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ABSTRACT Hybrid inorganic/graphene two-dimensional (2D)
nanostructures can offer vastly open large surface areas for ion
transport and storage and enhanced electron transport, representing a
promising material platform for next-generation energy storage. Here
we report chemically integrated hybrid ZnMn,0,/graphene nanosheets

synthesized via a facile two-step method for greatly enhanced lithium

storage capability. The hybrid 2D nanosheets are composed of ultrafine - o o

InMn,0, nanocrystals with a mean diameter of ~4 nm attached to and
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well dispersed on the surface of reduced graphene oxide sheets. The hybrid nanosheets based anode offers a high capacity of ~800 mAh g at a current rate of
500 mA g, excellent rate capability, and long-term cyclability with reversible capacity of ~650 mAh g " over 1500 cycles at a current density of 2000 mA g .
Moreover, when tested in a temperature range of ~0—60 °C, the designed anode can maintain high discharge capacities from 570 to 820 mAh ¢~
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ransition-metal oxides (TMOs), such
Tas Sn0,,"? Co30,4°% FeO,,'* and

Mn30,,° have been widely studied as
anode materials for rechargeable lithium-ion
batteries (LIBs) owing to their potentially
higher specific capacities than that of gra-
phite. Unfortunately, these simple metal oxi-
des exhibit low reversible capacity and poor
rate capability. Recently, mixed transition-
metal oxides (MTMOs, denoted as A,B;_,O,;
A, B = Co, Ni, Zn, Mn, Fe, etc.), which are the
combinations of two TMOs or a TMO with a
post-TMO, have been explored as attractive
anode materials owing to their higher elec-
tronic conductivity and larger specific capa-
cities than those of simple TMOs.6~® One
of the most attractive MTMO-based anode
materials is ZnMn,0O,4 (ZMO), which shows
high theoretical capacity (1008 mAh g~
based on the first-time lithiation reaction
ZnMn,0, + 9Li" 4+ 9™ — ZnLi + 2Mn +
4Li,0; 784 mAh g~ ' based on the reaction
ZnLi + 2Mn + 3Li,0 < ZnO + 2MnO + 7Li"
+ 7e7), natural abundance, environmental
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friendliness, and favorable operation voltage
compared to the Co- or Fe-based oxides.’
However, ZMO material suffers from low
electronic/ionic conductivity and detrimen-
tal structural collapse upon lithiation/
delithiation. Rational design and synthesis
of ZMO nanostructures'®~"® have been pro-
ven to be an effective approach to alleviate
intractable problems." However, intrinsi-
cally poor electronic/ionic conductivities of
ZMO have yet to be well resolved.
Designing hybrid carbon—MTMO nano-
structures is another appealing strategy
to solve the aforementioned challenges to
improve the reaction kinetics and realize
superior energy storage performances.'>'®
Among the various carbon nanomaterials,
graphene has been a leading candidate for
a variety of advanced nanostructures with
superior performance due to its superlative
electronic properties, large surface area, and
excellent flexibility and chemical compatibil-
ity, as manifested by extensive studies.'”?
Up to now, a few graphene—MTMO anode
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materials, such as CoFe,O,—graphene composites®
and graphene-wrapped ZnMn,0,' have been pre-
pared by the self-assembly method or electrostatic
interaction strategy. However, due to a possibly
weak interaction between graphene and MTMO nano-
crystals, the performances still need to improve.
Thus, controlled synthesis of MTMO—graphene with
an integrated nanostructure is extremely desirable.
For many graphene—inorganic nanoparticle hybrids
reported in the literature, a general two-step synthesis
is of particular interest and significance to form hybrid
nanostructures with potentially strong coupling be-
tween nanoparticles and graphene substrates.>*? It is
believed that intimate interactions between graphene
and inorganic nanoparticles can not only enhance
effective and rapid charge transfer® but also prevent
volume expansion/contraction and aggregation of nano-
particles upon cycling.? Moreover, the dispersed nano-
particles anchored on graphene sheets can provide a
large surface area for Li-ion (Li*) access and effectively
shorten the diffusion pathway for Lit transport®?®
Therefore, hybrid nanostructures based on ZMO nano-
crystals and graphene sheets can synergize the advanta-
geous features above and are thus expected to achieve
greatly improved lithium storage capability.

