and
R-NMN-III, respectively. The R-NMN electrodes
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Fig. 5 CV curves of (A) NiMn,O,, (B) R-NMN-I, (C) R-NMN-II and (D) R-NMN-III in the 1st, 2nd and 3rd cycles.
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show enhanced capacities compared with the
NiMn,0,, which attributes to the following reasons:
(1) the existences of rGO and Ni strengthen the elec-
trical conductivity of the nanocomposite and also al-
leviate the volume expansion; (ii) the coexistence of
Mn;0, and NiMn,O, can generate synergistic effects
and enhance the electrochemical activity of sodium
storage.

In order to compare the rate capabilities of the
obtained materials, the as-prepared electrodes are
evaluated at various current densities ranging from 50
to 800 mA -g”, and the results are shown in Fig. 6D.
Notably, the NiMn,O, delivers poor discharge capaci-
ty of 65.6 mAh-g" at the current density 800 mA - g™
In contrast, the R-NMN-I, R-NMN-II and R-NMN-III
exhibit high specific capacities of 108.2, 150.3, and
127.2 mAh - g', respectively. It was obvious that
R-NMN-II exhibits the highest discharge capacities
of 234.3, 213.45, 192.9, 171.7 and 149.9 mAh-g" at
the current densities of 50, 100, 200, 400, and 800
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mA - g’, respectively. When the current switches back
to 50 mA - g, it is notabl that the R-NMN-II displays
the high reversible capacity of 213.4 mAh -g"' owing
to its optimized composition and superior conductive
network.

EIS measurements of the samples were em-
ployed to illustrate the change of electrode resis-
tances in the electrochemical processes. As shown in
Fig. 7, all the Nyquist plots of the samples consist of
a partial semicircle at high frequency, a semicircle in
medium frequency and an inclined line at low fre-
quency. Thus, the equivalent circuit including R, Ry,
R, CPEgy CPE, and W, can be employed to fit the
obtained data, as shown in the inset of Fig. 7. Ohmic
resistance (R;) is related to the resistances of elec-
trolyte and electrode, and various contact resistances.
The Ry and CPE are associated with surface SEI film
connected with a partial semicircle at the high fre-
quency. The R, and CPE, correspond to the charge

transfer at interface between the electrode and elec-
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Fig. 6 The charge-discharge profiles of (A) NiMn,0O, and (B) R-NMN-II; (C) Cycling performances of NiMn,O,, R-NMN-I, R-
NMN-IL, and R-NMN-III; (D) Rate capability performances of NiMn,O,, R-NMN-I, R-NMN-II, and R-NMN-III at vari-

ous current densities.
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Fig. 7 Nyquist plots of NiMn,O,, R-NMN-I, R-NMN-II and
R-NMN-III after 10 cycles. The inset shows the

equivalent circuit.

trolyte, which are connected with the semicircle in
medium frequency. W, is related to the sodium ion
diffusion in the bulk of electrode, which is consistent
with the inclined line™ “#I, 1t is clear that R, values
of the R-NMN-I, R-NMN-II and R-NMN-III display
much lower values (306.7 ), 151.2 Q, 273.5 (), re-
spectively) than that of NiMn,O, (1179 Q), further il-
lustrating the superior cycling performance and rate

capability of nanocomposite over that of the NiMn,O,.

3 Conclusions

The Ni/Mn;O4/NiMn,O, coated with rGO was
first synthesized via one-step solvothermal treatment
followed by subsequent annealing. Benefiting from
rGO, metal nickel and hollow structure, the R-NMN,
served as an anode material for SIBs, delivers the en-
hanced rate performances and durable long-term cy-
cling stability. In particular, the R-NMN-II exhibits
the highest discharge capacity of 187.8 mAh-g" after
100 cycles at 50 mA - g, and a high rate capacity of
149.9 mAh-g" achieved at 800 mA -g". Such an ob-
vious improvement in sodium storage is mainly at-
tributed to the enhanced conductivity, reduced ion
diffusion distance and suppressed volume fluctuation.
Undoubtedly, our strategy is a promising research di-
rection to develop alternative high-performance an-
ode material for SIBs and beyond.
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