Here we report a facile two-step synthesis approach
involving a polyol process followed by thermal anneal-
ing for growing well-distributed ZMO nanocrystals
on reduced graphene oxide (rGO) sheets to form a
2D ZnMn,04—graphene (2D ZMO—G) nanostructure
(Figure 1), where ZMO nanoparticles with a mean
diameter of ~4—5 nm are uniformly anchored on
graphene nanosheets. Due to the unique 2D nano-
sheet structure with ultrafine ZMO nanocrystals, the
resulting 2D ZMO—G hybrid electrode exhibits a high
specific capacity of ~650 mAh g~ ' over 1500 cycles
at 2000 mA g~ ', as well as high rate capability and
cycling stability.

RESULTS AND DISCUSSION

The 2D ZMO-G nanosheet samples were syn-
thesized via the following two steps (see Supporting
Information for more details). First, ZMO precursors
were mixed in ethylene glycol with GO nanosheets,
which were then partially reduced to rGO during solution
synthesis.>*** Subsequently, thermal treatment was per-
formed to transform ZMO precursors to ZMO nanocryst-
als, yielding the designed 2D hybrid ZMO—G nanosheets.
Conductive graphene sheets act as flexible 2D substrates
for uniform anchoring of ZMO nanoparticles. On one
hand, the graphene sheets in the 2D ZMO—G hybrid can
provide an elastic buffer space to accommodate volume
expansion/contraction of ZMO nanoparticles during
charge/discharge processes, while preventing the aggre-
gation of ZMO nanoparticles upon cycling, thus poten-
tially leading to good cycling stability. On the other hand,
the graphene sheets have good electric conductivity and
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Figure 1. Schematic illustration of the 2D hybrid ZMO—-G
nanostructure and synergistic electrochemical characteris-
tics of the 2D hybrid nanosheets.

can serve as electron conduction channels for ZMO
nanoparticles, facilitating effective charge transport
favorable for high rate performance.”?® Moreover,
unique 2D hybrid nanostructures can enable large
electrochemically active sites for Li* transport for
higher specific capacity.?>?”

The structural characterization on the hybrid ZMO—G
nanosheets was first carried out using scanning electron
microscopy (SEM) and scanning transmission electron
microscope (STEM). As clearly shown in Figure 2a,b, rGO
nanosheets were uniformly loaded with ultrafine ZMO
nanoparticles, which have an average particle size
of ~4 nm with a standard deviation of ~8%, evidenced
by the corresponding size distribution analysis (inset
of Figure 2b). Since Li* diffusion strongly depends on
the transport length and accessible sites of the active
materials,® the ultrafine ZMO nanoparticles could not
only expose more electrochemically active sites for Li*
shuttling in/out of active hosts compared to bulk ZMO
but also shorten the diffusion pathways for Li* trans-
port, which may contribute to high rate performance.
A high-resolution transmission electron microscope
(HRTEM) image (Figure 2c) showed that the crystalline
near-spherical ZMO nanoparticles were well distributed
on the surface of rGO sheets, and no obvious aggregates
were observed. The clear lattice fringes of ~0.49 nm
corresponded well to the (101) plane of ZMO. In addi-
tion, even after a lengthy sonication during the prepara-
tion of the TEM specimen, the ZMO nanocrystals were
still immobilized on the surface of the rGO sheets,
suggesting strong interactions between ZMO nano-
particles and rGO.?>%328

The chemical identity of these nanoparticles was fur-
ther analyzed by X-ray diffraction (XRD) and elemental
mapping. XRD analysis of the 2D ZMO—-G hybrid
(Figure 2d) indicated crystalline ZMO nanoparticles
with a tetragonal phase (JCPDS card no. 24-1133).
A broad peak at around 25° could be attributed to
the (002) plane of disorderly stacked graphene sheets
(Figure 51).%° No typical diffraction peaks of GO (Figure S1)
were observable in the XRD pattern of the 2D hybrid,
which is in agreement with the GO being fully exfoliated
and partially reduced to rGO during the synthesis
process.z“'25 The presence of Zn, Mn, O, and C elements
in 2D ZMO—G was confirmed by elemental mapping
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Figure 2. (a) Scanning electron microscopy (SEM) image of 2D ZMO—G hybrid nanosheets. (b) Scanning transmission electron
microscope (STEM) image of 2D ZMO—G. Inset: Corresponding particle size distribution of the ZMO nanocrystals. (c) High-
resolution TEM image of 2D ZMO—G. (d) X-ray diffraction (XRD) patterns of regular ZMO and 2D ZMO—G. (e, f) STEM image
and corresponding elemental mapping images of Zn, Mn, O, and C.

analysis (Figure 2e and f), in which the uniform distribu-
tion of Zn, Mn, O, and C was experimentally mapped
out. Raman scattering, which indicates the vibrational
modes of both crystalline and amorphous materials,
could provide complementary structural information
to the XRD analysis. Raman spectra of 2D ZMO—G
(Figure S2) showed five peaks at 321, 375, 667, 1367,
and 1593 cm™ ', respectively. The peaks at 1367 and
1593 cm™ ! are attributed to the D and G bands of rGO,
respectively. The three peaks below 1000 cm ™" corre-
spond to the spinel ZnMn,0O,4 phase, which are in good
agreement with the previous reports.® The mass ratio
of ZMO:G in 2D ZMO—G was determined by thermal
gravimetric analysis (TGA) to be close to 3:1 (Figure S3).
The measured Brunauer—Emmett—Teller (BET) showed
2DZMO—G had a high surface areaof 119m?g~', much
higher than reported ZMO hollow microspheres
(28 m? g~ ")."* An adsorption—desorption isotherm ex-
hibited a type IV hysteresis loop (Figure S4), which is
characteristic of a mesoporous material with different
pore sizes. The formation of ZMO nanoparticles grown
on rGO sheets may be attributed to chemical interactions
between the ZMO and the oxygen functional group sites
in the GO domains.?>?>?® During thermal annealing, due
to strong chemical interactions, the ZMO nanoparticles on
rGO nanosheets showed little aggregation or migra-
tion.>*?® Such a process could be confirmed by control
experiments, in which only bulk agglomerates composed
of ZMO nanoparticles were produced (Figure S5) under
the same synthesis conditions in the absence of GO.
The electrochemical characteristics of 2D ZMO—G hy-
brid nanosheets were first examined by electrochemical
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impedance spectroscopy (EIS) (Figure 3a and Figure S6).
The diameter of semicircle in the higher frequency
region is attributed to the charge transfer resistance
related to the reaction between the active material and
electrolyte interface. 2D ZMO—G hybrid nanosheets
based electrodes (note that no carbon additives are
needed for electrodes) exhibited the smallest charge
transfer resistance (24 ohm) compared to control
ZMO—G (157 ohm) (ZMO physically mixed with rGO)
and ZMO—SP (66 ohm) (ZMO physically mixed with
Super-P carbon). In contrast to physically mixed sam-
ples, the chemically integrated 2D ZMO—G hybrid leads
to a much more effective charge transfer process,
resulting in lower charge transfer resistance>?32°
Figure 3b presents cyclic voltammogram tests of 2D
ZMO—G hybrid based electrodes at a scan rate of
0.1 mV s~ . In the first cycle, there were two peaks
at around 1.1 and 0.8 V, which were attributed to
the reduction of Mn®*" to Mn?* and formation of a solid
electrolyte interphase (SEI), respectively.'"*' The catho-
dic peak at 0.41 V was due to the reduction reactions of
Zn*" and Mn*" to metallic nanodomains of Zn° and
Mn® embedded in the Li,O matrix and a Zn—Li alloying
reaction.'®'® In the first anodic sweep, the broad peak at
around 0.6 V was attributed to a Zn—Li dealloying reac-
tion,*? while the two broad peaks at 1.18 and 1.45 V
were attributed to oxidation reactions of Mn° to Mn*"
and Zn° to Zn", respectively. In the subsequent cycles,
the peak disappeared at around 0.8 V, indicating the
good stability of the formed SEl layer. The reduction
peaks of Zn*" and Mn?" to their metallic states were
shifted to 0.54 and 0.52 V, respectively, which could be
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Figure 3. (a) Electrochemical impedance spectroscopy (EIS) of 2D ZMO—G, control ZMO—G, and ZMO—SP electrodes. (b) Cyclic
voltammograms of 2D ZMO—G at a sweep rate of 0.1 mV s7'. () Cycling performance of 2D ZMO-G, control ZMO—G, and
ZMO—SP electrodes at a current density of 500 mA g~ '. (d) Rate performance of three different electrodes at various current
densities of 200, 400, 800, 1600, and 3200 mA g . (e) Charge/discharge curves of a 2D ZMO—G electrode at various current

densities.

associated with structural rearrangement.'® The similar
phenomenon had been observed in some reported
ZMO anodes.”"""® A lower polarization of the 2D
ZMO—G hybrid anode was observed compared to the
previous ZMO anodes,'®~"* which may be attributed to
the improved conductivity (Figure 3a) and shortened
Li* diffusion pathway gained by the unique hybrid
nanosheet structure in ZMO—G electrodes (Figure 2b).

To further evaluate the electrochemical character-
istics of the 2D ZMO—G hybrid based anode, stability
tests were carried out at a current rate of 500 mA g~
for 100 cycles. Figure 3c shows that reversible specific
capacities of ca. 730 and ca. 800 mAh g~ ' (all specific
capacities estimated based on total mass of electrodes)
were obtained at the first cycle and after 100 cycles,
respectively. The capacity retention after 100 charge/
discharge cycles was greater than 100%. It is believed

XIONG ET AL.

that the escalation in capacity is likely due to the
activation process as well as the significant structural
and electrochemical reinforcements of graphene in
the composite electrode.®*** The control ZMO—G
and ZMO—SP electrodes, by contrast, show specific
capacities of only ca. 360 and ca. 540 mAh g~ " at the
first cycle, respectively, and specific capacities further
decreased to 140 and 210 mAh g~ after 100 charge/
discharge cycles, resulting in a capacity retention of
38.8% and 39.5%, respectively. The substantially higher
reversible capacity of 2D ZMO—G is attributed to the
large electrochemically active surface area and short-
ened Lit diffusion pathways resulting from the 2D
open nanostructures.>>*> Moreover, unique 2D hybrid
nanostructures could maintain structural integrity upon
cycling through synergistic enhancement between ultra-
fine ZMO nanoparticles and flexible graphene sheets, >3
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Figure 4. (a) Cycling performance and Coulombic efficiency of a 2D ZMO—G hybrid electrode at a current rate of 2000 mA g

Temperature (T)

-1

for more than 1500 cycles. (b) EIS profiles of a 2D ZMO—G electrode at different cycles. (c) Temperature-dependent discharge
capacity of three different electrodes at a current density of 500 mA g~ ': 2D ZMO—G, control ZMO—G, and ZMO—SP.

thus leading to good cycling stability. As shown in
Figure S7, the structure integrity of 2D ZMO—G was
well preserved even after 1500 cycles. The rate perfor-
mance of 2D ZMO—G is shown in Figure 3d, where a
stable specific capacity of ca. 806 mAh g™ (Figure 3e)
was obtained at a low current density of 200 mA g~ .
Even at a high current density of 3200 mA g~ ', the
reversible capacity was still maintained as high as
ca.568 mAh g~ (Figure 3e) with a 71% capacity retention.
However, for control ZMO—G and ZMO—SP, only ~30%
and ~50% capacity retentions were obtained, respec-
tively, as current density increased from 200 to
3200 mAh g~ . Notably, the rate performance of this
2D ZMO-G is superior compared to the previously
reported ZMO anodes and recent graphene-wrapped
ZnMn,0,4 nanorods'®~'>?' (Table S1) and among the
best reported transition-metal oxide based anode mate-
rials (including Mns0,4, Cos0, ZnCo,0,, NiCo,0, and
CoMn,0,) with high rate capability.>>5¢37

The long-term cyclability measurement of the 2D
ZMO—G hybrid anode was performed at a current
rate of 2000 mA g~' for more than 1500 deep
charge/discharge cycles (Figure 4a). A specific capacity
of ~800 mAh g~ ' was obtained at the first cycle, and
the capacity slightly decreased in the first 50 cycles
and gradually increased to ca. 800 mAh g~ during the
following few hundred cycles. This phenomenon is
consistent with previous reports and could be attrib-
uted to electrochemical activation of anode materials®>
and heterogeneous storage of Li at the developing
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nanodomain and/or nanophase interfaces with exten-
sive interfacial areas.>**%3° After 1500 cycles, a stable
discharge capacity of ~650 mAh g~' could still be
obtained, resulting in a capacity retention of ~81%.
The cycling stability of our 2D ZMO—G hybrid anode is
significantly better than the previously reported ZMO-
based anodes (Table S1). Such a high cycling stability of
an MTMO-based anode has rarely been reported so far.
The Coulombic efficiency of the first cycle was 63%,
which then promptly increased to 95% within four
cycles and afterward stabilized over 99.5% for the
subsequent cycles. In order to confirm the formation
of a stable SEI layer, cell impedance measurements
were carried out. The EIS plots of a 2D ZMO—G hybrid
anode obtained at the end of cycles 1, 3, and 5 to 19
subsequent to the initial lithiation/delithiation are
shown in Figure 4b. Compared with the EIS spectrum
of a fresh cell (Figure 3a), the increase in impedance
of 2D ZMO—G was presumably due to the formation of
an SEl in the first few cycles, and no obvious further
impedance increase was observed.

In addition, since key electrochemical characteristics
of LIBs such as the Li* diffusion coefficient are essen-
tially temperature dependent, the ability to sustain
efficient battery operations over a wide temperature
range is important. To this end, we evaluated the
temperature-dependent specific discharge capacities
at a current density of 500 mA g~ ' at various operation
temperatures, as shown in Figure 4c. Multiple data
points were taken at different temperatures conducted

A N N
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for each sample. The 2D ZMO—G hybrid electrode
exhibited a high specific capacity of ca. 820 mAh g™
at 57.2 °C. More importantly, a specific capacity of
ca. 570 mAh g~ (only ~30% capacity decrease) can
still be delivered even under low temperatures, down
to 1.8 °C. In contrast, the specific capacities of control
ZMO—G and ZMO-SP were sharply decreased by
~64% and 54% over the same temperature range from
1.8 to 57.2 °C, respectively.

The outstanding electrochemical characteristics of
2D ZMO—G hybrid nanosheets are largely attributed to
the chemically integrated 2D nanosheet structure.
Owing to the covalent anchoring of ZMO on a gra-
phene substrate, charge carriers could be effectively
and rapidly transferred between ZMO and the current
collector through the highly conductive graphene,
leading to high electric/ionic conductivities.>® The
unique 2D nanosheet and ultrafine ZMO nanoparticles
not only provided a high surface area for Li storage
but also shortened the diffusion pathways for Li* shut-
tling in/out of the active host matrix, beneficial for
the high reversible capacity.>**>? Furthermore, the

MATERIALS AND METHODS

Synthesis of 2D ZMO—G Hybrid Nanosheets. GO is prepared from
purified natural graphite by a modified Hummers method.
A typical experiment for the synthesis of 2D ZMO—G is as
follows: 6 mg of graphite oxide powder is dispersed into
15 mL of ethylene glycol with sonication for 2 h; 0.1 mmol of
Zn(Ac),-2H50 and 0.2 mmol of Mn(Ac),:2H,0 are dissolved
in 5 mL of ethylene glycol. The above two systems are then
mixed together and stirred for 60 min. The obtained solution
is transferred into a round-bottom flask and heated to 170 °Cin
an oil bath. After refluxing for 120 min, the solution is cooled
to room temperature naturally, and the precipitate is collected
by centrifugation and washed with ethanol several times. The
precipitate is then annealed at 200 °C in air for 2 h with a heating
rate of 0.5 °C min™' to get the 2D ZMO—G. To prepare regular
ZMO, 0.1 mmol of Zn(Ac),-2H,0, 0.2 mmol of Mn(Ac),-2H,0,
and 20 mL of ethylene glycol were used for the reaction, like the
typical synthesis mentioned above. The rGO was prepared by
the same method without Zn(Ac),-2H,0 and Mn(Ac); - 2H,0.

Characterizations. The structure of the as-synthesized samples
was characterized by powder XRD patterns performed on a Philips
diffractometer. The morphology of the samples was investigated
using SEM, STEM (Hitachi $5500), and TEM (JEOL JEM-2100F). The
TG analysis was performed by a TGA/SDTA851e thermogravi-
metric analyzer under standard atmosphere from 25 to 850 °C
at a heating rate of 10 °C min~". Nitrogen sorption isotherms and
BET surface area were measured with an automated gas sorption
analyzer (AutoSorb iQ2, Quantachrome Instruments). Raman
spectra were obtained on a Renishaw Raman system.

Electrochemical Measurements. A mixture consisting of 90 wt %
2D ZMO—G and 10 wt % binding agent (polyvinylidene difluoride)
was milled with N-methylpyrrolidone to form a homogeneous
slurry, which was then coated onto a copper foil. For comparison,
the ZMO physically mixed with rGO (or Super P carbon) in the
weight ratio of 75:25 (the same weight ratio as the rGO in 2D
ZMO—G) was also used as the active materials, named control
ZMO—G and ZMO-SP, respectively. The as-prepared electrodes
were dried under vacuum at 110 °C for 10 h. After being pressed
sealed, the electrodes were assembled into coin cells (CR2032) in
an argon-filled glovebox using 1 mol L™" LiPFg in ethylenecarbo-
nate and diethylenecarbonate (1:1, v/v) as the electrolyte and Li
metal as the counter electrode. The average mass loading of all
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unique 2D nanosheet maintained structural integrity
upon cycling,?% since the ultrafine ZMO nanoparticles
could accommodate the internally anisotropic stresses
and volume changes induced by Li alloying/dealloying
processes, resulting in a relatively stable SEI layer.3>4142
The flexible graphene sheets accommodated the vo-
lume expansion/contraction of ZMO nanoparticles and
prevented the aggregation of ZMO nanoparticles during
electrochemical cycling, which are responsible for the
high rate capability and cycling stability.3*2326

CONCLUSIONS

In summary, we have designed and synthesized a
chemically integrated 2D hybrid ZnMn,0,/graphene
nanosheet structure through a facile two-step ap-
proach. By synergizing advantageous features of this
unique 2D hybrid nanostructure, ZnMn,0O,/graphene
hybrid based electrodes exhibit large specific capacity,
high rate capability, and excellent cycling performance,
indicating its potential as a promising candidate materi-
al for a high-performance, inexpensive, and environ-
mentally friendly anode for lithium-ion batteries.

electrodes is ~0.8—1 mg cm 2 The assembled coin cells were
tested in the voltage range 0.01—3.0 V on a BioLogic Instrument
(BioLogic VMP-3 model). A criterion temperature benchtop (ESPEC
BTZ-133) was adopted to provide a constant-temperature envi-
ronment for the temperature-dependent tests. In order for the cell
to reach a thermal equilibrium before testing, the cell was kept for
24 h at each temperature.
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